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INTRODUCTION

Studying the development of inland waters, including
lakes, the impact of climate change on water reser-
voirs has recently been in the focus of interest.

The levels of carbon dioxide (CO,) are increa-
sing in the atmosphere, and the air temperature of
the Earth (z)) rises. Possible global thermal changes
in the Earth’s atmosphere due to the increasing con-
centrations of CO, are estimated to make on avera-
ge 2 < AN, < 3 °C (Ar, is the variable of 1)
(AHTpormorenHoe..., 1984).

As a result of meteorological observations in
Central England for over 300 years, it was establis-
hed that 7, had been increasing for three hundred
years, and the rates of the increase became higher
early in the 20th century.

European scientists have arrived at a unanimous
conclusion that in Northern Europe these are most-
ly winters that are becoming warmer. In spring, sum-
mer, and autumn, on the other hand, ¢, demonstra-
tes a positive trend in the western part of Northern
Europe, whereas in its eastern part it is of a zero
or even negative value. Such trends of ¢ change
testify to the fact that in general the continental
character of the climate in Northern Europe decli-
nes (Kilkus, Valiuskevicius, 2001).

The temperature of lake water mass is one of
the major factors modifying the biological, hydro-
chemical, sedimentational and hydrophysical proces-
ses occurring in a lake. Heat turnover and the at-
mosphere for the most part determine the thermal
regime of water bodies. It is heat that mostly pre-
determines the species composition and physiologi-
cal processes as well as the productivity of phyto-
plankton and the higher water flora. The vertical
distribution of water temperature determines water
mass stability, gas regime, hydrochemical gradients,

etc. (Allonson, 1990). Thus, the thermal regime of
water bodies is one of the major ecological factors
that exert a considerable influence on the functio-
ning of their ecosystems.

Observations of the thermal regime and ¢, of
Estonian lakes during 1946-2000 showed that in the
past decades the limnological spring became 2 weeks
longer. Springs, too, became earlier. In Estonian la-
kes, the summer thermal stagnation period became
a week earlier, and autumn begins slightly later. Lim-
nological winter has become shorter by 17 days and
the period with ice cover is a month shorter (Jarvet,
2001).

According to hydrological forecast for some lar-
ge lakes of high latitudes of Russia, where 7 has
increased by 2 °C, in Lake Baikal water temperatu-
re will increase by 15 °C in summer and 5 °C in
winter, in Lakes Onega and Ladoga by 0.5 and
6.2°C, and in Lake Taimyr by 8.5 and 12 °C, res-
pectively. The number of warm days with a positive
t, will increase from 20 days in the Lake Baikal
region to 60 days in the region of Lake Taimyr,
thus increasing evaporation from water surface, shor-
tening the winter period with ice cover, reducing
ice thickness, and other parameters (Lemeshko, Bor-
zenkova, 2001).

Investigation of climatic fluctuations is very com-
plicated. The reasons for global climate change in-
termingle with regional ones: they often smother or,
vice versa, enhance each other.

During the recent two hundred years the clima-
tic system became even more complicated due to
the increased anthropogenic impact.

Climatic fluctuations in Lithuania are an insepa-
rable part of global climate change.

It was established that the annual 7, in Lithuania
during 1970-1990 increased by 0.5-0.9 °C and an
increased ¢, was recorded in all seasons of the year
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(the highest in winter and the lowest in summer).
Since the end of the 19th century short-term waves
of climate warming approximately 20 years long have
been singled out (Korkutis, 1995).

By comparing the mean duration of the seasons
of the two twenty-year periods, I. Markevicien¢ as-
certained that during 1971-1990 summer and espe-
cially winter became shorter at all the investigated
meteorological stations (6-11 and 12-29 days, res-
pectively), whereas the duration of autumn and es-
pecially of spring increased (up to 11 and 12-28 days,
respectively). This means that the contrast of the
seasons of the year is declining, the duration of
intermediate seasons is becoming longer, i.e. the ma-
rine character of the climate is becoming more pro-
nounced (Klimato..., 1998).

Based on the results of the calculation of

taken with an accuracy of 0.1° by electric and deep
water thermometers are presented. During expedi-
tions water temperature was taken at a different
time of the day, whereas at hydrological stations it
was taken at 8.00 AM and 8.00 PM. The mean
monthly water temperature estimation was based on
the mean temperature values of three ten-day pe-
riods.

The selected lakes represent different physical-
geographical and climatic regions. The small area
and comparatively low relative landscape altitudes
of the country determine the uniformity of climatic
conditions. Thus, it could be suggested almost un-
mistakably that the dynamics of heat accumulation
is similar in all the lakes (Xomckuc, 1969) (Tab-
le 1).

five climate change models designed in diffe-
rent countries of the world, t in Lithuania Table 1. Physical dimensions and thermal data on the lakes: f -
has to rise in the 21st century. The climate surface area (km?), d__ — maximum, toiav—'average, d_- relative
there is believed to change most probably in depth .(m)’ f,, ~— mean temperalure (C). in the surface water
the second part of the century. An especially 11;;3;:;_2'30(?4 ay-October 1964-1971, £, - in 1981-1990, £, - in
pronounced rise is expected for z of the cold
period (December-March) and for the warm | Lake | f | Ao | duy | d, | L | Iy | Ly
period somewhat less (Kilkus, ValiuSkeviCius, | prgksiai 49 333 75 20 149 177 -
2001). , o Dusia 233 324 147 51 151 151 155
In Lithuania, the impact of climatic fluc- |y guas 102 70 36 10 150 150 155
tu?tlons Ontthe hidroioglial and hyldLOPhyS" Plateliai 120 460 104 45 146 147 152
cal parameters of natural regime lakes was
studied in more detail by K. Kilkus and G. Va- izltl;?éi?s g; ggg f)z 1(1)? 1:2 12(1) Ez
liuskevicius (Kilkus, Valiuskevi¢ius, 2001). . l: 4'5 23'5 6'9 4'2 16.3 16.3 16.6
They established that water surface tempera- cetmetty X ’ ’ ' ’ ’ ’
ture of the last ten days of July responds to Zuvintas 10.3 34 1.2 0.6 159 160 16.1

long-term climatic fluctuations most evidently.

The warming climate will change not only the
physical parameters of natural aquatic ecosystems,
but also species composition and community struc-
ture therein. The biodiversity of the ecosystems, in-
cluding endemic species, will decline.

This work aims at evaluation of the impact of
climate change during 1976-2000 on the fluctuations
in bottom and surface water temperatures in some
thermally well-studied lakes of Lithuania under na-
tural and thermogradient conditions.

MATERIALS AND METHODS

For the research, the longest data sequences of unin-
terrupted observations conducted by hydrological sta-
tions, operating or recently closed (Hidrologijos...,
2001), and data from expeditions were selected.

On selecting lakes of a natural or thermogra-
dient regime, it was taken into account how well
they had been studied thermally.

In the work, data on the vertical temperature in
the lakes (surface — 0.5 m and near-bottom — 30 m)

On preparing the work, an analysis of climatic
fluctuations and climate change made by Lithua-
nian scientists-meteorologists was used (Bukantis et
al., 2001).

Fluctuations in air temperature in different parts
of Lithuania were established to be quite synchro-
nous. Based on the spatial correlation of mean
monthly 7 values, the correlation coefficients (r) ex-
ceeded 0.9. The fluctuation r of the June ¢, changes
within a range of 0.92-0.99. In summer, this change
is more dependent on the uneven distribution of
solar radiation and landscape. A close correlation
was also found among annual ¢, fluctuations at Lit-
huanian meteorological stations: r changes within a
range of 0.95-0.99. The value of the coefficient
mostly depends on the distance between the sta-
tions. Therefore, a comparison of ¢, change at dif-
ferent meteorological stations in different months
(in 1925-1995) did not reveal any significant regio-
nal differences (Kilkus, Valiuskevicius, 2001).

For the evaluation of the thermal regime of Lake
DrikSiai prior to the exploitation of the Ignalina
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Nuclear Power Plant (INPP) (1976-1983) archive
data were used, and the thermal regime during its
exploitation (1984-1997) was assessed using data on
the temperature taken by the author in different
parts of the lake and at a different time of the
year. For calculating the mean long-term water tem-
perature values in Lake DriikSiai, material from dif-
ferent institutions of Lithuania was used, too.

RESULTS AND DISCUSSION

It is known that heat resources in water mass are
determined by climatic factors: solar radiation in-
tensiveness, cloudiness, air temperature, wind ve-
locity, etc. The amount of heat resources is de-
pendent on the hydrodynamic state of a lake as
well, and the latter is for the most part conditio-
ned by the area and depth of a lake, or by its
relative depth, which relates the former two (Kil-
kus, 1989).

In Lithuanian lakes, the largest amount of heat
resources is formed in June-August. If the meteo-
rological conditions are identical, the relative amount
of heat resources is modified by lake morphometry,
especially area and depth. The former determines
heat resources and the latter their realisation, i.e.
distribution of heat accumulated in the surface wa-
ter layer and its transfer to the deeper water layers.

The relative depth of a lake plays an important
role in the changeability of heat resources. In shal-
low lakes relative depth is less, and heat exchange
is determined by the thermal state of the epilim-
nion (surface water level), which directly depends
on air temperature fluctuations. In relatively deep
lakes, however, heat resources are de-

a season of the year, i.e. on ¢, and other meteoro-
logical factors. It was established that the relation-
ship between ¢ and ¢, of a year differs, but a long-
term one is statlstlcally reliable (Kilkus et al., 1997).

One can see from Table 1 how the mean ¢ va-
lues of the lakes changed during the warm season
of the year in a long-term period. In this respect,
the most outstanding is the 1991-2000 decade, dur-
ing which the 7 values fluctuated from 0.1 (Lake
Zuvintas) to 0.7 °C (Lake Totoriskes).

The mean ¢ values of 1981-1990 where similar
to those of 1964-1971.

This kind of the thermal state of lakes shows
that during the recent decade ¢ has been rising not
only during the cold but also during the warm pe-
riod of the year.

Since 1987, positive mean annual ¢ values have
been observed in Lithuania. Investigation of the
long-term ¢ dynamics of seven natural thermal re-
gime lakes, thermally studied best of all, of dif-
ferent character and located at different places of
Lithuania, during the ice-free period in 1981-2000
revealed that in all of them ¢ started to increase
rapidly just in 1987-1988, though K. Kilkus, G. Va-
liuskevicius (Kilkus, Valiuskevi¢ius, 2001) suggest
that the rise of 7z in all Lithuanian lakes began
approximately in 1981-1985 and has been ongoing
ever since.

The division of the long-term (1981-2000) rese-
arch on the change in the temperatures of natural
thermal regime lakes of Lithuania into two decades,
1981-1990 and 1991-2000, helped to reveal that dur-
ing ice-free periods the most marked mean ¢ _diffe-
rences were recorded in April: in all the lakes the

termined by the thermal state of the

hypolimnion (bottom water layer), Table 2. Mean temperature (°C) values of surface water of natural ther-
which depends on a synoptic situa- mal regime lakes of Lithuania during 1981-1990 (A) and 1991-2000 (B)
tion at the beginning of temperature Month
rise. In 1972-1989, trends of maxi- Lake
mal heat resources change in lakes IV | 4 | M | Ll | A | X | X | Xl
increased in relatively deep lakes and  |Dusia A 51 11.8 167 188 191 145 98 4.0
declined in shallow ones. B 54 114 172 201 199 150 9.6 44
Lake surface water temperature |Lgkstas A 53 146 182 200 188 137 105 27
(¢ is known to be a limnological in- B 57 137 184 203 195 13.6 73 27
dex reflecting changes in air tempe- |pjapelisi A 41 111 162 186 182 144 99 48
rature (z,) best of all. The monthly 7, B 49 110 166 192 190 151 100 5.0
of Lithuanian lakes markedly chan- |p,0nac A 29 113 169 196 188 142 96 55
ges during a long-term period, there- B 44 110 175 198 197 153 98 5.6
fﬁ;‘;:n‘iyilg:’u%thlt;’ slelll)ili dcs’“;(ft gﬁfy Totoriskiy A 52 136 183 200 196 147 97 46
B 67 137 192 21.1 207 156 101 5.2
on natural conditions, but also on an .
insufficient sequence of ¢ observation Zeimenys A 57 141 188 206 198 148 97 43
data. s ] B 66 137 192 21.0 204 155 9.7 42
It is known that in natural regime |ZWintas A 73 155 184 201 192 137 93 32
lakes ts values first of all depend on B 7.7 14.2 18.1 20.5 20.1 15.0 8.9 5.1
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¢, gradient of 1991-2000 was on average by 0.8 °C
higher compared to that of 1981-1990 (Table 2).

During the last decade, the spring ¢, was rising
and spring was coming earlier. In 1961-1990, springs
were on average by 0.5 °C warmer (March even by
1.4 °C) compared to 1931-1960 (Klimato..., 1998).

The analysis of long-term change in ¢ of the la-
kes in July demonstrated that during 1991-2000 the
t, gradient was by 0.6 °C higher than during 1981-
1990.

K. Kilkus, G. Valiuskevicius (Kilkus, Valiuskevi-
¢ius, 2001) suggest that in 1981-1985 during the
third ten-day period of July in some Lithuanian la-
kes the surface water variable 7 was 0.5 °C (Lake
Tauragnas) and 3 °C (Lake TotoriSkés). The tempe-
rature change gradients were also high considering
that the annual mean values analysed were as high
as 0.3 °C.

In 1991-2000, higher ¢ gradients of the lakes
were observed in August and September, too. They
were respectively by 0.8 and 0.7 °C higher compa-
red to 1981-1990 (Table 2). It is a reflection of the
warming climate in the second part of summer, re-
corded throughout Lithuania during the recent de-
cade.

This climatic situation influenced the temperatu-
re values (¢,) of bottom water layers in Lithuanian
lakes.

In this respect, it is interesting to analyse verti-
cal changes in the mean long-term water tempera-
ture of the Lithuania’s deepest Lake Tauragnas in
summer (Table 3).

One can see from Table 3 that with depth the
water temperature gradients diminish, to make Ar =
=0 in the deepest part (60 m) of Lake Tauragnas.

In 1991-2000, the mean values of annual water
temperatures in the vertical gradient of Lake Tau-
ragnas were higher than in 1981-1990 only in sur-
face water layers, whereas in its deep parts the cli-
matic impact was minimal.

It was established that the correlation of tempe-
ratures of the vertical water levels declines with
depth not only in the natural, but also in the ther-
mogradient water bodies of Lithuania and are quite

Table 3. Vertical distribution of mean annual water tem-
peratures (¢, °C) of Lake Tauragnas in 1981-2000
Depth, m 1981-1990 1991-2000 IAY;
ts 12.0 13.0 1.0
L 7.8 8.7 0.9
Ly, 6.0 6.5 0.5
Ly 5.7 5.9 0.2
t, 52 5.2 0.0

significant: 7= 0.997 (¢), . = 0.881 (¢,) (1t -
the correlation coefficient of water temperature, ¢ —
mean temperature in the surface water layer, ¢, —
mean temperature in the bottom water layer) (Per-

It is known that under natural conditions heat
resources in a lake water mass are determined by
various natural heat flows. In lakes of an altered
thermal regime (coolers of power plants), however,
thermogradient conditions are formed as a result of
an additional emission of heat produced while cool-
ing reactors of power plants. They influence the hyd-
rothermal regime and result in hydrochemical chan-
ges and alterations in the trophic regime.

The peculiarities of thermal regime of Lithua-
nian lakes under natural conditions have been ra-
her thoroughly investigated. Under thermogradient
conditions they, however, acquire specific features
characteristic just of that type water bodies.

Since 1984 when the first power block of the
INPP was launched, Lake DrukSiai has become a
cooler. The thermal loading of Lake DriikSiai with
one 1500 MW reactor in operation is 0.06 kW/m?
and with both of them 0.11 kW/m?2 In 1986, the
second reactor of the INPP was launched. The two
reactors operating at 2500 MW, 17.4.10" J of heat
is discharged to the lake per month, increasing the
water temperature by 3-4 °C and evaporation by
64.8 mill. m® per year. After the launch of the INPP,
the mean temperature of the whole water mass ro-
se by 2-3 °C (Janukéniené, 1994).

It was established that in 1984-1997 in Lake
DriikSiai the spring homothermy was formed two
decades earlier and the autumn one a decade later.
The period of summer thermal stagnation became
on average two weeks longer. It was also establi-
shed that in 1985-1989 the ¢, of Lake Druksiai com-
pared to that of natural lakes rose on average by
2-3 °C and ¢, (at a depth of 30 m) by 2.2 °C. This
was due to the warm water discharged by the plant
and to an increased air temperature (Pernaravicit-
te, 1999).

Since one of the major ecological problems of
the last century is related to anthropogenic impact
on aquatic systems on the background of climatic
fluctuations, on investigating the impact of thermal
pollution by power coolers on the environment a
question arose what part of additional heat is re-
ceived by coolers from plants and what from the
atmosphere, the temperature of which has been gra-
dually rising over the past decades.

Accordingly, when changes in the thermal regi-
me of Lake DrikSiai due to the operation of the
INPP had been studied in detail, a question arose
what impact on lake water temperature is made by
climatic fluctuations. In summer, when ¢, is high,
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the highest ¢ values occur not only in Lake Druk-
§iai, but in natural lakes, too. However, it is diffi-
cult to make a comparative thermal analysis of long-
term natural lakes and Lake DrikSiai (the cooler
of the INPP) because of the changing regime of
the INPP operation.

The analysis of the dynamics of long-term ¢, in
July in 1981-1982 in Lakes DriikSiai, Dusia, Plate-
liai, and Tauragnas revealed that ¢, increased in all
of them.

One can see from Figure that 7, in all the lakes
studied is almost synchronous. The ¢, values of Lake
Dusia markedly stand out from those of the other
lakes due to particularly good conditions of water
mass mixing, the formation of which is promoted
by the lake shape favourable to wind activities and
by its large area. Prior to the launch of the INPP,
the highest ¢, values in Lake DrukSiai were obser-
ved in the summer of 1982 (from 8.8 °C in June to
10.1 °C in August).

In Lakes Dusia, Plateliai and Tauragnas the fol-
lowing situation was observed: during the warm pe-
riod of the year ¢, of Lake Dusia fluctuated from
9.7 to 11.5 °C, in Lake Plateliai ¢, was stable —
7.3 °C, in the deepest Lake Tauragnas ¢, varied from
5.6 °C in June to 7.6 °C in August. That apparently
was due to the particularly windy summer of 1982.

Interesting in this respect is an increasing ¢, in
bottom water layers (at a depth of 30 m) in Lake
Druksiai. A long-term analysis showed that the ¢, of
Lake Druksiai gradually rises. However, there is still
no unanimous opinion weather the rise of ¢, is re-
lated just to the INPP operation or is being in-
fluenced by the climatic factor, too.

From 1987 in the dry season of the year and
when the mean annual ¢, values were positive, ¢,
was rising in all the lakes studied. This was espe-
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Figure. Distribution of the mean temperature of the
near-bottom water layer at a depth of 30 m in Lithua-
nian lakes in July 1976-2000

cially obvious in 1991 and not only in Lake Drik-
Siai, but also in Plateliai and even Tauragnas, where
in August at a depth of 30 m ¢, was as high as
10 °C. Meteorological data (Hidrologijos..., 1990-
2000) show that the spring of 1991 started early,
and already in the middle of March the mean ¢ was
positive. Although at the end of April as well as
throughout May and June the weather was windy
and rainy, in July and August it was quite warm
(the mean 24-h ¢, [20.7-22.6 °C), westerly and south-
westerly winds prevailed, resulting in lake water mass
mixing and thus in high temperatures of the near-
bottom water layer.

It should be noted that when in July 1993 the ¢,
values of the natural thermal regime lakes dropped,
t, in bottom layers of Lake Driksiai decreased as
well.

A comparison of the long-term mean ¢, values
of Lake DriikSiai in the summer months (June—
August) prior to the launch of the INPP (1976-
1983) and with the INPP in operation (1984-1997)
revealed that 7, increased by 1.2 °C. However, that
was also true of natural thermal regime lakes: in
1984-1997, compared to 1976-1983, in Lake Plate-
liai the mean ¢, values in summer months increased
by 1.6 °C and in Lake Tauragnas by 0.7 °C.

CONCLUSIONS

A research on the climatic impact on the long-term
(1976-2000) thermal regime of some lakes of Lit-
huania revealed that the mean annual temperature
values of both surface (z) and bottom (f,) water
layers in the lakes of natural thermal regime during
the ice-free period were higher in 1991-2000. In all
the investigated lakes of Lithuania ¢ began to in-
crease rapidly in 1987-1988.

A comparison of the periods 1981-1989 and
1991-2000 showed that the highest ¢ gradients
(0.8 °C) of the study lakes were recorded in April
and August 1991-2000.

When a long-term change in 7, observed in July
in deep lakes (at a depth of 30 m) of Lithuania had
been studied, it was established that in all the lakes
studied the ¢, fluctuations were of a cyclic and syn-
chronous character due to a variety of meteorological
conditions. A comparison of the mean ¢, of the sum-
mer months in 1976-1983 and 1984-1997 showed
that in the summer time of 1984-1997 the ¢, value
increased not only in the thermogradient Lake Driik-
Siai, but also in the natural thermal regime lakes.
Accordingly, the 7, of Lake DrukSiai (the cooler of
INPP) increases not only due to the amount of warm
water released by the INPP, but also as a result of
climatic impact. Therefore, while estimating changes
in the thermal regime of water bodies, the evolution
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of their ecosystems on the background of climate
change should be accounted for.
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Biruté Pernaraviciuté

KLIMATO KAITOS ITAKA LIETUVOS EZERU
TERMINIAM REZIMUI

Santrauka

Istyrus klimato kaitos jtaka Lietuvos kai kuriy ezery dau-
giameciam (1976-2000 m.) terminiam rezimui, nustatyta,
kad 1991-2000 m. tirti be ledo, nataralaus terminio rezi-
mo eZerai pasizyméjo didesne vidutine metine ne tik pa-
virSinio (z), bet ir giluminio (¢,) vandens sluoksnio tem-
peratiira. Visuose tirtuose Lietuvos eZeruose ¢ Zenkliai
pradéjo kilti 1987-1988 m.

Palyginus 1981-1989 m. su 1991-2000 m., didZiausi tirty
ezery ¢, gradientai (0,8°C) buvo stebéti 1991-2000 m. ba-
landzio ir rugpjucio meén.

IStyrus gilesniy Lietuvos eZery daugiametés ¢, (30 m
gylyje) kaita liepos ménesi, nustatyta, kad visuose tirtuose
ezeruose dél meteorologiniy salygy jvairovés ¢, kaita buvo
cikliSka ir sinchroniSka. Palyginus tirty ezery viduting ¢,
kaita 1976-1983 ir 1984-1997 m. vasara, nustatyta, kad
1984-1997 m. vasara ¢, kilo ne tik termogradientiniame
DrikSiy ezere, bet ir natiiralaus terminio rezimo ezeruo-
se. Vadinasi, DriikSiy ezero — Ignalinos AE auSintuvo ¢,
kyla ne tik dél AE isleidziamo Silto vandens kiekio, bet
ir del klimato kaitos poveikio, todél vertinant terminio
rezimo pokycius termogradientiniuose vandens telkiniuose
reikety atsizvelgti ir i jy ekosistemy evoliucija klimato
kaitos fone.

Raktazodziai: vandens temperatiira, klimato kaita



