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ABSTRACT. It is frequently observed that an extreme event, such as a temperature maximum, has a
greater impact on a lake ecosystem than changes in average conditions. For the first time, we examine
the vertical variability of annual water temperature maxima (AWTM) and dates of their occurrence
based on in-situ measurements of water temperature with discreteness of 15 minutes for a stable strati-
fication period over eleven years (since 2005 to 2016 except 2009) in the southern coastal zone of Lake
Baikal with a bottom depth of 545 m. The estimated statistical characteristics clearly distinguish various
features of the vertical distribution of AWTM. There are significant time shifts (about 86 days) between
the uppermost horizon (about 15 m) and the lowest 300 m horizon. The average maximum annual tem-
peratures (15 °C) decrease from the upper horizon to a temperature of 4 °C at 300 m depth. To quantify
changes in the annual maximum water temperature, the empirical functions were constructed to esti-
mate relationships between AWTM, dates of their occurrence and depth. These dependencies are not

linear and verified by independent data. They have fairly high coefficients of determination.
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1. Introduction

The current knowledge of thermal structure and
interannual variability in large lake require much more
simulations and observations than available today
(Beletsky et al., 2006). Especially, it concerns a large
dimictic lake, Lake Baikal, with the biggest depth and
largest freshwater volume among the world's lakes
(Minoura, 2000; Sherstyankin et al., 2006). According
to many publications, it is known that the lakes in the
world are exposed to climate change (Adrian et al.,
2009; O’Reilly et al., 2015). In fact, during the last
30-year period, the water surface temperature of world
lakes increased, ice—covered period decreased, date
and duration of stratification period changed. The Lake
Baikal ecosystem is undergoing rapid change on a local
and global scale (Hampton et al., 2008; Izmest eva et
al., 2016). The vertical and horizontal exchange of heat
and momentum determines the distribution of water
temperature from surface to bottom. Quantification
of hydrophysical processes is necessary to understand
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the changes in many aquatic processes. For these rea-
sons, as well as for monitoring climatological tempera-
ture conditions in lakes, knowledge of the spatial and
temporal distribution of lake water temperature can be
extremely valuable (Carpenter et al., 2011).

The thermal regime of a large dimictic lake is
determined by the seasonal course of heat input to the
water surface, the interaction of the moving air layer
with water, and the propagation of heat into the depths
of the lake. Dimictism of the lake stratum is manifested
in the fact that the lake is stirred twice a year from
the surface to the bottom due to the anomaly of fresh
water density at a temperature of 3.98°C on the surface.
Usually, between two basic mixing events, the lake is
stable and stratified for a few months. The classic three-
layer vertical temperature distribution is formed: 1) the
surface mixed layer (epilimnion), 2) the middle layer
with big vertical temperature gradients (metalimnion)
and 3) the bottom layer, which is colder, and denser
than every upper layer (hypolimnion) (Boehrer and
Schultze, 2008).
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Usually, the annual maximum temperature on
the water surface layer 7 occurs in the middle of
summer. In Lake Baikal, due to its huge size, the annual
water temperature maxima (AWTM) near the shore is
observed in late July-August and in the open parts of
the lake in August-September. The largest vertical tem-
perature and density gradients arise during the heating
period in metalimnion, 20-30 days before the surface
water temperature reaches its maximum (Naumenko
and Guzivaty, 2022). Then the cooling begins, initiat-
ing convective mixing, which accelerates the deepening
of the epilimnion, and the gradients deccrease. Heat is
transferred to the underlying horizons, resulting in a
shift of temperature maxima to greater depths and a
decrease in their values. On every date, the penetra-
tion of heat to underlying horizons can be traced as the
deepening of annual water temperature maxima from
surface layer to bottom on a certain vertical (James,
1971; Stepanenko et al., 2018). In autumn, when the
heat reaches the bottom, the overturn (that is, a vertical
isothermia) arises, and the temperature at the bottom
becomes the highest for the year in the large dimictic
lake.

Seasonal variations in thermal stratification
can influence phytoplankton and zooplankton popula-
tion dynamics (Eckert and Walz, 1998; Brandao et al.,
2012). The vertical extent of the epilimnion (i.e., the
mixed layer depth) and the magnitude of the thermal
gradient in the water column affect plankton growth
and primary production (Vincent et al., 1984; O’Brien
et al., 2003; Brighenti et al., 2015) and thereby reg-
ulate light penetration and internal nutrient loading.
Thus, the absolute annual maximum temperature 7,
and time of occurrence of annual peakat t;  atcertain
depth Z, are to influence the position of the chlo-
rophyll concentration maximum during the seasonal
course of the lake ecosystem parameters. Therefore,
the deepening of the temperature maximum in strati-
fied lakes can be considered not only as an important
hydrophysical process but also as a parameter influenc-
ing the structure of the ecosystem. Moreover, the cli-
matic maxima change may affect fish populations and
communities (Gillis et al., 2021).

Obviously, knowledge of the magnitude and date
of onset of temperature maxima at different horizons is
necessary to understand changes in many water pro-
cesses in different types of lakes. There are publications
about the importance of these extreme events (Sharma
et al., 2008; Minns et al., 2018; Ptak et al., 2019;
Dokulil et al., 2021), and unfortunately, they practi-
cally concern only surface water temperature except
for the article (Hondzo and Stefan, 1996), which deals
with the bottom temperature.

There are no publications about the vertical dis-
tribution of AWTM in dimictic lakes, in particular in
the deep regions of Lake Baikal. The interannual vari-
ability of temperature and the depth of occurrence of
the mesothermal maximum temperature during the
period of winter stratification in Lake Baikal are con-
sidered in the article (Aslamov et al., 2024). The only
two articles on the distribution of maximum water tem-
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peratures in the coastal zone of Lake Baikal concern the
bottom depths of 15 meters or less (Rossolimo, 1957;
Fedotov and Khanaev, 2023). Therefore, the objective
of this study was to present for the first time the data
of annual water temperature maxima 7, by using sta-
tionary long-term high-precision temperature measure-
ments at different horizons (since 2005 to 2016 except
2009) referring to the bottom depths up to 500 m in
the southern coastal zone of Lake Baikal. After analyz-
ing the observed vertical temperature profiles data sets
the empirical relationship between both the absolute

T and the date tT.m.x

max

and depth of its appearance Z, were established.

annual maximum temperature

2. Data and Study area

Lake Baikal has been studied extensively
since 1990, when the Baikal International Center for
Ecological Research (BICER) was created. Stationary
long-term high-precision temperature measurements
have been carried out since March 1999 by Research
Institute of Applied Physics of Irkutsk State University
in cooperation with the Swiss Federal Institute of
Environmental Science and Technology (EAWAG) and
Limnological Institute SB RAS on the base of the Lake
Baikal Neutrino Experiment (Baikal Neutrino Telescope
NT200+ in operation) (Aynutdinov et al., 2009).
Several stations were set up in the southern coastal
zone of the lake.

We used data from the buoy station closest to
shore at a distance of 1.0 km and a bottom depth of
550 m (Fig. 1a). Seven temperature loggers distributed
along the lake bed and 15 m deep recorded the tem-
perature profile throughout the year at 15 min inter-
vals for eleven years from 2005 to 2016 (except 2009).
Measurement horizons were: 1) 14.7 to 26.5 m, 2) 50 to
52.3 m, 3) 100 to 102.3 m, 4) 150 to 152.3 m, 5) 200
to 202.3 m, 6) 250 to 252.3 m, and 7) 300 to 302.3 m.
The characteristics of the measurements performed
are given in Aslamov et al., 2024. Some of the varia-
tion in logger depths is due to technical difficulties in
installation from year to year. Figure 1a shows the loca-
tion of the buoy station in Southern Baikal, near Cape
Ivanovsky (51°47/22.7” N, 104°24’53.4” E).

The average bottom slope in the station area is
33° (Bathymetric map..., 2024), which exceeds the crit-
ical value for sliding processes (Hakanson and Jansson,
2002). This indicates that both the sliding of water
masses and the movement of substances can occur on
this slope.

The southern part of Lake Baikal has pronounced
peculiarities associated with the influence of the bor-
dering shores with various heights and wind action
in the semi-enclosed area of the lake. As Kozhova
and Izmest’eva (1998) reported, in the southern part
of Lake Baikal, strong northwestern winds disrupt
often the summer stratification, generating cold-water
upwellings along the western coast and causing surface
water temperatures to plunge to 4 °C from 14° to 16 °C
within hours. Strong winds can accelerate the mixing,
and some warm pulses, followed by a return to 4 °C,
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can cause the thermocline to disappear. A well-mixed
surface layer is formed by coastal downwelling due to
inshore Ekman transport generated by a wind blowing
parallel to the coast.

3. Results and Discussion

3.1. Basic features of vertical distribution
of annual water temperature maxima in
the southern coastal zone

The timing of the annual surface temperature
maximum Iy is the most active period for the air-
lake surface interaction (Naumenko and Guzivaty,
2022). The dates are important phenological indica-
tors for assessing the long-term change in the thermal
regime of large lakes, in particular Lake Baikal. Long-
term year-round temperature measurements at certain
horizons allow precise identification of key tempera-
tures in the thermal cycle of Lake Baikal. For every
available horizon (usually from 15-19 m to 300 m),

both the maximum temperature 7,  and its date /7
were estimated in the southern coastal zone of Lake
Baikal based on the dataset used. This was done for
the stable stratification period over eleven years, from
2005 to 2016, except 2009. Fig.1 shows the seasonal
course of water temperature for two different data sets,
namely the very cold stratification period and the very
warm period. As the depth of measurement increases,
the temperature change from higher to lower values is
clearly visible. Obviously, there is a significant differ-
ence in temperature and the timing of the occurrence

of maximum temperatures ;  at the two upper hori-
zons, while at the lower horizons, these differences are
much smaller. As for upwelling, it can be recognized by
a sharp decrease in temperature in the upper horizons
(Troitskaya et al., 2023).

In general, the most pronounced shape of the
temperature graph for the upper layer of the lake
has the shape of a pointed peak each year. It is well
known that Lake Baikal is a typical dimictic lake up
to a depth of the active layer of 200-300 m, where the
annual seasonal temperature fluctuations are observed
(Shimaraev, 1977; Shimaraev et al., 1994; Shimaraev
et al., 2012).

The deeper temperature structure demonstrates
more gentle curves with a short maximum period. At
a depth of more than 100 m, seasonal fluctuations are
insignificant (Fig. 1).

The statistical characteristics of the parameters
of annual temperature maxima 7,  and the dates of

their occurrence /7 for the coastal zone of Southern
Baikal are given in Table 1.

The annual maximum water temperatures in the
years 2005-2016 varied from 10.9 °C in 2010 to 18.2°C
in 2005 at the highest horizon of about 20 m (Fig. 1).
The average maximum annual temperature (15 °C)
decreases from the upper horizon to a maximum den-
sity of 4 °C at a depth of 300 m. The smallest variability
in maximum water temperatures was observed at the

same depth. The interannual 7

max

range decreased dra-
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Fig.1. Location of the buoy station in Southern Baikal (A)
and seasonal course of water temperature for two different
stratification periods, namely the very warm (2005) (B) and
the very cold periods (2010) (C).

matically with depth by 20 times compared to the upper
horizon, as well as the standard deviation (Table 1).
Table 1 indicates that date of annual tempera-

ture maximum /7 varied from August 6 (2012) to
September 16 (2013) at the highest horizon. The date
difference is about one month and a half, with an aver-
age date 1y ~ August 22.

On average, the occurrence of peaks Iy from
horizon to horizon varied from 28 days between the
upper horizons, with a deacrease to five days from 250
to 300 m.

However, in 2013, the difference between the
dates of maxima at the neighboring upper horizons was
the largest over the entire eleven-year period and was
approximately 52 days.

The difference between the dates of maxima at
the uppermost horizon and the lowest horizon aver-
aged 86 days, with a maximum of 111 days in 2016.
This phenomenon confirms the unevenness of heat
input at depth from year to year, related to differences
in weather conditions, the intensity of vertical mixing
processes, stratification stability, and the degree of
warming of the upper water layer.

The standard deviation of tTmaX is large and
almost identical at all horizons (13 — 19 days), indicat-

ing a large scatter of dates.
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Table 1. Statistical characteristics of the parameters of temperature maxima 1

« and the dates of their occurrence 7,

Parameters Z, Z, Z, Z, Z_ Z Z,
Annual temperature maximum TmaX , °C
Minimum 10.87 8.39 6.93 5.49 4.41 3.94 3.84
Maximum 18.15 16.04 10.35 7.29 6.11 5.37 4.18
Range 7.28 7.65 3.42 1.80 1.70 1.43 0.34
Mean 15.00 11.06 8.34 6.16 5.14 4.34 3.99
Std. dev. 2.64 2.20 1.32 0.56 0.55 0.41 0.11
Date of annual temperature maximum tTmax , day of year
Minimum Aug.6 Aug.16 Sep.23 Oct.3 Oct.12 Oct.12 Oct.12
Maximum Sep.16 Oct.8 Nov.2 Nov.19 Nov.24 Nov.25 Dec.17
Range 41 54 40 46 44 44 66
Mean Aug.22 Sep.19 Oct.10 Oct.28 Nov.5 Nov.10 Nov.16
Std. dev. 14 15 13 15 14 15 19

Note: Z, conforms to the depth of measurement from 14.7 to 26.5 m, Z, from 50 to 52.3 m, Z, from 100 to 102.3 m, Z, from
150 to 152.3 m, Z, from 200 to 202.3 m, Z, from 250 to 252.3 m, and Z, from 300 to 302.3 m.

Seven data sets for every studied horizon during
eleven years illustrate how the annual maximum water
temperatures varied versus day of year with linear
dependence for every horizon (Fig. 2).

We can see that in the three upper horizons
(up 100 m), there is a decrease in maximum tempera-
tures with increasing dates. This means that the later
the maximum temperature occurs, the lower it is.
Starting from the horizon at 150 m, this pattern stops,
and regardless of the date, the maximum temperature
remains constant.

This supports the conclusion that a negligible
amount of heat from the surface penetrates to these
depths. Obviously, the variation of the maximum tem-
perature with depth is strongly nonlinear.

In terms of climate trends, we found no signifi-
cant trends for the eleven-year study period, for either

T

max OF 17

max

3.2. Empirical relationship of variation of
maximum temperature by time and depth

The upper layer of Lake Baikal reaches its max-
imum temperature in July and August in the southern
part of the lake. Maximum temperatures are recorded
at depths of more than 200 m between October and
December. We hypothesize that for every specific dimic-
tic lake (or some area of lake), the annual extreme tem-
peratures can be a function of depth. It is obvious that if
the summer vertical temperature distribution is stable,
the maximum temperature will gradually decrease with
depth due to surface heat penetration and horizontal
exchange (Naumenko and Guzivaty, 2022). We wonder
at what rate this deepening occurs and whether there
are correlations between the magnitude of the max-
imum, its depth, and the time of the occurrence. To
quantify changes in the AMWT, the previously devel-
oped approximation forms of empirical functions were
used to find three dependencies, namely
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Fig.2. Annual maximum water temperatures depending
on the day of year, with linear dependence for every horizon.

Annual temperature maximum, “C

T =F(h)
Z, =F(1)
T = F (1)

where h is depth in m, t is time, and day of year.

The forms of empirical dependencies and the
coefficients of determination R? are given in Table 2
and Fig. 3.

It is evident that each dependence has a nonlinear
character (Fig. 3). Empirical dependence describes from
66 to 87% of the variability of the studied parameters.

To construct empirical relationships, we used
the values found for only eight years, which amounted
to 54 values for each sample. The values for the three
remaining years were highlighted in orange in Fig. 3.
They were used to verify the dependencies as indepen-
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dent data. Evidently, they lie within the same bound-
aries as the data used to construct the relationships.
Independent observed data were compared with those
estimated by the three empirical relationships. Root
Mean Square Errors (RMSE) are 1.3 °C, 49 m, and
1.9 °C, respectively. It should be noted that the error in
depth is quite large. This is due to the large variation of

date Z;  across the studied horizons.

Differentiation of the obtained dependencies
enables to estimate the rates of change of the studied
parameters. Due to the nonlinearity of relationships for
the studied seasonal cooling period of the southern part
of Lake Baikal, the greatest variability of the maximum
annual temperatures with time 7/t was observed
in early August, right after the beginning of regular
convective mixing at a depth of up to 50 m (Fig. 3, right
upper and lower graph). At the same time, the rate of
deepening 7' /h is also maximum.

Fig. 3, right center graph shows the rate of deep-

ening ZTmax /'t over time. The minimum rate Zrm /tis
observed in early August at about 0.5 m/day, and then
it increases to 6 m/day in early December.

In this way, the empirical dependences obtained
for the first time allow us to estimate the background
seasonal evolution of the vertical distribution of AWTM
values in the southern part of Lake Baikal and the rate
of change of these parameters.

4. Conclusion

We analyzed in-situ measurements of water tem-
perature with discreteness of 15 minutes for stable strat-
ification period in the southern coastal zone of Lake
Baikal with a bottom depth of 550 m for eleven years
from 2005 to 2016, except 2009. For the first time, the

absolute annual temperature maxima 7, and time

max
of occurrence tTmax at seven horizons were determined
based on the dataset used. The statistical characteris-
tics of the parameters are estimated. It should be noted
that these characteristics will vary depending on the

depth of the bottom and the distance from the shore

of the lake. L at the upper horizon corresponds to
the data on the maximum water surface temperature in
Listvaynka (Fedotov and Khanaev, 2023). In contrast
to the shallow zone of Lake Baikal, the maximum tem-
peratures do not occur at the same time at all hori-
zons. There are significant time shifts (about 86 days)
between the uppermost horizon (~20 m) and the low-
est horizon (~300 m).
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Fig.3. Empirical dependences for estimation of the mag-
nitude of the annual water temperature maxima, its depth,
and the time of occurrence (left panel). The right panel
demonstrates rates for the same parameters.

The annual maximum temperature goes from
the surface to a depth of 300 m, where it reaches
~4 °C. Attempts have been made to derive equations to
approximate the vertical distribution of annual extreme
water temperature with depth as background for analy-
sis of possible climatic variations. The resulting depen-
dencies are non-linear. They are verified using inde-
pendent data. Much of the variation in extreme lake
water temperature can be explained by the vertical
heat exchange, which depends on the depth.

The rates of change of the annual maximum
temperature with depth have been determined. The
maximum rate of change occurs immediately after the
beginning of seasonal surface cooling and free vertical

Table 2. Empirical coefficients for dependencies developed for parameters of annual maximum water temperatures

Dependences Formula Coefficients
a b c R?
T. . =F ( h) a* Exp(b* ArcTan(Log(#/1000) + ¢)) 6.91 -0.72 2.11 0.87
z, =F(1) a**(t/100) +c) 5.47 - 0 0.6
T =F(t) a*POW((¢/100),5)* Exp(c*(t/100)) 351.46 | -0.67 | -1.12 0.87
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convection. The rate of deepening of the maximum is
a measure of the vertical penetration of heat to the
depth and can serve as the hydrophysical basis for Lake
Baikal. These conclusions correspond to similar results
for Lake Ladoga (Naumenko and Guzivaty, 2023).
Dokulil et al. (2021) indicate a substantial increase in
annual maximum lake surface temperatures in several
lakes. Our results provide significant evidence of the
existence of the background empirical dependencies
necessary for detecting the features in terms of regional
climate changes.
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BepTHKanbHOe pacnpeaeneHHe roaoBbIX

MaKCHMMYMOB TeMnepaTtypbl BOAbI B FRESHTWATER
I0)XHOM NpuOGpexHoM 30He o3epa bankan BIOLOGY
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AHHOTAIIUA. ABCTPAKT. YacTto 3KcTpeMajibHOe COOBITHE, TaKOe KaK TeMIlepaTypHBIM MaKCHUMYM,
OKasbplBaeT HauOoJIblllee BJIMAHNE Ha 3KOCHCTEMy O3epa, YeM M3MeHeHM:A CPeAHHUX yCJIOBUH. BrepBbie
Ha OCHOBe in-situ U3MepeHull TeMrepaTypbl BOABL C JUCKPETHOCTBIO 15 MUHYT [JIA Ieproja yCTOWYH-
BOU cTpaTudukanuu 3a oguHHaauath Jet (¢ 2005 mo 2016 r., kpome 2009 r.) B 10)KHOM NMPUOPEXHOMN
30He o3epa balikan c riay6uHoN AHa 550 M KcciiefoBaHa BepTHUKaJIbHasA U3MEHYMBOCTb TOJOBBIX MakK-
cuMyMoB TemnepaTypsl Boasl (TMTB) 1 gatel ux HacTynsleHUs. IloslydyeHHBIe cTaTHCTUYECKHEe Xapak-
TEpUCTUKY Y€TKO MACHTU(UIUPYIOT pa3nyHble 0COOEHHOCTH BepTUKAJIBHOrO pacnpefesienus 'MTB.
Hab6miomaeTcsa 3HaUMTEJIbHBIN BpeMEeHHO! caBUT (0K0JIO 86 CyTOK) MeXJy caMbIM BEpXHHM T'OpPHU30H-
ToM (0oKo0Ji0 15 M) 1 cambiM HIXHUM 300-MeTpPOBBIM ropru30HTOM. CpeHNEe MaKcHUMaJibHble TONOBbIE
Temnepatypsl (15°C) cHIXKAOTCA OT BEpXHEro ropu3oHTa A0 TeMmepaTyphl ~ 4°C Ha riy6ouHe 300 wm.
J1714 KoInM4ecTBEHHOM OLeHKH M3MEeHEHUU rOA0BOro MakCMMyMa TeMIlepaTyphbl BOAbI ObIJIA IOCTPOEHBI
aMIMpuyeckre QyHKIMU AJIA OLleHKHU 3aBucuMocTteil Mexay 'MTB, gatamu ux HacTylJIeHuA U I1y0u-
HOW. OTHU 3aBUCHMOCTH He ABJIAIOTCA JIMHEHMHBIMH U MOATBEpXXAeHbl He3aBUCHMMBIMU AaHHbIMU. OHU
HMEeIOT AOCTaTOYHO BHICOKHE KO3()PULIUEHTH! JeTepMUHALNH.

Kitiouegvle cjtoga: remiiepatypa BObl, FOOBble MAKCUMYMbI, BEPTUKAJIBHOE paclpefiesieHre, o3epo Baiikas

Jlna mutupoBanusa: Haymenko M.A., I'yauBaTeiii B.B., JloBuos C.B., Tpourkas E.C., Bynues H.M. BepTukasibHOe pacnpefesieHue
TOJIOBBIX MaKCUMyMOB TeMIEPATYPhl BOJbI B H0KHOI MPUOPEXHOI 30He o3epa Baiikan // Limnology and Freshwater Biology.
2024. - Ne 3. - C. 157-170. DOI: 10.31951/2658-3518-2024-A-3-157

1. BBeAeH"e TEeprieBaeT 6bICprIe WU3MEHEHHA B JIOKAJIbHOM U TIJIO-

6asmpHOM Macmtabax (Hampton et al., 2008; Izmest’eva
et al., 2016). BepTUKaJIbHBII U TOPU3OHTAJIBHBIN
OOMeH TeIUIOM M HUMIYJIbCOM OMNpeAdesiAeT paclpene-
JIeHHe TeMIIepaTypsl BOABI OT IOBEPXHOCTH OO OHA.
KosmmyecTBeHHAs oOIleHKa TUAPOGU3NYECKUX MPOIIEC-
COB HeoOXoauMa AJiA MOHUMAaHUA N3MeHEeHU MHOTHX
BOIHBIX IpolieccoB. [1o 3TUM NpuYMHAM, a TakXe A
MOHHMTOPUHTA KJINMAaTUYeCKUX TeMIIepaTypPHBIX YCJIO-

BUI B 03epax, 3HaHUe MPOCTPAHCTBEHHOI'O0 U BpeMeH-
2000, IlepctssHkUH U Ap., 2006). [To JaHHBIM MHOTUX HOTO paclpe/esieHAs TeMIEPaTyphl O3epHOH BOJIbL

ny61uKauil, N3BECTHO, YTO 03epa MHMPA N0JBEPXKEHDL MoOXeT OBITh Upe3BBYAHO LeHHbM (Carpenter et al.,
u3MeHeHuo kiauMarta (Adrian et al., 2009; O’Reilly et 2011).

al., 2015). [lericTBUTEe/IbHO, 3a mMocjieqHuil 30-JIeTHU
Iepyuoj] TeMmiepaTypa IIOBEpXHOCTH BOIBl B O3epax
Mupa IOBBIIIAeTCA, COKpallaeTcs Iepuoj JieAdocTasa,
“3MeHsAeTcs aTa Havyasla U IPOAOJIKUTEJIbHOCTD IIepu-
oma crpartudukanuu. dxocrucreMa o3epa batikan mnpe-

Jlns1 mosty4eHUs1 COBpeMeHHbIX 3HAaHUH O TEPMU-
YecKOU CTPYKTYpe U ee MeXroJoBOM U3MEHYUBOCTHU B
KpYIIHOM o03epe TpebOyeTcsi ropasio 0oJipllle MOZIEsThb-
HBIX pacyeToB U HAOIIOOEHUN, YeM UMEETCs Ha Cerom-
HAmHUN feHb (Beletsky et al., 2006). OcoGeHHO 3TO
KacaeTcsi KPYyIHOro NUMHKTUYECKOro osepa Bariikai,
UMeIOIIero camym OOJIBIIYIO TJIyOMHY U camMblii 60JIb-
o 06beM MpecHO BOAsI cpeiu o3ep mupa (Minoura,

TepMuueckuili pexyM KPYIHOTO JUMUKTUYE-
CKOTO O3epa OmpefessieTcs Ce30HHBIM XOAOM IOCTY-
IJIEHU TEIUIa K TOBEPXHOCTH BO/IbI, B3aUMOIEHCTBUEM
JBIKYIIErocs CJI0sA BO3[yXa C BOAOM U paclpocTpa-
HEHUEeM TeIUla B IJIyOb o3epa. JJUMUKTU3M O3€pHOM
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TOJIIIM TPOSIBJIAETCA B TOM, YTO O3€PO JIBAXIBI B T'OJ
repeMeNInBaeTCs OT MOBEPXHOCTU [0 IHA 32 CUYET aHO-
MaJIui IUIOTHOCTU TPECHON BOABI NMPU TeMIepaType
3.98°C Ha noBepxHOCTU. OOBIYHO MeXAY ABYMs OCHOB-
HBIMU COOBITUSIMU TMEepPeMEINBAHUSA 03€PO YCTOMYMUBO
CcTPaTUGUIMPOBAHO B TeYEHHE HECKOJIBKUX MECSIIEB.
Kiaccuueckoe TpexcJIOMHOe BepTHKaJIbHOE paclpe-
JleJleHde TeMrepaTypbl popMupyercs, a UMeHHO, 1)
TOBEPXHOCTHBIN MepeMelnIaHHBIN CJIoN (3MUIMMHUOH),
2) cpenHuil cjoi ¢ GOJBIMIMMU BepTUKAJIBHBIMU T'pa-
AVeHTaMu TeMIiepaTypsl (MeTaJJUMHUOH) U 3) MpuU-
JOHHBIH CJION, KOTOPBIHM X0JI0HEee U IJIOTHee, 4YeM Bce
BepxHUe cJiou (rumosuMHUOH) (Boehrer and Schultze,
2008).

O6BIYHO TOMOBOM MAaKCHUMyM

T

MMOBEPXHOCTHOTO CJIOSA BOABI /., TIPUXOAUTCA Ha cepe-
nuHy Jerta. B Dbaiikasne, BcjieCTBUE €ro OTPOMHBIX
pa3MepoB, TOJOBBlE MAaKCMMYMBl Te€MIEPATYPhl BOJIbI
('MTB) y Gepera HabJtojaeTcs B KOHIle HIOJIA — aBTy-
CTe, B OTKDHITBIX YaCTsAX O3epa B aBrycTe-ceHTsOpe.
HawuGobimie BepTUKaIbHbIE TPAUEHTH TEMIIEPATYPhI
U IJIOTHOCTH BO3HUKAIOT B MEPHOJ MPOrpeBa B MeTa-
JUMHMOHe, 3a 20-30 gHell 10 JOCTIXKEeHM MaKCcMaJlb-
HOM TeMIiepaTypsl BoAsl Ha noBepxHocTu (Naumenko
and Guzivaty, 2022). 3aTeM HauyMHaeTcs OXJIaxje-
HUe, UHULUHPYIOIllee KOHBEKTHUBHOE TepeMellnBaHue,
KOTOPOE YCKOpsIeT yTJiyOjeHHe SIUJIMMHUOHA, Ipa-
OVEeHTHl yMeHbIIawTcsA. Temio pacmpocTpaHseTcs Ha
HIXeJjiexarire TOPpU30HThl, MaKCUMYMBI TeMIIepaTypPhl
cMemalTcA Ha OoJiblllylo TJIyOMHY, a WX 3HayeHuA
yMeHbIIalTcA. B kaxayio naTy NpoOHUKHOBEHME Telia
Ha HIDKeJIeXxallyie TOPU30HTH MOXXHO MPOCJIEAUTh KaK
3arjy0jieHre TOAOBBIX MAaKCUMyMOB TeMIIEPATYPhI
BOJIBI OT MTOBEPXHOCTHOTO CJIOSI [0 JTHA Ha OmpejiesieH-
Hou Beptukanu ([xeiimc, 1971; Stepanenko et al.,
2018). Ocenblo, Koraa TeIJIo JOCTUTAET JHA, IPOUCXO-
OUT TIepeBopoT (TO ecTh BepTUKaJIbHas U30TEPMUS), U
TeMIlepaTypa y Ha CTaHOBUTCA CaMOI BEICOKOH 3a rof
B 6OJIBIIIOM AUMHKTHUYECKOM O3€epe.

Ce30HHBIE U3MEHEHUs TepPMUUYECKOU cTpaTudu-
Kalyy MOTYT BJIUATh HA AUHAMUKY YMCJIEHHOCTH (PUTO-
mIaHKToHa U 3oomiaaHkToHa (Eckert and Walz, 1998;
Brandao et al., 2012). BepTukajgbHas TPOTSKEHHOCTb
3NMWJIMMHHOHA (T.e. IJIyOMHA IepeMelIaHHOTO CJIOA)
U BeJIMYMHA TEPMHYECKOTO T'PaJJUeHTa B TOJIIIE BOJIBI
BJIMSIIOT Ha POCT IJIAHKTOHA M MEPBUYHYIO MPOIYKIINIO
(Vincent et al., 1984; O’Brien et al., 2003; Brighenti et
al.,, 2015) u TeM caMbBIM peryJIMpyIOT IPOHUKHOBEHNE
CBeTa U BHYTPEHHIOI Harpy3Ky MUTATeIbHbIX BEIIECTB.

Takum o6paszom, 1 1 BpeMs HAaCTYIJIEHUS T'O0BOTO

TEMIIepaTyphl

nuka /7 Ha ompeieJIeHHO# ITyOuHe ZTmax BJIUSIIOT Ha
MOJIOXKEHe MaKCHUMyMa KOHIEHTpaIuu xJopodruia
B CE30HHOM XOJe MapaMeTpOB JKOCHCTEMHI O3epa.
IMosToMy 3aryrybJyieHre TeMIEpaTypHOr0 MaKCHUMyMa B
CTPaTUGULNPOBAHHBIX 03€paX MOXHO pacCMaTpUBATh
HE TOJIBKO KaK BaXHBIN TruApoPU3NYECKUI MpOoIecc,
HO U KaK IapaMeTp, BIMAINMN Ha CTPYKTYPY 3KOCH-
cTeMBl. BoJsiee TOro, M3MeHeHNe KIMMATUYECKUX MakK-
CHMYMOB MOXET BJIMATh HA HMOMYJIAINH U cO00IIecTBa
poi6 (Gillis et al., 2021).

OueBHHO, YTO 3HAHNE BEJIMYMHEL M TATHl HACTY-
IJIEHUs TeMIIepaTypPHBIX MaKCUMyMOB Ha Pa3JIMYHBIX
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riyouHax HeoOXOOUMO [Jisi MOHMMAaHUA W3MeHeHUN
MHOTHX BOJHBIX IPOLIECCOB B PAa3HBIX THUIAX O3€p.
CymiecTByIOT NyOJIMKAIMU O BaXXHOCTU 3TUX IKCTpe-
MaJIbHBIX coObiTui (Sharma et al., 2008; Minns et al.,
2018; Ptak et al., 2019; Dokulil et al., 2021) Ho, k coxa-
JIEHUIO, OHM TPaKTUYeCKU KacalTCA TOJIbKO TeMIepa-
TYphl MOBEPXHOCTHBIX BOJ, 32 WCKJIIOYEHUEM CTAaThU
Hondzo and Stefan, 1996, rae paccmarpuBaeTcs Npu-
JIOHHAs TeMIrepaTypa.

[My6Gukauyu O BEPTUKAJILHOM paclpeesieHun
rOZIOBBIX MAaKCHUMAaJIbHBIX TEMIIEpPATyp B AUMUKTUYE-
CKHX 03epaX, B YaCTHOCTU B I'IyOOKOBOJHBIX palioHax
o3zepa bailikain, orcyrcrByoT. MexrogoBas M3MeHYU-
BOCTh TEMIEPATypPhl M TJIyOWHBI 3ajieraHds Me30Tep-
MHWYECKOr0 MaKCUMyMa TeMIIepaTypsl B TOJJIETHBIN
nepuop obcyxnaercs B ctatbe Aslamov et al. (2024).
O pacnpefeneHUM MAaKCHUMAaJIbHBIX TEMIIEPATYP BOIBI
B IpubpexHol 30He Baiikasa Ha riybuHax nHa 15 M
1 MeHee CyIleCTBYeT TOJIbKO ABe padoTh (Pocconmmo,
1957; Fedotov and Khanaev, 2023). [To3ToOMy LeIbIO
HACTOAIIET0 MCCIAENOBaHUA OBLIIO BIEPBBIE IMpENCTa-
BUTHh JJAHHBIE O TOJOBBIX MAKCHMyMaX TeMIIepaTyphl
BoAbpl 1 C MOMOIIBIO CTAMIOHAPHBIX MHOTOJIETHUX
BBICOKOTOYHBIX M3MEpEeHUI TeMIlepaTypsl Ha pa3HBIX
ropusoHTax (c 2005 no 2016 r., kxpome 2009 r.), OTHO-
cAmuxcA K rirybuHaMm gHa Ao 550 M B 10XHOU pubpex-
HoM 30He Batikasa. ITocjie aHa/iM3a MacCHBOB JAHHBIX
BEPTUKAJIBHBIX Mpoduiell Temreparypsl Obljla ycTa-
HOBJIEHA SMIMpPHYecKas 3aBUCUMOCTh MeXxAy abco-

T

JIOTHBIM I'OAOBBIM MAaKCUMYMOM TEMIIE€PATYPBI {3x U

nartoi {; W rJIyGUHON ero nosiBjieHus Z
max m;

ax

2. UcxopHble AaHHbIEe U PalioOH
MCCAEAOBaAHUMN

¢ 1990
MeX/1y-

Ozepo Baiikaji akTMBHO u3ydaeTcs
roga, korma ObLT co3fgaH balikaabCKUi
HApOOHBIN IIEHTP 3KOJIOTMYECKUX HCCJIeNOBAHUM
(BUIIDP). CrauuoHapHBIe MHOTOJIETHHE  BBICOKO-
TOYHBlE U3MepeHUs TeMIlepaTyphl IIPOBOAATCA C
mapra 1999 r. HHCTUTYTOM HpPUKJIaAHON GU3NKU
HpkyTtckoro rocyapCcTBEHHOI'0 YHUBepcUTeTa
coBMecTHO co IlIBeiinapckum ¢efepajbHBIM WHCTU-
TyTOM 3KOJIOTMYeCKUX HayK U TexHosioruii (EAWAG)
n JlumHosornyeckuM uHctuTyToM CO PAH Ha 0Oase
BarikajpCKOro HEMTPUHHOTO 3KcIepuMeHTa (J1ecTBY-
oMl barikaibcknii HeUTpUHHEIN Testeckon NT200+)
(Aynutdinov et al., 2009). HeckoJibKO cTaHIUI ObLIN
YCTAHOBJIEHBI B MPUOPEXHOU 30HE I0XKHOU YacTH 03epa.

M5l UCII0JTh30BaJU JJAHHBIE ¢ OYHKOBOM CTaHINN,
pacnoJjIoXeHHOU OJike Bcero K 6epery Ha pacCTOAHUU
1,0 xm u raybunou aua 550 m (Puc. 1a). Cemp TeM-
IepaTypHBIX JIOITEPOB, paclpe/iesIeHHBIX MeXAy JHOM
o3epa u riaybuHOU 15 M, perucTpupoBai TeMilepa-
TypHBII TpodWJIb B TeueHHe BCero rojia ¢ MHTepBajoM
15 MHH Ha DpoTsXeHUU oAuHHAAUATU Jjet ¢ 2005 mo
2016 r. (xpome 2009 r.). l'opuzoHTH u3MepeHuit: 1)
ot 14.7 o 26.5 M, 2) ot 50 mo 52.3 M, 3) ot 100 g0
102.3 M, 4) ot 150 10 152.3 M, 5) ot 200 o 202.3, 6) ot
250 mo 252.3, 7) ot 300 mo 302.3 M. XapakTepucTUKU
MIPOBeIEHHBIX M3MEPEHUI MpuBeeHs! B Aslamov et al.,
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2024. HexoTopoe pazjnuue B IJiyOMHe pacnoyoXeHNsA
JIOITepOB U3 rojia B roJi CBA3aHO C TEXHUYECKUMU TPy .-
HOCTAMU npu ycraHoBKe. Ha Puc. 1a nmokasaHo pacro-
JoxeHue O6yiikoBoil ctaHunu B FOxxHoM batikasne B paii-
oHe MbIca ViBaHOBCKUII ¢ koopauHaTaMmu 51°47722.7” c.
m1., 104°24’53.4” B. J.

CpeaHuil YKJIOH [HA B palioHe CTaHI[UK COCTaB-
nser 33° (Kapra yk/IOHOB..., 2024), 4yTO NIpeBbILIAET
KpUTHYecKoe 3HaueHue [JiA NPOLeCCOB CKOJIbXeHHA
(Hakanson and Jansson, 2002). DTo oO3HayaeT, 4TO
Ha 5TOM YKJIOHE MOTYT NPOMCXOAWUTH KaK CIIOoJI3aHue
BOJHBIX Macc, TakK U nepemelleHne BelecTs.

IOxHas yacTe balikasia uMeeT SpKO BhIpa’keHHbIe
0COOEHHOCTH, CBA3aHHBIe C BJIMsAHNEM OeperopB pas-
JIMYHOU BBICOTHI U JIeHiCTBUEM BeTpa B MOJIy3aMKHYTOU
obnactu o3epa. ITo manasiM KoxoBoii u ViamecTbeBoM
(1998), B 1oxHOI yacTu Baiikajya cuyibHBIE ceBepo-3a-
NajiHble BeTPhl YaCTO HapyIIaloT JIETHIO cTpaTuduKa-
ILIHI0, BBI3bIBaA I10JbeM XOJIOAHBIX BOJ BAOJIb 3al1aJHOrO
nobepexbs U NPUBOAA K IMOHWXKEHHIO TeMIlepaTyphl
MOBepXHOCTHBIX BoZ A0 4 °C ¢ 14° - 16 °C B TeueHue
HeCKOJIbKUX 4acoB. CHiIbHBIE BETPH MOI'YT YCKOPHUTb
nepeMellrBaHWe, U HEKOTOpble TeIlJIble KMILYJIbCHL,
3a KOTOpHIMHU cJlefyeT Bo3BpaT k 4 °C, NpuBOAAT K
HMCYe3HOBEHUI0 TepMOKJIMHA. XOPOIIO NepeMellaHHbIN
MOBEPXHOCTHBIN CJIOH oOpa3yeTrcs B pe3yJibTaTe Ipu-
OpeXHOro JayHBeJUIMHIa, BBI3BAHHOIO NPHUOpEeXHBIM
5KMaHOBCKHUM II€pEHOCOM, CO3[aBaeMbIM BETPOM, AyI0-
MM [apajuiesibHO T00epexsbio.

3. Pe3ynabTatbl M 06Ccy)xpeHue

3.1. OcHoBHble 0cOb6eHHOoCTH
BEPTUKAABHOIO pacnpeAeneHH’A ropoBbIX
MaKCHMMYMOB TeMnepaTtypbl BOAbI B
I0)XHOM NpUbGpe)xHomn 30He

CpOKI/I HaCTyIUIEHWA TrOoAOBOro MaKCHMMyMa

MOBEPXHOCTHOM TeMIepaTyphl meaX ABJIAIOTCS Hau-
O6ojlee aKTHMBHBIM I[I€epUOJOM B3auMMOJENCTBUS BO3-
ayxa u noepxHoctH o3epa (Naumenko and Guzivaty,
2022). Ot patel ABJIAIOTCA BaXHbBIMU (deHoJIormye-
CKMMM MHAWKaTOpaMu [Ji OIleHKU JOJITOBpEMeEHHBIX
U3MEeHEeHUI TepMUYeCKOTro pexuMa KPYIHBIX 03ep, B
yactHocTu balikana. J{nmTesibHBIE KpYTJIOTOAWYHBIE
u3MepeHHss TeMIepaTypbl Ha OIpeJieJleHHBIX TOpu-
30HTAaX MO3BOJIAIOT TOYHO ONpPeesINTh KJII0UeBble TeM-
nepaTypsl TepMuuyeckoro Iukia bBaiikama. s kax-
J0ro JocTynmHoro ropusoHTa (00blyHO OT 15-19 M 10
300 M) B 10xHOII npubpexHoii 30He baiikasia Ha OCHOBe
Ucnojb3yeMoro Habopa AaHHBIX OBLIM OIleHeHBl Kak

MaKcHMaJIbHas Temreparypa 1., , TaK U ee 1ata tTnm .
9To 6BUIO cAeslaHO AJIA Iepuofa YCTOMYMBOM CTpaTu-
(¢pukanuu 3a oguHHAAUATH JieT ¢ 2005 mo 2016 ropg, 3a
uckaoyeHreM 2009 roga. Ha Puc. 1 nmoka3aH ce30H-
HBII XOH TeMmIlepaTyphl BOABI IJiA JIBYX JIET, Xapak-
TEPU3YIOUIUXCA CaMBIM TeIUIBIM M CaMBIM XOJIOAHBIM
JIeTHUM NepUOoAOoM 3a UcciieAyeMbIll lepro] HalJroae-
Hul. C yBesMuyeHreM IJIyOMHBI U3MepeHNnil ICHO BUAHO
n3MeHeHHe TeMIlepaTypsl OT 00Jiee BEICOKMX 3HAUeHUN
K 6oJsiee HU3KUM. OUeBUAHO, UYTO CYIIECTBYIOT 3HAUU-
TeJIbHbIE pa3IUuUA B TeMIepaType U BpeMeHHU HacTy-
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IJIEHUs] MaKCUMaJIbHBIX TeMIepaTyp Ha JIByX BEPXHUX
rOpuU30HTaX, B TO BpeMs KakKk Ha HUXHUX TOPU30HTax
3TU pa3jiuuus ropasfgo MeHblle. UTo kacaeTcs amBes-
JIMHI'OB, TO UX MOXXHO Paclo3HaTh [0 Pe3KOMY CHIIKe-
HUIO TeMIEepaTyphl B BepxHUX ropusoHTtax (Troitskaya
et al., 2023).

B nesom, B Kaxnplii roa HauboJiee BbIpaXKeH-
Hag dopma TemmeparypHoro rpaduka Ajsg BepxHero
cJiosg o3epa MMeeT BUJ OCTPOKOHEYHOU BepIINHEIL.
OO0men3BecTHO, 4YTO babikan ABJsAeTCA TUIUYHBIM
JUMUKTUYECKUM O03€pPOM [0 TJIyOWHBI AeATeJIbHOrO
ciiosa 200-300 M , B KOTOpOM HabJTIOAI0TCA eXeroJHbIe
ce30HHHIe KoJiebaHus Temneparypsl ([llimapaes, 1977;
Shimaraev et al., 1994; Shimaraev et al., 2012).

['mybuHHasA CTpPyKTypa TeMIlepaTyphl JeMOH-
cTpupyet 6oJiee MoJIorvie KpUBble C KOPOTKUM IEPHO-
JoMm MakcumyMa. Ha rirybute 6osiee 100 M ce30HHbIE
KoJsiebanua He3HaunTe bHBI (Puc. 1). CraTucTuyeckue
XapaKTepUCTUKU TMapaMeTpoB TOJOBHIX TeMIeparyp-

HBIX MAaKCUMyMOB L. U JaThl UX HACTYILIEHHA Iy
1A npubpexHoii yactu I0xHoro Batikana npuBefeHb
B Tabsmna 1.

Ha ropuzonte okosio 20 M, HauboJsiee NpubJIu-
KEHHOM K INOBEPXHOCTH O3epa, r'OAO0Bble MaKCHUMaJlb-

Hbple TemrepaTtypsl BoAsl B 2005 — 2016 rr. uaMeHs-

=
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2
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Puc.1. Pacnosioxenue OyiikoBoll craHnuu B HOxHOM
Batikasie (A) 1 ce30HHBII XO[ TeMIlepaTypsl BOIBL Ui ABYX
Pa3JIMYHEIX 0 CTEIeHU NPOrpeBa IepuoJioB JIETHEH CTpaTu-
¢ukarnuu — oueHp Temsoro (2005 r.) (B) u oueHb xX00AHOTO
(2010 r1.) (Q).
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Ta6smna 1. CTaTucTruyeckye xapakTepuCcTHUKY TapaMeTpOB MOJIOBBIX TeMIepaTyPHBIX MaKCUMYMOB U JaThl X HACTYILJIEHUS

ITapameTpsl Z Z, Z, Z, Z, Z, Z,
T'ooBasg MakcuMasibHasA TeMreparypa , °C
MuHUMyM 10.87 8.39 6.93 5.49 4.41 3.94 3.84
MakcumMym 18.15 16.04 10.35 7.29 6.11 5.37 4.18
Jnanason 7.28 7.65 3.42 1.80 1.70 1.43 0.34
Cpennee 15.00 11.06 8.34 6.16 5.14 4.34 3.99
CKO 2.64 2.20 1.32 0.56 0.55 0.41 0.11
JlaTa BO3HMKHOBEHHs rOJJOBOr0 MaKCUMyMa TeMIIEPATYPHl , CYyTKU
MuHumMyM ABr.6 Asr.16 CeHr.23 OkT.3 OxkT.12 OkT.12 OkT.12
Maxkcumym CeHr.16 OkT.8 Hos6.2 Hos6.19 Hos6.24 Hos6.25 Hek.17
JlnanazoH 41 54 40 46 44 44 66
CpenHee ABr.22 Cenr.19 Oxkrt.10 OxT.28 Hos6.5 Hos6.10 Hos6.16
CKO 14 15 13 15 14 15 19

[Ipumevanue: Z, COOTBETCTBYET IJyOuHe u3Mepenus ot 14.7 no 26.5 m, Z, — ot 50 1o 52.3 m, Z, — ot 100 g0 102.3 M,
Z,- ot 150 10 152.3 M, Z, - ot 200 mo 202.3 M, Z, — ot 250 10 252.3 ™, Z, - ot 300 g0 302.3 M.

guch oT 10.9 °C B 2010 1. 10 18.2 °C B 2005 1. (Puc.1).
CpenHuie MaKkcuMaJbHBIe TOOBBIE TeMIEpaTyphl CHU-
xkatorca oT 15 °C a1 BepxHero ropusoHra 1o 4 °C Ha
riy6uHe 300 M. Ha Tot1 e riiyOrHe HaGJstoganach Hau-
MeHbIIasA U3MEHYMBOCTh MAaKCHMAaJIbHBIX TeMIIEpaTyp
BoAbl. MeXrofoBoil Ouana3oH HM3MeHeHUH TeMIepa-
TYPHI BOABI PE3KO YMEHbBIIAJICA ¢ TJIyOMHON, IPUMEPHO
B 20 pa3 mo CpaBHEHHUIO C BEPXHUM TOPU30HTOM, TakK
Xe KakK U cTaHgapTHoe oTkjoHeHue CKO (Ta6suia 1).

Tabsmija 1 mokaspIBaeT, 4To JaTa roJoBOIr0 TeM-
[epaTypHOro MaKCHUMyMa Ha caMOM BepXHEM TOpH-
30HTE BapbupyeT OT 6 aBrycra (2012 r.) 1o 16 ceHTs-

6ps (2013 r.). Pasumua B farax Iy cocTaBiser 0KoJio
MOoJIyTOpa MecsAlleB IpU cpefHel gaTe 22 aBrycra.

B cpenmHem HacTyIieHMEe MaKCHMYMOB tTmax
OT rOpPU30HTA K TOPHU30HTY BapbUpOBajo OT 28 aHel
MeXJy BEPXHUMM TOPU30HTAMHU U YMEHbBIIAJIOCh A0
natu gHei ot 250 go 300 m.

Opnaxko B 2013 roay pasHulla MexAy AaTaMu
MaKCHMYMOB Ha COCEJHUX BEPXHUX MOPU30HTAX ObLIA
HauOOoJIbIIell 32 BECh OAMHHAAUATUJIETHUN MEepUoa U
COCTaBMJIa OKOJIO 52 JTHEeMH.

Pa3nHuna Mexy JataMu MakCMMYyMOB Ha CaMOM
BEPXHEM U CaMOM HIXHEM TOPHU30HTAaX COCTAaBUJIA B
cpenHem 86 auei, ¢ makcumymom B 111 gueit B 2016
rogy. JTO sIBJIeHWE TOATBEPXIaeT HepaBHOMEPHOCTH
MOCTYIJIEHUA Tellia Ha TJIyOWHY OT rofa K rofdy, CBs-
3aHHYIO C Pa3JIMYUAMU MOTOJHBIX YCJIOBUIN, MHTEHCUB-
HOCTBI0 TIPOIIECCOB BEPTUKAJIBHOIO IepeMelnBaHusA,
YCTOWYMUBOCTHIO CTPAaTU(MUKAI[UN U CTENIEHBIO MPOrPeBa
BEPXHETO CJIOS BOJBL.

CrangapTHbie OTKJIOHEHUs tTmax BEJIMKU U MMOYTU
OQVHaKOBBl Ha Bcex ropusoHTtax (13-19 pgueii), 4drto
yKa3blBaeT Ha 00JIbIION pa3bpoc Aart.

Cemb Ha60OpOB JaHHBIX [JI KaXxJOro ucciie-
AyeMOoro ropu3oHTa 3a OJAWHHAJLAThH JIeT MMO3BOJIAIOT
MPOUJLITIOCTPUPOBATh, KaK M3MeHslach rofjoBas Mak-
cHMaJibHas TeMIepaTypa BOJbl B 3aBUCUMOCTHU OT JHA
roga ¢ JIMHEWHOM 3aBUCUMOCTBIO JIJIl KaXJIOro Tropu-

3oHTa (Puc. 2).
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BugHo, 4To Ha TpexXx BepXHUX TOpU30HTaxX (IO
100M) HabJr0jaeTcs 3HaYMMOe CHIKeHre MaKCUMaJlb-
HOI TeMIlepaTyphl C yBeJIMueHeM JaThl. DTO O3HavaerT,
YTO YeM I03Ke HacTymaeT MaKCMMyM TeMIlepaTyphl,
TEM ero BeJUUYMHA MeHbllle. HaunHasg ¢ ropus3oHTa
150 M, 5Ta 3aKOHOMEPHOCTh IIpeKpallaeTcs, U He3aBu-
CUMO OT JaThl MakCUMaJibHasA TeMIlepaTypa OCTaeTCs
MOCTOSIHHOM. JTO MOATBEpPXJaeT BBIBOL O TOM, YTO Ha
3TU TJIyOUHBI IPOHUKaeT HUYTOXHO MaJjioe KoJjuue-
CTBO TemJia ¢ moBepxXHOCTU. OUeBUIHO, UTO U3MEHEHUe
MaKCHUMaJIbHOU TeMIlepaTyphl ¢ TJIyOUMHON HOCUT APKO
BhIpaXXeHHBIIN HeJIMHEWHBIN XapaKTep.

Yto KacaeTcsa KJIMMAaTHUYECKUX TeHJIEHIIUH, TO
3a OAUWHHAALUATUJIETHUN Nepuof UCCJIeJOBaHUA MBI
He OOHapyXW/JIU CyIIeCTBEHHBIX TeHOEHIUN HU [JIA

OHOT'O 13 rokasaTejiei: Hu AJIsA T

max » HU LA L7

©00 147-265Mm(1)
Linear (1)
50-523Mm(2)
Linear (2)

100 - 102.3 M (3)
Linear (3)
150-1523 M (4)
Linear (4)

® 002002023 Mm(5)
Linear (5)
®®0250-2523Mm(6)
. Linea (6)

- ® @@ 300-302.3m(7)
Linear (7)

12—

MakcumasnbHas ronoBas Temieparypa, C
1

T T [ T T | T T | T T | T
ABsr. CeHrT. Oxr. Hos6. [ex.

Puc.2. TonoBele MakcuMaJibHbBIE TeMIlepaTyphbl BOABl B
3aBHCHUMOCTH OT JHsA rojia ¢ JUHENHON 3aBHCHMOCTBIO JIA
KaXJoro TOpr30HTa.
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3.2. Amnupuueckana 3aBUCUMOCTDb
H3MEeHEeHHA MaKCHMaAbHOW TemnepaTypbl
no BpeMeHH U TAybune

B 10xHO#1 yacTu baiikana MakcumasibHas TeMile-
parypa B BepxHeM cJIoe JOCTUraeTcs B HIoJie-aBrycTe.
Ha riybunnax 6osiee 200 M MakCMMyM TeMIepaTypbl
MIPUXOJUTCA Ha OKTAOpb-AekaOpb. Ml IpeanosiaraeM,
YTO JJI1 KaXI0I0 KOHKPETHOrO IUMHUKTHAYECKOIo 03epa
(1 HeKOTOpPOU ero o6JiacTH) rofOBblEe SKCTPeMaJlb-
Hble TeMIepaTypbl MOTYT OBITh (DYHKIHEN TJIyOWHBI.
OueBUAHO, YTO ecjiM JieTHee BepTHKaJIbHOe pacIpe-
JlejleHre TeMIlepaTyphl CTaOWJIbHO, TO MakKcUMaJbHasd
TeMmnepaTypa OyAeT MOHOTOHHO yMeHbIIaThCA C TJIy-
OMHOI 3a CcYeT NMPOHUKHOBEHM:A TeIJIa C MOBEPXHOCTU
u ropusoHTaibHOro o6Mena (Naumenko and Guzivaty,
2022). Mbl 3agaeMcs BOIIPOCOM, C KaKOU CKOPOCTBHIO
IIPOMCXOAUT 3TO 3arjiybjieHue U ecThb JI KOppeJiAnun
MeXy BeJIMYUMHON MaKCHMyMa, ero rjiyouHoOu u Bpe-
MeHeM BO3HUKHOBeHUsA. J{JI KoJI14eCcTBeHHO! OLIeHKU
uameHenuii 'MTB wucnoss3oBasinch paHee paspabo-
TaHHBle aNIpOKCHUMAalOHHbBle (OPMBI SMIUPUYECKUX
pyHKUIMI, KOTOPHIE MMO3BOJIUIA HAUTU TPU 3aBUCUMO-
CTH, 2 UMEHHO

’]:nax = F(h)
z, =F(t)
T =F(1)

rae h — riybuHa, M, t — CyTKU OT HavaJjia roja.

@OopMBI SMITUPUYECKUX 3aBUCUMOCTEH U KO3(-
dunmenTts getepMmuHaluu R? mpuBeneHs! B Tabuie 2
u Ha Puc. 3.

OueBUIHO, YTO KaxJas 3aBUCUMOCTb MMEET
HeJMHeUHBbIN xapakTep (Puc.3). DMnupuyeckue 3aBu-
CHMMOCTH OIIMCBHIBAIOT OT 66 10 87% wW3MeHUYMBOCTU
HccyelyeMbIX ITapaMmeTpOoB.

JU1s moCTpoeHus 3MIMPUYECKUX 3aBHUCUMOCTEN
MBI MCIIOJIb30BaJIM 3HAUYeHMsl, Hali[jeHHble TOJIbKO IJIA
BocbMu JieT (2005-2011, 2015-2016), 4TO COCTaBUJIO
54 3HaueHus Ajia Kaxnoul BbiOopku. Ha Puc. 3 opan-
XKEeBBIM IIBETOM BBIfleJIeHbl 3HAaYeHUA JJIA TPeX OCTaB-
muxcsa jger (2012-2014). OHu OBLIM HCHOJIb30BaHbI
71 TMPOBEPKU 3aBHCHUMOCTEN KaK He3aBHCHUMEBIE [aH-
Hble. O4eBUIHO, YTO OHU JIeXaT B TeX Xe I'PaHUIlaX,
YTO U [JaHHBIE, WCIOJb30BaHHBIE [JIA IOCTPOEHUs
3aBrcuMocTel. HesaBucuMbie HabJjrogaeMble JaHHbBIE
CPaBHUBAJIMCh C JAHHBIMU, OI[eHEHHBIMU IO TPEM
SMIUpPUYECKUM 3aBUCHUMOCTSAM. CpeqHeKBaJgpaTU4HbIE
omubku (RMSE) cocrasuiu 1.3 °C, 49 m, 1.9 °C coot-
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Puc.3. DMmnupuueckre 3aBUCUMOCTU [AJiA OLIEHKU BeJiu-
YUHBI TOJAOBOI'0 MaKCHUMyMa TeMIepaTypsl BOMBI, €ro IIy-
OMHBI 1 BpeMeHU HacTymuleHus (J1eBas maHess). Ha mpaBoit
MIaHeJ M MTOKA3aHbl CKOPOCTU U3MEHEHUSI TeX XKe ImapaMeTpPOB.

BeTCTBeHHO. Ciief;yeT OTMETHUThb, YTO OmMOKa IO TJIy-
OMHE AOBOJIbHO BeJIMKA. OTO CBA3aHO ¢ OOJIBIINM pas-

6pocoM JaThl t;  TIO MCCJIE/lyeMBbIM TOPH30HTaM.
AuddepeHnupoBanrie NOJyYEeHHBIX 3aBUCHU-
MOCTell MO03BOJieT OIeHWTb CKOPOCTH H3MeHeHUsd
HM3yyaeMbIX ITapaMeTpoB. B cBfA3U C HeJMHENHOCTbHIO
3aBUCUMOCTeN [JIA KM3ydyaeMoro Iepruofa Ce30HHOIO
OXJIAXXKOEHUA I0OKHOM dYacTu balikaja HauOoJIbIIas
HM3MEHYHNBOCTh MaKCHMMaJIbHBIX T'OJIOBBIX TeMIlepaTyp
co BpeMmeHem [, /t HaGmopanach B Hayajie aBry-
cTa cpasy IocJjie Havyaja peryJspHOro KOHBEKTUBHOIO
nepeMeniMBaHus Ha riayouse no 50 m (Puc. 3, mpaBbiii
BepxXHUI U HUWXHUI rpaduku). B 3T0 Xxe Bpems cko-

pocthb yray6senus 1 /h rtaike MakcuMasbHa.

max

Ta6smna 2. OMnupudeckre K03QOULIUEHTH 1A 3aBUCUMOCTeH, pa3pab0TaHHBIX [JIA TapaMeTPOB F'OA0BBIX MaKCUMaJIbHbBIX

TeMIlepaTyp BOAHI

3aBucumMocTu dopmMmyia KoadPunueHTnI

a b c R?
T =F ( h) a*Exp(b* ArcTan(Log(#/1000)+c)) 6.91 -0.72 2.11 0.87
Z, =F(t a**(t/100)+c) 5.47 - 0 0.66
T =F ( t a*POW((¢/100),b)* Exp(c*(¢/100)) 351.46 | -0.67 -1.12 0.87
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Ha Puc.3, mpaBblil L[eHTpaJIbHEIN rpaduK, MoKa-
3aHa CKOPOCTH 3arjy0JieHus ZTmax /'t ¢ reuennem Bpe-

MeHUu. MuHUMaJibHasg CKOPOCTh ZTmax /'t mabmogaercs
B HayaJle aBrycra okoJjio 0.5 m/cyT, 3aTeM OHa yBeJu-
YyuBaeTcs 10 6 M/CyT B Havajle fekadops.

Takum o06pa3oM, BIepBble MOJIyYeHHbIE SMIIU-
pudeckre 3aBUCHMOCTU MO3BOJIAIOT OLIEHUTh (POHOBYIO
Ce30HHYI0 3BOJIIOIMI0 BepTUKAJIBHOTO paclipefiesleHNnA
pesimunH I'MTB 1oxHOI yacTu o3epa bBaiikan u cko-
POCTh U3MeHEeHUs 3TUX ITapaMeTpOB.

4. 3aknioueHue

[lpoaHamM3MpoOBaHbEl  HATypHBIE  K3MepeHUA
TeMITepaTyphl BOIbI C JUCKPETHOCTbIO 15 MUHYT IJjis
rnepuoja yCTOMYMBON cTpaTU(UKaLUM B I0KHON IPU-
OpexHOIl 30He o3epa bBatikas c¢ riybuHoii aHa 550 m
3a oguHHaauars Jet ¢ 2005 o 2016 r., kpome 2009 r.
BrniepBble Ha OCHOBe HCIIOJIb30BAaHHOIO Habopa [daH-
HBIX ONpefieJieHbl abCOJTIOTHBIE T'OJIOBhIE MAaKCHMYMbI

TemmepaTypsl 1,,, U BpeMs UX HacTyILIEHHs Ir  Ha
ceMu ropusoHTax. OleHeHBl CTaTUCTHUYECKHe Xapak-
TEpUCTUKU 3TUX NapaMmeTpoB. CieyeT OTMETUTb, UTO
3TU XapaKTePUCTUKU OyIyT MEHATbCA B 3aBUCUMOCTH

oT IJIyOuMHBl JHA U yJaJIEHHOCTH OT Oepera o3sepa.

T

max HA BEDXHEM TOPHU30HTE COOTBETCTBYET JJAHHBIM
0 MaKCHMaJIbHOM TemIlepaType MOBEPXHOCTU BOJBI B
JIuctsanke (Fedotov and Khanaev, 2023). B oTyinune
OT MEJIKOBOJHOI 30HHI balikajia MakcUMaJIbHBIE TEM-
rnepaTypsl He HaOJIIOAIOTCA OJHOBPEMEHHO Ha BCEX
ropu3oHTax. Mexay caMbIM BepXHUM TOPHU30HTOM
(~20 M) u cambpiM HIXHUM (~300 M) HabJII0IAIOTCS
3HAYUTEJIbHbIe BpEMEHHBIE CABUTU OKOJIO 86 mHel.
F'ogoBOll MakCUMyM TeMIepaTyphl 3ariy6Jis-
eTcsi, YMeHbIIasACh MO0 BeJUYUHE OT MOBEPXHOCTHU [0

ry6unsl 300 m, rge 1 JocThraetr temmepaTypsi
~4 °C. bbumi moJiyueHB SMIMpHUYecKHe ypaBHEHUA
JUI anmpoKCHMalyd BepTUKAJIbHOTO paclipejiesleHus
TOJIOBBIX 3KCTpPeMaJIbHBIX TeMIepaTyp BOJBI C IJIyOu-
HOI, KOTOPBIEe MOXHO HCII0JIb30BaTh B KauecTBe pernepa
JUIA aHayM3a BO3MOXHBIX KJIMMAaTUYeCKUX Bapualvi.
[osiyueHHBle 3aBHCHMMOCTH SABJIAIOTCA HeJIMHEHHBIMU.
OHu IpoBepeHbl Ha He3aBUCHMBIX JaHHBIX. bosibpias
4yacTh Bapualll 3KCTpeMaJIbHON TeMIepaTypsl BOAHL B
o3epe MoXxeT ObIThb OObsAACHEHAa BePTHKAJIbHBIM TEIlJI00-
OMeHOM, KOTOPBIN 3aBUCUT OT I'JIyOUHBI.

OmnpefiesieHBl CKOPOCTH W3MEHEHUA T0A0BOrO
MakcUMyMa TeMIlepaTyphl ¢ IJIyOuHol. MakcumasibHas
CKOpOCTh U3MeHeHUA HabJiogaeTcsA cpa3y IocJie Hadasia
Ce30HHOr0 OXJIaXJeHUsd I[OBEpXHOCTH BOABIL U CBO-
604HOI BepTHKaJIbHON KOHBeKIuu. CKOpOCTh 3arjy-
6j1eHrs MakcUMyMa SBJISeTCA Mepol BepTHKaJIbHOTO
[IPOHMKHOBEHHUA TeIlla Ha IJIyOMHYy U MOXeT CJIy>KUTb
ruapodu3nueckoll xapakTepucTUKoN o3epa batikan.
ODTU BBIBOJBI COOTBETCTBYIOT aHAJIOTMYHBIM pe3yJibTa-
taMm a1 Jlagoxckoro o3epa (Naumenko and Guzivaty,
2023). Dokulil et al. (2021) yka3sIBaOT Ha CyI[eCTBEH-
HOe yBeJINYeHNe IoJI0BbIX MaKCHMaJIbHBIX TeMIepaTyp
[IOBEPXHOCTH eBponelickux o3sep. [losyyeHHble Hamu
pe3yJIbTaThl ABJIAIOTCA NOATBEPXJEHNEM CyIlecTBOBa-
HUA (OHOBBIX SMIMPUYECKUX 3aBUCUMOCTel, Heo0Xo-
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AVMBIX [JIs BBIABJICHUA ocobeHHOCTEN pernoHaJIbHbIX
U3MeHeHUH KJIuMara.
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