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Abstract: The complete climatic courses of the parameters of stable thermal stratification for the
central part of Lake Ladoga, the largest European lake, are presented on the basis of empirical
relationships, taking into account the physical processes governing water temperature variations. For
the first time, the seasonal cycle of the surface water temperature, the temperature and the depth
of the thermocline, and the hypolimnion temperature are calculated using the vertical profiles of
the temperature obtained from the central area of Lake Ladoga. Temperature data are used for
the period of in situ observations from 1897 to the present. The proposed functional forms of the
temporal temperature cycle and the course of thermocline’s boundaries deepening are useful for
examination and simulation of the heat vertical transport from air to water. Approximation curves for
the parameters of heating and cooling periods were developed with high significant determination
coefficients. Time dependencies of the climatic rates of change in water temperature and the depth of
the thermocline boundaries were determined from the onset of stable stratification to its dissipation.
The highest rate of water temperature change in the heating stage takes place in late June—early July,
which at the water surface, is 0.32 °C/day, while in the thermocline layer, it is 0.18 °C/day. The
peak velocity during the cooling stage at the surface occurs in late August—early September and is
0.14 °C/day, whereas in the thermocline, it is 0.08 °C/day and takes place between September and
early October. During the period of heating, the deepening parameters of the thermocline layer do
not fluctuate very much, only within the range of 0.1-0.3 m/day. During the cooling period, under
the influence of free convection, rates increase drastically. The maximum rates of deepening during
the period of full autumn mixing reach 1.8 m/day. When the autumn overturn occurs, the epilimnion
thickness equals the bottom depth, and the bottom temperature reaches its maximum during the
annual cycle. Climatic norms of the stratification parameters against which it is necessary to assess
climate change are calculated.

Keywords: lake stable thermal stratification; thermocline boundaries; climatic course; dimictic
Lake Ladoga

1. Introduction

Lakes provide representative indicators of climate change, which are expressed in the
variations of thermal and dynamic conditions affecting biotic processes [1]. In the current
climatic period, when multiscale rapid and irregular variations of the water surface and
the column temperature of the world’s large lakes are detected, including interannual
variations [2], it is extremely important to record and evaluate the thermal changes relative
to their mean climatic course, which will make it possible to use these in forecasts of the
ecological situation in the lake.

The thermohydrodynamic structure of large lakes is affected by the currently observed
climatic change during the winter and summer annual cycles. The thermal regime of
large lakes is determined using oscillations in predominantly incoming solar radiation,
wind-induced mixing and the distribution of lake bottom depth. The interaction between
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the water surface and the driving air layer, which alters the vertical distribution of wa-
ter temperature as well as the stability of the water column, is a crucial ingredient of
this influence.

Understanding the processes concerning solar heat penetration deep into the lake, the
onset and dissipation of stratification, and the processes of heat exchange between regions
with different depth distributions is beyond any possibility without the knowledge of the
vertical stability parameters of the water column of a large lake [3,4]. The spatio-temporal
distribution of matter and energy in a large lake is significantly influenced by the variability
of the onset and duration of summer stable stratification, the thickness of the upper mixed
layer, and its sinking rate in dimictic Lake Ladoga. Analysis of the annual variability
of the water vertical structure [5-7] demands study of the development, evolution, and
dissipation of the thermocline as essential prerequisites for assessing the climate influence
on the thermal regime of large lakes. Climatic changes may directly impact a lake’s
vertical thermal structure, thermocline depth and its characteristics, vertical temperature
gradient values, and the temperature discrepancy between the epi- and hypolimnion [6,7].
Additionally, these parameters serve as lake thermal responses to climate change.

There are a number of one, two, and three dimensional models currently employed as
research tools to assess the seasonal evolution of vertical profiles of water temperature in
lakes, for example [8-14]. The several input hydrometeorological parameters and diffusivity
coefficients are necessary for the beginning of each model running. The accuracy of them is
not always satisfactory. The complexity of simulating the influence of physical processes
on ecosystem dynamics requires appropriate simplifications. Long-term experience in
modeling the thermohydrodynamics of large lakes shows that an important aspect is the
availability of reliably quantified parameters of the aquatic environment [13,15]. Therefore,
statistical analysis of field data is necessary for quantitative assessments of the evolution of
seasonal stratification in a large lake. Moreover, these results serve as a basis for verification
and improvement of the used models. Actually, at the present time, almost none of the
available scientific publications provide a complete course of the parameters of stable
stratification for Lake Ladoga from the onset to ending for mean climatic condition, except
for the Lake Ladoga atlas [16] which contains isolines of climatic temperature cycle.

For the first time, we provide a statistical formulation and a computation approach
for the main seasonal cycle of the surface water temperature, the temperature and depth
of thermocline, and the hypolimnion temperature on the basis of the vertical profiles of
temperature from the central area of Lake Ladoga, the largest lake in Europe [17].

A statistical analysis of a large, long-term archive of the water temperature measure-
ments from the onset of thermal stratification to its dissipation, which is stored in the
specialized database of the Institute of Limnology of the Russian Academy of Sciences [18],
was carried out. The objective of this study is to represent the complete climatic course of
the parameters of stable thermal stratification for the central part of Lake Ladoga on the
basis of empirical relationships, taking into account the physical processes governing the
water temperature variations.

2. Materials and Methods
2.1. Study Site

The largest dimictic lake in Europe, Lake Ladoga (Figure 1a) ranks 16th for area
and 14th for volume among the 253 largest lakes in the world, with areas of more than
500 km? [19]. The lake is an important link within the Volga River-Baltic-White Sea wa-
terway system. The drainage area (258,000 km?) of Lake Ladoga extends over most of
northwestern European Russia and eastern Finland. Deep freezing Lake Ladoga (water
area 17,785 km?, average depth 48.3 m, maximum depth 230 m) is located in a temperate
climatic zone (61° N, 32° E), which determines its ice regime and a well-defined annually
repeating sequence of thermal structures during the year [4]. Ice phenomena on the surface
of Lake Ladoga can be seen for more than half of the year (from the beginning of November
to the middle of May). Ice cover lasts 172 & 3 days in average. The mean residence time
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of the lake is about 12 years. A comprehensive limnological description of the lake can be
found in [16].
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Figure 1. Location of Lake Ladoga (a) and average water temperature distribution for the stratification
period in central part of the lake (b).

Every year, in the dimictic Lake Ladoga, two complete mixings (overturns) of the
water column occur: in autumn before the formation of ice, and in spring after the onset of
ice melting, which is associated with an anomaly in fresh water density at a temperature of
3.98 °C [4]. These periods are characterized by intense free convection reaching the bottom
(Figure 1b). After the overturn in spring, a stable density stratification forms in coastal
areas (with temperatures above 4 °C) and a vernal thermal bar occurs [20]. In autumn,
a similar situation takes place but in the reverse order; coastal regions have temperatures
below 4 °C in contrast with central ones.

The mean annual air temperature for the period 1979-2018 is about 3.9 °C according
to the weather station Sortavala, located in the north of the lake, with average annual
amplitude of mean monthly temperatures of 25.5 °C. The average annual whole-lake
(volume-weighted) temperature of Lake Ladoga is 3.8 °C, and the average annual tem-
perature of the lake surface is 5.5 °C, with an average annual amplitude of water surface
temperature of ~17 °C. The maximum surface temperature of the lake is reached in August.

The average temperature of the water mass of the lake is less than 4 °C for about
200 days of the year, and it exceeds this temperature for the remaining 165 days, reaching
a maximum of 7.8 °C in the first week of September and the maximum heat content as well.
The minimum temperature of the water mass (0.6 °C), as well as the lowest heat content, is
observed in Lake Ladoga in the first week of April [21].
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The annual amplitude of near-bottom water temperatures is not large and depends
on the depth of the limnic zone of the lake. For depths more than 70 m, the temperature
fluctuates throughout the year from 2 °C to 6 °C. These values are climatically significant
physical parameters, important both for comparison with other dimictic lakes of the world,
and for the analysis of climate changes and verification of thermohydrodynamic models.

2.2. Lake Ladoga Thermal Database

The earliest observations of open water temperature in Lake Ladoga were organized
by Professor Juliy Schokalsky in 1897 and 1899 [22,23]. The Lake Ladoga thermal database
(LLTD) provides lake-wide, in situ vertical water temperature profiles collected since 1897
to 2022 by research vessels of the Institute of Limnology of Russian Academy of Sciences,
State Hydrometeorological Service, and other organizations. Collected using consistent
methodology, the database includes the thermal water parameters with corresponding
meteorological characteristics and lake depths as well [18]. The LLTD is the largest database
among the databases on dimictic lakes in Russia. The overall number of source rows is
~300,000. The mean data density is about 350 measurements per km?. Therefore, the LLTD
provides a useful basis for broad-scale inference for the investigation of spatial-temporal
water surface, atmosphere thermal interaction, and thermal variations in Lake Ladoga as
potentially affected by climate change. The Lake Ladoga computer thermal database has
allowed the study of statistically significant changes in the spatial thermal structure of the
lake. An extensive, comprehensive Atlas of Lake Ladoga [16] and a number of effective
articles were prepared using the above database to update and refine thermic parameters
of the lake.

2.3. Brief Thermal Structure of Central Part of Lake Ladoga

Quantitative estimates of the mean climatic course of the parameters of stable tem-
perature stratification (including the thermocline layer) in Lake Ladoga are necessary to
assess climatic variations relative to this course and their impact on the lake ecosystem.
The mean annual surface temperature cycle is governed by exchanges of heat and depends
on the depth distribution. It relates to the thermal bar evolution and the onset and duration
of stable temperature stratification on a certain region of the lake [20]. We examine the
central area of Lake Ladoga where the summer thermocline has largely the shape of a dome
in most thermally stratified lakes [4]. The central part of Lake Ladoga has a rather flat
bottom with depths in the range of 50-70 m. Stratification of the central area of Lake
Ladoga occurs from mid-June. Recently, water temperatures and their main statistical
characteristics on 8 horizons (0, 5, 10, 20, 30, 40, 50, and 100 m) were calculated for this
limnetic region of Lake Ladoga from January to December [16]. The average period was
10 days, with shifting on 5 days that allowed the smoothing of high-frequency temperature
fluctuations. The quantitative distribution of a seasonal course of the region-wide average
vertical distribution of the water temperature for the central part of Lake Ladoga is shown
on Figure 1b. Two periods (spring and autumn) of overturn (4 °C free convection) and
the period of complete stable stratification with a well-defined thermocline from June to
November are clearly visible.

Evidently, a ten-day average of water temperature at different horizons does not give
an accurate quantitative description of the temperature regime of the selected area of the
lake. However, analyses of water temperature variations and the depth of the upper quasi-
homogeneous layer (epilimnion) (Figure 1b) indicate two features of the thermal regime
of the central part of Lake Ladoga. Firstly, the deepening of the mixed layer (epilimnion)
does not proceed linearly with time, accelerating in late autumn. Dots connected by solid
lines indicate maximum water temperature on the horizons. This parameter characterizes
the thickness of the epilimnion following the recommendations of James [24]. Secondly,
the bottom temperature reaches its maximum in the annual cycle at the occurrence of fall
overturning in early November, when the thickness of the mixed layer is comparable to
the bottom depth. The dotted line depicts the change in the depth of the ~5.5 °C isotherm,
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corresponding to the maximum temperature near the bottom. In fact, Figure 1b shows
the upper and lower boundary of the thermocline. These lines intersect at the date of the
fall overturn or isothermia. Note that in lakes with shallow bottom depth, the autumn
homogenous water temperature is higher than that of a deeper lake at the same latitude [25].

We will take into account these physical regularities of the dimictic Lake Ladoga later
when creating the empirical relationships.

2.4. Determining of Stratification Parameters

In order to produce better estimates of the stratification parameters, we determine
them from individual vertical water temperature profiles. Methodological approaches
to the analysis of the variability of Lake Ladoga’s thermal structure are described in
the paper [17]. Usually, during the summer stratification period, a vertical temperature
structure is separated into three layers: epilimnion (surface mixed layer), metalimnion
(thermocline), and hypolimnion (bottom layer). Seasonal thermocline in dimictic lakes is
a region of strong vertical gradients of temperature located immediately below the surface
mixed layer. It should be pointed out that metalimnion has a thickness which varies during
stratification season. We suppose that a line of thermocline is the line of maximum gradient
of water temperature or density. Above and below this line there are two parts which can
be included in a common thermocline layer.

For a unified determination of the vertical temperature structure parameters in a large
lake, it is necessary to create a methodology and software that allow the processing of large
amounts of data on the vertical distribution of water temperature. The rLakeAnalyzer [26]
is the most popular software for these purposes, which aims at calculating some thermal
and energy characteristics of the lake based on long-term temperature measurements. We
have expanded the set of parameters compared to this software. During the period of stable
stratification, we characterize the vertical profile of water temperature following eight main
parameters from surface to bottom H (Figure 2):

Density gradient, (g/cm?®)/m
L I | |

Templeratulre, °(|3 Ts

Figure 2. Scheme for determining the thermocline parameters based on the vertical profile of the
water temperature. See text for notation. 1—temperature, °C, 2—density gradient, (g/ cm3) /m.
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(1) Water surface temperature Ts (temperature of the upper mixed layer Tw differs
from Ts no more than 0.5 °C);

(2) The thickness of the upper mixed layer (epilimnion) hy, (upper boundary of the
thermocline);

(3) The maximum value of the temperature (or density) gradient in the thermocline
Gmax;

(4) The depth of the maximum value of the temperature (or density) gradient in the
thermocline hgmax;

(5) Temperature at the depth of the maximum temperature (or density) gradient in the
thermocline Tgmax;

(6) Depth of the lower boundary of the thermocline (upper boundary of the hy-
polimnion layer) hy;

(7) Temperature at the lower boundary of the thermocline Ty;

(8) Temperature at the bottom Ty,

The epilimnion (i.e., mixed layer) is strictly valid only for homogenous fluids. After re-
viewing the techniques frequently employed to calculate epilimnion depth, Wilson et al. [27]
came to the conclusion that there was no justified rationale for the choice of any certain
technique. The method, which identifies the epilimnion depth as the shallowest depth at
which the density is higher by 0.1 kg-m ™2 than the surface density, has proven to be overall
less dubious than other methods. Our choice is consistent with this proposal. To determine
the depth of the epilimnion hy, we use the threshold value of water temperature difference
between the surface and lower boundary of the epilimnion which is no more than 0.5 °C.

Notably, (Figure 2) the lower boundary of the epilimnion is the upper boundary of
the thermocline layer. The actual exact concept of “a thermocline” refers to the surface of
the maximum gradient of the temperature or density of water. The depth of the density
gradient maximum hgmax is taken as the depth of the thermocline (Figure 2). We used the
Chen-Millero formula for water density calculation [28]. The value of the vertical gradient
of water density in the thermocline layer should be not less than 0.5 x 10~* g/cm3/m [23].
Analogically, Toffolon et al. [29] assume 0.1 °C/m as a lower threshold for the existence of
the thermocline.

The lower boundary of the thermocline layer h; is determined using the characteristic
depth of the second derivative, the maximum curvature of the vertical temperature profile.
The lower boundary of the metalimnion is the upper boundary of the hypolimnion, and the
thickness of the thermocline layer is a = hj — hy. The difference between the station depth
H and the lower boundary of the thermocline layer hy is the thickness of the hypolimnion.

The LLTD contains water temperature measurements, which were carried out at
standard horizons, with varying accuracy, taken in the twentieth century with reversing
thermometers, and in recent years with CTD probes. An important and necessary condition
for finding the parameters of stable stratification is an equidistant distribution of water
temperature (density) values on the studied vertical profile. Therefore, for each profile,
we perform interpolation of temperature values with a discreteness of 0.5 m using the
piecewise cubic Hermite polynomial. Since it does not give false maxima and inflection
points, the smoothed data near local extrema look more correct [30]. After interpolation for
each vertical water temperature profile, eight specified parameters are determined.

In order to calculate the average depths of occurrence of various elements of the vertical
structure and to obtain a sufficiently reliable climatic seasonal course of the investigated
characteristics, we used more than 10,000 surface-to-bottom water temperature profiles for
the period of stable stratification from June to November from 1897 to the present.

Some difficulties were encountered in determining stratification parameters when
anomalous data were detected, namely vertical water temperature profiles associated with
short-period processes, both in the presence of a diurnal thermocline layer and in storms,
upwelling, and frontal zones, which differ significantly from the vertical temperature
profile in Figure 2 for each set of dates. Pursuing the task to calculate the climatic seasonal
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course of the selected characteristics, intensive work was carried out to identify these
phenomena and exclude the discovered profiles from the analysis.

3. Results and Discussion

The suggested approach, which is based on the analyses of seasonal evolution of
ensemble profiles of the Lake Ladoga central area, makes it possible to estimate all the
necessary parameters and determine the mean climatic position of the thermocline layer
from the onset of stable stratification to its dissipation.

3.1. Climatic Seasonal Course of Stratification Parameters

Vertical and temporal variations of Lake Ladoga temperature profiles are governed
by exchanges of heat. Changes within the surface mixed layer depth are controlled by
insolation and wind forcing during both heating and cooling periods. A typical hysteresis
between the lake surface water temperature and air temperature can be noticeable, espe-
cially in deep lakes [31,32]. Graphs of the seasonal course of three significant parameters of
Lake Ladoga’s vertical thermal structure are plotted from the onset of stable stratification
to its dissipation (Figure 3a), namely observed water surface temperature Ts, observed
temperature at the depth of the maximum density gradient in the thermocline Tgmax, and
observed temperature at the lower boundary of the thermocline Ty,.
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Figure 3. Seasonal variation of stable stratification parameters for periods of heating (I) and cooling
(I). (a) Symbols represent the observed water temperature Ts (1,3), Tgmax (5,7), and Ty (9) for each
period, respectively. Lines represent approximation curves according to Formula (1) for Ts (2,4),
TGmax (6,8), and Ty (10). (b) Symbols represent the observed depth hy (1,3), hgmax (5,7), and hy
(9,11) for each period, respectively. Lines represent approximation curves according to Formula (2)
for hw (2,4), hgmax (6,8), and hy (10,12).

Evidently, seasonal courses of Ts and Tgmax are not symmetric, unlike the first sym-
metric approximation used in the Fourier-Schmidt problem [8]. The heating period is
shorter than the cooling period when stable stratification occurs. It is a general property of



Limnol. Rev. 2023, 23

184

the thermal state of large dimictic lakes. The corresponding formulations for the seasonal
course of water temperature are provided in articles [33-35].

We believe that it is very important to distinguish the period of heating from the period
of cooling of water surface. Indeed, heating leads to the increased stability of temperature
stratification and prevents the spread of heat inland. Cooling of the water surface causes
free convection and enhances heat transfer to greater depths. Toffolon et al. [29] also
propose to distinguish between the heating and cooling phases in the seasonal cycle of
water surface temperature changes, achieved with computing dTs/dt.

The functional forms of temporal temperature cycle and the course of the thermocline
boundaries deepening are useful for the examination and simulation of the vertical trans-
port of heat from air to water. For each of the following time periods, the approximation
curves were established: (I) prior to the date of the highest surface temperature within the
area of interest; and (II) after that date, until complete vertical mixing takes place. The
vertical line in Figure 3 depicts August 6 as the day of the climatic maximum of the water
surface temperature in Lake Ladoga’s central region.

To describe the average climatic seasonal course of the surface temperature of the
lake Ts (the upper quasi-homogeneous layer Tw) and the temperature at the depth of the
maximum of the density gradient in the thermocline layer Tgmax, We propose the following
equation

T(t) = ay = 14 % e, 1)

where t = x/100, x-number of days from the beginning of the year.

During the period of stable stratification, the temperature of the lower boundary of
the thermocline layer Ty or, equivalently, the temperature of the upper boundary of the
hypolimnion, is approximately constant and equal to the yearly maximum near-bottom
temperature in the selected region of the lake, when free convection reaches the bottom
and the onset of turnover occurs in autumn. Thus, the temperatures are equal to each other
(Ts = TGmax = Th1), which is in accordance with the earlier conclusion based on the ten-day
time course of the water temperature in the central part of Lake Ladoga. As mentioned
above, the curves intersect at only one point in autumn (Figure 3a).

For the time dependence of the change in the depth of the boundaries of the thermo-
cline, the following function is chosen

B(E) = att, @)

Figure 3b represents three curves of deepening of the upper (hy), middle (hgmax), and
lower (hj) boundaries of the thermocline. The behavior of the epilimnion differs during the
heating period from that during the cooling period. Its depth does not change much until
the maximum lake surface temperature is reached. During the cooling period, the depth of
the epilimnion increases from 10 m to the bottom depth within two months. The variations
are in agreement with the conclusions drawn from the ten-day average and the developed
approximation curves. The curves intersect at the same point (bottom depth H) during the
autumn overturn (hy = hgmax = hy = H), which is physically justified.

Each approximation curve is calculated for both heating and cooling periods. The
nonparametric Mann-Kendall test shows the significance of trends (& = 0.05). Determina-
tion coefficients for the heating period (0.33-0.68) are less than those for the cooling period
(0.76-0.98). This is due to the irregular wind influence on the epilimnion temperature Tw
during the heating period, whereas in the cooling period, the main role belongs to the
constantly existing convective mixing. The empirical coefficients a1, d, ¢, a,, r for regression
dependencies (1) and (2) are provided in [17].

3.2. The Rate of Change in Water Temperature and the Depth of the Thermocline Boundaries

Much less documented compared to a surface case are the trends in temperature
regime of the lake’s mid-level and bottom water. To fill them up, we differentiate the
analytic expressions (1) and (2), and determine the time dependencies for the climatic rates
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of change in water temperature (dTs/dt) and thermocline depth (dh/dt) in the central
region of Lake Ladoga.

The highest rate of water temperature change at the heating stage takes place in late
June—early July, which at the water surface, is 0.32 °C/day, while in the thermocline layer,
itis 0.18 °C/day. The peak velocity during the cooling stage at the surface occurs in late
August—early September and is 0.14 °C/day, whereas in the thermocline, it is 0.08 °C/day
and takes place between September and early October. Both rates of change for the surface
and the thermocline temperatures tend to zero during the autumn overturn [36]. In the
fall, in the last stage of sustained surface cooling in the thermocline, temperature profiles
become quasi-uniform because the thermocline has been weakened and deepened and
finally reaches the bottom. At this date the epilimnion thickness is equal to the bottom
depth [37], and the bottom temperature hits its maximum during the annual cycle [17].

Figure 4 shows the variations in thermocline boundary depth depending on surface
water temperature for two different periods.

Water surface temperature Ts, °C
Heating Cooling
0
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Figure 4. Deepening rate w (m/day) of the upper boundary of the thermocline hy, (1), the depth of
the maximum water density gradient hgmax (2), the lower boundary of the thermocline h; (3) for the
heating period and the cooling period (4), (5), (6), respectively, depending on the surface temperature
Ts. Numbers near symbols are the days from the beginning of the year.

To estimate the deepening parameters of the thermocline layer, we estimated at first
the deepening rates of the three surfaces hy, hgmax, and hy, which increase over time and
reach their maxima during the stage of complete autumn mixing (Figure 4).

During the period of heating, they do not fluctuate very much, only within the range
0.1-0.3 m/day. During the cooling period, under the influence of free convection, rates
increase drastically. The maximum rates of h,, deepening during the period of full autumn
mixing reach 1.8 m/day, and the lower boundary of the thermocline h; reaches 0.95 m/day.
This is consistent with the conclusions drawn on the long-term temperature measurements
of the near-bottom water in the dimitic Lake Michigan [38].

Starting from the end of September (270 days), the sinking rates of the three ther-
mocline boundaries begin to differ at a surface temperature of Ts = 10 °C. This is the
period during which the thickness of the thermocline reaches its maximum (Figure 5). This
temperature is an indicator of changes in vertical heat exchange, which can be recorded
using remote sensing methods.
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Figure 5. Seasonal variation of (a) maximum temperature (1) and water density (2) gradients;
(b) thickness of the epilimnion (mixed layer) (1), thickness of the thermocline (2), and thickness of
the hypolimnion (3) for the period of heating (I) and cooling (II) of the surface of Lake Ladoga. The
horizontal dashed line depicts the thermocline density criterion [23].

3.3. Temporal Course of Maximum Vertical Temperature (Density) Gradients and Thickness of
Various Layers

Depending on the strength of the vertical mixing, solar insolation, and water trans-
parency, the depth and shape of the thermocline vary with season and local environmental
conditions. The main seasonal cycles (10 day averaging) of maximum temperature gradi-
ents and water density gradients in thermocline are shown in Figure 5a.

The highest vertical density (temperature) gradients of ~0.4 x 107 g/cm?®/m (with
a vertical gradient of water temperature of ~2.5 °C/m) at a depth of ~10 m are observed
prior to establishing the maximum surface water temperature. At that time, the mixed
layer is 3-4 m thick. The density criterion for the thermocline, provided in [23], is depicted
by the dashed line in Figure 5a. At the time of full autumn mixing, during the cooling
phase, the gradients drop to almost zero values. It should be pointed out that the vertical
gradients of temperature and density on certain dates may exceed the values obtained with
the 10 day average by several times.

To our knowledge, the estimations of thicknesses of epilimnion, metalimnion, and
hypolimnion, based on the empirical Formula (2), are obtained for the first time, making it
possible to visualize their temporal course for the period of stable stratification (Figure 5b).
According to K. Rodgers [37], the hypolimnion occupies the entire water column from the
surface to the bottom after the passage of the thermobar at a certain height. The epilimnion
thickness does not change considerably throughout the heating phase. Both the thicknesses
of the upper mixed layer (epilimnion) and the metalimnion layer significantly increase at
the onset of the cooling phase, brought on by free convection (Figure 5b). The thicknesses
of the epilimnion and metalimnion layers are comparable and are 16.2 m at the depth of
the maximum density gradient of ~25 m during the period of maximum heat content of
the lake in the second half of September. At this time, the thermocline layer maximum
thickness is 23% of the bottom depth.
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4. Conclusions

For the first time for Lake Ladoga, the complete cycle of the development, growth,
and destruction of the summer—autumn thermocline from early spring to late fall is well
described with empirical relationships based on the physical features governing the water
temperature variations. It should be kept in mind that we study the climatic seasonal
course of thermic characteristics of the central area of Lake Ladoga. Our analysis disregards
vertical profiles of water temperature taken in the presence of a daily thermocline layer, as
well as during storms, upwellings, and frontal zones, which deviate substantially from the
lake’s three-layer structure.

Our results show that the developed simplification and generalization of the param-
eters of stable thermal stratification quantitatively describe the mean changes of water
temperature and the depth of stratification parameters in the period from June to Novem-
ber for the central part of Lake Ladoga. The proposed regression dependencies have the
same analytical forms for both the underlying and overlying layers. Analytical forms vary
in empirical coefficients, which emphasize their differences but allow comparison with
each other.

The quantitative assessments of the evolution of seasonal stratification in Lake Ladoga
have been described, and these results can serve as a basis for verification and improvement
of the various thermal models. Moreover, the proposed approximation forms can be tested
on other large dimictic lakes, such as Lake Ontario [9], Lake Eri [39], and Lake Superior [40].

Computed values of the lake’s stable stratification are actually climatic norms against
which it is necessary to assess climate change. The shift in the thermal regime of Lake
Ladoga will have a profound impact on the ecosystem of the largest European lake. In fact,
the degree of convection and thermocline depth may structure the planktonic communi-
ties [41,42], as plankton rely on vertical circulation to remain in the photic zone [43].
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