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Abstract—This article introduces the results of measurements of the distributions of current velocity,
temperature, suspended sediments and chlorophyll-a by presence of the drift and density flows, jet and
internal waves in Lake Onega. The interpretation of the mechanism of formation of the currents is given.
The theoretical distributions of the current velocity and chlorophyll-a are obtained and verified.
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The processes of the turbulent and wave trans-
fers of admixtures in stratified water-storage basins,
lakes, and seas are of particular interest for the de-
velopment of the methods for the energy and mass
exchange forecasting [1–8]. Increased attention in
the investigations of such processes is paid to the
water dynamics due to the internal waves of vari-
ous scales [1–5]. A significant part of the stud-
ies are devoted to thermocline intrusions, upwelling
and downwelling processes, circulations, and vortex
structures [4, 6]. Mathematical models analyze and
take the effects of hydrophysical processes on the
admixture propagation into account by using the data
of measurements of the current parameters and water
composition. To develop the methods for forecast-
ing the evolution and mass transfer of currents, it
is necessary to combine the analysis of the results
of in-situ measurements and mathematical model-
ing. The results of such complex studies are still not
sufficiently complete to reveal the mechanisms of the
investigated processes and construct models based
on these mechanisms. This study is devoted to such
investigations. Its aim is to find the regularities in the
formation of currents in the presence of internal waves
and develop the methods for calculation of the velocity
and admixture distributions.

The experimental part of this study was executed
during the scientific expeditions of the Department of
Physics of Moscow State University in Petrozavodsk
Bay of Lake Onega on September 16, 2007 and on
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July 8–10, 2015. The lake length is 245 km, its width
is 88 km, its area is 9943 km2. The average depth
is 30 m, the maximum depth is 120 m. The Coriolis
parameter is 1.28×10−4s−1. The average depth of
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Fig. 1. Map-scheme of vertical aerial photography of the
Petrozavodsk Bay with indicated the points of complex
sounding on September 16, 2007 and July 08–10, 2015.
The photograph of the bay is taken from the data of space
photography (Google-Earth).
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Fig. 2. Profiles of the current velocity U (measured (1) and theoretical (2), measurements of the water density with the
depth (from the surface to the bottom) δρ (3), the turbulence exchange coefficient Ku (4), chlorophyll-a concentration
Chl-a (measured (5) and theoretical (6), water turbidity (Tu)) (in the international nephelometric turbidity units NTU) (7)
(Petrozavodsk Bay, July 8, 2015).

the Petrozavodsk Bay is 15 m, its maximum depth
is 35 m, and its length is 15 000 m [7, 8]. Its main
tributary is the Shuya. The structures of the fields
of velocity, temperature, suspended sediments and
chlorophyll-a concentrations, and conduction at the
cross sections along the maximum-depth line and at
the stations (Fig. 1) were studied. The measurements
were carried out from the “Ekolog” research station of
the Northern Water Problems Institute of the Kare-
lian Research Center of the Russian Academy of Sci-
ences with the RCM9LW (Aanderaa Instruments)
and CTD90M (Sea-Sun) sounders with a Doppler
velocity sensor, sensors of temperature, conduction,
water turbidity, and oxygen and chlorophyll-a con-
centrations. The meteorological parameters were
measured simultaneously. The object, investigation
methods, and the used instruments were described in
detail in [6]. The analysis of the results and theoretical
studies were based on the new approaches and meth-
ods developed earlier [2–9].

1. THE STRUCTURE OF THE CURRENT,
TEMPERATURE, AND ADMIXTURE

CONCENTRATION FIELDS

In this section, we consider the results of the expe-
dition that took place in 2015 for the first time. Unlike
the data of 2007 [9] which were obtained under the
conditions of the transition to the autumnal homoth-
ermy in the lake at (RiH)a=15, (ΔρH)a = 0.3 kg/m3

and (UH)a=0.04 m/s, the data of 2015 were obtained
during a period of stable stratification at (RiH)a=70,
(ΔρH)a = 0.7 kg/m3 and (UH)a= 0.07 m/s. Here,

RiH = gΔρHH
/
ρU

2
H is the integral (with respect to

the depth) Richardson number, g is the free fall accel-
eration, ΔρH , H , UH are the difference between the
water densities near the bottom and the surface, the
depth of the place, and the depth-averaged velocity,
respectively; a is the section-averaging index. The
number RiH is applied when modeling the wind-wave
currents as a characteristic of the total hydrodynamic
stability [10]. The velocity of the wind directed to-
wards the open lake varied from 6 to 8 m/s.

The structure of the velocity field at the cross
section along the maximum-depth line of the bay
was determined by the drift current, the jet in the
thermocline, near-bottom flow, and other currents
caused by the internal seiches (Fig. 2). These profiles
are measured at the second from nine verticals of the
cross section at a distance of 2 km from its beginning
in the bay headwaters.

The maximum jet velocity at the profile is 0.05–
0.2 m/s at depths of 6–20 m. The total depth at
the cross section is 16–29 m. The jet thickness
is 9–17 m, the average Richardson number at the
cross section in it Rij = gΔρjΔzj/ρU

2
mj is 2. Here,

Δρj , Δzj , Umj are the difference between the water
densities in the jet and above it, the thickness, and
the maximum of jet velocity, respectively.

The near-bottom flow velocity is up to 0.06 m/s,
its average thickness is 6 m, and the average Richard-

son number at the cross section Riu = gΔρzu/ρU
2

is approximately 8. Here, Δρ, Δzu, and U are the
difference between the water densities in the flow
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and above it, the thickness, and the average current
velocity, respectively.

The peak U with a value from −0.15 to 0.15 m/s
at a depth of 5± 3 m is determined by the second
mode of the internal wave in the active layer. Usually,
the second mode has the most significant influence
on the jet in the thermocline region. The wavelength
for this mode is 4000 m; its period is approximately
6 h. In other layers, the wave component is not as
well pronounced at the profile U(z).

The curve U(z) in Fig. 2 is plotted by using a
modified algorithm that combines the approaches de-
veloped in [6, 11] for the internal waves and in [6, 7,
8] for the near-bottom drift flows and the jet. The
composition of the profiles of the velocity of these
currents, internal waves with periods of 23± 4, 11.4±
1 h, and the principal mode of the second wave (5.7±
0.5 h) is applied. The theoretical profiles agree with
those measured (Fig. 1). The main periods in the
spectrum of the internal waves of Lake Onega are 12,
6, 24, and 63 h [3]. When calculating the velocity
profiles at the cross section, we used wave periods
close (with a spread of approximately 1 h) to the
first and second periods from the spectrum [3]. The
vertical wavelengths are determined by the depths
of the place of measurements and the thermocline.
The internal waves’ phase velocity cw was 0.15–
0.21 m/s; the waves’ heights hw = 1− 5 m. Here,
cw = (gΔρThT (H − hT )/ρH)1/2, according to [11],
hT is the thermocline depth, H is the basin depth,
ΔρT is the difference between the water densities
in the layers hT and H − hT . The water density
ρ was determined from the measured parameters of
the water state according to the Chen–Millero equa-
tion [12].

The depth of the internal wave induced by wind
was determined from the formula hw = 3.2 ×
10−6kLρU

2
wLG/gHΔρT , where Uw is the wind ve-

locity, LG is the bay length. Here, kL is the coefficient
that allows for the stability range of stratification,
the thermocline depth, the lake topography, effective
values of the wind action time, and the fetch for
the near-surface seiche that generates the internal
seiche, and other factors [13]. In the cases we
considered at two cross sections, the average value
of kL was 0.2.

The profile of the turbulent exchange coefficient
Ku = (uτ + uc)�/(1 + α2Rid)

1/2(according to [8])
contains peaks in the mixing layers of the density, jet,
wave, and drift currents (Fig. 2, curve 4). Here, Rid =
N2�2/(uτ + uc)

2 is the modified Richardson num-
ber, N = (g(−∂zρ)/ρ)

1/2 is the buoyancy frequency,

uτ = �|∂zU | is the shift velocity, � is the turbulence
scale [11], uc = 0.02UFD

(
1− |∂zU |/

∣
∣∂zU |MAX

∣
∣),

UFD is the depth-average modulus of velocity. At the
average Ku = 7.6× 10−3 m2/s, the maximum values
of Ku at the profile are 2, 1.5, and 1.3Ku. The zones
of the maximum values of Ku in the upper layer of
jet mixing, in the wave and drift currents at z > 10 m
overlap.

At the profile of the water turbidity Tu, in addition
to its increase with the depth in the near-bottom layer,
there is a maximum above the thermocline in the jet
mixing layer (Fig. 2, curve 5). The maximum of the
exchange coefficient Ku is located in the same region.
In this region, the suspension sedimentation from the
near-surface layers decelerates; thus, Tu increases.

Such a peculiarity is absent at the profile of the
chlorophyll-a (Chl-а) concentration (Fig. 2, curves 5,
6) because of a high intensity of mixing and an
insignificant cosedimentation of phytoplankton and
suspension particles. Curve 6 is theoretical; it is
calculated according to model for the Chl-a transfer
that we proposed. The part of the model related to cal-
culations of the current velocity, turbulent exchange
coefficient, and other hydrophysical parameters and
the algorithm of solving were developed earlier [8].
Special characteristics of the Chl-a transfer are
considered in the model as in [18]. The model also
contains the Chl-a transfer rate that depends on
temperature, with a residual flow associated with the
unaccounted processes (hydrochemical, hydrobio-
logical, etc.). The expressions are applied that were
found for determining the boundary conditions: a) for
the Chl-а concentration at a height of 1 m from the
bottom and at a depth of 0.5 m from the surface, b) for
the vertical turbulent Chl-а flow at a depth of 0.5 m.
The standard deviation from the theoretical profiles at
the cross section did not exceed 15%.

In the water temperature field T (Fig. 3a) we dis-
tinguished a cold near-bottom layer in the density
current region with wave oscillations of isotherms at
its upper boundary. Above, there is a region of warmer
waters in the upper layer of jet mixing. Despite the
local rise in temperature (on average over the cross
section by 0.1◦C), the jet keeps its stability. The
decreases in T near the surface occur under the con-
ditions of the increase in the wind velocity within an
interval from 6 to 8 m/s.

In the turbidity field (Fig. 3b) at the cross section
beginning, we observed the appearance of a near-
surface and a near-bottom nepheloid layers that are
characteristic for the levee zones. The further trans-
formation of this structure at the cross section is due
to sedimentation and the influence of currents and
internal waves.
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Fig. 3. Distributions of (a) temperature T, (b) turbidity Tu, and (c) chlorophyll-a concentration over the depth and along the
cross section (Petrozavodsk Bay, July 8, 2015).

In the Chl-а concentration field (Fig. 2, curve 5);
Fig. 3c) a decrease occurs in the depth down to

one-tenth when passing from the epilimnion to the
hypolimnion and to one-half along the cross section.
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Fig. 4. Profiles of current velocity Una: (1) theoretical
from [13] (without consideration of the drift and density
flows) and (2), (3) measured according to the results
of our study (Petrozavodsk bay, July 8, 2015, the third
vertical line of the cross section from the upper bay to
the open lake). Here, 3 is the designation of the pro-
file’s points whose deviations from the curve under the
influence of other currents violate the general qualitative
agreement with curve 1; 4 is the theoretical profile of the
velocity from this study (with consideration of the drift
and density flows and upwelling), H is the total depth of
the place, Una is the velocity normalized to its modulus-
average value at this vertical line.

The outbursts of concentration near the bottom and
in the beginning of the cross section occur due to the
currents of wave origin.

2. ON THE MECHANISMS
OF THE FORMATION

OF THE NEAR-BOTTOM FLOW AND JET

The estimates of the water flow rate in the tributary
to the Petrozavodsk Bay from the Shuya show that
the inflow of these waters cannot provide the jet and
near-bottom flow in the bay.

Another source of the inflow of cold near-bottom
waters to the bay is upwelling from an open lake
under the action of large-scale internal waves with
periods of 63 h and larger (Section 1) at a duration
of performing the longitudinal-axial cross section of
the Petrozavodsk Bay of 12.5 h. The upwelling is
followed by the downwelling that is enforced by a
cold gravitational stratified flow descending along the
slope (the density flow). Depending on the density
flow velocity, it can not only intensify the downwelling
but exceed the upwelling and, thus, decelerate it at

Directions of currents in the layers

Metalimnion
Intrusion

Fig. 5. Scheme of the intrusion of the jet generated by the
reflected internal wave [5].

the beginning stages of its development. The section-
average ratio of the theoretical maximum velocity of
the gravity flow estimated in the SGO-current USGO

approximation to the maximum measured velocity of
the near-bottom current at the profile Um is 1.5. This
confirms the assumption about a leading role of the
gravity flow for the development of the near-bottom
current, whose generation is related to the influence of
the large-scale internal waves on the water dynamics.

Here, USGO =
(
gzuisΔρ/ρCD

)1/2
, zu is the density

flow thickness, is is the bottom slope, CD is the
drag coefficient at the flow–bottom boundary whose
section-average value is 5× 10−3.

The jet formation in the thermocline region is
highly likely to be related to the influence of the large-
scale internal wave reflected at the shallow water due
to which the jet flow occurs in the direction towards
the open lake [5]. This process is illustrated by the
velocity profile in Fig. 4 in the intrusion scheme in
Fig. 5. The gravitational acceleration leads to the jet
intensification because of the sloping of the isopycnic
surfaces with growing depth. According to Fig. 4, the
measured distribution U(z) 2, 3 qualitatively agrees
with the theoretical distribution 1 from [5] that is
plotted with no consideration of the drift, density
flows, and the wave upwelling. Here, 3 are the
points at the profile whose deviations from curve 1
under the influence of the mentioned currents violate
the general accordance, including the deviation at
the height z/H = 0.2, which is associated with the
influence of the gravitational flow. These flows are
taken into account in the composition distribution
4 plotted by using the algorithm of this study. The
composition 4 also includes the wave upwelling flow
above which the density flow increases slightly.

The presented analysis proves the wave mecha-
nisms of the jet and near-bottom current formation.
The generation of these currents is due to the influ-
ence of their stratification, gravitational components,
and internal waves with wavelengths of the order of
the entire like scale on the water dynamics. The
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period of such waves tw�s = 63 h (Section 2 of this
paper) is five times higher than the measurement
duration at the longitudinal-axial cross section of
the bay tcross. Thus, in the interval tcross = 0.2tw�s,
the wave phase may remain sufficiently close to that
which is necessary for jet formation, the more so as
the period twk is presented in [3] as the minimum for
such internal waves.

3. THE CHLOROPHYLL-a DISTRIBUTION
ALONG THE CROSS SECTION

According to the results of [14–17], the influence
of currents and internal waves leads to an increase in
the biological productivity due to the nutrient transfer
to the photic layer. It is noted that mathematical mod-
els for the phytoplankton distribution must consider
the wave transfer because of the powerful influence
of the internal waves on the active layer illumination
and, correspondingly, on the phytoplankton develop-
ment [16].

It is shown that in the dissipation zones, where the
surface and deep water mixing is more efficient, the
intensification of the biological productivity by cur-
rents and internal waves is especially noticeable [16].
Complex investigations have allowed us to estab-
lish that the internal waves intensify photosynthe-
sis, since they transfer phytoplankton in the nonlin-
ear light field [17]. A significant role is played by
the wave-induced changes in the water composition,
which are important for phytoplankton production.

According to the data we obtained, the Chl-а
concentration in the active layer is proportional to the
wave height in the first half of the day. The effect of its
growth is related to the photosynthesis intensification
during the wave upwelling. The discovered depen-
dence of the Chl-а concentration on the wave flow of

suspended sediments Scw that has the form (Chl)n
∼=

kcs − exp (−2kcs (Scw)n), where kcs = 1.13 (Fig. 6а)
is important to predict the Chl-a distribution. This
dependence attains saturation with growing S, which
is due to the fact that the illumination is reduced
because of the influence of suspension.

Particular interest is raised by the joint effect of
the intrathermocline stratified jet and internal wave on
the Chl-а concentration. It follows from the analyzed
data that the Chl-a concentration negatively corre-
lates with the water discharge per unit of flow width
qj = U jΔzj , where U j and Δzj are the vertical-
average velocity and jet thickness, respectively. How-
ever, this correlation is not high enough to satisfy the
conservative condition for the admixture.

The longitudinal distribution of the chlorophyll-
a concentration averaged over the jet thickness
Chlj (x) was found from the following system of the
diffusion and continuity equations:

∂tChl + U∂xChl + (W − ωfc + ωRT )∂zChl

= −∂z〈W ′Chl′〉, (1)

∂xU + ∂zW = 0. (2)

In (1) and (2), U and W are the longitudinal and
vertical components of the average current veloc-
ity, respectively; Chl′ are the pulsations of the Chl
concentration; W ′ are the pulsations of the velocity
W . Equation (1) also contains the rates of phy-
toplankton sedimentation ωfc and the total quan-
tity ωRT , which corresponds to the Chl flows due
to illumination, provision with nutrients, and other
factors [15]. The velocities ωfc and ωRT were taken
to be zero. We used the passive admixture approxi-
mation (the Schmidt number Sc in the expression for
the turbulent flow 〈W ′Chl′〉 [8] was taken to be 1).
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When calculating W , the changes in the jet thickness
and its trajectory (including wave changes) were con-
sidered. This made it possible to take the influence
of the internal waves on the jet and the chlorophyll-a
transfer in it into account.

Equation (1) was integrated over the vertical line
(the jet thickness) by using an algorithm analogous
to that presented in [8] with consideration of the pe-
culiarities of the jet current and chlorophyll-a trans-
fer. In the quasi-stationarity, two-dimensionality,
and other approximations presented in [7, 8], with
the substitution of W according to (2), equation (1)
is transformed to the form that has a solution for
the distribution Chlj (x) in quadratures. Using this
solution, at the given velocity and water density dis-
tributions and the initial admixture concentration (at
x = 0), the values of Chlj (x) can be found.

On the whole, the theoretical distributions agree
with those measured (Fig. 6b). The discrepancy be-
tween the obtained distributions at two cross sections
can be explained mainly by the increase in the influ-
ence of the stability (Section 1), which results in the
decrease in the concentration with a distance along
the jet at the cross section of 2015. As for the esti-
mation of the role of the internal waves among other
hydrodynamical processes in the Chl-a transfer [14–
17], taking the interpretation of the mechanisms of
formation of the currents, presented in Section 2 into
account we can consider that this role is the most
significant for the processes we have dealt with in this
study.

CONCLUSIONS

In conclusion, it should first of all be noted that
the influence of the internal seiches on the water
dynamics leads to formation of the revealed system
of stratified currents that includes, in addition to the
drift current, a near-bottom flow and an intermediate
jet in the thermocline region. The proposed procedure
of theoretical description of the velocity profiles agrees
with the data obtained for different hydrodynamical
conditions. The found dependence of the chlorophyll-
a distribution on the wave suspension flow that has an
ascending character and attains saturation is impor-
tant for forecasting the chlorophyll-a distribution. In
addition to the methods developed earlier, the key role
in the calculations of the chlorophyll-a concentration
distribution was played by the following factors:

(1) the expressions found for determining the
boundary conditions when obtaining the vertical
profile;

(2) the consideration of the changes in the jet
thickness and its trajectory when obtaining the lon-
gitudinal concentration distribution in the jet.
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