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Large-eddy simulation of the coupled
plankton-convection ecosystem
in the ice-covered deep lake:
maintenance of non-motile heavy
diatoms in the photic zone*

P.Yu. Pushistov, K.V. Ievlév, T.E. Ovchinnikova

The first results of the construction of complex numerical models for physical
and biological systems of a deep ice-covered lake in early biological spring period
are presented. This complex includes an eddy-resolving model of the convective
mixing in the under-ice water layer and a model for the dynamics of the nutrients-
phytoplankton-zooplankton system. Effects on heavy phytoplankton (diatom) cells
suspension in the photic zone are discussed in detail.

1. Introduction

The procésg_es of initiation and development of turbulent penetrative con-
vection in the under-ice water layer at sufficient intensity of solar radiation
penetrating through the ice layer are usually observed in deep lakes [1-3] and
reservoirs [4] in spring. The duration of this phenomenon is several weeks
(March-April, usually). In depth, it propagates to several tens of meters.
It has been established experimentally that the essentially nonstationary
and nonlinear processes of penetrative convection are hydrophysically dom-
inant in the formation of the detailed thermal and dynamic structure of the
under-ice mixing layer. They also provide the biophysical optimum which
is necessary for total phytoplankton spring bloom. Lake Baikal provides
a good example of these events [5]. The winter-spring under-ice phyto-
plankton bloom (mostly diatoms) is typical for Baikal. According to [6]
planktonic diatoms play a central role in studies of Lake Baikal. Not only
they are dominant producers in the lake food chain, but exceptionally long
lake sediment records are diatom rich, and many of the taxa are endemic,
which makes them of interest for evolution studies. The under-ice bloom
intensity of diatoms shows a strong interannual variability. The causes of
these changes are unclear yet [2, 7]. But it is know that diatom population
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sizes are controlled by the physical and biotic environment of Baikal, e.g.,
temperature, ice formation and mixing and grazing, rather than by nutrient
availability; population successions are controlled by complex interactions
with zooplankton; diatom sinking rates can be extremely rapid, cover a
wide range from a few meters up to several tens meters per day [6]. Aula-
coseira Baicalensis diatom is a dominant pelagic endemic species of Lake
Baikal [5, 7] during spring. The diatoms begin to multiply in February-
March under ice at 0.1-0.2°C; its concentration reaches a maximum (up
to 10 mgm3) in April-May at 1-3°C. The cells of A. Baikalensis have no
physiological mechanism that could provide them a positive buoyancy. Since
they have heavy siliceous shells, they sink into the underlying water layers
at average rate of gravitational sinking of about 3-4 m per day [2]. There-
fore, the following two factors are of critical importance for total bloom of
A. Baikalensis in the water adjacent to ice. These are: the cell fission rate
which depends on photosynthetic active irradiance transmission, and the
intensity of turbulent convection, which maintains the diatom cells in the
photic zone [2, 8].

For the first time, the Large Eddy Simulation (LES) methodology was
used to describe the under-ice convective boundary layer (UICBL) of the
freshwater deep lake in [9]. The possibility of representing the flow in the
UICBL in the form of the following decomposition: mean state, coherent
structures (“large eddies”), and small-scale quasi-isotropic turbulence was
justified in [10]. It was shown in [11, 12] that the space-time evolution of
the UICBL directly depends on the thermodynamic and optical properties
of the atmosphere and the snow and the ice layers that cover the lake.

The growing importance of the studies of lake ecosystems continually
calls for development of more and more precise models describing both
physical and biological components of environment. A recent comprehensive
overview of the state-of-the-art mathematical modeling for the Baikal water
ecosystems with regard to phytoplankton annual variability has been made
[13]. An attempt of simulation of the dynamics of the three-component
plankton population with the use of a numerical model of spring thermal
bar adapted to the conditions of the lake Baikal Central Basin was described
in [14]. Note that sinking losses of phytoplankton and vertical migration by
zooplankton have been neglected in the proposed model. This hypothesis
has a major negative consequence on the quality of the predictions, that is
emphasized in [14].

In this paper, we briefly describe an ecosystem complex of models for pri-
mary production in the UICBL of a deep lake in the early biological spring
period. We want to pay special attention to the hypothesized fundamen-
tal relationship between turbulent convection and spring under-ice diatom
bloom. In support of this hypothesis, a coupled plankton (three-component
approach) convection (LES) model was developed. We argue that turbulent






