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1 Introduction and Background

Observations in ice-covered lakes (a summary is given in Mironov et al. 2001) indicate that in late
spring, when the snow cover above the ice disappears, a considerable part of the water column
is well mixed and vertically homogeneous with respect to the temperature. The homogenisation
occurs due to convection driven by the solar radiation that penetrates the ice. The radiation
heating is vertically inhomogeneous, the upper layers gain more heat than the lower layers. As
heating of the water below the temperature of maximum density raises the water density, a part
of the water column becomes hydrostatically unstable and overturns, leading to the formation
of a convectively mixed layer. The structure of the evolving temperature profile shows evidence
of penetrative convection. In a number of temperate and polar lakes, the temperature below
the mixed layer was observed to exceed the temperature of maximum density of fresh water
(Fitzgerald 1895, Hobbie 1973, Malm et al. 1997). Convective overturning was not detected,
however, due to the stabilising effect of salt concentration. Although the salt concentration is
low in most temperate and polar lakes, its dynamical effect can be significant when the water
temperature is close to the temperature of maximum density. A mixed-layer model of radiatively-
driven convection in ice-covered lakes that incorporates salinity was proposed by Mironov et al.
(2001). In the present study, that model is used to analyse the effect of salinity on the structure
and the rate of deepening of convectively mixed layer.

The model utilises a four-layer self-similar parameterisations of the evolving profiles of tem-
perature, θ, and salinity, S. The structure of the entrainment layer is parameterised with a
zero-order-jump approach. A stationary solution to the heat transfer equation is applied to
describe the temperature profile in the stably stratified layer separating a convectively mixed
layer from the lower surface of the ice. The salt concentration profile in the surface layer is
found from the solution to the stationary diffusion equation, where the effect of the ice melting
due to heating from below is represented by a depth-constant sink term. The turbulence kinetic
energy (TKE) budget and a bulk mixed-layer scaling that accounts for the vertically distributed
character of the radiation heating are used to derive an entrainment equation. The entrainment
equation contains three dimensionless constants. These constants are not tuned to better fit
data from measurements in a particular lake during a particular convective episode. They are
evaluated independently, by comparing the entrainment laws predicted by the model with data
from measurements, and by comparing the scaling relations for the TKE and its dissipation rate
with data from measurements and from large-eddy simulations. In this way we avoid “tuning”,
which may improve an agreement with a limited amount of data and is sometimes justified, but
should generally be avoided as it greatly reduces the predictive capacity of a physical model
(Randall and Wielicki 1997).
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2 Results

Two convective episodes observed in Lake Vendyurskoe are simulated. The model predictions are
compared with data from measurements (Terzhevik et al. 2000) taken during the second half of
April 1999 at the stations CS4-9, located in the central part of the lake, and CS4-6, located closer
to the shore. As noted above, the mixed-layer model used does not contain any fitting coefficients.
There are, however, case-specific input parameters that should be taken from measurements.
These are the radiation flux at the underside of the ice, Is, parameters describing the optical
properties of water, and the initial profiles of θ and S. We adopt a two-band approximation of
the exponential decay law for the flux of solar radiation, I(t, z) = Is(t)

∑2
i=1 ai exp(−γiz), with

a1 = 0.5, a2 = 0.5, γ1 = 2.7 m−1 and γ2 = 0.7 m−1, and a constant value of Is = 1.3 · 10−6
K·m·s−1.
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Figure 1: Successive vertical profiles of temperature – (a), salt concentration – (b), and buoyancy
– (c) in Lake Vendyurskoe, Karelia, Russia, during the period from 16 to 24 April 1999 (Terzhevik
et al. 2000). Solid curves are the profiles computed with the mixed-layer model. Curves with
symbols show profiles measured at the station CS4-9 where depth to the bottom is 11.5 m. (d):
a blow-up of the salt concentration profiles showing the details of S(z) in the surface layer just
beneath the ice.
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Figure 2: Successive vertical profiles of temperature – (a), salt concentration – (b), and buoyancy
– (c) in Lake Vendyurskoe, Karelia, Russia, during the period from 19 to 24 April 1999 (Terzhevik
et al. 2000). Solid curves are the profiles computed with the mixed-layer model. Curves with
symbols show profiles measured at the station CS4-6 where depth to the bottom is 8.9 m. (d):
a blow-up of the salt concentration profiles showing the details of S(z) in the surface layer just
beneath the ice.

Figures 1 and 2 show the simulated profiles of temperature, panels (a), of salt concentration,
panels (b), and of buoyancy, panels (c). Buoyancy is defined in the usual fashion as b =
g(ρr − ρ)/ρr, where g is the acceleration due to gravity, ρ is the water density, and ρr is the
maximum density of fresh-water at θ = θr ≈ 277 K. θf ≈ 273 K denotes the fresh-water freezing
point. The simulated temperature profiles display a curious feature, a negative temperature
jump across the entrainment layer. This proves to be possible due to the effect of salinity
stratification. By the second half of April 1999 the mixed layer has grown down to the layer of
large salinity gradient that tends to slow down the mixed-layer deepening. Then, further heating
of the mixed layer builds up a negative temperature jump across the entrainment layer. However,
the stabilising effect of the salinity stratification compensates for the destabilising effect of the
temperature stratification, so that the buoyancy jump across the entrainment layer remains
negative. At the station CS4-9, the temperature near the lake bottom exceeds θr. The water
column remains statically stable, however, due to the stabilising effect of salt concentration.
Notice that the absolute values of S are very small, two orders of magnitude less than a typical
oceanic value. Nonetheless, a weak salinity stratification appears to be sufficient to prevent
convective overturning of the near-bottom layer whose temperature is close to θr.

An overall agreement between the measured and the computed profiles is fair. The quality of
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prediction is degraded towards the end of the simulation period. The last profiles of tempera-
ture are even qualitatively different. The measured profiles display a blob of warm water above
the mixed layer, a feature that is not accounted for by a four-layer parameterisation used in
our model. Notice that our mixed-layer model is not applicable in the situation, where the
temperature of the bulk of the mixed layer exceeds θr. In such a situation, solar heating estab-
lishes stable density stratification and only a part of the water column, where the temperature
increases with depth from θr to its maximum value, tends to be statically unstable. In Figures
1(a) and 2(a), it is the upper part of the layer with temperature in excess of θr that is unstably
stratified. We therefore stop computations when the mixed-layer temperature reaches θr.

Figures 1(d) and 2(d) show the profiles of salt concentration in the surface layer. The shape of
the salinity profile varies considerably and is not always well predicted by the model. However,
computed values of salinity just beneath the ice agree well with the observed values.

3 Conclusions

Vertical structure of the temperature field and of the salt concentration field in penetrative
convection driven by the radiation heating is examined. Such convection occurs in late spring
in ice-covered lakes where the water temperature is below the temperature of maximum density.
A mixed-layer model that accounts for the effect of salt concentration is applied to simulate the
mixed layer deepening. The model predictions compare well with empirical data. Although the
salt concentration is very low in the majority of temperate and polar lakes, its dynamical effect
is significant when the water temperature is close to its temperature of maximum density.
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