Hydrol. Earth Syst. Sci., 22, 6493-6504, 2018
https://doi.org/10.5194/hess-22-6493-2018

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Hydrology and
Earth System
Sciences

Turbulent mixing and heat fluxes under lake ice: the role

of seiche oscillations

Georgiy Kirillin', Ilya Aslamov?, Matti Leppiranta’, and Elisa Lindgren*

'Department of Ecohydrology, Lebiniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), Berlin, Germany
2Limnological Institute, Siberian Branch of Russian Academy of Science (LIN SB RAS) Irkutsk, Russia

3Institute of Atmospheric and Earth Sciences, University of Helsinki, Helsinki, Finland

4Department of Physics, University of Helsinki, Helsinki, Finland

Correspondence: Georgiy Kirillin (kirillin@igb-berlin.de)

Received: 9 July 2018 — Discussion started: 11 July 2018
Accepted: 3 December 2018 — Published: 14 December 2018

Abstract. We performed a field study on mixing and vertical
heat transport under the ice cover of an Arctic lake. Mix-
ing intensities were estimated from small-scale oscillations
of water temperature and turbulent kinetic energy dissipa-
tion rates derived from current velocity fluctuations. Well-
developed turbulent conditions prevailed in the stably strati-
fied interfacial layer separating the ice base from the warmer
deep waters. The source of turbulent mixing was identified as
whole-lake (barotropic) oscillations of the water body driven
by strong wind events over the ice surface. We derive a scal-
ing of ice—water heat flux based on dissipative Kolmogorov
scales and successfully tested against measured dissipation
rates and under-ice temperature gradients. The results discard
the conventional assumption of nearly conductive heat trans-
port within the stratified under-ice layer and suggest con-
tribution of the basal heat flux into the melt of ice cover is
higher than commonly assumed. Decline of the seasonal ice
cover in the Arctic is currently gaining recognition as a ma-
jor indicator of climate change. The heat transfer at the ice—
water interface remains the least studied among the mecha-
nisms governing the growth and melting of seasonal ice. The
outcomes of the study find application in the heat budget of
seasonal ice on inland and coastal waters.

1 Introduction

Seasonal formation of ice cover is an essential feature of the
hydrological regime of temperate and polar climatic zones.
Freshwater lakes are, in this regard, a special class of hydro-

logical object, in terms of both thermal and hydrodynamic
processes that control the formation and melting of ice, and
from the point of view of the impact of the ice regime of the
global freshwater budget. The majority of world lakes are
concentrated in the northern temperate and boreal environ-
ments between 40 and 80° N and have the potential to freeze
seasonally (Kirillin et al., 2012). Seasonally ice-covered lake
systems — Lake Baikal, Laurentian Great Lakes, European
Great Lakes Ladoga and Onego, lake systems of Fennoscan-
dia and northern Canada — accumulate the bulk of the world’s
surface freshwater. Their seasonal ice regime determines the
climatic balance of precipitation and evaporation, as well as
the ecosystem state and the water quality of lakes themselves.
The lakes of high latitudes remain less studied than temperate
lakes, while Arctic regions are reported to have the strongest
air temperature increase (Screen and Simmonds, 2010). A
steady trend towards shortening of the ice season on lakes
during the last 100-150 years was reported in a large num-
ber of recent studies (e.g., Benson et al., 2012; Bernhardt
et al., 2012; Karetnikov et al., 2017) and was attributed to
global climate warming. Although long-term observations of
changes in lake ice phenology (seasonal appearance and du-
ration of the ice cover) are distinct climate change indicators,
they do not provide any quantitative information on the pro-
cesses underlying these changes. Therefore, the physics of
seasonal ice cover on lakes is gaining recognition as an es-
sential part of climate change, playing a key role in green-
house gas emission and the global carbon budget. Estimation
of the consequences of phenological changes for water re-
sources requires quantification of the physical mechanisms
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that control the formation and melting of ice. The heat and
mass transfer at the ice—water interface is the least studied
among these mechanisms.

The ice-water interface in freshwater lakes is distin-
guished by two specific features: lack of permanent average
water flow (in contrast to rivers) and hydrodynamic insta-
bility due to the density anomaly of freshwater (in contrast
to oceans). As a result, the most energetic mixing process
in lakes is the convective mixing in the upper water col-
umn due to solar radiation penetrating the ice cover (Kirillin
et al., 2012). Since the temperature at the ice—water interface
is fixed at the freezing point of freshwater, a strongly strat-
ified interfacial layer (IL) is formed beneath the ice—water
interface with temperatures decreasing upward from that of
the convective mixed layer (CL) to 0°C. The strong strati-
fication suppresses turbulent transport, so that conduction is
suggested to be the major heat transfer mechanism within
the IL. For a typical thickness of IL of < 1m, the conduc-
tive heat flux is < 1 Wm™2. The values reported in the liter-
ature are close to this estimation, but tend to exceed it at later
stages of the ice cover melting: (Bengtsson and Svensson,
1996) estimated the heat flux from water to ice in a num-
ber of small Swedish lakes as ranging within 1-2Wm™? in
January—February and increasing to 5-7 W m~2 in March—
April. Jakkila et al. (2009) reported values in ice-covered
Lake Pidjirvi of SWm™2 in winter and 12Wm~2 in late
spring. Heat fluxes of 7-29 W m~2 were measured by Lep-
paranta et al. (2010) during the final stage of ice melting in
Lake Vendyurskoye.

The assumption of conductive, turbulence-free IL does not
hold true in large lakes, where under-ice water circulation is
strong enough to produce long-lasting shear turbulence at the
ice base: Aslamov et al. (2014, 2017) reported a strong, up to
an order of magnitude, variability in the ice—water heat flux
in Lake Baikal at synoptic timescales of several days and re-
ferred it to variations of the large-scale surface currents, as a
part of geostrophic circulation in Lake Baikal. Aslamov et al.
(2014) also demonstrated that the resulting increase in the
heat supply from water to the ice cover may cancel the ice
growth and produce bulk melting even at atmospheric tem-
peratures below the freezing point of water and upward heat
flux at the ice surface. Any quantitative information on mix-
ing conditions in the IL of small (as compared to the Rossby
radius; see Kirillin et al., 2012) ice-covered lakes was miss-
ing up to date. The strong diurnal variability of the convec-
tion driven by solar heating (Petrov and Sutyrin, 1984) and
the evidence of basin-scale standing waves under ice (Malm
et al., 1998) suggest that the upward heat flow to the ice base
is non-stationary and affected by shear production of turbu-
lence even in lakes free from large-scale horizontal circula-
tion.

The present study aims to quantify the contribution of tur-
bulent mixing to the ice—water heat exchange, as a crucial
mechanism behind the seasonal ice cover formation. For this
purpose, we performed a field campaign on an Arctic lake
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with a focus on mixing in the ice boundary layer and ice—
water heat exchange. Based on direct measurements of small-
scale turbulent velocity and temperature fluctuations in the
IL, we demonstrate that the ice boundary layer is far from
quiet, with shear turbulence generated by transient events of
seiches (standing basin-scale waves). We investigate the ef-
fect of shear turbulence on the upward heat transport and,
consequently, the ice cover melting. In view of the new find-
ings, the validity is discussed of the commonly used ap-
proaches to parameterization of the ice—water heat exchange.

While the process of ice melt is also affected by a com-
plex transformation of the solar radiation within the ice cover
as well as by the surface radiative balance and the turbulent
fluxes at the ice surface, we intentionally limited the scope of
the study to the heat transport in the water column and its in-
fluence on the ice—water heat exchange. By this, we carefully
considered the processes governing formation of temperature
gradients at the ice base, including convective heating of the
ice-covered water column and dynamics of the temperature
profile in the stratified interfacial layer under ice driven by
diurnal variations in convection and by wind-driven ice oscil-
lations. In turn, the heat budgets at the ice surface and within
the ice cover are left to be a subject of a parallel study by
Leppéranta et al. (2018).

2 Methods
2.1 Study site

The field campaign was carried out on 21-27 May 2014 in
Kilpisjarvi (Fig. 1) — a “mid-size” (surface area: 37.1 km?)
lake located in the Scandinavian Mountains in northwestern
Finland (69°03’ N 20°50’ E, 473 m above sea level). The av-
erage and maximum depths of the lake are 19.5 and 57 m, re-
spectively. The average ice-on and ice-off dates are 9 Novem-
ber and 18 June (mean value over 1952-2015), the earli-
est recorded ice-on date was 21 October and the earliest
and latest breakup dates were 2 June and 1 July, respec-
tively (data of the station of the Finnish Environment Insti-
tute (Korhonen, 2006). In summer, surface water tempera-
tures reach 10-15 °C in mid-August. On average, the maxi-
mum annual ice thickness is reached in mid-April, amount-
ing to 89cm (the range over 1952-2015 was 77-114 cm).
Weather data (standard observations, including air temper-
ature at 2m height and wind speed at 10 m height) were
adopted from the Kilpisjérvi Biological Station and Enon-
tekio Kilpisjéarvi Kyldkeskus (EKK). The latter station was
founded in Kilpisjéarvi in 1962 by the Finnish Meteorolog-
ical Institute. The annual mean air temperature is between
—4 and —1°C, with mean monthly air temperatures below
0°C from October to April. Snow thickness on the ground
in March—April is on average 90 cm. The snow thickness on
the lake ice tends to be lower than on the surrounding land,
partly due to snow removal by winds, and partly due to trans-
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Figure 1. (a) Geographical location of the study site, (b) bathymet-
ric map with the position of the thermistor chain, and (c) the grid

used in the model of free oscillations. Blue arrows show the river
flow direction.

formation of snow to snow ice (Leppiranta et al., 2018), with
an annual maximum of 37 9.1 cm.

2.2 Vertical heat transport in the water column

The background information on the vertical temperature dis-
tribution was collected by a thermistor chain installed close
to the lake center (69° 2'3.09” N, 20° 46'45.87” E, depth
32m). The chain was equipped with nine TR-1060 temper-
ature loggers (RBR, Canada, declared accuracy 0.002°C,
sampling period 10.0 s) at heights 31.25 27.00 25.00, 20.80,
18.65, 14.40, 8.25, 6.20, and 4.15 m above the bottom, and
a RBR-DUO temperature—pressure logger (RBR, Canada,
temperature accuracy 0.002°C, pressure accuracy 0.05 %
of 50 dbar, sampling period 2.0s) at 1.00m above the bot-
tom. Another temperature—pressure logger recorded atmo-
spheric pressure at the lake shore for correction of the water-
level records. Several casts of vertical profiles of tempera-
ture and conductivity were performed during the study using
the RINKO CTD profiler JFE Advantech, Japan, tempera-
ture accuracy 0.01 °C, conductivity accuracy 0.01 mScm™!,
sampling rate 10 Hz). Ice and snow thickness were measured
during the CTD casts with an accuracy of 0.5 cm.

www.hydrol-earth-syst-sci.net/22/6493/2018/

6495

Data on photosynthetically active radiation (PAR) were
collected by three compact PAR loggers DEFI (Alec Elec-
tronics and JFE Advantech, Japan), one on the ice surface,
one frozen into the ice cover, and one in the water col-
umn at 0.3 m beneath the ice cover. All sensors recorded
planar quantum irradiance with 10 min intervals. The spec-
trum of solar short-wave (wavelength range 200-2500 nm)
radiation is strongly modified by lake waters: clear water
(or ice) quickly absorbs the long-wave (infrared) part of the
spectrum and yellow substance absorbs the short-wave (ul-
traviolet) part. As a result, at < 1 m depth, > 95% of the
penetrated radiation falls within the PAR spectral range of
400-700nm (see e.g., Jerlov, 1976). In humic brown-water
lakes, like Kilpisjdrvi, the equivalence between PAR and
total solar radiation is even closer (e.g., Leppéranta et al.,
2010). Hence, we adopted the measured PAR values as char-
acteristic of the total downward short-wave radiation flux.
Transformation between the measured quantum irradiance
I (umol s~ m~2) and the net downward short-wave radi-
ation Q; (W m~2) was obtained in the atmosphere by the re-
lation 14/ Q1 =4.60 umol J~! (see Leppiranta et al., 2010).
In water and ice the coefficient depends on the color and tur-
bidity of water. In Finnish and Estonian lakes the transfor-
mation coefficient has been found to vary between 4.8 and
5.5umolJ~!, larger values referring to more turbid waters
(Reinart et al., 1998). For the clear-water Lake Kilpisjirvi the
coefficient was chosen as 4.8 umol J~!. The accuracy of the
PAR sensors is +2 Wm™2 in air and £3 W m~2 in water or
ice. For a comprehensive description of PAR measurements,
see Leppiranta et al. (2018). Light extinction within the wa-
ter column was estimated from the vertical profiles of PAR
taken during the previous field campaign in 2013 (Kirillin
et al., 2015). The profiles were measured in 2013 with spher-
ical quantum PAR sensor LI-193SA (LiCor, USA) attached
to a CTD-90M profiler (Sea & Sun Technology, Germany).
The light extinction coefficient y and the radiation value at
the ice—water interface Q;0 were determined from a one-
band exponential approximation of the short-wave radiation
profile Q7 (z) in the water column,

Q1(z) = Q10exp(—yz). )]

The vertical turbulent heat flux within the bulk of the water
column Q(z,t) as a function of time ¢ and depth z was es-
timated from temperatures measured by the thermistor chain
T(z,t) using the “flux-gradient method” which adopts the
one-dimensional equation of heat transfer, with horizontal
advection neglected:

0T (z,1) _ 0Q(z,1) 09Q5(z,1)
o 0z 9z

where Cpp ~4.18 x 10°TK~"m~3 is the product of the
water heat capacity and density. The solar radiation flux
Qj(z,t) was recovered from PAR measurements and Eq. (1).
Integration of Eq. (2) from a reference depth H, usually cho-
sen close to the lake bottom, to a depth z yields the turbulent

Cppo

2
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flux Q(z,1) as

Q@ n=Q0H, )+ Q1 (H,1)—Q1(z,1)

aT (¢,
—Cpp/—gf t)dg“. 3)
H

Assuming that, at the end of the ice-covered period, the bot-
tom sediment is in thermal equilibrium with the deep water
layers, i.e., the vertical turbulent flux Q(H) = 0, Eq. (3) was
solved numerically using finite differences for differentiation
and the trapezoid method for integration.

2.3 Measurements in the ice-water boundary layer

Measurements of the turbulent pulsations of current veloc-
ities were performed using pulse-coherent high-resolution
acoustic Doppler profiler HR-Aquadopp (Nortek AS, Nor-
way). The profiler was attached to a thin plate with positive
buoyancy and deployed alongside the ice cover base, with the
acoustic head oriented looking downwards at a right angle to
the instrument. The profiler registered three components of
the current velocity vector at a sampling rate of 0.5 Hz with
a vertical resolution of 0.02 m.

The HR-Aquadopp data were used for estimation of the
dissipation rate ¢ of the turbulent kinetic energy (TKE). The
procedure of ¢ estimation generally followed that from the
previous study (McGinnis et al., 2015): the velocity structure
function

D(.r) = (@) — vz +r)?) )

was calculated from the HR-Aquadopp data and was used
for estimation of the TKE dissipation rate, as described by
Wiles et al. (2006). Here, v(z) is the along-beam velocity
fluctuation at distance z, r is the depth range of the dissi-
pation estimation, and angle brackets denote time averag-
ing. Three estimations of the velocity fluctuations were de-
termined by extracting the mean velocity value for the aver-
aging periods of 10, 20, and 30 min. Three values of the max-
imum estimation range for the velocity correlation r = 0.4,
0.5, and 0.6 m were tested, covering the range recommended
by Wiles et al. (2006) for weakly stratified turbulence. The
TKE dissipation rate was estimated by fitting the equation

C;3D(z,r)*? = r + Noise. (5)

Here, the constant C,, is 313 (see, e.g., Lien and D’ Asaro,
2002). The fitting constant Noise representing the average
effect of the acoustic noise on the velocity fluctuations was

used for the goodness-of-fit check, using the condition
Noise > (C, 3 D%/?). (6)

The measurements, for which Eq. (6) was valid, were aban-
doned as noisy. Further quality check was performed by com-
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parison of the 27 arrays of the TKE dissipation rate calcu-
lated from the three HR-Aquadopp beams with three dif-
ferent values of r and three averaging periods. The discrep-
ancy between the different estimations did not exceed 10 %
(not shown). The estimations based on the averaging time of
20 min were adopted for the further analysis averaged over
the three beam estimations. The lower value of r =0.4m
was adopted to avoid occasional influence on the results of
the increased instrumental noise at higher distances from the
acoustic head.

To measure the vertical distribution and short-term vari-
ability of water temperature within the strongly stratified
ice—water boundary layer, a custom measurement setup was
used. It consisted of a temperature registration platform with
12 T-Solo fast16 fast-response temperature loggers (RBR,
Canada, accuracy 0.002 °C, time constant 0.1 s, sampling fre-
quency 16 Hz) equipped with stainless steel sledges on the
upper side and attached to remote operated vehicle VideoRay
Pro4 (VideoRay, USA). The distance from the ice base to the
uppermost sensor was 5 cm; other loggers were distributed
vertically at distances of 2 cm between the sensors to a depth
of 27 cm from the ice base. The platform was able to slide
along the ice bottom up 150 m away from the deployment
site to locations undisturbed by instrument installation. Two
loggers of the downward solar radiation were additionally at-
tached to the platform, but malfunctioned during the deploy-
ment. Series of 24 to 48 h long deployments were performed
with continuous temperature registration at a sampling fre-
quency of 2 Hz.

2.4 Two-dimensional model of standing barotropic
waves

The variations in the temperature and turbulent mixing
within the ice-water boundary layer were analyzed for their
relationship with the standing barotropic waves (seiches) by
using spectral analysis and modeling of the free oscillations
of the lake. Spectral densities were determined using the
standard periodogram method. The free oscillation modes
of Kilpisirvi were estimated from numerical solution of the
eigenvalue problem

=2 (82—‘11 + 82)
k= ax2  9y?
on the geometry of the lake in the horizontal coordinates x
and y. Here, c = (gH)'/? is the long-wave speed (celerity)
based on flat-bottom approximation of the lake bathymetry
with the mean depth H, Ak is the eigenfrequency and W is
the eigenfunction of the harmonic level oscillations ¢ in time

t, defined as

)

C() = Wexp(irn). @®)
k=1

Equation (7) was solved on a triangular mesh approximat-
ing the Kilpisdrvi geometry (Fig. 1c) using the finite element
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solver of COMSOL Multiphysics software. The lake geome-
try was provided by National Land Survey of Finland.

2.5 Approximate solutions of the vertical heat
transport equation

As mentioned above, the ice—water interface in small lakes
is commonly assumed to be turbulence-free. Assuming the
heat transport within IL is steady-state (dQdt~! =0) and
non-turbulent (Q(z) = —kdT 3z~ 1), a direct solution of the
steady-state heat transport Eq. (2) turns to

2
K% — 3—; =0 C))
Subject to boundary conditions (Fig. 2),
T0)=0;T(6) = Tn.
Equation (9) yields the solution (Barnes and Hobbie, 1960)

Z 1)

1
T@ = Tnt /1(;)d;—§/1<;)dc . (10)

0 0

Here, § is the IL thickness, « is the heat conduction coeffi-
cient, I = (Cp 0)~1Q; is the kinematic flux of the short-wave
solar radiation, and Tr, is the temperature of the convectively
mixed layer beneath IL. The IL thickness § can in turn be
found by applying the condition of smooth temperature tran-
sition between IL and the thermally homogeneous CL be-
neath, i.e.,

aT
s =0 (11)
or
)
KTm+51(5)—/1(;)d; =0. (12)
0

The latter equation can be solved with respect to § if the func-
tion 7 (z) is known. For a single-band exponential decay of
the short-wave solar radiation within the water column (1),
the solution (12) turns to

yikTm+1Io([1+y8]e "’ —1)=0. (13)

This equation is solved numerically with respect to §. As it
follows from Eq. (13), § depends on the CL temperature Tp,,
the radiation flux Iy and the water transparency y: the more
turbid the lake is, the stronger the radiation is, the higher T,
is and the thinner IL is. The water—ice heat flux is determined
directly from the solution (10) as

)
Ouw=—i L] =1 T—/I()d
cw = KaZ Z:()_ s Ki1lm / £)de
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—1(0)=10)—-1(0); (14)

i.e., the upward heat flux equals the solar radiation absorbed
within the IL in the steady-state non-turbulent conditions and
no temperature gradient (zero heat flux) at the IL bottom.
Another simple model, particularly useful for the analy-
sis below, is that of non-penetrative growth of the CL on the
background of stable density stratification in the quiescent
layer (QL) beneath. The approximation was first introduced
by Zubov (1945) and was later named “encroachment” (Car-
son and Smith, 1975) in contrast to the “entrainment” regime,
which involves entrainment of a denser fluid from QL to CL.
If the well-mixed convective layer develops on top of the
QL by increase in the mixed layer temperature Tp,, without
changing the quasi-linear temperature gradient I" in the QL,
the rate dh dr~! of the CL deepening and the heating rate are
related as
dh _1dTm
a = @ (13)
which suggests zero turbulent (heat) buoyancy flux at the CL
bottom. Together with the previous assumption of the zero
flux at the CL-IL boundary, the CL development can be es-
timated from data on solar radiation flux:

dh _ 16— 1)

16
dr h—246 (16)

This regime is strictly never realized in natural convection
(Carson and Smith, 1975), but can be closely approached, at
early stages of convection development (Carson, 1973).

3 Results
3.1 Weather and ice conditions

During the observation period of 22-27 May, the air tem-
perature did not change much, with the mean value of
2.15°C £1.75, minimum of —2.00°C and maximum of
5.30°C. Low winds of 2-4ms~! prevailed most of the pe-
riod, with a moderate wind increase up to 9ms~! on 22 May
and a short event of strong winds > 12ms~! on 24-25 May
(Fig. 3). Conditioned by mostly cloudy weather and a thick
ice cover with more than 50 % of snow ice, the short-
wave radiation flux right beneath the ice cover amounted to
daily means of 10-20 W m~2, with daily peak values of 35—
70 W m~2 (Fig. 3), which made up 6 %-7 % of the solar ra-
diation flux at the ice surface.

The ice was snow-free (snow thickness < 1cm). The ice
thickness at the beginning of the field campaign was close
to the seasonal maximum values: mean 97 cm, min 82 cm,
max 126 cm, based on 29 measurements from a cross sec-
tion along a short axis of the lake; 52 cm of the ice cover
consisted of “white ice” (snow ice) or frozen slush on top of
the congelation ice. From 20 to 26 May the ice thickness re-
duced to 73 cm (minimum 61 cm, maximum 80 cm, based on
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Figure 2. Schematic of the temperature structure of the under-
ice water column illustrating the major assumptions under models
(10)—(14) and (15)—(16).
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Figure 3. Wind (bars) and under-ice radiation (solid line) during the
observation period.

37 measurements from a cross section along a short axis of
the lake).

For the period under investigation, the ice surface temper-
ature remained close to the freezing point of 0 °C, which also
implies that the entire ice cover had a nearly constant temper-
ature of 0 °C. The heat budget of the ice cover is dominated
in this case by the heat exchange at the ice bottom and by the
absorption of solar radiation within the ice cover, whereas the
conductive heat transport across the ice cover is small. The
situation is characteristic of the early stage of the ice cover
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Temperature, °C

Figure 4. Temperature profiles at the beginning (solid line) and at
the end (dotted line) of the field study. The inset shows a zoomed
portion with CL and temperature gradients at its boundaries.

melt and was considered in detail by Aslamov et al. (2014).
Since half of the ice sheet was snow ice (white ice), its low
transmittance limited the transfer of sunlight to water and the
ice also experienced internal deterioration from absorption of
solar radiation. At the upper boundary the heat balance was
positive and caused surface melting. The surface heat balance
was dominated by the solar and long-wave radiation balance,
turbulent fluxes being small. Upper surface melting and in-
ternal melting accounted for 1-2 cm per day. Further details
on the structure, optical properties, and heat budget of the ice
cover are presented elsewhere (Leppéranta et al., 2018).

3.2 Temperature structure of the water column

The vertical temperature distribution had a three-layer struc-
ture, typical of the spring convection in ice-covered lakes
due to solar heating (Fig. 4; cf. also Fig. 2): the well-mixed
convective layer (CL) had initial thickness i ~ 5.5 m and
temperature T, = 0.8 °C, adjacent to a 1.5m thick strati-
fied interfacial layer (IL) on top with temperature decrease
to the freezing point at the ice—water interface. The quies-
cent layer (QL) beneath the CL was nearly linearly strati-
fied with downward temperature increase in I' ~ 0.04 Km™!
(hereinafter Kelvin is used for temperature gradients, while
absolute temperatures are given in degrees Celsius for conve-
nience). Solar radiation penetrating the ice cover caused an
increase in temperature in the CL at 1.8 x 1072 °Cday~' and
an increase in its thickness at 0.33 mday .

In contrast to observations at later stages of the convection
development in ice-covered lakes (see, e.g., Mironov et al.,

www.hydrol-earth-syst-sci.net/22/6493/2018/
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2002), there was no appreciable temperature/buoyancy jump
at the bottom of the CL: the well-mixed layer /& developed on
top of the QL by increase in the mixed layer temperature Ty,
without changing the quasi-linear temperature gradient I' in
the QL, as described by the “encroachment” model (Eq. 15).
At the top of the CL, in turn, convection produced an increase
in the temperature gradient across the IL from 0.58 Km™!
on 20 May to 1.74 Km~"! on 26 May that corresponds to an
increase in the conductive heat flux across the IL from 0.33
to 0.99 W m~2 according to the model of Barnes and Hobbie
(Eq. 14).

3.3 Heat budget within the water column

The light attenuation within the water column was estimated
based on 24 PAR profiles taken in May 2013 as y =0.30 &+
0.05m~!. We adopted this estimation for the 2014 campaign,
in suggestion of low year-to-year variability of y for the same
season. The resulting vertical profiles of the radiative flux
(Fig. 5c, d) were used for estimation of the vertical turbulent
heat transport (black lines in Fig. 5a, b) by vertical integra-
tion of the heat equation (Eq. 3). During daytime, the tur-
bulent fluxes were generally directed downwards, increased
across the convective mixed layer towards the lake surface to
~ 10 W m™~2, and dropped to almost zero within the stratified
surface layer at the ice base, an indication of the turbulence
damping by stratification in the surface layer. Exact values
of the turbulent fluxes in the vicinity of the ice—water inter-
face were difficult to estimate by the heat budget method due
to coarse vertical resolution. No appreciable negative fluxes
existed at the bottom of the convective mixed layer (~7 m
depth), in agreement with the absence of an entrainment layer
in the temperature profiles. Also, the low but non-zero tur-
bulent fluxes below the convective mixed layer (at 10-25 m
water depths) may have resulted from the method constraints,
but could be produced by natural processes, such as horizon-
tal heat advection of vertical mixing by internal waves. Dur-
ing nighttime, turbulent transport changed its direction to up-
ward. The fluxes were generally below 10 W m~2, except the
night of 24-25 May, when a strong flux of ~18 Wm™2 de-
veloped near the ice base, decreasing downwards across the
mixed layer.

3.4 Dynamics of the stratified interfacial layer (IL)

The stratified IL occupied the up to 2m thick layer under
the ice base, separating the CL from the ice base. High-
resolution temperature observations during 24-26 May in
the IL demonstrated periodic fluctuations with the 24 h pe-
riod and an amplitude of 0.2-0.3 K, related to the subsurface
heating by the penetrating solar radiation. In the background
of the diurnal cycle, higher-frequency temperature oscilla-
tions persisted during the first half of the observation period
(Fig. 6a). Irregular high-amplitude temperature fluctuations
lasted for the first 5-6h (24 May, 13:00-19:00 in Fig. 6a),
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Figure 5. Vertical turbulent (a, b) and radiation (c, d) heat fluxes in
the bulk of the water column. (a, ¢) show the daytime averages; (b,
d) correspond to the nighttime values.

and were replaced later by harmonic quasi-sinusoidal os-
cillations (24 May 19:00-25 May 19:00 in Fig. 6a) decay-
ing within &~ 24 h. Concurrently with the strong temperature
fluctuations, the TKE dissipation rate ¢ increased by an order
of magnitude > 1078 Wkg~! in the entire IL, as estimated
from the velocity fluctuations (Fig. 6b). The burst in the tur-
bulent mixing decayed within 5-6 h to the background values
at the limit of the detectable turbulence level of & &~ 107 10—
10 Wkg~'. The burst in TKE dissipation and temperature
fluctuations coincided with the wind increase on 24-25 May
(Fig. 3).

The dataset on the TKE dissipation rate covered a longer
period than the temperatures in the IL, and demonstrated
a close connection between wind speeds over the lake and
the turbulence intensity under the ice cover: apart from the
strong wind burst on 24-25 May, the winds of ~ 10ms~!
on 22 May increased ¢ to ~ 1078 Wkg~! (cf. solid line and
wind bars in Fig. 7). The whole series of 22-27 May sug-
gests that wind has an appreciable effect on mixing under ice
at speeds > 10ms™!; otherwise, the mixing intensity in the
IL remains low, with &£ &~ 10~ W kg~ !. Weaker increases in
¢ up to 10783 Wkg~! took place at quasi-diurnal intervals
and were connected apparently to the periodical increase in
radiation-driven convection in the CL underneath (cf. tem-
perature variations in Fig. 6a).

The vertical temperature gradients 379z~ ! under ice (line
with circles in Fig. 7) demonstrated strong correlation with
dynamics of wind and ¢ during the same period, following
the decay of the mixing intensity from its peak on 24 May.
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Figure 6. (a) Temperature fluctuations in the IL and (b) TKE dissi-
pation rates in the upper water column. In white areas of (b) no de-
veloped turbulence could be detected, because no inertial subrange
could be identified according to Eq. (5).

T gradient under ice, K m‘1
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Figure 7. Vertically averaged TKE dissipation rate under ice (solid
line) vs. wind speed over the lake (bars) and vertical temperature
gradient from the two uppermost temperature loggers under ice, at
5 and 7 cm under the ice bottom (line with symbols). Single squares
show the mean daily vertical temperature gradient under ice ac-
cording to the steady-state model of Barnes and Hobbie (1960); see
Eq. (14). Note the different vertical axes for temperature, wind, and
€.

Vertical conductive heat flux, calculated from these gradi-
ents as —pcp x 979z, remained as low as 1.0-1.5W m~2.
However, the high dissipation rates under ice (Fig. 6b) sug-
gest the heat transport within this layer remains mainly tur-
bulent and exceeds the conductive one. The estimations of
the water—ice heat flux from the model of Barnes and Hobbie
(1960, see Eq. 14) are approximately 2 times higher (2.0—
3.0W m~2), but do not reflect the temporal variability con-
nected to €, because they rely on the assumption of a steady-
state IL.
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Spectral analysis of the under-ice temperature and pres-
sure records demonstrated a strongly periodic character of
water motions. The spectral energy of water-level (pressure)
variations (Fig. 8a) was concentrated at several peak frequen-
cies, fairly corresponding to the eigenfrequencies from the
two-dimensional seiche model (Eq. 7). However, the three
different stages distinguished in the subsurface temperature
time series (cf. Fig. 6a) — “wind burst” on 24 May, “free os-
cillations” on 25 May, and “convection only” on 26 May
— reveal rather different spectral patterns: during the “wind
burst”, most of the energy still resided at the low-frequency
“gravest seiche mode” oscillations (triangles in Fig. 8a). The
energy peaks in temperature oscillations during the same pe-
riod (Fig. 8b) were relatively low, suggesting that the vertical
motions in the stratified IL were only weakly periodic. The
“free oscillations” stage was characterized by concentrations
of motions around the frequencies of the second and higher
seiche modes, i.e., vertical motions with the maximum am-
plitudes away from the lake shores. During the “pure con-
vection” stage the spectral energy in the range of short-term
oscillations 1-100 cph was essentially zero (not shown); i.e.,
at relatively low winds of <5 ms~L, no seiche oscillations
were produced under the ice cover.

4 Discussion

Information on the energetics of ice cover formation and de-
cay in polar lakes remains limited to date. The present re-
sults reveal several important aspects of the physics behind
seasonal ice cover melting. One part of the results, such as
comparably low water—ice heat flux following from conven-
tional estimation methods and development of the convective
mixed layer driven by solar radiation, adds new details to pre-
viously known information. The other results — production
of strong turbulent mixing by wind-driven fluctuations of ice
cover, seiche oscillations under ice, and the direct connection
of the TKE dissipation rate within the IL to the water—ice heat
flux — demonstrate quantitatively new facets of the seasonal
ice cover dynamics.

Despite the seasonal maximum thickness of the ice cover,
the amount of solar radiation penetrating the ice cover
(Fig. 3) was sufficient to produce a convective mixed layer
(CL) under ice at the initial stage of the melting period
(Fig. 4). The vertical structure of CL was distinguished
by the absence of a strong temperature (density) gradi-
ent at its bottom, characteristic of the developed convec-
tion at later stages of the ice-covered period, when CL ac-
tively entrains into the stratified quiescent layer beneath
(Mironov et al., 2002; Kirillin et al., 2012). Such a form of
the CL development corresponds to the “encroachment”
regime, with zero buoyancy flux at the bottom of CL. How-
ever, the real situation was strongly non-stationary, driven
by the diurnal variability in the solar radiation, so that
the entrainment flux should also vary at diurnal timescales.
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Farmer (1975), following Deardorff et al. (1974), noted that
even small non-zero flux at the CL base significantly af-
fects dhdr—!. In the observed case, the encroachment-like
CL development was facilitated by the diurnal character of
the negative buoyancy production and by relatively weak so-
lar heating: while during daytime solar radiation produced
downward turbulent fluxes in the upper water column, the
nighttime fluxes changed its direction, contributing primar-
ily to distribution of added heat across the CL and to upward
heat release into the IL (Fig. 5a, b). Apparently, entrainment
of the warm water at the base of CL took place only during
the day, with subsequent nighttime erosion of the entrain-
ment layer. Therefore, care should be taken when applying
the encroachment model to the under-ice convection, even at
the early stage of the convection development.

The estimations of the water—ice heat flux based on the
measured temperature gradients within the IL and those fol-
lowing from simplified steady-state solution of the heat trans-
port Eq. (14) did not exceed 2-3 W m™~2. The conductive flux
estimations following from Eq. (14) provide about 2 times
higher values than calculations based on the directly mea-
sured temperature gradients within IL. This fact suggests on
the one hand that the temperature gradients closer to the ice
bottom are much higher than those measured at 57 cm un-
der the ice. On the other hand, high rates of the TKE dissipa-
tion within the IL and its strongly non-stationary dynamics
suggest that real heat exchange between the water column
and the ice cover is appreciably stronger than predicted by
the steady-state model of Barnes and Hobbie (1960). The
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difference between the mean radiation flux penetrating the
ice (% 15.8Wm2, Fig. 3) and the water column heating
(= 6.9Wm 2, Fig. 4, Eq. 16) is close to 10Wm‘2; this
value can be assumed as a “true” upward heat flux, averaged
over the observation period. Hence, conventional methods of
the flux estimation essentially — up to an order of magnitude
— underestimate the real values by assuming nearly conduc-
tive conditions in the IL.

Spectral analysis of ice cover fluctuations revealed basin-
scale standing waves (seiches) at the lake surface, as the ma-
jor mechanism of the wind energy transfer through the ice
cover to the under-ice water motions. As observed earlier
(Bengtsson and Svensson, 1996; Malm et al., 1998; Baehr
and DeGrandpre, 2002) and supported by modeling efforts
(Sturova, 2007; Zyryanov, 2011), frequencies of standing
waves are not significantly affected by the presence of the
ice cover. The small discrepancies between the modeled and
observed seiche frequencies in our case can be attributed to
limitation of the flat-bottom representation of the lake mor-
phometry in the model. Our results, however, demonstrate an
effect of the ice cover on the model pattern of seiches: the
initial oscillations of the lake surface during the wind gust
are characterized by the dominating first mode; i.e., the level
variations are strongest near the lake shores. During the sub-
sequent “free seiching” the first mode quickly decays, in fa-
vor of higher modes — those having maximum amplitudes in
the open parts of the lake. The latter are retained in a lake for
a day. We interpret this redistribution of oscillations towards
higher modes as a result of the damping effect of the ice cover
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Figure 9. Relationship between the TKE dissipation rate and the
temperature gradient in the uppermost part of the IL covered by the
measurements (5—7 cm under ice). Instead of a least-square approx-
imation, a simple line is drawn connecting the minimum and the
maximum of ¢ (full black circles): the slope of the line is 0.251.
Stars mark the measurements during the period of “no wind-driven
oscillations” (26 May 2014 00:00-12:00).

fastened at the lake shores. Apart from a better understand-
ing of the mechanism of the wind energy transport through
the ice cover, the finding can have important implications for
horizontal mass and heat transport under ice.

Our observations on the dissipation rates of the turbulent
energy in the IL provide new important insights into the ice—
water interactions. In particular, variations in mixing con-
ditions take place on synoptic timescales and are related to
wind events over the ice cover. Wind-produced oscillations
increase the energetics of mixing by an order of magnitude.
As the ice gets thinner, and the stratification in the IL gets
stronger, the role of the wind-induced mixing in the upward
heat transport from the CL to the ice base is expected to sig-
nificantly increase. The effect of the shear mixing under ice
on the vertical heat transport is akin to the shear turbulence
produced by the geostrophic circulation in ice-covered Lake
Baikal (Aslamov et al., 2014, 2017), with one important dif-
ference: a strong lake-wide circulation under ice takes place
only in very large lakes, while production of shear turbulence
by fluctuations of the ice cover is expected to develop in the
majority of ice-covered lakes. Aslamov et al. (2014, 2017) re-
ported heat fluxes of up to 50 W m™2 at the ice base of Lake
Baikal, associated with ¢ = O(10~%) Wkg’l. We observed
similar dissipation rates; hence, similar flux magnitudes can
be expected in small lakes during strong wind events, accel-
erating significantly ice melting.

The apparent relationship between the TKE dissipation
rate and the upward heat flux suggests that ¢ can be used as
a directly measurable scale of ice—water heat flux Qjy. The
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following scaling considerations can be applied for this pur-
pose. The effect of turbulent mixing on the temperature gra-
dient d7 dz~! within the diffusive layer, and, consequently,
on Qjw is 2-fold: (i) it affects the temperature at the outer
boundary of §T', and (ii) it changes the thickness of §T itself,
thinning the diffusive layer by increasing turbulence outside.
The former effect is relatively slow, since the typical temper-
ature variations in the CL take place at diurnal and longer
timescales; the variations of 67 are in turn stronger, and can
amount to an order of magnitude depending on mixing condi-
tions. The thickness of the viscous sub-layer may be assumed
proportional to the size of the smallest turbulent eddies, or to
Kolmogorov’s length scale (Monin and Yaglom, 1971):

8y o Ly ox v3/4e™1/4 (17)

where v~ 1079 m?s~! is the molecular viscosity of water.

Then, the heat flux at the ice base is expressed as
Oiw = KAT; K &« Pr*(ve)'/* (ms™), (18)

where Pr" reflects the relationship between diffusive and vis-
cous microscales via the Prandtl number (Pr =~ 10 for water),
K is the heat transfer coefficient, and AT is the temperature
difference across the diffusive layer. The scaling Eq. (17)
suggests that the temperature gradient in the close vicinity
of the ice base roughly scales with the TKE dissipation rate
as

19)

Indeed, the scaling (19) works perfectly well in the whole
range of the observed variability of ¢, (Fig. 9), except for
the later “quiet” period, when no oscillatory motions were
present, and the TKE was produced only in the lower part of
the IL by convection. Hence, our observational data confirm
scaling of the water—ice heat flux (Eq. 18) by means of the
Kolmogorov microscales, as long as turbulence is produced
by velocity shear at the ice base. This important outcome
of our rough scaling analysis opens a direct way for a gen-
eral parameterization of the boundary heat (and mass) flux at
the ice base as a function of the boundary layer turbulence.
Such a parameterization would be applicable to any shear-
driven turbulent heat flow, like that produced by large-scale
currents under ice in large lakes (Aslamov et al., 2014) and
ice-covered seas (Peterson et al., 2017). Direct calculation of
the water—ice heat flux from ¢ has several advantages com-
pared with the traditional bulk parameterizations of the heat
flux (McPhee, 1992): the TKE dissipation rate is a prognostic
variable in many turbulence models and can be directly im-
plemented for boundary flux parameterizations. Besides, sig-
nificant progress has been made during the last few decades
in methods of the turbulence dissipation measurements that
allow long-term registration of ¢ in situ and using this data
for quantification of boundary-layer processes hardly mea-
surable by other methods. Direct application of Eq. (18) to
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observational data requires determination of proportionality
constants in Eq. (19). The latter would involve additional as-
sumptions about the temperature and ¢ profiles outside of the
viscous sublayer §, and is the subject of field experiments in
different ice-covered environments, in particular, at various
Reynolds and Richardson numbers in the IL.

5 Conclusions

The results presented above demonstrate the crucial role
played by strong wind events in the heat transport across the
strongly stratified water layer under seasonal ice. The basin-
scale barotropic oscillations have been unambiguously iden-
tified as the mechanism of the kinetic energy transfer from
wind to the under-ice turbulence. Such oscillations are inher-
ent features of small lakes (as well as semi-enclosed seas and
bays). A general conclusion following from our analysis is
that an assumption of the existence of a turbulence-free con-
ductive layer under ice does not hold true even in relatively
small ice-covered lakes. Hence, the previously reported val-
ues of the basal heat flux contribution to the seasonal ice melt
were very probably underestimated. Another important out-
come of the study is the scaling of the apparent under-ice heat
flux against the Kolmogorov velocity scale based on the TKE
dissipation rate. This result applies to any turbulent under-ice
boundary layer — whether marine or freshwater — indepen-
dently of the source of the TKE. A quantitative application
of the scaling to parameterization of the ice—water heat ex-
change requires however exact establishment of the propor-
tionality constant between the Komogorov length scale and
the thickness of the viscous sub-layer, which can be obtained
by fine-scale field measurements, laboratory experiments, or
eddy-resolving numerical simulations.
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