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Abstract
There is consensus that under-ice circulation presents multiple phases through the winter, and that different mechanisms 
dominate each period. In this work, measurements of temperature, water velocity, conductivity, and dissolved oxygen from 
Lake Massawippi, Quebec, Canada, obtained during the ice-covered season in 2019, were used to characterize the time scales 
of different winter regimes and transitions among dominating circulation mechanisms. Lake circulation during this period 
began with a single-cell convection induced by sediment flux pulses in early winter. The single-cell convection decayed into 
a brief quiescent period. Radiatively driven convection then formed a convectively mixed layer in late winter. The defined 
mixed layer and temperature structure provided the necessary conditions for the formation of a potential rotational feature, 
which briefly formed immediately prior to ice break-up. Ice break-up led to complex hydrodynamics that persisted for nearly 
28 days following full ice-off. Dissolved oxygen was directly correlated with the varying circulation features throughout 
the field campaign. This work provides a quantitative measure to delineate the transitions between under-ice regimes and 
provides novel insights into the subsequent circulation during and after ice break-up.

Keywords Winter limnology · Under-ice gyre · Under-ice measurements · Under-ice circulation · Ice-off mixing dynamics · 
Lake Massawippi

Introduction

The drivers of circulation patterns (both horizontal and 
vertical) in seasonally ice-covered lakes shift throughout 
the entire ice-on. The dominant drivers of circulation have 
been characterized as sediment fluxes immediately after 
ice-on (Likens and Ragotzkie 1965) during the period 
referred to as Winter I, and radiatively driven convec-
tion in the later stages of winter (Farmer 1975) referred 
to as Winter II, with wind and inflows having additional 
impacts on circulation (Bengtsson 1996; Kirillin et al. 

2012). During the initial onset of ice cover, the water col-
umn develops inverse stratification, with 0 °C water at 
the ice-water interface and the warmest, denser water at 
the sediment–water interface, close to the temperature of 
maximum density in freshwater (TMD ~4 °C) (Kirillin et al. 
2012). Winter I is dominated by the strong initial release 
of heat stored in the sediments of ~3–5 W/m2 immediately 
after ice-on (Likens and Ragotzkie 1965; Malm 1998) and 
then tapering off down to 0.5 W/m2 through the winter 
season (Zdorovennova 2009). Bathymetric features and 
the attenuation of solar radiation in the water column 
contribute to temporal and spatial variability in sediment 
fluxes, which can induce baroclinic motion and/or advec-
tion of heat to the deeper parts of the lake via density 
currents (Zdorovennova 2009; Ramón et al. 2021). Winter 
II is thought to occur once heat fluxes from sediments 
stabilize, and the snow cover permits solar radiation to 
penetrate through the ice. As near-surface water below 
 TMD warms, increasing density will induce instabilities 
initiating radiatively driven convection (RDC) right under-
neath the ice; this can erode the density structure formed 
over the winter (Farmer 1975). Observations of RDC have 
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provided evidence of a distinct four-layer stratification 
structure consisting of a surface layer (SL), convectively 
mixed layer (CML), entrainment layer (EL), and quiescent 
layer (QL) (Mironov et al. 2002; Forrest et al. 2008). The 
resulting penetrative convection drives a deepening and 
warming of the CML (Austin 2019; Yang 2021; Bouffard 
et al. 2016; Farmer 1975; Jonas et al. 2003). Both RDC 
and sediment fluxes have the potential to induce density 
currents, internal waves, horizontal transport, and gyre 
formation (Bouffard et al. 2016; Farmer 1975; Huttula 
et al. 2010; J. Malm et al. 1997; Rizk et al. 2014; Ulloa 
et al. 2019; Vehmaa and Salonen 2009).

Gyres are defined in this work as rotational features 
influenced by the Coriolis force that are not constrained 
by the shoreline and are non-dispersive (e.g., Kelvin and 
Poincaré waves; Bouffard and Boegman 2012). In addi-
tion, gyres exhibit a dome-like isothermal structure (For-
rest et al. 2008). Gyres are commonly found in large open-
water lakes (Beletsky et al. 1999; Beletsky 1996; Kerfoot 
et al. 2008) and recent research in winter limnology has 
identified the presence of gyres in mid-size, ice-covered 
lakes. Gyres in mid-size, ice-covered lakes have been 
observed through satellite imagery, field measurements, 
and three-dimensional modeling (Huttula et al. 2010; For-
rest et al. 2013; Kirillin et al. 2015; Kouraev et al. 2019, 
2016; Salonen et al. 2014; Steel et al. 2015). The radius of 
under-ice gyres is typically on the scale of the internal 
Rossby radius of deformation, Λ =

c

f
=

√

g�He

f
 , where 

g� = gΔ�∕�0 is the reduced gravity to account for the 
change in density in the water column, f is the Coriolis 
frequency (Kundu et al. 2016) and He = h1h2∕(h1 + h2) is 
the equivalent depth for a two-layer stratified system. For 
open water, h1 would be the depth of the epilimnion and 
h2 would be the hypolimnion, while the ice-on period 
would typically consider the convectively mixed layer as 
h1 and the quiescent layer as h2 (Bouffard and Boegman 
2012). Gyres under ice are now known to exist from tem-
perate to polar regions and to drive lateral transport under 
the ice during a time commonly thought to be quiescent 
(i.e., not driven by winds); however, the mechanisms of 
formation, maintenance, and decay remain poorly under-
stood, and represent a unique balance of the conditions 
that are known to vary annually (Salonen et al. 2014). The 
direction of the rotation of lake gyres under-ice has varied 
across the literature (Ramón et al. 2021). Both cyclonic 
and anticyclonic gyres have been observed in the northern 
hemisphere using field instrumentation and hydrodynamic 
modeling (Huttula et al. 2010; Forrest et al. 2013). The 
initiating mechanisms have been hypothesized to include 
sediment fluxes, RDC, differential snowmelt runoff, and 
moat formation (Huttula et al. 2010; Kirillin et al. 2015; 
Ulloa et al. 2019). Further field campaigns are needed to 

resolve the thermal structure at appropriate horizontal 
length scales and to aid in predicting where these transient 
phenomena exist from year to year.

Another poorly studied area of winter limnology is the 
circulation patterns that exist during the transition phases 
from open water to ice-on and ice-off to open water. The 
consensus in the literature is that ice-on initiates sediment 
flux (Kirillin et al. 2012), and after ice-off, the water column 
is highly susceptible to wind-induced mixing and under-ice 
stratification, driving either partially or fully mixed water 
column as a result of the interplay between both (Cortés and 
MacIntyre 2020). Heat fluxes and wind are likely the domi-
nant forcing mechanisms for circulation during this period. 
However, the time scales of circulation, water velocities, and 
impacts on water quality during the transitional periods are 
not well understood.

The duration, circulation patterns, transition phases of 
each winter regime, and mixing at ice break-up are impor-
tant to consider due to the varying physical mechanisms that 
hinder or promote the redistribution of nutrients, nonmotile 
organisms, and/or pollutants. This paper presents the results 
of high-frequency temperature, conductivity, dissolved oxy-
gen, and velocity measurements in a mid-latitude, seasonally 
ice-covered lake in the winter of 2019 from after freeze-up 
to immediately after ice break-up. The distinct periods of 
Winter I, the transition from Winter I to II (herein referred to 
as Deep Winter), and Winter II, were delineated by assessing 
the heat flux between near-surface and near-bottom tempera-
ture sensors. The results from the field campaign are used 
to address the evolution of circulation during ice-on and 
the transition period of ice-off, which includes temperature 
structure, circulation patterns, potential gyre formation, and 
full mixing events.

Methods

Site description

Lake Massawippi, located in Southern Quebec, Canada, is 
an elongated, mid-size (14 km long by 1.6 km wide, maxi-
mum depth of 86 m, average depth of 41.6 m, surface area 
equal to 18.7  km2, volume equal to 0.75  km3), mid-latitude 
(45.25 °N, 71 °W) lake with a consistent seasonal ice cover 
(typically from January to April). Lake Massawippi is clas-
sified as a dimictic lake due to seasonal periods of overturn 
in both spring and fall.

Lake Massawippi has similar characteristics to other lakes 
that have been documented to exhibit under-ice circulation 
patterns driven by Coriolis forcing, which include minimal 
snow cover to allow penetrative solar radiation, and minimal 
inflows that allow formed circulation patterns to persist after 
forcing has ceased (Forrest et al. 2013; Rizk et al. 2014). 
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The primary inflow to the lake is the Tomifobia River in the 
southern part of the lake. The outflow is the Massawippi 
River at the northern sub-basin, which has a small dam one 
kilometer downstream from the outlet (Fig. 1A). The maxi-
mum annual water level fluctuation is 1.5 m, with an average 
water level fluctuation of 0.6 m (Government of Quebec).

Field measurements

In January 2019, three in-situ, subsurface moorings (top 
floats located at 2 m below the water surface to avoid contact 
with the ice) were deployed to capture water temperature, 
specific conductance, dissolved oxygen, and water veloci-
ties in the northern end of the lake (~1000 m width). The 
moorings were deployed through the ice-on day of the year 
(day) 31 (31-Jan-2019) and serviced in May following ice-
off, day 114 (24-Apr-2019). One mooring was deployed at 
26 m depth, approximately 100 m from the eastern shore-
line. Two moorings were deployed mid-lake in the pelagic 
region (~46 m), approximately 300 m NW from the eastern 
mooring. The mooring transect line was approximately per-
pendicular to the shoreline (Fig. 1).

In addition, a series of conductivity, temperature, and 
depth (CTD) profiles were conducted using an RBR Con-
certo, with a sampling frequency of one second. The six 
profiles were measured across the transect line of the moor-
ings (east to west) on 29-Jan-2019 (star in Fig. 1B). Holes 
were drilled through the ice to lower the instrument through 
the water column.

A meteorological station was mounted on top of the roof 
of a building, approximately 100 m from the northeastern 

shoreline of the lake and roughly 12 m high (Fig. 1B), which 
included two temperature and relative humidity probes, 
shortwave radiation sensor, and an anemometer, with a 
sampling rate of 10 min. Table 1 provides a summary of the 
mooring configurations and depths of each sensor, and the 
meteorological station, including the resolution and accu-
racy of each instrument used. For all data presented in the 
figures, temperature records from the thermistors and CT 
cells were interpolated to 10-min averages, and the mete-
orological and dissolved oxygen data were processed using 
hourly averages. The beam correlation of the four beams 
from the acoustic Doppler current profiler (ADCP) was 
assessed for quality assurance of the data. All four beams 
demonstrated a 90% correlation factor for the duration of 
the field deployment, with a correlation factor of 70% or 
greater signifying acceptable data. The downward-facing 
ADCP recorded one-meter cell size and resolved 39 m of 
the water column. The sampling ensemble used 60 pings at 
a ping interval of two minutes, and time between ensembles 
was 20 min. The data were post-processed using hourly bin 
averages. Although the specifications of the RDI Teledyne 
Sentinel V ADCP state the resolution of the instrument is 
0.1 cm/s, bin size, and sampling frequency selected in this 
study yielded that accuracy of the velocity magnitude values 
was below 1 cm/s. Velocity magnitudes less than 1 cm/s are 
still shown in this paper to demonstrate flow structures and 
patterns.

Satellite imagery was obtained from the NASA Earth 
Observinϖg System Data and Information System (EOS-
DIS) Worldview to determine and confirm the approximate 
dates of ice-on, partial ice, and full ice cover conditions of 

Fig. 1  a Lake Massawippi bathymetry with dashed line indicating 
study site. The Tomifobia River inlet is at the SE shoreline, with the 
outlet at the northern end of the lake. B Lake Massawippi bathym-
etry map of northern sub-basin with location of measurements. Cir-

cles: temperature chain mooring locations, square: ADCP mooring 
location, star: meteorological station. Black dashed line is the transect 
line for CTD casts. The Tomifobia River outlet is at the northern end 
of the lake
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the lake. NASA Worldview provides daily temporal resolu-
tion and a spatial resolution of 250 m.

Ice‑covered results

Initial conditions

Ice began forming on the lake on 26-Dec-2018 (via site 
inspection), and there was partial ice cover at the deepest 
part of the lake, the geographical midpoint until 17-Jan-
2019 (day 17; via satellite imagery). The instruments were 
deployed through the ice, therefore the mean temperature at 
the start of winter is unknown. At the time of deployment, 
31-Jan-2019 (day 31), ice thickness was measured at the 
drilled holes for the CTD profiles, and it varied between 23 
and 46 cm, with the thickest ice toward the edge of the lake. 
The six CTD profiles are shown in Fig. 2 along the mooring 
transect line, which were roughly 50 m apart. The profiles 
depicted are separated by a +0.5 °C offset. The CTD profiles 
indicate that inverse stratification had fully developed with 
0 °C near the ice-water interface, and a sharp temperature 
gradient at ~3 m. The initial water temperature from the 
nearshore mooring at 5 m and 25 m was 1.6 °C and 2.6 °C, 
respectively. The water temperatures from the pelagic moor-
ing at 5 m and 40 m was 1.8 °C and 3.1 °C, respectively 

(Fig. 3). The initial temperatures of deployment indicate 
that Lake Massawippi would be classified as cryostratified 
because the water column was not isothermal and closer to 
0 °C (Yang 2021). The vertical temperature structure of the 
water column was homogenous across the lake but varied 
±0.25 °C at the same depths (Fig. 2).

Table 1  Mooring setup and field equipment specifications

Station Instrument Depths (m) Parameter 
Sampling 

Rate Accuracy Resolution 

Mid-Lake 
Mooring 

2 RBR Duo3

CT cells 
5.5, 43 

Conductivity 

2 sec 

±0.003 mS/cm 
0.001 

mS/cm 

Temperature ±0.002 ⁰C 
<0.00005 

⁰C 

10 RBR Solo 

Thermistors 

5.5, 6, 7, 9, 

10, 18, 26, 

36, 40, 42 

Temperature 1 - 30 sec ±0.002 ⁰C 
<0.00005 

⁰C 

1 miniDOT 43.5 
Dissolved 

Oxygen 
10 min ±0.3 mg/L 0.01 mg/L 

Mid-Lake 
ADCP 

Mooring 

Teledyne RDI 

Sentinel V: 

downward-

facing 

1 m cell size    

39 m 

resolved 

Current 

speed/direction 

• 60 pings 

• 2 min ping 

intervals 

• 20 min 

between 

ensembles 

±0.3 cm/s 0.1 cm/s 

Near-shore 
Mooring 

6 RBR Solo 

Thermistors 

5.5, 14, 22, 

23.5, 24.5, 

25 

Temperature 5 - 30 sec ±0.002 ⁰C 
<0.00005 

⁰C 

Met Station 

CS 

Temperature - 

EE181 

- Temperature 10 min ±0.2 °C - 

- 
Relative 

Humidity 
10 min ±(1.4+0.01*RH) - 

CS Wind 

Monitor-HD 

- Wind Speed 10 min ±0.3 m/s 0.1666 m/s 

- Wind Direction 10 min ±3° - 

CS 

Pyranometer - 

301 

- Shortwave 10 min 
±5% for daily 

total radiation 
- 

Fig. 2  Six CTD casts on Jan. 29, 2019, across the lake along the 
mooring transect line with a +0.5° C offset
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During the winter, the dominant wind direction was 
W-SW, with gusts up to 24 m/s. Ice-off occurred on 24-Apr-
2019 (day 114; personal communication by local resident 
N. LeBaron and confirmed by satellite imagery). Due to 
consistent cloud cover in satellite imagery during the onset 
of spring ice break-up, it is possible that partial ice cover 
conditions were present before day 114.

In Fig. 3, the meteorological conditions and temperature 
of the water column at the nearshore and mid-lake sites 
from the start of deployment through the ice-on period (day 
31–114) are shown. The delineation of winter regimes (Win-
ter I, Deep Winter, and Winter II) at the bottom of Fig. 3 
was determined through the methods presented in this paper.

Fig. 3  Ice-on. Meteorological and water temperature data from ther-
mistor chains for the ice-on period (day 31–114). The red circles on 
the y-axis on panels E, F indicate the thermistor locations. Mete-
orological conditions of A shortwave radiation (SW), B wind speed 
(WS) and direction (WDir), C air temperature (Temp), D dissolved 

oxygen (DO; blue), near-surface conductivity (Cond; orange) and 
bottom conductivity (maroon), and water temperature (°C) contours 
averaged at 10 min from the E nearshore and F mid-lake thermistor 
chains
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Physical mixing—temperature and water velocity

The transitional periods between Winter I, Deep Winter, 
and Winter II were determined by calculating the heat flux 
through the water column, W = �cpKz

�T

�z
 , where ρ is the 

density of the water, cp is the specific heat of water, Kz is 
the eddy diffusivity, and z = 0 at the water surface. For an 
inversely stratified water column, the temperature gradient, 
�T∕�z , is the difference between the deeper thermistor and 
the shallower thermistor at any given location on the ther-
mistor chain. The eddy diffusivity was calculated using a 
one-dimensional approximation of the heat balance equa-
tion, �T

�t
=

�

�z
Kz

�T

�z
 . A first-order approximation of the deriv-

ative for temperature was used for the thermistors on each 
mooring line. Derivatives were averaged over the time 
period where the daily change in temperature was greater 
than 0.01 °C (from day 31 to 50) to finally estimate a mean 
Kz of 0.1  cm2/s that was applied to the ice-covered period. 
This value agrees with the expected eddy diffusivity found 
in lakes of similar size as our study site (Bengtsson 1996). 
The heat flux equation assumes a one-dimensional vertical 
transfer of heat from the bottom up and neglects advection. 
During the ice-covered period and inverse stratification, a 
stable and unstable water column is indicated by a positive 
and negative heat flux, respectively.

In Fig. 4: Winter I, the meteorological conditions, sur-
face, and bottom heat fluxes, nearshore and mid-lake ther-
mistor chains, horizontal magnitudes, vertical velocities, 
and direction of flow from day 33 to 75 are provided. The 
estimated heat flux between the bottom two thermistors 
(depth 42 and 43 m) reached a maximum value of 3 W/
m2 on day 35 and then continued at ~1 W/m2 until day 58. 
Near-surface heat flux values were estimated to be signifi-
cantly greater from day 33 to 44 (maximum values of 16 
W/m2 at day 39). The heat flux at the surface thermistors 
declined to zero on day 44 followed by a constant heat 
flux of 5 W/m2 until day 75. Velocity measurements show 
that from day 38 to 44 there was a layer of horizontal 
flow of 2 cm/s that extended from 5 to 12 m, and pulses 
of upward vertical flow of 1 cm/s that extended through 
the full water column. During periods of upward flow, the 
horizontal direction of the flow was an onshore current 
of ~290° (W-NW), perpendicular to the western shore-
line. When the upward pulses of flow relaxed, the flow 
switched direction by 180°, with the direction of flow at 
~110° (E-SE) flowing offshore toward the deeper part of 
the lake (Fig. 4).

The surface waters on day 32 were ~1.65 °C. The culmi-
nation of low shortwave radiation, negative air temperatures 
and minimal wind speeds permitted further ice accumulation 
and the thickening of the cool surface layer to temperatures 
of 1.15–1.3 °C by day 39. The accumulation of cold water 

was disrupted by a sustained wind event of 24 m/s from day 
39 to 41, followed by a 10 m/s wind event on day 42. The 
surface water temperature increased during the wind events 
from 1.15 to 1.57 °C at the nearshore mooring and 1.31 
to 1.73 °C at the mid-lake mooring. The increase in tem-
perature was likely caused by a displacement of the cooler 
surface waters by barotropic oscillations of the ice sheet 
(Bengtsson 1996). Once the wind event relaxed the water 
temperatures returned to temperatures observed on day 32, 
~1.65 °C.

The isotherms became predominantly quiescent and there 
was little thermal variation from day 50 to 75 (Fig. 3). There 
was less structure and directionality of the flow below 12 m 
and the pulsing pattern as previously observed was no longer 
present, which coupled with the heat fluxes of 0–5 W/m2, 
signified the end of Winter I on day 50.

On day 75 there was a sustained wind event of 22 m/s 
that caused an increase in temperature at 5 m of 0.2 °C at 
the mid-lake site and 0.5 °C at the nearshore site (Fig. 5). 
From day 75 to 98, the water column experienced alternat-
ing stable and unstable temperature gradients in the surface 
waters, contributing to heating and cooling, and develop-
ment of a mixed layer. Penetrative solar radiation induced 
heating of the surface layer, which caused the isotherms to 
rise from day 75 to 78, with a vertical upward flow of 1 cm/s 
and diurnal pulses of horizontal flow of 1.5 cm/s with a 
consistent directionality of 250° (W-SW). Then, the surface 
waters demonstrated periods of cooling and heating with 
heterogeneity between the mid-lake and nearshore sites. A 
cooled layer was present from day 81 to 84 and 86 to 105 
at the nearshore site; conversely, the cold layer was only 
present from day 84 to 86 at the mid-lake site. There was 
no identifiable structure to the flow from day 81 to 86. In 
addition, the vertical temperature structure began to deviate 
from the inverse stratification observed at the beginning of 
deployment (Fig. 6). The middle of the lake demonstrated 
a vertically mixed layer of 2 °C extending to 9 m on day 
80, then cooled to 1.76 °C and decreased in depth to 7 m 
on day 84.

The circulation pattern observed from day 75 to 78 was 
repeated from day 86 to 98. Increased effects of shortwave 
radiation, air temperatures above 0 °C, and a sustained 
wind event of 10 m/s from the west resulted in a rejuve-
nated mixed layer on day 92 at the mid-lake site to a depth 
of ~11 m (Fig. 5). From day 98 to 104, the stratification was 
rapidly alternating between thermally stable and unstable. 
It is important to note that the heat flux equation is one-
dimensional and does not account for advection of heat due 
to the movement of the water. During this time, atmospheric 
cooling once again created a cool surface layer from day 
100 to 105.

There was a sustained wind event from day 105 to 107 
of 5 m/s with a consistent W-SW direction. On day 107, the 
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Fig. 4  Winter I. The red circles on the y-axis on panel D, E indi-
cate the thermistor locations. Meteorological conditions of A short-
wave radiation, B wind speed and direction, C air temperature, D 
heat fluxes from 43 to 42 m thermistor (red), 42 to 40 m thermistor 
(green), 7 m to 6 m thermistor (orange), 6 to 5.5 m thermistor (blue), 

and water temperature (°C) contours averaged at 10 min from the E 
mid-lake thermistor chain and F nearshore thermistor chain. Hourly 
averages from the ADCP including G horizontal velocity magnitude 
values, H vertical velocities, and I direction of flow from day 33 to 
50. Note: there is less reliability in velocity magnitudes below 1 cm/s
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Fig. 5  Winter II. Same caption as Fig. 4 except depth of temperature structure and water velocities are limited to 25 m
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temperature structure presented a density instability at the 
surface followed by a cold-water mass of 2 °C expressed 
at a depth of 15 m at the nearshore site with surrounding 
water of 2.3 °C. The flow structure once again indicated 
horizontal and vertical flow confined to the surface mixed 
layer, 5–15 m. From day 105 to 110, the northward water 
velocities increased to 0.5 cm/s, followed by increased verti-
cal velocities of 0.5 cm/s from day 105 to 112. There were 
no appreciable eastern velocities during this time. A cold-
water mass was expressed at the mid-lake thermistor chain 
3.5 days later at 15 m with the same temperature structure 
as the nearshore site from day 110 to 113. The cold-water 
mass and increased velocities in the mixed layer were domi-
nated by the tumultuous transition from ice-on to open water 
(Fig. 7). The air temperature during the day from day 105 
onward was above zero, which would signify that there could 
have been open water at another location in the lake, but this 
cannot be confirmed by satellite imagery due to significant 
cloud cover.

Tracers—conductivity and dissolved oxygen 

Conductivity was measured at the mid-lake site at 5.5- and 
43.5-m depth (~2.5 m above bottom). The sensor located 
near the bottom stopped recording after day 71 while the top 
sensor recorded for the full-time period (Fig. 3D). The aver-
age conductivity measured near the bottom (43.5 m) from 
day 31 to 71 was 138.4 μS/cm while the conductivity near 
the surface (5.5 m) was 129.7 4 μS/cm. There was a steady 
increase in conductivity near the surface of 0.054 μS/cm/day 
from day 31 to 83 near the surface likely due to salt exclu-
sion from the ice.

On day 83, conductivity values started changing rapidly 
with an immediate increase in the near-surface sensor of 

6.75 μS/cm in six hours followed by a steady decline in con-
ductivity of −0.35 μS/cm/day from day 83 to 96. The initial 
increase in conductivity coincides with a 10 m/s S-SW wind 
event. The pycnocline was likely above the near-surface CT 
cell (5.5 m) and steadily accumulated salts at a rate of 0.094 
μS/cm until the wind event initiated an instability in the sur-
face layer stratification. In addition, increased RDC could 
have eroded the temperature stratification near the surface, 
contributing to a density distribution susceptible to insta-
bilities. From day 93 to 94, there was an 18 m/s S-SW wind 
event with a delayed response of the conductivity on day 96 
of a decrease by 7.88 μS/cm in 8 h. The conductivity con-
tinued to demonstrate rapid, large fluctuations with the most 
dramatic shifts occurring from day 103 to 108 at ±18.9 μS/
cm in 4 h with the meteorological conditions having a direct 
influence on the observed fluctuations.

Dissolved oxygen was measured at the bottom of the mid-
lake site with a sampling interval of 10 min. Hourly averages 
of dissolved oxygen are shown in Fig. 3D. At the begin-
ning of the field experiment dissolved oxygen was initially 
measured to be 9.31 mg/L. Average daily fluctuations of 
dissolved oxygen under ice were ±0.75 mg/L. The fluctua-
tions in dissolved oxygen are aligned with the measured air 
temperature, with daily extrema occurring at the same time 
until day 53, shown in Figs. 3C, D.

A spectral analysis (Bendat and Piersol 1986) was applied 
to the dissolved oxygen data. From day 53 to 105, the dis-
solved oxygen demonstrated a cyclic fluctuation with a 
return period every 93 h (Fig. 8). Maximum fluctuations 
under ice occurred from day 90 to 114 with values of 
±1.32 mg/L. The depletion rate of dissolved oxygen for the 
duration of the ice-on season was −0.01 mg/L/day, but the 
DO content at the bottom of the lake remained above 8 mg/L 
for the duration of ice-on, which is higher than expected for 

Fig. 6  A Vertical temperature 
profiles from mid-lake thermis-
tor chain at 12:00 pm EST in 
increments of 6 days from day 
78 to 96. B Vertical temperature 
profiles shown in (A) between 5 
and 15 m
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ice-covered lakes. Typically, ice-covered lakes experience 
hypoxia by the end of the winter season (Perga et al. 2023; 
Yang et al. 2020).

Ice‑off results

Physical mixing—temperature and water velocity

The meteorological conditions prior to ice-off consisted of 
several days of air temperatures above freezing and wind 

Fig. 7  Potential rotational feature formation. The red circles on the 
y-axis on panel D-E indicate the thermistor locations. Meteorologi-
cal conditions of A shortwave radiation, B wind speed and direction, 
C air temperature, and water temperature (°C) contours averaged 
at 10  min from the D mid-lake thermistor chain and E nearshore 

thermistor chain. Hourly measurements from the ADCP include F 
horizontal velocity magnitude values, G vertical velocities, and H 
direction of flow from day 104 to 116. Ice-off occurred on day 114, 
denoted by the thick black line
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events of 6–9 m/s from the NE. Complete ice-off conditions 
in the study area occurred on day 114. Immediately after 
ice-off, the water column remained inversely stratified with a 
top/bottom temperature difference of 0.6 °C (2.5 °C near the 
surface at 5.5 m and 3.1 °C at the bottom, 43 m) and spatial 
homogeneity across the lake. The water column remained 
below the  TMD for 12 days after ice-off.

Prior to ice-off (day 112), the currents were dominated 
by vertical migration of the bottom waters to the surface 
with small velocities (0.1 cm/s), which coincided with a 
southeastern wind event of 9 m/s. When the wind ceased 
(day 113.5–114.5), the vertical flow was then confined as a 
band of flow from 15 to 25 m. As the lake became ice-free, 
this vertical flow continued, but the magnitude decreased. 
On day 115 the vertical upward flow evolved into a flow 
separation followed by a horizontal layer of flow in the sur-
face waters. The vertical velocities exhibited a small upward 
flow (0.1 cm/s) from 5 to 18 m and small downward flows 
(−0.1 cm/s) from 18 m to the bottom over 8 h (Fig. 9). On 
day 115, the horizontal flow was confined to the upper layers 
of 5–10 m; the north velocities shifted from 0.1 to −1.3 cm/s 
instantaneously with horizontal magnitudes of 0.2 cm/s at 
170 °(S). The flow direction was parallel to the shoreline and 
away from the outlet.

On day 117, the water column became unstably stratified 
and the temperature structure of the water column exhibited 
spatial heterogeneity between the nearshore and interior 
regions. A cold-water layer of 2.7 °C extended from 9 to 
35 m surrounded by 2.9 °C at the mid-lake site. In addi-
tion, there was a change in direction at both the surface and 
bottom waters. At 33 m, the flow conditions switched from 
southern-directed flow with downward vertical velocities to 
northern flow with upward vertical velocities. Conversely, 
the surface waters reversed flow from upward to downward 

velocities. The cold-water mass continued to express as an 
18-m layer that oscillated between ascent and descent in the 
bottom waters from day 117 to 130. From day 117 to 122, 
measurements of vertical velocities indicated a flow sepa-
ration with periods of upward and downward velocities of 
±1 cm/s. From day 118 to 121, the downward velocities were 
confined from 18 m to the bottom of the lake with pulses of 
upward flow above 18 m. The flow structure reverses on day 
122 with upward velocities confined from 31 m to the bot-
tom and downward velocities in the overlying waters.

The nearshore site continued to warm with periods of 
full mixing (day 117–120, 123–126, and 131) and unstable 
stratification (day 120–123, 126–131, 132–137, 139–142). 
During the calm meteorological conditions, there was con-
tinued heating of the surface waters until an increase in air 
temperatures to nearly 20 °C, which was followed by a full 
mixing event at the nearshore site and partial mixing at the 
mid-lake site on day 127. A sharp transition of the verti-
cal direction of flow at the mid-lake site during the partial 
mixing event (e.g., deepening of warmer (~5.7 °C) surface 
waters) occurred.

The water column warmed instantaneously at both sites 
on day 130 during a sustained southwesterly wind event of 
8 m/s. The horizontal flow increased at the surface and the 
bottom with speeds of 2 cm/s, and pulses of upward and 
downward flow. The direction of the flow was alternating 
180 degrees between the north and south for the duration of 
the mixing event.

An additional full mixing event at the nearshore site 
occurred from day 130.5 to 132, due to constant air tempera-
ture and a sustained southwest wind event with an average 
wind speed of 9 m/s. This mixing event was observed at the 
mid-lake site on day 131 with less severity or abruptness. 
These mixing events were followed by weak stratification, 
expansion, and warming of the hypolimnion. The hypolim-
netic waters rose to the surface until constant warming 
established a stronger stratification, keeping the hypolim-
netic waters from rising again. From day 132 onward, sta-
ble stratification occurred in the surface layers from 5.5 to 
18 m. The  TMD isotherm migrated between 20 and 40 m, 
with underlying bottom waters operating below the  TMD 
(unstable thermal stratification). The CT cell was no longer 
recording during this period, but the bottom waters could 
be stably stratified provided a larger salt content. The bot-
tom waters continued to operate below the  TMD, while the 
surface waters continued to warm for the duration of the field 
measurements (Fig. 10).

Tracers—conductivity and dissolved oxygen

The conductivity at the time of ice-off was 130.97 μS/cm 
then decreased to a minimum of 118.94 μS/cm on day 116. 
The surface waters continued to accumulate salts at a linear 

Fig. 8  Spectral analysis of hourly averaged dissolved oxygen from 
day 53 to 105. 95% confidence intervals are indicated with dashed 
lines. The inertial subrange expands from  10−5 to  10−4  Hz, shaded 
gray
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rate of 1.24 μS/cm/day, with occasional daily fluctuations of 
±12.6 μS/cm. The conductivity and dissolved oxygen meas-
urements after ice-off are shown in Fig. 8.

The dissolved oxygen at the time of ice-off was 8.5 mg/L 
and four days after ice-off, day 118, increased to a maximum 
of 10.8 mg/L, but dropped to 8.7 mg/L in five hours. This 
sharp decline coincides with the downward mixing event 

Fig. 9  Following ice-off. The red circles on the y-axis on panel D, 
E indicate the thermistor locations. Meteorological conditions of A 
shortwave radiation, B wind speed and direction, C air temperature, 
and water temperature (°C) contours averaged at 10 min from the D 

mid-lake thermistor chain and E nearshore thermistor chain. Hourly 
measurements from the ADCP include F horizontal velocity magni-
tude values, G vertical velocities, and H direction of flow from day 
115 to 132
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from 118 to 120. From day 119 to 120 the dissolved oxygen 
experienced another sharp fluctuation of ±2.2 mg/L, which 
is when the vertical direction of flow rapidly changed direc-
tions. Then the dissolved oxygen steadily increased from 
7.95 mg/L on day 120 to 10.23 mg/L on day 126, again 
coinciding with the change in the vertical flow structure 
of the water column. On day 126 the DO decreased from 
10 mg/L to 8.6 mg/L and remained at that value for one 
day until increasing back to 10 mg/L on day 128 when the 
cold-water mass was migrating vertically upward. The most 
severe fluctuation occurred on day 128–130, with fluctua-
tions of ±2.6 mg/L of DO, when there is clear evidence of a 
vertical and horizontal shear flow (Fig. 9).

Discussion

Winter I and Winter II are widely accepted ice-covered 
regimes that have been reviewed in the literature (Kirillin 
et al. 2012); however, the transition points and durations of 
each regime have not been strictly specified. Results from 
the work included in this study are used to propose a new 
method to delineate the end of Winter I and the start of Win-
ter II, and to characterize the period between these two that 
we called Deep Winter. Deep Winter is characterized by 
minimal fluctuations of temperature throughout the water 
column, and indistinct flow structure with near zero water 
velocities. The heat fluxes between the bottom thermistors 
and near surface thermistors were used to determine the 

Fig. 10  Open water. The red circles on the y-axis on panel D-E indi-
cate the thermistor locations. Meteorological conditions of A short-
wave radiation, B wind speed and direction, C air temperature, and 

water temperature (°C) contours averaged at 10 min from the D mid-
lake thermistor chain and E nearshore thermistor chain. From day 
132 to 142
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stability of stratification and identified distinct regimes dur-
ing the ice-cover period. Large heat fluxes between the near-
surface thermistors (> 5 W/m2) at the beginning stages of 
ice-on indicated the development of stratification due to ice 
growth, and bottom heat fluxes ranging from 2 to 5 W/m2, 
as stated by Likens and Ragotzkie (1965), are the proposed 
signifiers of Winter I. It is proposed that Deep Winter begins 
when the average daily fluctuations of heat fluxes in the sur-
face and bottom waters are within 0–5 W/m2 for a consecu-
tive amount of time (for Lake Massawippi ~5 days). Deep 
Winter ends when the first observation of a negative heat 
flux in the surface thermistors occurs, marking the begin-
ning of Winter II. A negative heat flux indicates a thermal 
instability, which could be attributed to horizontal advection, 
RDC, or the accumulation and plunging of saline meltwater. 
As Winter II progresses, the surface heat fluxes exhibit high 
variability (e.g., positive and negative heat fluxes within the 
same day, and hourly changes greater than 10 W/m2).

The circulation patterns associated with each of the Win-
ter I, Deep Winter, Winter II, and ice-off time regimes are 
reviewed and discussed for Lake Massawippi. Figure 10 pro-
vides a schematic of the governing circulation patterns for 
each winter regime.

Table 2 provides a summary of the explicit documenta-
tion of the time scales for Winter I, a transition phase (Deep 
Winter), and Winter II for ice-covered lakes.

Lakes Sunapee, Simcoe, and Massawippi experienced 
similar durations for Winter II. Perga et al. (2023) indicated 
that Winter I was the dominant winter regime, but this is 
limited to high-altitude lakes with extensive snow cover. 
Buffalo Pound Lake is significantly shallower, which would 
contribute to the longer effects of sediment heat flux that 
were observed. In addition, Perga et al. (2023) the forma-
tion of ice cover and a decline in dissolved oxygen as the 
signifier for Winter I. The transition to Winter II occurred 
when the dissolved oxygen increased. This method would 
not have delineated the winter regimes in Lake Massawippi, 
as the oxygen remained above 8 mg/L for the duration of the 
ice-covered season. Bruesewitz et al. (2015) used the rate of 
change in mean daily stability as an indicator of transitions 
between the three winter regimes with a threshold of three 
standard deviations. Stability outside the threshold was used 
to indicate Winter I and Winter II, but there were few data 

points outside that threshold to distinctly differentiate Deep 
Winter from Winter II. Yang et al. (2020) used the develop-
ment of inverse stratification as the initiation of Winter I 
and the presence of nonzero Thorpe displacements as the 
initiation of Winter II. A transitory period was not presented 
for this study. The influence of sediment heat flux was short-
est for Lake Simcoe, which could be attributed to its vast 
surface area.

Winter I regime

The progression of ice growth established inverse stratifica-
tion with steady heat fluxes from the bottom from day 31 
to 44, suggesting simultaneous stabilizing forces from the 
surface and bottom of the lake, and is the proposed period 
of Winter I. At the lakebed, sediment flux and salt accumula-
tion are bottom-up stabilizing forces. While brine rejection 
resulting from ice growth at the surface is destabilizing, the 
associated negative heat flux dominates and results in the 
dominant stabilizing force of the water column at the sur-
face. The temperature gradient at the surface increased dur-
ing this period, which potentially supports salt accumulation 
near the ice-water interface (Olsthoorn et al. 2022). This was 
then maintained by the gradual accumulation of salt seen 
in the conductivity record near the surface of 0.054 μS/cm/
day while, at the bottom of the lake, conductivity increased 
at a slightly faster rate of 0.06 μS/cm/day due to respiration 
processes occurring at the sediments (MacIntyre et al. 2018). 
In addition, wind remained a source of circulation as wind 
events coincided with sudden temperature changes in the 
water column on day 44. Wind has the potential to induce ice 
sheet oscillations, which would result in a barotropic internal 
wave (Bengtsson 1996).

From the ADCP record, the currents during Winter I 
(day 31–44) demonstrated pulses of upward flow (~1 cm/s), 
extending through the whole water column, coupled with a 
surface layer of flow perpendicular to the shoreline (270°), 
flowing from shoreline to the pelagic region. The flow per-
pendicular to the shoreline is the result of the conservation 
of mass from the upward pulses of flow induced by sediment 
heat and solutes fluxes. In addition, the dissolved oxygen 
measurements exhibited pulsing increases with daily fluctua-
tions of ±1.5 mg/L during upward flow conditions (Fig. 3D). 

Table 2  Time scales of winter regimes for ice-covered lakes

Lake name Surface area 
 (km2)

Mean depth (m) Winter I (days) Deep Winter 
(days)

Winter II (days) References

Sunapee 16.5 10 39 76 24 Bruesewitz et al. (2015)
Buffalo Pound 29.5 3.8 80–110 – 30 Cavaliere and Baulch (2020)
Simcoe 722 15 10–19 – 38–42 Yang et al. (2020)
Massawippi 18.7 41.6 ~50 31 39
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This observed pulsing in the dataset suggests an intermit-
tent circulation pattern potentially being driven by diurnal 
weather fluctuations (Bruesewitz et al. 2015). The proposed 
circulation pattern for this period is a single-cell convection 
initiated by sediment heat and solutes fluxes, and conserva-
tion of mass (MacIntyre et al. 2018; Kirillin et al. 2012; 
Malm 1998; Rahm 1985), but this process was dampened by 
the continuation of ice growth sharpening the temperature 
gradient at the surface.

The theorized values of vertical velocities by Malm 
(1998) were estimated by momentum, heat transfer, con-
tinuity, and thermal equations of state equations, and 
yielded values that ranged between  10−3 and  10−5 m/s. 
The reference frame for the derivations assumed a slop-
ing bottom and heat flux as the only driving mechanisms 
for horizontal flow. By continuity, the downslope current 
resulted in upward vertical velocities at the deepest part 
of the lake. The configuration of the mid-lake, downward-
looking, subsurface ADCP mooring did not capture the 
theoretical return flow at the ice-water interface nor the 
descending density current, which by continuity, must be 
present. Figure 10A provides a conceptual sketch of the 
circulation patterns during this time. The weakening of 
the temperature gradient at the surface in the heat fluxes 

coincides with the pulses of flow (Fig. 4D), which signi-
fies that the influence of the flow creates a more mixed 
layer at the surface.

The results of sediment fluxes in Lake Massawippi 
indicate that in deep lakes, (deep defined by light being 
attenuated before reaching the bottom of the lake) Winter 
I could be much shorter of a time period (e.g., on the time 
scale of weeks versus months). In addition, it is important 
to consider the interactions of ice growth/brine rejection 
and sediment fluxes, as these mechanisms are working 
in tandem to alter circulation under ice. The circulation 
patterns established by sediment fluxes and ice growth set 
up the initial conditions for the ice-covered time period, 
with a dampening effect of those circulation patterns as 
the lake progresses through Deep Winter.

Deep Winter regime

On day 41, there was a sustained wind event which was 
likely translated to the water through ice sheet oscillations, 
increased mixing near the surface, and a corresponding 
decrease in the temperature gradient at the ice-water inter-
face (Bengtsson 1996). The stabilizing forces reached an 
equilibrium point after the wind event and the pulses of 

Fig. 11  Schematic of moor-
ing locations (black rectangle 
shows the ADCP mooring) and 
circulation patterns during Win-
ter I, Deep Winter, and Winter 
II: A single-cell convection in 
Winter I, B stabilized forces of 
ice growth and sediment flux in 
Deep Winter, C establishment 
of the convectively mixed layer 
shown with the dashed line, 
increased central upwelling 
at the center of the northern 
sub-basin with decaying verti-
cal flow away from the center 
in Winter II. The direction of 
horizontal flow is shown with 
the yellow arrow
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currents subsided, leading to a time period (day 44–75) of 
quiescent isotherms and little variability in the vertical tem-
perature gradients (Fig. 11B), similar to the observations at 
Lake Sunapee (Bruesewitz et al. 2015). The sustained sur-
face and bottom heat fluxes between 0 and 5 W/m2 indicated 
that stratification stabilized, and Deep Winter had begun. 
However, the dissolved oxygen measurements during this 
time continued to exhibit fluctuations ±0.5 mg/L/day. On 
day 50–60 (Fig. 3), there was a negative slope in the surface 
isotherms that indicates continued ice growth. One possible 
explanation for the large fluctuations in dissolved oxygen 
is that brine rejection from ice growth in the littoral region 
could have produced saline density currents to the bottom of 
the lake, furthering internal wave action (Cortés and Mac-
Intyre 2020). Moreover, the equilibrium conditions of Deep 
Winter could sustain wave action from Winter I.

As seen in Lake Sunapee in Bruesewitz et al. (2015), the 
characterization of Deep winter is most likely to occur in 
deep lakes, where the influence of sediment fluxes decays 
after initial ice freeze-up. The classification of Deep Winter 
in winter limnology is important to consider because the 
mechanisms governing the circulation patterns during this 
time are neither sediment heat flux nor radiatively driven 
convection, which results in this time period being highly 
influenced by the initial conditions of Winter I. Furthermore, 
this Deep Winter provides a buffer between Winter I and 
Winter II, as climate change continues to decrease the dura-
tion of ice cover, the presence of Deep Winter could disap-
pear resulting in superimposed effects of sediment fluxes and 
RDC driving circulation, as would be typical in shallower 
lakes today.

Winter II regime

The transition from Deep Winter to Winter II was appar-
ent on day 75, with the first observation of negative heat 
fluxes in the surface thermistors (Fig. 3), and an instan-
taneous response in the isotherms. During Winter II, the 
surface waters were heavily influenced by the thawing and 
refreezing of the ice surface, RDC, and ice sheet oscillations 
induced by wind. After RDC established a CML, the forma-
tion of a sustained density anomaly occurred in the form of 
a cold-water mass.

On day 75 the wind became a driving mechanism once 
again, with another sustained wind event of 24 m/s that 
likely induced ice sheet oscillations. The heterogeneity 
between the two moorings contributes to the hypothesis that 
ice sheet oscillations are once again a driving mechanism, 
due to the distance between the moorings. The energy from 
the wind event translated throughout the full depth of the 
water column and across the lake. The layer of vertical and 
horizontal flow confined to 15 m was directly correlated with 

RDC and Winter II. When shortwave radiation was low, the 
flow halted (e.g., day 81–84) and it was immediately initi-
ated again when shortwave input increased. The CML 
extended to 11 m on day 82 but cooled by 0.2 °C by day 84, 
which indicates competing forces between RDC, meltwater, 
and ice sheet oscillations as the dominant driving mecha-
nism. Congruently, the sharp increase in salinity on day 83 
is attributed to the collapse of the surface layer. Previously, 
the saline layer was supported by the temperature gradient 
at the ice-water interface (Forrest et al. 2013), but as RDC 
heated the water beneath the ice the temperature gradient no 
longer supported the salts accumulated at the ice-water inter-
face, which resulted in a plunging effect of cold, saline 
water. The temperature profiles confirm this proposed mech-
anism (Fig. 6). The CML was re-established with a deepen-
ing rate, �h

�t
=

�T∕�t

�T∕�h
 , of 0.2 m/day from day 82 to 92, where 

∂T/∂h was determined by taking the change in temperature 
from the uppermost thermistor to the thermistor at the esti-
mated location of the CML ~11 m. The calculated deepening 
rate coincides with previous observations of deepening rates 
for RDC (e.g., Bengtsson 1996).

On day 94, another sustained wind event of 10 m/s from 
the west contributed to thermal heterogeneity between the 
mid-lake and nearshore sites. The most likely explanation 
for spatial heterogeneity is the response and relaxation time 
of ice-sheet oscillations induced by wind events. The main 
drivers of circulation continued to be thawing, refreezing, 
and wind forcing on the ice sheet until day 105. Figure 11C 
provides a schematic of the proposed circulation during Win-
ter II as it progresses into the next phase of circulation with 
the possible formation of a rotating mechanism.

The evidence for a potential rotating mechanism under ice 
occurs from day 105 to 112 with (1) expression of a hori-
zontally unstable, cold-water mass that persisted for 5 days 
in the CML; (2) increased northward and delayed positive 
vertical velocities, with no appreciable eastern velocities for 
the duration of the cold-water mass expression; (3) density 
gradient providing a Rossby radius less than the width of the 
lake; and (4) the time lag of the cold-water expression from 
the nearshore site to the mid-lake site. It is hypothesized that 
the establishment of the CML provided favorable conditions 
to promote a rotational feature.

The first evidence of the potential rotational feature was 
the expression of an unstable, cold-water mass coupled 
with persistent northward velocities and no appreciable 
eastern flow measured from the mid-lake ADCP mooring, 
which would indicate anticyclonic rotation. In the north-
ern hemisphere, an anticyclonic gyre is associated with 
upwelling at the center (Forrest et al. 2013; Kirillin et al. 
2015; Kouraev et al. 2019, 2016). Central upwelling was 
observed one day after the expression of the northward flow, 
with increased upward velocities (Fig. 7h). By assuming a 
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two-layer approximation, the Rossby radius reduced to 
~415 m, less than the width of the sub-basin at the study 
site (~850 m), permitting the influence of Earth’s rotation 
to modify the flow patterns (Forrest et al. 2013). Using the 
observed temperature gradient, and assuming a geostrophic 
balance of the rotational motion of the water mass, the theo-
retical azimuthal velocity,  uθ in Eq. 1, was calculated to be 
0.5–0.7 cm/s.

where fCOR is the Coriolis frequency at the latitude of the 
study site, uθ is the azimuthal velocity, ∂p/∂r is the pressure 
gradient and ρ0 is the reference density of 1000 kg/m3. The 
pressure differential was calculated at the 5.5-m thermistor 
location between both moorings at the onset of the cold-
water mass (day 105) using hydrostatic pressure and Ther-
mal Equations of Seawater (TEOS-10) to calculate density. 
The distance between the two moorings, Δr, was 330 m. The 
Coriolis frequency at Lake Massawippi is 1.03 ×  10−4 rad/s.

Furthermore, the rotational feature demonstrated the 
advection of a density instability (cold-water mass) that per-
sisted for 5 days from day 108 to 113. The proposed mecha-
nism capable of supporting this prolonged density instability 
is by rotation. Central upwelling or gravity currents could 
have produced a similar effect, but evidence (2) and (3) sup-
port a rotational feature. The cold-water mass was expressed 
at the depth of the convectively mixed layer, 11 m, and was 
first apparent at the nearshore site with a 72-h lag of expres-
sion to the mid-lake site. Using the theoretical arc length 
for rotational motion and theoretical azimuthal velocity, 
the time lag between the eastern and western mooring was 
approximately 72 h, which agrees with the time lag expres-
sion of the cold-water mass from the thermistor chains.

Due to the localized spatial limitations of the field deploy-
ment, the expected dome-like structure of a gyre could not 
be fully resolved. The rotational feature presented could be 
a gyre or a response to circulation patterns beyond the study 
site, creating a local mesoscale vortex. Expansion of the field 
experiment to include further extents of the lake, additional 
localized current measurements in the northern sub-basin, 
and/or a three-dimensional model would be needed to con-
firm the presence of a gyre at Lake Massawippi.

Ice‑off regime

The transition from ice-on to ice-off was characterized by (1) 
significant variability between the temperature records of the 
nearshore and mid-lake regions; (2) expression of horizon-
tal and vertical two-layer flows; and (3) prolonged unstable 
thermal stratification after complete ice-off in the interior. 
The absence of full mixing events at the mid-lake site for at 

(1)fCORu� =
�p

�0�r
−
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�

r
,

least 28 days indicated that full mixing events after ice-off 
are not instantaneous. Furthermore, in the early spring, three 
distinct responses were observed before the onset stratifica-
tion: (1) lasting effects of ice cover and spatial homogeneity 
period; (2) disjointed nearshore and interior processes, with 
multiple mixing events at the nearshore and vertical migra-
tion of a thermally unstable cold-water layer in the interior; 
and (3) unstable thermal stratification and spatial hetero-
geneity period. To our knowledge, these datasets provided 
the first long-term detailed analysis of the complexities of 
ice-off dynamics, as there is an absence of studies focusing 
on ice-off mixing dynamics.

Immediately following ice-off (day 114), the lake 
remained inversely stratified in temperature (Fig. 8). The 
flow structure consisted of vertically dominated fluxes from 
the bottom waters to the surface waters on the same order 
of magnitude as the horizontal fluxes. It is interesting to 
note that while the lake remained inversely stratified (until 
day 117), there appears to be flow separation with upward 
and downward motion initially in the upper and lower water 
column only to inverted at approximately day 116. Although 
winds were relatively high to initiate ice break-up (day 114), 
they were relatively low until day 117, allowing this inverse 
stratification to exist. The complex flow dynamics and flow 
separation are likely a delayed response to the ice cover 
breaking up and result in surface water flowing in the direc-
tion of the wind (as observed on day 115).

The second time regime consisted of multi-mixing events 
at or below the  TMD in the nearshore region and a sustained, 
underlying less dense cold-water layer in the pelagic region 
of the lake. While this is theoretically unstable, it is hypoth-
esized that the elevated winds are promoting mixing along 
the boundaries of the lake which are inducing flow toward 
the center. It should be noted that there is a sizable negative 
velocity (~1 cm/s) throughout the entire water column for 
day 117–123. Using this as a conservative scaling of velocity 
over half the width of the lake (~500 m) we get a time scale 
of observed responses of ~14 h. The nearshore site experi-
enced multiple instances of full vertical mixing while the 
mid-lake site maintained stratification for the entirety of the 
deployment. While the observed velocities became less pro-
nounced as the surface waters continued to warm, this pro-
cess of exchange from the nearshore downslope continued 
throughout. The cold-water layer was likely stabilized by the 
increased salt content of snowmelt that accumulated in the 
bottom carried by density currents (Malm 1998). Review-
ing the conductivity record, which increased from ~120 to 
140 μS/cm, this would increase the density from 1000.09 to 
1000.11 kg/m3, which would be enough to stabilize the water 
column (calculated after Pawlowicz 2008).

The absence of mixing events during this time period per-
mitted the sustained cold-water layer to exist in the deep bot-
tom waters. The vertical migration of the cold water created 
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the possibility of nutrient transport to the photic zone, which 
could have been the first introduction of nutrients since the 
fall overturn (Hampton et al. 2017). After ice-off, the bottom 
waters experienced large fluctuations of DO, which corre-
lated directly with pulses of vertical flow. The DO decreased 
during a downward flow event (day 118–120) and upward 
pulses of flow (day 126–127). Then DO increased during a 
downward pulse of flow on day 127 and decreased again dur-
ing an upward pulse of flow. The DO steadily increased dur-
ing periods of no flow. The lack of correlation between the 
direction of the flow and increases in DO, provides further 
evidence of the complexity of 3D circulation. The transport 
of oxygenated/deoxygenated water from other locations in 
the lake is a likely possibility.

After day 127, nearly 13 days after the initial ice-off, the 
first warming of the surface waters above the temperature of 
maximum density began to take place and continued through 
the end of observations on day 142 (Fig. 9). Consistent air 
temperatures above freezing promoted steady warming of 
the surface waters and the development of stratification 
at both sites. When air temperatures decreased, the strati-
fication weakened (e.g., day 129–130). The increased air 
temperatures and a southwesterly wind event prompted the 
warming of the water column to temperatures above the 
 TMD. After the warming event, the stratification began to 
strengthen again with consistent warming of the surface 
waters and deepening of the epilimnion. Additionally, the 
nearshore and mid-lake sites exhibited unstable thermal 
stratification with the hypolimnion operating below the 
 TMD, which rises to 20 m on day 137. The apparent unstable 
thermal stratification was likely stabilized by the salt con-
tent that accumulated in the hypolimnion. A wind-induced 
mixing event from day 137 to 139 resulted in temporary 
stable thermal stratification. The effects of this mixing event 
resulted in a warmer hypolimnion but still exhibited tem-
peratures below the  TMD. The  TMD, 3.98 °C, isotherm fluc-
tuated around 20–30 m (Fig. 10E). At this stage the water 
column was heavily influenced by heat fluxes, wind forcing, 
and salt content.

Contrary to the common thinking that ice-off is imme-
diately followed by full vertical mixing, these observations 
demonstrate a much more complex dynamic that is poorly 
understood, as temperatures fluctuate around either side of 
the temperature of maximum density. This work also high-
lights the role that minor conductivity fluctuations have on 
the density stratification of the water column. The ice-off 
regime provides multi-mixing events that have the poten-
tial to redistribute nutrients spatially and throughout the 
water column. The mixing at this time period provides the 
first reintroduction of nutrients and dissolved oxygen to 
the ecosystem and could be considered more significant to 
the overall health of the lake than upwelling events in late 
spring and early fall. The dynamics during the transition 

from ice-on to open water have not been adequately studied 
in winter limnology and present an opportunity for further 
field experimentation and hydrodynamic model development 
to extend the understanding of the linkages of physical mix-
ing properties and the ecosystem.

Conclusions

The results presented herein for winter ice-covered temper-
ate, mid-latitude lakes show evidence of complex circulation 
patterns through three distinct time periods (Winter I, Deep 
Winter, Winter II). The dominant drivers of circulation of 
sediment, heat flux in Winter I and RDC in Winter II, were 
observed to be present in Lake Massawippi; however, in this 
work, we identified the Deep Winter period using heat fluxes 
at the boundaries to delineate onset and duration. Immedi-
ately preceding ice-off, evidence was also found for potential 
rotational circulation. Finally, we were able to resolve mix-
ing dynamics during ice-off in unprecedented detail.

Under ice, observed dynamics were initiated by sediment 
fluxes, radiatively driven convection, and potential formation 
of a rotating feature at the northern end of the lake. The tran-
sition from each winter regime was determined using heat 
fluxes in the surface and bottom waters. This method would 
be most suitable for relatively deep lakes in the mid-latitude 
region. Single-cell convection is the proposed dominant cir-
culation pattern with pulses of flow initiated by sediment 
fluxes and suppressed by the stabilizing force of ice growth. 
During Winter I, the surface heat fluxes were > 5 W/m2 and 
the bottom heat fluxes ranged from 2 to5 W/m2. Once the 
heat fluxes stabilized (0–5 W/m2 for both surface and bottom 
waters), the lake transitioned to an equilibrium state referred 
to herein as Deep Winter, which exhibited cyclical fluctua-
tions in the dissolved oxygen content. The first observation 
of negative heat fluxes in the surface waters indicated the 
transition point from Deep Winter to Winter II. Then radia-
tively driven convection dominated the period of Winter II. 
The observed thermal structure during Winter II had the 
potential to be influenced by the Earth’s rotation, foster-
ing the formation of a rotational feature. Further research 
is necessary to determine the nature of rotational features 
and gyres under ice, such as the three-dimensional extent of 
gyres, interactions of circulation patterns over the full extent 
of the lake, initiating mechanisms for rotational circulation 
patterns, and temporal evolution of the rotational feature as 
this transport mechanism is extinguished at ice-off.

During ice-off, the extent to which the water column in a 
classic dimictic lake will experience full mixing was dem-
onstrated. The water column remained below the tempera-
ture of maximum density for two weeks after ice-off and 
allowed for the vertical transport of a cold-water mass that 
was observed at both the pelagic and littoral regions of the 
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lake. The vertical mixing at ice-off had a direct impact on 
the dissolved oxygen content at the bottom of the interior 
of the lake. The prolonged dynamics during the transition 
from ice-on to ice-off presented complex mixing patterns of 
shear flows and potential density instabilities challenging 
the conventional conceptual model of very quick turnover 
and requires further investigation to determine the impact 
of these events on water quality, distribution of nutrients, 
dissolved oxygen, and/or pollutants. In addition, mixing at 
ice-off should be evaluated with potential climate scenarios 
to understand the variability in this dynamic period. Further 
field experiments with increased spatial resolution of tem-
perature and dissolved oxygen are needed to determine the 
three-dimensional circulation patterns and the subsequent 
impact on dissolved oxygen during the ice-covered season 
and process of ice-off.
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