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In the cold light of day: the potential importance of under-ice convective mixed 
layers to primary producers
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aGlobal Institute for Water security, University of saskatchewan, saskatoon, sK, Canada; bschool of environment and sustainability, University of 
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ABSTRACT
Temperate lakes are ice covered for much of the year; however, winter lake conditions have not 
been well studied and are undergoing rapid change. Using data collected during ice-on periods 
from 4 north-temperate water bodies, we report observations of stable surface layers, solar-induced 
convective mixed layers, and their potential impacts on phytoplankton. The convective mixed layer 
is defined as the region where the convective Richardson number (Ri) is ≤1. In the absence of a 
convective mixed layer, peaks in chlorophyll a were near the ice–water interface. Light conditions 
here seemed sufficient to support phytoplankton biomass accrual in the short-term in 50% of our 
measurements, although snow depths >13.5 cm may lead to light limitation. When a convective 
mixed layer was present, light conditions were sufficient for biomass accrual in 37.5% of cases. 
The frictional timescale for damping averaged 15 minutes, indicative of a lack of mixing at night. 
Convective mixing depths and velocity increased as snow declined, and results demonstrated the 
potential for rapid convective mixed layer deepening (up to 6.6 m h−1), underscoring the highly 
dynamic physical environment under ice. Although declining periods of ice cover have been subject 
to much attention, changes in snow cover may have equally important implications for primary 
producers and the potential for under-ice blooms. This link between physics and biology must be 
further explored to better understand how changing winters will affect water bodies.

Introduction

Interest is growing on how north temperate lakes and res-
ervoirs function in winter, related to the consequences of 
a warmer climate and shorter winters (Magnuson et al. 
2000). Winter processes in seasonally ice-covered lakes, 
however, remain understudied in modern limnology 
(Kirillin et al. 2012); in particular, the impact of physi-
cal processes on biological communities in ice-covered 
lakes remains an area of active research (Bengtsson 2011, 
Katz et al. 2015). Winter is often perceived as a season of 
dormancy for primary producers such as phytoplankton, 
but under-ice phytoplankton blooms are being reported 
in both oceans (Arrigo et al. 2014) and freshwater lakes 
(Kelley 1997, Twiss et al. 2012, Kim et al. 2015). These 
blooms are thought to be initiated by an improvement 
in the under-ice light environment, which is assumed 
to regulate primary production and phytoplankton 
biomass under ice (Kelley 1997, Bertilsson et al. 2013, 
Hampton et al. 2015). Winter algal blooms can serve as 

seed populations for the more classically observed spring 
blooms (Kelley 1997, Katz et al. 2015), with a sustained 
influence on summer hypoxia (Wilhelm et al. 2014).

Ice cover on lakes acts to insulate them from atmos-
pheric forcing, which can lead to a stable thermal structure 
where the coldest water occurs directly under the ice sur-
face, becoming denser and warmer with increasing depth 
(Fig. 1a). Even with reduced energy inputs, however, 
convection under ice in freshwater lakes and reservoirs 
happens by various mechanisms, including inflows, oscil-
lations of the ice cover, convective currents induced by 
heat flow from the sediments, or by incoming solar radi-
ation (Likens and Ragotzkie 1965, Farmer 1975, Welch 
and Bergmann 1985, Malm et al. 1997, Petrov et al. 2007).

 Within ice-covered lakes, temperatures are close to 
0 °C at the ice–water interface and increase with depth 
to the temperature of maximum density (Tmd; 4 °C for 
freshwater lakes). While the water at the underside of the 
ice remains cool (due to thermodynamic equilibrium), 
incoming solar radiation acts to warm the water just below 
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structure (Fig. 1b in Bertilsson et al. 2013). Static stabil-
ity in freshwater lakes can be assessed with temperature 
gradients, but using density profiles is preferable because 
even weak salinity gradients can alter the temperature 
of maximum density and act to increase stability (Chen 
and Millero 1986). In these cases, temperature profiles 
may seem to indicate regions of static instability, whereas 
the density profiles demonstrate static stability due to the 
effect of salinity (Mironov et al. 2002).

The first comprehensive study of solar-driven convec-
tive mixing in the upper water column was performed by 
Farmer (1975) in Lake Babine (Canada). Detailed temper-
ature measurements illustrated the formation and devel-
opment of convective mixed layers over the period of a 
few months. Farmer (1975) also derived a scale velocity 
for convective motions based on turbulent kinetic energy 
(TKE) production, including the effects of entrainment 
at the base of the mixed layer. A more recent detailed 
review of solar-induced convective mixing by Mironov 
et al. (2002) included a scaling relationship for convec-
tive velocity. Unlike Farmer (1975), Mironov et al. (2002) 
omitted the entrainment term, arguing that entrainment 
consumes TKE and should not be included in the tur-
bulence-generated convective velocity term. Previous 
studies have predominantly used temperature or density 
profiles to identify the convective mixed layer, defined as 
the region where the vertical temperature gradient (∂T/∂z) 
equals zero or the vertical density gradient (∂ρ/∂z; Table 2) 
equals zero (Farmer 1975, Mironov et al. 2002). The magni-
tude of this instability and the time required for convective 
mixed layers to form, however, are dependent on both the 
strength of the solar radiation and the pre-existing density 
gradient (Wells and Sherman 2001, Forrest et al. 2008). In 
the case of ice-covered lakes, the presence of a convective 
mixed layer could be determined based on the ratio of 
incoming solar radiation to the existing density gradient.

The presence of a convective mixed layer can sub-
stantially influence the vertical location of non-motile 
phytoplankton in the upper water column and hence the 
light intensity they experience during daylight hours. For 
example, negatively buoyant phytoplankton that would 
otherwise settle out of the upper water column could be 
circulated through the convective mixed layer (Fig. 1c), 
providing them access to an improved light environment 
(Kelley 1997) and thus enhancing their growth and rates 
of photosynthesis (Matthews and Heaney 1987, Granin 
et al. 1999). Conversely, positively buoyant or motile phy-
toplankton would have increased access to light if they 
are directly under the ice, but those within the convec-
tive mixed layer could circulate deeper within the water 
column, reducing their access to light (Fig. 1c; Vehmaa 
and Salonen 2009). Therefore, to accurately charac-
terize the light environment experienced by under-ice 

the ice–water interface, forming a stable surface layer (δ) 
with a relatively high density gradient just under the ice. 
Because the equation of state around Tmd is nonlinear, 
this warming beneath the surface layer has the effect of 
increasing the local density (Chen and Millero 1986); 
thus, the incoming solar radiation acts as a destabiliz-
ing flux and works to form a region of reduced density 
stratification (Fig. 1b). Denser water lies above less dense 
water, creating an instability that leads to the formation 
of a convective mixed layer (h; Fig. 1c) where convective 
mixing occurs (Farmer 1975, Deardorff et al. 1980, Wells 
et al. 1999).

In some lakes where the light attenuates quickly, or 
the lake is too deep for light to reach the bottom, a quies-
cent layer forms below the convective mixed layer where 
no mixing occurs (Fig. 1c), resulting in a 3-layer thermal 

(a)

(b)

(c)

Figure 1. schematic of a typical density profile for reduced light 
intensity through the ice and snow. three scenarios are depicted: 
(a) no stable surface layer and no convective mixed layer; (b) 
slightly increased light intensity with a stable surface layer but 
no convective mixed layer; and (c) increased light intensity 
illustrating a stable surface layer, convective mixed layer, and a 
quiescent layer.
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phytoplankton, the light intensity or photosynthetically 
active radiation (PAR, 400–700 nm) within the convec-
tive mixed layer should be considered, in addition to the 
light environment directly under the ice. Accounting for 
the temporal variation in winter convective mixing may 
have critical implications for winter primary production 
and rates of oxygen decline under ice. In addition, vari-
ation in the density structure of the water column could 
induce changes in phytoplankton community compo-
sition through the winter months and potentially affect 
the distribution of nutrients within the water column, 
dependent on rates of algal uptake and interaction with 
bottom sediments (Catalan 1992).

This study is intended for the biologist or biogeo-
chemist interested in physical dynamics under the ice. 
We build on previous characterizations of the under-ice 
water column by describing the formation, development, 
and criteria for inducing solar-driven convective mixed 
layers over a winter season in 3 reservoirs and 1 large lake. 
We also assess the light intensity experienced by primary 
producers under the ice, demonstrating how the physical 
structure of the water column and snow affected the light 
environment.

Study sites

This study was conducted in 3 mesotrophic reservoirs in 
southern Saskatchewan and 1 oligo-mesotrophic large 
lake in southern Ontario (Lake Simcoe; North et al. 
2013a; Supplemental Fig. S1) sampled throughout winters 
2011 and 2013. The reservoirs (Diefenbaker, Broderick, 
Blackstrap; Supplemental Fig. S1a) were chosen to rep-
resent a gradient in size, depth, and ideally snow cover 
while large, shallow, windswept Lake Simcoe provided 
a stark contrast to the smaller Saskatchewan reservoirs. 
Lake Diefenbaker is a drowned river reservoir along the 
South Saskatchewan River, with an area of 394 km2, a 
mean depth of 22 m, and a maximum depth of 59 m. Three 
stations were sampled on Lake Diefenbaker representing 
the transition zone within the main channel (Hitchcock, 
maximum depth 25 m), an embayment (Kadla, maximum 
depth 11.8 m), and the deeper lacustrine region (Elbow, 
maximum depth 31.8 m; Table 1, Supplemental Fig. S1a; 

North et al. 2015). Originating from the Qu’Appelle Dam 
on Lake Diefenbaker, gravity-fed canals transport water 
downstream through Broderick and Blackstrap reservoirs. 
Broderick reservoir has an area of 4 km2, with a mean 
depth of 6 m and a maximum depth of 7 m; one station 
was used to represent the reservoir. Blackstrap reservoir 
has an area of 12 km2, with a mean depth of 5 m and 
maximum depth of 9 m; two stations were sampled, rep-
resenting the north (Blackstrap North Basin, depth 7.5 
m) and south (Blackstrap Mountain, depth 8 m) basins 
of the reservoir (Supplemental Fig. S1a). Lake Simcoe is a 
large, relatively shallow lake with a surface area of 722 km2, 
mean depth of 16 m, and maximum depth of 42 m (North 
et al. 2013a). Eleven stations were sampled intermittently 
on Lake Simcoe; the most frequently sampled stations 
were profiled 3 times over the 6-week winter sampling 
season of 2011. The Lake Simcoe stations represented a 
gradient between nearshore (minimum station depth, 2 
m) and offshore regions (maximum station depth, 38 m; 
Supplemental Fig. S1b).

Both the Broderick and Blackstrap reservoirs had 
minimal hydrologic inputs during the winter months. 
Groundwater contributes an insignificant amount of 
water to Lake Diefenbaker (Saskatchewan Water Security 
Agency 2012), and although winter flows from the major 
tributaries are not negligible (~130 m3 s−1; North et al. 
2015), they represent the baseline flow conditions to the 
reservoir. In addition, the flow from the major tributary 
(South Saskatchewan River) is up-reservoir, and the 
velocity is significantly reduced by the time it reaches 
the down-reservoir stations sampled in this study. In ice- 
covered Swedish lakes, when the hydraulic load was low 
(~10−7 m s−1), the heat loss with the through-flow was neg-
ligible compared to the heat flux through the ice and from 
the bottom sediments (Bengtsson and Svensson 1996), as 
is also the case for Lake Diefenbaker, where the hydraulic 
load during the winter was <2.5 × 10−7 m s−1. Although ~35 
tributaries feed into Lake Simcoe on a year-round basis 
(North et al. 2013b), there are only 3 gauged sites (Lovers 
Creek, Kempenfelt Bay; Whites Creek and Maskinonge 
River, Cook’s Bay) that would be expected to influence our 
6 bay sites based on hydrodynamics (K38, K39, V2, C1, 
C6, C9; Supplemental Fig. S1b). Daily winter flow rates 

Table 1. Physical parameters characterizing the ice-covered study systems. Multiple stations and dates are represented by the arithmetic 
mean and range (min–max) of n times measured. Zmax is the maximum depth of the station; Kd is the vertical light attenuation coefficient 
in the water column beneath the ice.

Physical parameters Diefenbaker (n = 7) Broderick (n = 4) Blackstrap (n = 5) Simcoe (n = 16)
Zmax (m) 25.9 (10.5–31.8) 7 (7–7) 7.2 (6.0–7.6) 21.3 (1.8–38.0)
total ice depth (cm) 70.3 (57.7–79.5) 71.8 (49.3–89.3) 86.4 (71.7–98.2) 36.0 (25.4–45.7)
Black ice depth (cm) 67.9 (56.7–78.3) 63.4 (44.1–83.0) 80.6 (65.8–91.5) 24.6 (22.9–25.4)
White ice depth (cm) 2.8 (0.0–6.5) 8.5 (5.2–11.5) 5.8 (4.3–6.7) 16.1 (10.2–20.3)
snow depth (cm) 12.7 (1.7–21.3) 14.7 (10–19) 17.3 (6.3–26.8) 6.4 (0.1–22.9)
Kd (m

−1) 0.59 (0.35–0.77) 0.31 (0.18–0.43) 0.58 (0.36–1.06) 0.33 (0.26–0.51)
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summarized in Table 2). Salinity was calculated using a 
representative sample chemical composition from each 
lake to determine a factor relating salinity of ionic spe-
cies to reference conductivity, which was then applied to 
the conductivity profiles (Wüest et al. 1996, Pawlowicz 
2008). Salinity values were low in all water bodies, rang-
ing from 0.35 to 0.85 g kg−1. The vertical density gra-
dient (∂ρ/∂z) was computed by averaging the density 
values over 50 cm increments and then applying finite 
center differencing to calculate the gradient. The vertical 
light attenuation coefficient (Kd) was calculated from 
the linear regression of the natural logarithm of irra-
diance versus depth starting at the ice–water interface. 
The solar radiation at depth (z) in the water column 
was described by:
 

where PAR(z) (μmol m−2 s−1) is the amount of light  
experienced at depth z, and PARIW is the light level at 
the ice–water interface. This relationship allowed us 
to vertically extend the radiation measurements to the 
depth of the sonde profile or to the depth of negligible 
light intensity.

To compute the effect of solar radiation on the water 
column, PARIW was converted to solar radiation (Q, 
W m−2). The conversion factor for μmol m−2 s−1 to W m−2 
is 0.217 (McCree 1981). In air, PAR represents 45–50% 
of the incoming solar radiation (Kvifte et al. 1983, Tsubo 
and Walker 2005), UV ~5%, and the longer wavelengths  
(>700 nm) comprise the rest. The fraction of total radia-
tion contained by PAR wavelengths increases through the 
water column however, because for longer  wavelengths 
(>700 nm), 95% of the energy is absorbed in the first 
meter of water (Mobley 1994, Branco and Torgersen 
2009). In addition, these longer wavelengths attenuate 
more through ice and snow compared with PAR and 
UV wavelengths (Grenfell and Maykut 1977). Here, we 
assumed only PAR and UV penetrated the snow and ice, 
indicating that PAR comprised 90% of the underwater 
radiation and that the PAR attenuation coefficient could 
also be applied for UV radiation (Branco and Torgersen 
2009), yielding the relationship:

 

The depth of the stable surface layer was defined from the 
ice–water interface to the depth where ∂ρ/∂z ≤ 0.01 kg m−4 
and was verified through visual inspection of the density 
profile. If this location occurs at the first measurement 
beneath the ice–water interface, or if this criterion is not 

(1)PAR(z) = PARIWe−kdz ,

(2)Q (W m
−2
) = 0.217

(

PAR

0.90

)

.

from 1 January to 31 March 2011 from these 3 tributaries 
were obtained from the Lake Simcoe Region Conservation 
Authority. The hydraulic loads to both Kempenfelt Bay 
(2.8 × 10−5 m s−1) and Cook’s Bay (5.4 × 10−5 m s−1) were 
high, with mean winter flows of 0.95, 2.00, and 0.36 m3 
s−1 for Lovers, Whites, and Maskinonge, respectively 
(L. Aspden, Lake Simcoe Region Conservation Authority, 
July 2015, unpubl. data). In Lake Simcoe, winter flows 
are substantial, representing year-round peak flow with 
winter flow rates for the 3 tributaries of interest being dou-
ble those reported during preceding open-water seasons 
(North et al. 2013b).

Methods

Data collection

For the Saskatchewan reservoirs, triplicate snow depth 
measurements were taken representing snow accumulated 
and windblown locations on the ice surface using a metric 
avalanche probe. Triplicate measurements of ice thickness 
were recorded using a weighted measuring tape, and black 
(congelation ice) and white (snow ice) ice thicknesses were 
differentiated. On Lake Simcoe, snow and ice thicknesses 
were recorded from a single hole. At all study sites, a Yellow 
Springs Instrument sonde (model 6600 V2) was used to 
obtain highly resolved vertical profiles of depth, tempera-
ture (accuracy = ±0.15 °C, resolution = 0.01 °C), conduc-
tivity (accuracy = ±0.5%, resolution = 0.001 mS cm−1), and 
chlorophyll a (Chl-a) concentrations at each station in 1 s 
increments. On the Saskatchewan reservoirs, these profiles 
were collected monthly at each sampling location from 10 
January to 24 April 2013. On Lake Simcoe, 16 profiles were 
collected between 3 February and 14 March 2011. Light 
profiles were taken in conjunction with the sonde profiles. 
Vertical profiles (0.5 m increments) of PAR were measured 
with a Li-Cor scalar (4 pi) underwater quantum sensor 
(Model LI-193SA; Li-Cor, Lincoln, NE, USA). The PAR 
sensor was positioned under the ice through a 20.32 cm 
diameter hole using an articulated arm that positioned the 
PAR sensor flush with the lower ice surface at a distance 1 
m from the hole. The integrity of the snow cover overlying 
the area where the PAR measurements were taken was pre-
served. Further details on Lake Simcoe sampling locations 
and methodologies can be found in Quinn et al. (2013).

Analysis

Temperature, conductivity, and salinity profiles were 
used to calculate density (ρ) profiles using the speed of 
sound in water (C), specific heat capacity (cp), and ther-
mal expansivity (α), which is negative for temperatures 
less than Tmd (Chen and Millero 1986; abbreviations 
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where (ht − δ) is the vertical depth from the base of the 
stable surface layer over which the velocity is calculated. 
The buoyancy scale b* is the buoyancy term in the TKE 
equation, neglecting buoyancy flux due to entrainment at 
the base of the convective mixed layer, given as:

 

(Mironov et al. 2002), where z is the vertical coordinate 
from the surface downward, and the buoyancy flux (b) 
is a measure of the absorption of the heat input via solar 
radiation given by:

 

Numerous studies during the open-water season have 
investigated convective mixing processes as a function of 
Ri (Deardorff et al. 1980, Ching et al. 1993, Wells et al. 
1999). Laboratory experiments demonstrate mixing for 
Ri ≤ 1 (Ching et al. 1993); thus, when b > 0 (α < 0) and 
values of Ri are ≤1, a convective mixed layer will form. In 
this study, the resolution of the convective mixed layer is 
always 50 cm, which is the resolution of the calculated 
values of Ri. Finite center differencing was applied, and 

(7)b∗ = b(�) + b(ht) −
2

ht − �

ht

∫
�

b(z)dz,

(8)b = −
g�Q

�cp
.

satisfied at all, the profile does not have a well-defined 
stable surface layer. We used the convective Richardson 
number (Ri; parameters defined in Table 2), 
 

to quantify the ratio of incoming solar radiation to the 
existing density structure required for the formation of a 
convective mixed layer. The convective Ri is a dimension-
less number representing the ratio of the density gradient 
to velocity induced by convection where the numerator, 
 

is the buoyancy frequency for which g is the gravitational 
constant and ρo is the reference density. The denominator, 
 

is the convective velocity, w* at the convective test depth 
(ht [m]), which is the depth from the surface downward 
at a resolution of 50 cm. The convective velocity used in 
equation 3 is defined as: 
 

(3)Ri =
N2

(w∗∕ht)
2
,

(4)N2 =
−g

�o

��

�z
,

(5)
(

w∗∕ht
)2
,

(6)w∗ = 0.6(b∗(ht − �))1∕3,

Table 2. definitions, abbreviations, and units describing light and physical parameters.

Parameter Abbreviation Units
light Photosynthetically active radiation Par μmol m−2 s−1

Photosynthetically active radiation at the ice-water 
interface and at depth z

ParIW and ParZ μmol m−2 s−1

Vertical light attenuation coefficient Kd m−1

solar radiation Q W m−2 
Physical thickness of stable surface layer δ m

thickness of convective mixed layer h m
Convective test depth ht m
specific heat capacity cp J kg−1 °C−1

thermal expansivity α °C−1

density ρ kg m−3

speed of sound in water C m s−1

Vertical density gradient ∂ρ/∂z kg m−4

acceleration of gravity g m s−2

reference density ρo kg m−3

Buoyancy frequency N s−1

depth from ice–water interface z m
Buoyancy flux b m2 s−3

Buoyancy scale b*  m2 s−3

Convective velocity w*  mm s−1

Convective richardson number Ri —
Ri across the base of the convective mixed layer RiΔ —
rate of convective mixed layer deepening dh/dt m h−1

Frictional timescale for damping τ min
Mixing efficiency η —
snow depth snd cm
temperature t °C
temperature of maximum density tmd °C
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Differentiating equation 10 yields the rate at which 
the convective mixed layer deepens (dh/dt) through an 
existing stable density gradient (Wells and Sherman 2001): 

 

where ΔN2 is the buoyancy frequency jump at the base of 
the convective mixed layer. Equation 11 can be rewritten 
as dh

dt
= −

0.2w3
∗

Ri
�

 where RiΔ is the value of Ri across the base 
of the convective mixed layer. The time required for con-
vective mixing to cease once the light has been removed 
(i.e., at night or under cloud cover) is defined using the 
frictional damping timescale (τ; Table 2). The required 
time to dissipate the energy is the ratio of the TKE to the 
rate of dissipation of this energy, which can be approxi-
mated as (Lombardo and Gregg 1989, Kelley 1997):
 

These scales were used in the analysis to characterize mix-
ing within the calculated convective mixed layers.

Light status indicators

Light is a requirement for both photosynthesis and growth 
in photosynthetic phytoplankton. Physiological light defi-
ciency thresholds applied to algal populations allows the 
comparison of light intensities across systems. For sea-ice 
microalgae, Gosselin et al. (1985) reported that seasonal 
photosynthetic activity and increases in biomass were ini-
tiated at light intensities measured (as photons) directly at 
the ice–water interface of 7.6 and 20 μmol m−2 s−1, respec-
tively, serving as thresholds for light limitation. Although 
we anticipate these thresholds may not be absolute across 

(11)
dh

dt
= −

0.2b

hΔN2
,

(12)� = 0.6

(

h2

b

)1∕3

.

for consecutive depth bins of 50 cm where Ri ≤ 1, the 
convective mixed layer (h) corresponds to the cumulative 
depth of the consecutive bins. For this layer, the convective 
velocity (equation 6) is then recalculated using the depth 
of the layer, h rather than ht.

Before computing Ri (equation 3), values of Q were 
interpolated to the same 50 cm intervals as ∂ρ/∂z and then 
used in the calculation of w*, producing values of Ri every 
50 cm from the base of the stable surface layer down to a 
depth of negligible light intensity. Relative uncertainty in 
Ri as a function of temperature was estimated by prop-
agating the error in those measurements, taken here as 
the resolution of the temperature measurements, through 
the differentiated equation of Ri as a function of tempera-
ture (Taylor 1997). This analysis demonstrated increasing 
uncertainty with increasing temperature:

At 3 °C the uncertainty in Ri was 10% and increased rap-
idly with temperature to 50% at 3.8 °C. Thus, to keep the 
uncertainty to a minimum, we restricted our analysis to 
temperatures of 3 °C and below.

Within the convective mixed layer, timescales for both 
convective mixed layer deepening and frictional damping 
were calculated. Manins and Turner (1978) demonstrated 
that when a destabilizing flux is applied to an existing 
linear density gradient, the depth of the convective mixed 
layer increases with time as:

 

where η, the mixing efficiency, is taken as 0.2 based on anal-
ysis of Lake Babine (Canada) data by Mironov et al. (2002).

(9)
%Ri

uncert
=0.0134T4 − 0.0999T

3 + 0.2016T
2

− 0.1323T + 0.0495.

(10)h =

√

6�bt

N2
,

Table 3. Mean light intensity under ice, measured as photosynthetically active radiation (Par) in the saskatchewan reservoirs ( Broderick, 
Blackstrap, and diefenbaker) and lake simcoe differentiated by water column mixing assumptions. applying the no convective mixed 
layer assumption, phytoplankton are exposed to ice–water interface (ParIW) light intensities. applying the convective mixed layer 
 assumption, phytoplankton experience light intensities represented by the mean light within the convective mixed layer (region where 
Ri ≤ 1; h; table 4). Under this assumption, if no convective mixed layer was present, ParIW was used. applying the full water column con-
vective mixed layer assumption, the convective mixed layer extends down through the entire water column, and the mean Par intensity 
represents the entire water column. Multiple stations and dates are represented by the arithmetic mean and range (min–max), with 
raw data values reported in the supplemental Materials (table s1). relative to the mean light, values below the critical light intensity 
thresholds for photosynthesis (in photons: 7.6 μmol m−2 s−1) and for biomass accrual (20 μmol m−2 s−1; Gosselin et al. 1985) are indicated 
in bold and italics, or bold, respectively. differences between these 3 water column mixing assumptions were tested using a one-way 
anOVa on log10 transformed data. If the differences between assumptions were significant, then superscript lowercase letters were used 
to represent tukey post hoc analyses, where the relationship between identical letters is not statistically significant, and the relationship 
between different letters is significant (p < 0.05).

Water body ANOVA
No convective mixed layer mean 

light (photons) (μmol m−2 s−1)
Convective mixed layer mean 
light (photons) (μmol m−2 s−1)

Full water column convective 
mixed layer mean light (photons)

(μmol m−2 s−1)
Broderick F2,9 = 1.126, p = 0.366 12.36 (2.29–37.51) 12.36 (2.29–37.51) 3.44 (1.24–9.15)
Blackstrap F2,12 = 3.276, p = 0.073 22.18 (3.73–68.28) 22.18 (3.73–68.28) 4.17 (1.51–9.22)
diefenbaker F2,18 = 3.420, p = 0.055 102.67 (5.69–480.60) 44.70 (0.49–222.98) 8.40 (0.19–34.91)
simcoe F2,45 = 3.853, p = 0.029 174.32 (6.0–1 276.50)a 90.69 (6.86–555.58)ab 37.21 (1.77–217.45)b
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accrual (in photons, 20 μmol m−2 s−1; Gosselin et al. 1985) 
to PARIW values from our range of study systems (Table 3) 
indicated that under-ice light intensity was sufficient to 
support algal biomass accrual in the short-term in 50% of 
our measurements.

Changes in density gradients over winter

Stable surface layers based on the criteria of ∂ρ/∂z ≤ 0.01 
kg m−4 occurred in 90% of the profiles. The uncertainty in 
this vertical density gradient was calculated by propagat-
ing instrument specifications through the differentiated 
equation of state for temperatures close to zero and max-
imum values of salinity, yielding a maximum uncertainty 
of ±0.0098 kg m−3. The criterion for the depth of the sur-
face layer (δ) was chosen based on visual inspection of 
the density profiles. The Ri values (equations 3 and 4) are 
sensitive to changes in values of the criteria for the defini-
tion of δ. For example, for a change of 50% in δ, the ∂ρ/∂z 
cutoff corresponded to a change of 50%–80% in values of 
Ri; however, the trend of Ri values with depth remains 
constant with changes in values of δ, and there were no 
cases where Ri < 1 became Ri > 1 or vice versa. That is, our 
diagnosis of stable surface layer depth is relatively insen-
sitive to how this cutoff is defined. Density profiles taken 
at the Broderick site (Fig. 3 top row) show the evolution 
of the stable surface layer becoming shallower and more 
stable with time. In January, the average density stratifica-
tion within the 3.1 m-thick stable surface layer was 0.033 
kg m−4 and increased to 0.08 kg m−4 over the 0.8 m-thick 
stable surface layer in April. The region beneath the stable 
surface layer also evolved, becoming slightly less stratified 
from January (0.016 kg m−4) to April (0.013 kg m−4); how-
ever, no convective mixed layer formed, as illustrated by 
the second density profile scenario (Fig. 1b). Conversely, 
the K42 site on Lake Simcoe (Fig. 3 bottom) demonstrated 
both stable surface layers and convective mixed layers at 
all 3 sampling times, a result of weaker density gradients 
than at the Broderick site and increased PARIW.

The absence of a convective mixed layer in both 
Broderick and Blackstrap could be due to the amount of 
snow cover (Table 1) and the pre-existing density gradi-
ent at ice-on. Both the Diefenbaker and Simcoe sites had 
weaker overall density gradients than the other 2 reser-
voirs, most likely due to the increased intensity of under-
ice light with less snow cover (Table 1). The Lake Simcoe 
sites in particular had less snow, such that even during 
February, a convective mixed layer was usually present 
with the exception of 5 Bay sites (C1, C6, C9, K39, E50; 
Supplemental Fig. S1b). Given that these are the sites most 
likely to be affected by winter flows, there seems to be 
no indication that flow-induced mixing was occurring in 
Cook’s Bay or Kempenfelt Bay (Supplemental Fig. S1b).

aquatic ecosystems, we use them as a first approximation to 
allow assessment of the potential for light limitation of the 
winter phytoplankton communities in our north- temperate 
lake and reservoirs. We compared these thresholds to our 
mean under-ice PAR measurements, which were calculated 
by taking the arithmetic mean of the under-ice PAR read-
ings across a depth range representing either the convective 
mixed layer (h; Table 3), or the full water column for which 
our PAR readings were vertically extended to the depth of 
the sonde profile, or to the depth of negligible light intensity.

Results and discussion

Light environment

The 4 study systems displayed a range of physical parame-
ters including maximum depth, ice thickness separated into 
black and white ice thicknesses, snow thickness, and the ver-
tical light attenuation coefficient (Kd; Table 1). Average ice 
thickness ranged from 70 to 86 cm for the Saskatchewan res-
ervoirs compared with an average of 36 cm on Lake Simcoe. 
Similarly, Lake Simcoe had less ice cover, with an average of 
6.4 cm compared with 12.7–17.3 cm average values on the 
Saskatchewan reservoirs (Table 1). The effect of snow cover 
on PARIW is apparent, with average values of PARIW (repre-
sented as no convective mixed layer mean light; Table 3) for 
Lake Simcoe ~1.7-fold higher than the mean PARIW at Lake 
Diefenbaker and more than ~8- and 14-fold the values at 
Blackstrap and Broderick reservoirs, respectively. At all sites 
over the course of the ice-covered season, there was a signif-
icant inverse relationship (R2

adj = 0.57, p < 0.0001, n = 33)  
between PARIW and snow depth (snd), with a regression 
relationship of PARIW = 151.8e−0.15snd (Fig. 2). No signifi-
cant relationship between total ice depth and PARIW was 
found. Application of the light status indicator for biomass 

Figure 2.  Photosynthetically active radiation at the ice–water 
interface (ParIW) as a function of snow depth (snd, cm) for the 
saskatchewan reservoirs and lake simcoe (n = 33). the regression 
line is ParIW = 151.8e−0.15snd.
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Convective velocity, the frictional damping timescale, 
and the rate of convective mixed layer deepening all var-
ied over the sampling periods (Supplemental Table S1). 
Convective velocity typically increased from February 
onward as the under-ice light intensity increased. At the 
Diefenbaker Elbow site, values ranged from w* = 0.35 mm 
s−1 in March to w* = 0.83 mm s−1 in April. At the Simcoe 
sites, values ranged from w* = 0.5 mm s−1 in February to 
w* = 2.7 mm s−1 in March (Supplemental Table S1). Both 
the frictional damping timescale and the rate of convective 

Values of Ri displayed variability over the different res-
ervoirs, sampling sites, and times. In Broderick and at both 
Blackstrap sites, values of under-ice light were too low 
compared with existing density gradients to induce values 
of Ri < 1, even in April (Table 4; Supplemental Table S1). 
By contrast, sampling sites at both the Diefenbaker and 
Simcoe locations demonstrated values of Ri < 1, even in 
regions where ∂ρ/∂z > 0 (Table 4; Supplemental Table S1), 
likely because reduced snow cover in later months allowed 
greater light penetration.

Figure 3. density profiles for Broderick (top) and simcoe – K42 site (bottom) for each of the sampling days. these stations were chosen to 
represent the spectrum in convective mixing from absent to deepest depths while also having at least 3 sampling dates. stable surface 
layer depths (δ) are indicated by the dotted line and the convective mixed layer (h), when present, is shown between 2 dashed lines.

Table 4.  Physical structure of the under-ice water columns. Profiles with convective mixed layers, stable surface layer depth, stable 
surface layer vertical density gradient, top and bottom of convective mixed layer depth, convective mixed layer thickness, convective 
mixed layer density gradient, non-convective layer density gradient, convective velocity, frictional timescale for damping, and rate of 
convective mixed layer deepening for all sampling dates and locations; na: not applicable. Multiple stations and dates are represented 
by the arithmetic mean and range (min–max) of n times measured.

Physical parameters Diefenbaker (n = 7) Broderick (n = 4) Blackstrap (n = 5) Simcoe (n = 16)
Profiles with convective mixed layer (n) 6 0 0 11
stable surface layer depth δ (m) 1.9 (0.5–2.5) 1.5 (0.6–3.1) 1.7 (1.5–2.0) 0.74 (0.2–2.5)
stable surface layer ∂ρ/∂z (kg m−4) 0.03 (0.014–0.069) 0.04 (0.03–0.05) 0.04 (0.028–0.061) 0.009 (0.004–0.022)
top of convective mixed layer (m) 2.75 (1.5–4.0) na na 1.1 (0.5–4.0)
Bottom of convective mixed layer (m) 4.0 (2.5–5.0) na na 2.7 (1.5–4.0)
Convective mixed layer thickness (m) 1.25 (0.5–2.0) 0 0 1.6 (0.5–3.5)
Convective mixed layer ∂ρ/∂z (kg m−4) 0.004 (0–0.007) na na 0.004 (0–0.005)
non-convective layer ∂ρ/∂z (kg m−4) 0.011 0.013 (0.01–0.016) 0.017 (0.014–0.020) 0.018 (0.01–0.022)
w* (mm s−1) 0.85 (0.5–2.0) na na 1.3 (0.5–2.7)
τ (min) 18.8 (4–37) na na 12.7 (6–26)
dh/dt (m h−1) 0.41 (0.002–2.2) na na 1.7 (0.01–6.6)
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convective mixed layer that assumes the convective mixed 
layer extends down through the entire water column, and 
phytoplankton experience light intensity represented 
by the mean PAR reading of the entire water column. 
Although stable surface layers were present in >90% of 
our measured profiles ranging from 0.2 to 3.1 m in depth 
(Table 4), we assumed that phytoplankton able to remain 
in these layers were aggregated near the ice–water inter-
face. This exercise demonstrated significant differences 
in the under-ice mean light environments with different 
mixing assumptions in Lake Simcoe (Table 3; Tukey’s post 
hoc analysis). Mean light values in Lake Simcoe under the 
assumption of no convective mixed layer (174 μmol m−2 
s−1) were 4.7-fold higher than those under the assumption 
of a full water column convective mixed layer (37 μmol 
m−2 s−1). Although there were no significant differences 
between mean light in the calculated convective mixed 
layer and the other 2 assumptions for any of our study 
systems (Table 3), we were able to assess whether or not 
those mean light values were limiting to phytoplankton 
communities through the application of light status indi-
cators. We assumed light limitation occurred when PAR 
values fell below the critical light intensity thresholds for 
photosynthesis (in photons, 7.6 μmol m−2 s−1; Gosselin 
et al. 1985; Table 3 indicated by bold and italics) and for 
biomass accrual (20 μmol m−2 s−1; Gosselin et al. 1985; 
Table 3, Supplemental Table S1 indicated by bold). In the 
shallow and snow-covered Broderick reservoir (Table 1) 
under all 3 mixing scenarios, phytoplankton biomass 
accrual seems light limited. Under the full water column 
convective mixed layer assumption, photosynthetic rates 

mixed layer deepening varied over the sampling period 
but showed no overall trend. On average, the time required 
for damping out convective mixing (τ) was ~15 minutes, 
but timescales as short as 4 minutes and as long as 37 
minutes were also observed (Table 4, Supplemental Table 
S1). Thus, although temporary interruptions in light (i.e., 
moving cloud cover) should not generally result in discon-
tinuance of mixing, convection does not continue through 
the night. Nighttime serves as a reset button, potentially 
affecting the vertical distribution of phytoplankton before 
convection sets up again the following day. The rate at 
which the convective mixed layer deepens is dependent on 
the strength of the density gradient below the convective 
mixing layer. For the Diefenbaker Hitchcock sites, this rate 
was 0.11 m h−1 in February and increased to an average of 
2.2 m h−1 by April (Supplemental Table S1).

Biological importance

We compared the mean light (PAR) experienced by freely 
circulating phytoplankton populations with light status 
indicators to evaluate the importance of different assump-
tions regarding under-ice water column mixing. We used 
3 different under-ice water column mixing assumptions: 
(1) no convective mixed layer is present, and phytoplank-
ton are exposed to light intensity measured at the ice–
water interface (PARIW); (2) a calculated convective mixed 
layer (regions where Ri ≤ 1) is present, and phytoplank-
ton experience light intensity represented by the mean 
light readings within the convective mixed layer (h; Table 
4, Supplemental Table S1); and (3) a full water column 

Figure 4. light (Par) profiles under ice for the elbow station on lake diefenbaker, saskatchewan, on 3 sampling dates during winter 
2013. the convective mixed layer (h) is indicated between 2 dashed lines. Par values (in photons) are shown as a solid curve. Below 
the dark gray shading (<20 μmol m−2 s−1) Par values are considered light deficient according to a light intensity threshold for biomass 
accrual (Gosselin et al. 1985). Values below the light gray shading (<7.6 μmol m−2 s−1) are considered light deficient according to a light 
intensity threshold for photosynthesis (Gosselin et al. 1985). light values observed on the white background indicate light sufficient 
conditions (e.g., as occurred in april).
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column (note the y-axis does not extend to Zmax; 32 m) 
would be 6 μmol m−2 s−1, 10-fold lower than under the no 
convective mixing assumption.

In the absence of convective mixed layers, a quiescent 
under-ice water column is the common assumption in 
the literature (Kelley 1997, Vehmaa and Salonen 2009, 
Kirillin et al. 2012) and implies that phytoplankton com-
munities would be concentrated at the ice–water interface. 
We were able to validate this assumption using vertical 
profiles of Chl-a (as a proxy for phytoplankton biomass) 
from the Broderick reservoir (Fig. 5). In the absence of 
a convective mixed layer (see Table 2 and 3), the Chl-a 
peaks occurred at the top of the water column (Fig. 5). In 
Lake Simcoe, a convective mixed layer was consistently 
present (Table 4) and seemed to roughly align with the 
peak Chl-a concentrations. The peaks may also span an 
area greater than the convective mixed layer due to the 
potential for rapid changes in the convective mixed layer 
depth (Table 4) as well as sinking cells. None of the 3 water 
column mixing assumptions indicated light limitation in 
Lake Simcoe (Table 3), which we attribute to the thin 

could potentially also be light limited. The assumption of 
a full water column convective mixed layer also indicated 
that both photosynthetic rates and biomass accrual would 
be light limited in the Blackstrap reservoir (Table 3). In 
the deeper and more windswept Lake Diefenbaker (Table 
1), sufficient light conditions occurred under both the 
no convective mixed layer and convective mixed layer 
assumptions. Detailed light profiles collected at the Elbow 
station in Lake Diefenbaker (Fig. 4), however, illustrate the 
predominately light limited conditions for both photosyn-
thesis (indicated in light gray box) and biomass increases 
(indicated in dark gray box), with the only light sufficient 
conditions occurring in April. The April profile, for exam-
ple, shows that PARIW (in photons) is high (61 μmol m−2 
s−1; Fig. 4) and well in exceedance of the light intensity 
thresholds. If the convective mixed layer is considered, 
however, the mean PAR is within both the dark gray box 
and the white box (19 μmol m−2 s−1; Fig. 4; Table S1), fall-
ing just below the threshold for light limitation of biomass 
accrual. Under the full water column convective mixed 
layer assumption, the mean PAR over the entire water 

Figure 5. Monthly Chl-a fluorescence profiles from 2 stations chosen to represent the spectrum in convective mixing under ice from 
absent (Broderick) to deepest depths (K42-simcoe) while also having at least 3 sampling dates. Values of Chl-a fluorescence were derived 
from the sonde and are shown from the ice surface (0 depth) with the ice–water interface depicted as a thick black solid horizontal line. 
the convective mixed layer (h), when present, is shown between 2 thin dashed lines. Broderick profiles were collected in 2013 while 
simcoe profiles are from winter 2011. the profile collected on 9 February was noisy as a result of rapid and poorly resolved vertical 
profiling caused by impending battery failure.
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Characterizing the physical processes under ice may 
be used to inform on optimal winter sampling locations, 
specifically related to vertical sampling (Nõges et al. 
2010) and free-oxygen methods for estimating metabo-
lism (Coloso et al. 2011). The quantification of convective 
mixing under ice also has implications for biogeochem-
istry and nutrient cycling. In the presence of convective 
mixing, reduced vertical sampling intensity may ade-
quately represent chemical profiles. In more quiescent 
environments, however, greater gradients in chemistry 
should be anticipated between sediments dominated by 
respiratory processes (where low oxygen conditions may 
induce phosphorus mobilization) and near-ice layers, 
which may have greater abundance of primary produc-
ers contributing to higher rates of nutrient uptake. Thus, 
the presence of multiple layers may have implications for 
the distribution of sediment-released nutrients and bio-
geochemical cycling.

Conclusions and future research

Snow cover is a key factor dictating light intensity under 
ice (Jewson et al. 2009, Bertilsson et al. 2013; Fig. 2). 
For phytoplankton at the ice–water interface, biomass 
accrual may be light limited when snow depth is >13.5 
cm. Across our 4 study systems, phytoplankton able to 
stay at this interface seem to have had sufficient light to 
support biomass accrual approximately half of the times 
measured, and our results show that in the absence of 
convective mixing, phytoplankton (as Chl-a) seem 
to aggregate near the ice–water interface (Fig. 5). The 
light environment for phytoplankton however, does not 
necessarily improve when snow cover recedes. Instead, 
increased light intensity can induce convective mixing, 
which can entrain phytoplankton and reduce the amount 
of time they spend in sufficient light conditions (Table 3). 
When convective mixing was considered, sufficient light 
for biomass accrual was estimated to be available across 
our study systems only 37.5% of the times measured. In 
contrast to common assumptions, our analyses suggest 
that light availability in the short-term is often sufficient 
for biomass accrual. Given the critical importance of light 
intensity under ice, we recommend more culture-based 
work to define light limitation thresholds (e.g., Rhee and 
Gotham 1981) under winter conditions. This goal, com-
bined with physical characterization of the under-ice 
environment, is central to our understanding of controls 
on algal productivity and biomass. Most limnologists are 
not trained in the area of physical limnology under ice. 
Our exploration of 3 simple assumptions regarding light 
conditions under ice highlights the critical importance of 
physical structure and the need to better constrain mix-
ing dynamics, specifically how they change over winter 

snow cover (Table 1). Based on the strong relationship 
we observed between PARIW and snow depth (Fig. 2), the 
application of the light intensity threshold for biomass (20 
μmol m−2 s−1; Gosselin et al. 1985) identified 13.5 cm as 
the critical snow depth directly affecting rates of under-ice 
biomass accrual for phytoplankton at the ice–water inter-
face, similar to the critical snow depth (10 cm) reported 
by Jewson et al. (2009) on Lake Baikal for phytoplankton 
growth rates. It is noteworthy that under-ice light inten-
sity can be sufficient for both photosynthesis and biomass 
accrual, at least in the short term, even when convective 
mixed layers are considered, because it is often assumed 
that under-ice phytoplankton communities are light lim-
ited (Hampton et al. 2015). Accounting for the presence 
of convective mixed layers, we still found light conditions 
under ice were sufficient for biomass accrual in 37.5% of 
cases (Supplemental Table S1).

Mixing regimes under ice have important implications 
for understanding algal production (Jewson et al. 2009), 
community composition (Vehmaa and Salonen 2009, 
Jewson and Granin 2014), and lake oxygen dynamics 
(Golosov et al. 2007). Given that the majority of algal cells 
are heavier than water, they can be expected to sink out 
of the convective mixed layer unless physical processes 
keep them suspended (or they are motile). As we observed 
in the Broderick reservoir, peaks in algal biomass under 
ice typically occur in the upper water column, suggest-
ing that physical processes promoting active suspension 
are operating. For example, in Lake Baikal (Siberia), it 
was hypothesized that under-ice blooms of the diatom 
Aulacoseira baicalensis were facilitated by convective mix-
ing, induced by increased light transmission through the 
snow and ice (Jewson et al. 2009). The presence or absence 
of convective mixing in Lake Baikal could mean the dif-
ference between diatom populations being suspended 
in sufficient light conditions for a month, or only a few 
days if convection is absent. Long-term datasets from 
Lake Baikal also indicate the importance of convective 
mixing because the most intense A. baicalensis blooms 
follow winters with minimal snowfall (Kelley 1997, Katz 
et al. 2015); however, although light conditions improve 
through the winter as the ice cover thins and snow melts, 
deepening of convection under ice at this time will at least 
partly counteract the benefits of increasing light penetra-
tion through ice. For example, in Lake Pääjärvi (Finland), 
when convection reached the bottom of the lake before 
the ice breakup, the time spent by non-motile phytoplank-
ton in the illuminated water layer was reduced by ~96% 
(Vehmaa and Salonen 2009). This finding highlights the 
importance of understanding not only light penetration 
and thermal structure, but also the convective mixing 
dynamics through the water column, which can strongly 
affect non-motile primary producers.
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and how they might change between winters, to better 
understand links between physics, light, algal biomass, 
and primary productivity.

Our 4 study systems demonstrate a wide degree of 
variation in terms of their physical structure. Convective 
mixed layers were present in only 2 of our water bodies 
(56% of the times measured), whereas stable surface layers 
were present 90% of the times measured. The physical 
environment is highly dynamic, with rapid cessation of 
convective mixing at night (frictional damping time <37 
min), and potential for rapid convective mixed layer deep-
ening (up to 6.6 m h−1). Defining the physical conditions 
under ice is not straightforward, and there is significant 
uncertainty in measuring and defining physical structure. 
We reiterate that convective mixing cannot be diagnosed 
from density profiles alone but must also consider solar 
radiation under ice.

Given the growing concern about how changes in 
the ice-cover period may affect water bodies, improved 
understanding of winter limnology is an important 
research goal, but one that requires consideration of 
physical winter processes, biota, and chemistry. Climate 
change is likely to affect mixing regimes under ice in large 
lakes (Salonen et al. 2014), and because snow depth is an 
important parameter for predicting light intensity under 
ice, changes in winter conditions affecting snow depth 
(including precipitation, evaporation, and wind via effects 
on snow redistribution) are likely to play an important 
role. Winter is important. Although our knowledge 
remains incomplete, it seems winter conditions set the 
stage for summer algal dynamics (Kelley 1997) and bot-
tom water oxygen conditions (Wilhelm et al. 2014), and 
physical conditions are a key determinant of how this 
stage is set.
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