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Abstract

Lakes are traditionally classified based on their thermal regime and trophic status. While this classification adequately captures

many lakes, it is not sufficient to understand seasonally ice-covered lakes, the most common lake type on Earth. Here, we

propose an additional classification to differentiate under-ice stratification. When ice forms in smaller and deeper lakes, inverse

stratification will form with a thin buoyant layer of cold water (near 0oC) below the ice, which remains above a deeper 4oC layer.

In contrast, the entire water column can cool to ˜0oC in larger and shallower lakes. We suggest these alternative conditions for
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dimictic lakes be termed “cryostratified” and “cryomictic.” We describe the inverse thermal stratification in 19 highly varying

lakes and derive a model that predicts the temperature profile as a function of wind stress, area, and depth. The model opens

up for a more precise prediction of lake responses to a warming climate.
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Key points 42 
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 Standard classifications of dimictic lakes do not consider how variable the initial thermal 44 
stratification can be under winter lake ice  45 
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 46 
 Lakes that are shallow or windy can cool to near 0-1

o
C before ice forms and are weakly 47 

stratified, which we term “cryomictic” 48 

 49 
 Deeper lakes or those with calmer winds, result in ice forming just above deeper waters 50 

of 3-4
o
C, which we term “cryostratified” 51 

 52 
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 69 

Abstract   70 
 71 
Lakes are traditionally classified based on their thermal regime and trophic status. While this 72 
classification adequately captures many lakes, it is not sufficient to understand seasonally ice-73 
covered lakes, the most common lake type on Earth. Here, we propose an additional 74 
classification to differentiate under-ice stratification. When ice forms in smaller and deeper 75 
lakes, inverse stratification will form with a thin buoyant layer of cold water (near 0

o
C) below 76 

the ice, which remains above a deeper 4
o
C layer. In contrast, the entire water column can cool to 77 

~0
o
C in larger and shallower lakes. We suggest these alternative conditions for dimictic lakes be 78 

termed “cryostratified” and “cryomictic.” We describe the inverse thermal stratification in 19 79 
highly varying lakes and derive a model that predicts the temperature profile as a function of 80 
wind stress, area, and depth. The model opens up for a more precise prediction of lake responses 81 
to a warming climate.   82 
 83 
 84 

Plain Language Summary 85 

 86 
Most mid and high latitude lakes are seasonally ice-covered and have only been classified based 87 
on the thermal structure and trophic status during the open-water season in summer. However, 88 
limited temperatures observations in these ice-covered lakes suggest that there is a wide range of 89 
thermal structures over winter. We developed an analytical model to predict the average water 90 
temperature at the time of ice formation based on the strength of the surface winds, the area of 91 
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the lake, and the maximum depth of the lake. Using both the analytical model and water 92 
temperature data from 19 different lakes in North America, Europe, and Asia, we found that the 93 
time of ice formation in lakes that are large or experience strong winds were later compared to 94 
lakes that are small or experience weak winds. The larger and windier lakes are also generally 95 
colder (0~2

o
C) than smaller and calmer lakes (2~4

o
C) at the time of ice formation. This suggests 96 

that these seasonally ice-covered lakes can be subdivided into two additional classes during 97 
winter. The analytical model and the new classification have important consequences for 98 
understanding fish habitat under the ice and the potential effects of climate change on these 99 
seasonally ice-covered lakes. 100 
 101 
 102 

Introduction 103 
 104 
At least 50% of the lakes in the world are located at high latitudes and are seasonally ice-covered 105 
(Verpoorter et al., 2014). Therefore, it is important to understand the broad controls on thermal 106 
stratification present during winter in these ubiquitous cold monomictic and dimictic lakes at 107 
temperate and boreal regions. In both types of lakes, the water column becomes thermally 108 
stratified under lake ice in the winter. While considerable effort has been made to describe the 109 
details and drivers of summer thermal stratification in dimictic lakes (e.g., Boehrer and Schultze, 110 
2008), most textbooks do not go much beyond saying that during winter an inverse stratification 111 
exists (e.g., Wetzel, 2001), following the original classification scheme of dimictic lakes by 112 
Lewis (1983). In the lake classification scheme given by Lewis (1983), only four examples of 113 
dimictic lakes are given, of which only 2 lakes (Lake Erken in Sweden and Lake Mendota in 114 
Wisconsin, USA) were not meromictic. It is unclear, however, to what degree these two lakes 115 
should be considered archetypes of winter conditions in all dimictic lakes. In particular, the 116 
strength of thermal stratification and mixing that occurs before and during ice formation remains 117 
unknown, as under-ice processes have been reported in only 2% of the peer-reviewed literature 118 
on freshwater systems (Hampton et al., 2015, 2017). Once ice onset occurs in dimictic lakes, the 119 
initial thermal stratification present during ice formation largely persists through the whole 120 
winter prior to the late-winter convection period (Bruesewitz et al. 2015; Yang et al., 2017, 2020; 121 
MacKay et al. 2017). The resulting under-ice thermal profile regulates biological activity, as both 122 
a habitat for fish (McMeans et al., 2020), plankton (Kelley, 1997, Hampton et al., 2015), and as a 123 
control on microbial processing. It also influences lake hydrodynamics, through control on 124 
internal waves, circulation and vertical mixing (Kirillin et al., 2012). Consequently, determining 125 
the drivers of under-ice thermal stratification in dimictic lakes is needed to better understand 126 
under-ice conditions as they rapidly change (Hampton et al., 2017), especially as lakes are 127 
warming under a changing climate (O’Reilly et al,. 2015). 128 
 129 
The extent of surface mixing after the water column cools to 4

o
C and before ice forms in the fall 130 

or early winter controls the heat distribution through the water column, and thus influences the 131 
thermal stratification at ice-on (Figure 1). The mixing dynamics are determined by the non-linear 132 
equation of state, where freshwater becomes less dense as temperature decreases below 4

o
C. 133 

Thus, cooling that occurs above 4
o
C destabilizes the water-column, whereas when the water-134 

column cools below 4
o
C there is a stabilizing buoyancy flux that restratifies the water column 135 

(Farmer and Carmack, 1981). In general, lakes subjected to more intense wind mixing during 136 
late fall will have lower water column temperatures, so that wind speed prior to ice formation 137 
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should determine early winter temperature profiles (Farmer and Carmack, 1981). Using the idea 138 
of a one-dimensional Monin-Obukhov scaling, Farmer and Carmack (1981) suggested that a 139 
vertical length scale for the cold buoyant layer is 𝐻𝐹𝐶  ~ 𝑢∗

3/𝐵, where 𝑢∗ is the friction velocity 140 
and 𝐵 is the buoyancy flux per unit area. Hence stronger winds result in a deeper cold layer 141 
before ice-on (Figure 1a,1c), whereas calmer lakes have shallower cold surface layers (Figure 142 
1b,1d). The same balance between vertical mixing and a stable buoyancy flux applies to the 143 
summer thermocline, and a similar Monin-Obukhov scaling argument has been used by Kirillin 144 
and Shatwell (2016) to separate the summer stratification of 378 lakes into polymictic or 145 
stratified dimictic systems.  146 
 147 
The physics of inverse stratification prior to formation of ice cover is analogous to the widely 148 
studied process of thermocline formation in early summer in dimictic lakes. For instance, the 149 
depth of a dimictic lake’s thermocline can also be related to the magnitude of wind-driven 150 
mixing and the lake’s geometry. Gorham and Boyce (1989) used a two-dimensional argument 151 
based on the Wedderburn number to show that the depth of the late summer thermocline scaled 152 
as 153 
 154 

                                                             𝐻𝐺𝐵 ~ 𝑢̅∗ √𝐿/𝑔’                                                                (1) 155 
 156 
where 𝑢̅∗ is the friction velocity averaged over the summer stratified period, L the fetch and g’ 157 
the reduced gravity across the thermocline, defined as 𝑔′ =  𝑔 Δ𝜌 𝜌𝑜⁄ , where g is the 158 
gravitational acceleration, Δ𝜌 is the density difference across the thermocline, and 𝜌𝑜 is the 159 
average density of the water column. In contrast to the one-dimensional Monin-Obukhov scaling 160 
used by Farmer and Carmack (1981) and Kirillin and Shatwell (2016), this scaling explicitly 161 
includes the effects of the lake geometry, namely the fetch of the lake. Gorham and Boyce 162 
(1989) found a good agreement with their prediction when looking at end-of-summer 163 
thermocline depths 𝐻 in 150 lakes. Fee et al. (1996) found that 𝐻 during midsummer had a 164 

positive correlation with 𝐴
1

4, where 𝐴 is the surface area of the lake. If the lake is circular, then 165 

𝐴
1

4 ~ 𝐿
1

2. For a fixed wind speed, this is the same scaling relationship as 𝐻𝐺𝐵 ~𝐿
1

2 obtained by 166 
Gorham and Boyce (1989). Both the one and two-dimensional arguments suggest that with more 167 
wind, the thermocline during the formation of stratification in a dimictic lake becomes deeper, a 168 
result that applies to both early summer and early winter. However, this scaling has never been 169 
applied to winter conditions before.  170 
 171 
Despite the extensive work published on quantifying the relative contributions of surface 172 
momentum flux to buoyancy flux in establishing the summer dynamics, there is no comparable 173 
work on the fall overturn period establishing the under-ice stratification. This idea has not been 174 
tested against a broad geographical suite of ice-covered lakes with differing depths, surface areas 175 
and wind speeds, likely because winter field work has substantial logistical challenges (Block et 176 
al., 2019). In this analysis, we use temperature and wind speed data from 19 lakes across North 177 
America, Europe, and Asia to explore the degree to which winter thermal stratification in ice-178 
covered lakes is controlled by wind. Using these results, we suggest that the traditional 179 
classification by thermal regime and trophic status is not sufficient to understand the early winter 180 
stratification in dimictic lakes. We provide an additional classification for dimictic lakes based 181 
on the thermal stratification patterns across the different lakes in the study: cryomictic for lakes 182 
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that are cold and mixed at ice-on, and cryostratified for lakes that are warmer and stratified at 183 
ice-on. This additional classification has broad implications for our understanding of under-ice 184 
conditions in dimictic lakes.  185 
 186 
 187 

 188 
Figure 1: Schematic showing the difference in thermal structure between a) a wide, shallow, and 189 
windy lake with a deeper cold layer and weak stratification, and b) a small, deep, and calm lake 190 
with strong inverse stratification. Corresponding evolution of temperature profiles until ice-on 191 
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for c) wide lake and d) small lake. e) An idealized schematic of winter thermocline depth 192 
𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒 used to develop our theory with the black dashed line showing the vertical 193 
temperature profile for the idealized two-layer model and the blue curve as an example of an 194 
actual vertical temperature profile. 195 
 196 

Study Sites and Data 197 
 198 
To analyze and classify the thermal profiles of lakes over a range of geographic locations with 199 
different climatic conditions, we used continuous water temperature measurements from 19 lakes 200 
across North America, Northern Europe, and Asia. This dataset covers a broad range of surface 201 
areas and maximum depths (Figure S1; Table S1). We defined the start of the inverse 202 
stratification period to be the time when the vertically averaged water temperature was 4

o
C, close 203 

to the temperature of maximum density of freshwater (Chen and Millero, 1986), and we defined 204 
the timing of ice-on to be the day of full ice cover. In larger lakes that are often partially ice-205 
covered, we defined the timing of ice-on to be the first day where at least a radius of 10 km from 206 
the sampling point is ice-covered, which is consistent with the definition used in Titze and 207 
Austin (2016) (Table S1). In all lakes, water temperature was measured continuously at multiple 208 
depths (Table S1). The water temperature measurements were then extracted between the start of 209 
the inverse stratification period and the onset of ice-cover. Out of the 19 lakes in this study, 13 210 
lakes included hourly wind speed measurements near the surface of the lake. Detailed lake 211 
characteristics including the geographic location, mean depth, maximum depth, surface area, and 212 
sampling rates are given in Table S1. 213 
 214 
Calculating depth averaged temperatures 215 
 216 
The depth-averaged temperature 𝑇𝑎𝑣𝑔 was calculated at the time of reported ice-on. In many 217 

cases moorings did not extend to the surface, due to vulnerability of the instruments to the lake 218 
ice, and instead the shallowest thermistors were typically below ice at 0.5 to 2-m depth. In these 219 
cases, we assumed that 𝑇 = 0 at 𝑧 = 0, and made a linear interpolation between that and the 220 
highest measurement. We also assumed that the temperature at the bottom was equal to the 221 
temperature at the deepest logger. Typically, this represents a slight underestimation of the actual 222 
depth-averaged temperature due to the inverse thermal stratification in cold lakes. However, 223 
there are special cases where compressibility effects were significant in very deep lakes (e.g. 224 
Lake Superior), resulting in an overestimation of the depth-averaged temperature at ice-on. 225 
 226 
Calculating time averaged winds and the drag coefficient 227 
 228 
For each lake, we determined the average surface wind at 10 m above the surface of the lake, 229 
𝑈10, by averaging the wind speeds between the start of inverse stratification and onset of ice 230 
cover. In cases where the wind measurements were made at another height 𝑧, we used a power-231 
law scaling formula to estimate 𝑈10 following Hsu et al (1994).  232 

𝑈10 = 𝑈𝑧 (
10

𝑧
)

0.11

 

 233 
where 𝑈𝑧 is the wind measured at height 𝑧 above the surface of the lake. To account for the 234 
variability of the wind measurements during this period, we calculated the sample standard 235 
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deviation of all the wind speeds to obtain the wind speeds at the 25
th

 and 75
th

 percentile that were 236 
used to construct the error bars.  237 
 238 
The drag coefficient 𝐶𝐷,10 was calculated using Charnock’s Law (Charnock, 1955) and the 239 
empirical relationship determined by Wüest and Lorke (2003) 240 
 241 

𝐶𝐷,10 = {

0.0044𝑈10
−1.15,     𝑈10 < 5 𝑚 𝑠−1

[𝜅−1 ln (
10𝑔

𝐶𝐷,10𝑈10
2 ) + 11.3]

−2

,   𝑈10 > 5 𝑚 𝑠−1
 

 242 
where 𝜅 is the von Karman constant and 𝑔 is the gravitational acceleration. 243 
 244 

Modelling Approach 245 
 246 
Modelling the water temperature at ice formation based on wind measurements and 247 
geometry of the lake 248 
 249 
The average temperature at ice-on can be estimated from a highly simplified two-layer model 250 
that has a top layer of thickness 𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒 and a total depth of 𝐻𝑚𝑎𝑥, where the temperature is 251 
set to 0

o
C above the winter thermocline and 4

o
C below (as sketched in Figure 1e). The depth 252 

averaged temperature of a lake at ice-on in degrees Celsius can be calculated as   253 
 254 

𝑇𝑖𝑐𝑒−𝑜𝑛 =  
1

𝐻𝑚𝑎𝑥

(0 × 𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒 + 4 × (𝐻𝑚𝑎𝑥 − 𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒)) 

 255 
which simplifies to 256 

                                                     𝑇𝑎𝑣𝑔 = 4 (1 −
𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒

𝐻𝑚𝑎𝑥 
)                                                   (2) 257 

 258 
We define the depth of the thermocline based on the results of Gorham and Boyce (1989), who 259 
modelled the full scaling of the thermocline depth based on wind driven mixing events as 260 
 261 

                                                𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒 ≡ 𝐻𝐺𝐵 = 2 (
𝜏

𝑔Δ𝜌
)

1

2
𝐴

1

4                                             (3) 262 

 263 
where 𝜏 is the surface wind stress, 𝐴 is the surface area of the lake, and Δ𝜌 is the density 264 
difference between the two layers. The surface wind stress is given by  265 
 266 

               𝜏 ≡ 𝜌𝑤𝑢∗
2 = 𝜌𝑎𝐶𝐷,10𝑈10

2                                                       (4) 267 
 268 
where 𝜌𝑤 is the density of water (taken to be 1000 kg m

-3
 here), 𝜌𝑎 is the density of air (1 kg m

-269 
3
), 𝑈10 is the wind speed measured 10 m above the surface of the lake, and 𝐶𝐷,10 is the drag 270 

coefficient for surface winds at 10 m. Hence the friction velocity   271 
 272 
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                                                            𝑢∗ =  √
𝜌𝐴

𝜌𝑊
𝐶𝐷𝑈10

2                                                               (5) 273 

 274 
The local wind stress experienced between nearby lakes can vary (Read et al., 2012), depending 275 
upon local topography and the influence of wind sheltering (Markfort et al., 2010). Generally, 276 
these effects mean that larger lakes have stronger winds (i.e. 𝑢∗~ 𝐿), when compared to nearby 277 
lakes of smaller area. 278 
 279 
Combining equations 3–5, the depth of the thermocline can be written as  280 
 281 

                                              𝐻𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑙𝑖𝑛𝑒 = 2 (
𝜌𝑎𝐶𝐷,10𝑈10

2

𝜌𝑤𝑔′
)

1

2
𝐴

1

4                                              (6) 282 

 283 
where 𝑔′ is the reduced gravity defined in terms of the density difference between 0 and 4

o
C 284 

water as 𝑔′ = 𝑔 (𝜌40𝐶 − 𝜌00𝐶)/0.5(𝜌40𝐶 + 𝜌00𝐶). Using this, we obtain a novel estimation of the 285 
depth-averaged temperature at ice-on based on both the surface winds over the lake and the 286 
geometry of the lake by substituting into equation 1 287 
 288 

𝑇̂𝑖𝑐𝑒−𝑜𝑛 = max {0,4 (1 −
2𝜌𝑎

1
2𝜌𝑤

−
1
2𝐶𝐷,10

1
2 𝑔′−

1
2𝑈10𝐴

1
4

𝐻𝑚𝑎𝑥
) } = max {0,4 (1 −

2𝑢∗𝑔′−
1
2𝐴

1
4

𝐻𝑚𝑎𝑥
) }  (7) 

  289 

Results 290 
 291 
Detailed comparison of thermal stratification during the fall and winter between a small 292 
and large lake 293 
 294 
Our new modelling approach suggests that local wind and lake area have important roles in 295 
determining the thermal profile at ice formation, and the extent to which dimictic lakes can vary 296 
between being cryomictic and cryostratified. This difference in thermal profiles is seen most 297 
clearly when comparing Lake Mendota (surface area 39.6 km

2
) with Harp Lake (surface area 298 

0.714 km
2
). These lakes have similar maximum depths (25-30 m) and are at approximately the 299 

same latitude (43-45 degN) in mid-continental North America, thus experience relatively similar 300 
air temperatures and solar radiation. The most important difference between the lakes is the wind 301 
they experience. The average wind 𝑈10 on Lake Mendota at the start of the inverse stratification 302 
period and prior to ice-on was 5.8 m s

-1
, much windier than the sheltered Harp Lake, where the 303 

average 𝑈10 was only 0.9 m s
-1

 prior to ice formation. Consequently, temperature profiles of the 304 
two lakes at the time of initial ice formation were different, which influenced the stratification 305 
pattern during winter. During the early winter of 2019 between ice-on and February 1 in Lake 306 
Mendota, the water column was nearly isothermal. Before the surface-mixing layer started to 307 
develop in late March, most of the upper water column remained close to isothermal. Beneath 308 
the isothermal upper layer, the temperature was increasing at approximately 0.15

o
C m

-1
, and the 309 

strongest stratification was at the bottom of the lake where the temperature increased at 0.5
o
C m

-1
. 310 

In contrast, Harp Lake had only a thin surface layer near the surface that was less than 3
o
C. This 311 

surface layer was less than 3-m thick and strongly stratified where the maximum temperature 312 
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gradients were 1.5
o
C m

-1
. Beneath this strongly stratified layer, the water column was between 3 313 

and 4
o
C and the temperature gradients did not exceed 0.1

o
C m

-1
. 314 

 315 

 316 
Figure 2: Difference in thermal structure between a) Lake Mendota (a large lake, 43.1

o
N), and 317 

b) Harp Lake (a small lake, 45.3
o
N) during the winter of 2019. These two lakes are at a similar 318 

latitude yet the thermal stratification in Lake Mendota was weak and colder compared to Harp 319 
Lake. While the Harp Lake site is 36-m deep, data are only shown for the top 30 m where 320 
continuous measurements were taken. In both plots, the gray bar on top of both plots indicate the 321 
duration of ice cover. 322 
 323 
Comparison of water temperature at ice-on with lake size and the strength of surface winds  324 
 325 
Extending the observations to 19 lakes globally, our data shows that the ice-on temperature 326 
profiles vary widely (Figure 3a). Lake Erie had the coldest temperature at ice-on at nearly 0

o
C 327 

and was nearly isothermal. The temperature profiles in other larger lakes such as Lake Simcoe 328 
were less than 1

o
C in the upper half of the water column, and between 1

o
C and 2

o
C near the 329 

bottom of the lake. In contrast, in other smaller lakes such as Alexie Lake, the water column was 330 
generally > 2

o
C where the temperature near the bottom can be close to 4

o
C, the temperature of 331 

maximum density.  332 
 333 
We found a strong relationship between the surface winds and the depth-averaged ice-on 334 
temperatures. Lakes that experience weaker surface winds prior to ice-on had higher average 335 
temperatures at ice-on, while stronger winds led to lower average temperatures at ice-on (Figure 336 
3b). This is consistent with stronger winds driving a deeper surface mixing layer prior to ice-on 337 
that transports colder waters to the bottom. The ice-on temperatures of each lake also appear to 338 

be well-correlated to the geometry of the lake 𝐻𝑚𝑒𝑎𝑛/√𝐴, where 𝐴 is the surface area of the lake. 339 
This value is high for small, deep lakes and low for large, shallow lakes (Figure 3c). In general, 340 
we found that a larger surface area of the lake corresponds to higher average strength of the 341 
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surface winds (Figure 3d). The temperature scaling using our new idealized two-layer model 342 
(equation 7) agreed very well with the measured average temperature during ice-on (Figure 3e).  343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
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 357 
 358 
 359 
Figure 3: Water temperatures in our study lakes, each denoted by a unique color/symbol 360 
combination: a) Temperature profiles of each lake at ice-on with depth (𝑧) on the y-axis 361 
normalized by the maximum depth of each lake (𝐻𝑚𝑎𝑥). b) Relationship between….Depth-362 
averaged temperature at ice-on (𝑇𝑖𝑐𝑒−𝑜𝑛) compared to 𝑈10

̅̅ ̅̅̅, which, for lakes with wind data, was 363 
averaged from when the water column cooled to 4

o
C to ice-on. c) 𝑇𝑖𝑐𝑒−𝑜𝑛 compared to the ratio 364 

of the mean depth (𝐻𝑚𝑒𝑎𝑛) and the square root of the lake surface area (𝐴
1

2). d)  𝑈10
̅̅ ̅̅̅ during the 365 

same period in b) compared to 𝐴
1

2. e) Observed 𝑇𝑖𝑐𝑒−𝑜𝑛 compared to 𝑇̂𝑖𝑐𝑒 𝑜𝑛  (modelled using 366 
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equation 7) with the dashed line representing 1:1. The black lines indicate the linear regressions 367 
for b) 𝑇𝑖𝑐𝑒−𝑜𝑛 = 3.32 − 0.45𝑈̅10, 𝑅𝑎𝑑𝑗

2 = 0.463, slope 𝑝 < 0.01, c) 𝑇𝑖𝑐𝑒−𝑜𝑛 = 6.32 +368 

0.73 log(𝐻𝑚𝑒𝑎𝑛𝐴−1/2), 𝑅𝑎𝑑𝑗
2 = 0.672, slope 𝑝 < 0.0001, d) 𝑈̅10 = −2.23 + 0.67 log(𝐴1/2), 369 

𝑅𝑎𝑑𝑗
2 = 0.43, slope 𝑝 < 0.001, and e) 𝑇𝑖𝑐𝑒−𝑜𝑛 = 0.29 + 0.73 𝑇̂𝑖𝑐𝑒−𝑜𝑛, 𝑅𝑎𝑑𝑗

2 = 0.726, intercept 370 

𝑝 = 0.177, slope 𝑝 < 0.001. Red colours indicate warmer 𝑇𝑖𝑐𝑒−𝑜𝑛 and blue colours indicate 371 
colder 𝑇𝑖𝑐𝑒−𝑜𝑛.  372 
 373 

Discussion 374 
 375 
Our synthesis of data from 19 lakes in North America, Europe, and Asia suggests that there is a 376 
large variation of ice-on temperature profiles that vary between cryomictic and cryostratified, 377 
and that mean ice-on temperatures were well-predicted by lake depth, fetch and wind stress prior 378 
to ice-on (equation 7). For lakes without available wind data, we found that the depth-averaged 379 

temperature at ice-on correlated well with log(𝐻𝑚𝑒𝑎𝑛/√𝐴), where larger values indicate a 380 
deeper lake relative to its surface area. We emphasize that although the correlation coefficients 381 

𝑅𝑎𝑑𝑗
2  are similar between comparing 𝑇𝑖𝑐𝑒−𝑜𝑛 against log(𝐻𝑚𝑒𝑎𝑛/√𝐴) (𝑅𝑎𝑑𝑗

2 = 0.672, Figure 3c) 382 

and comparing 𝑇𝑖𝑐𝑒−𝑜𝑛 against the two-layer model scaling (𝑅𝑎𝑑𝑗
2 = 0.726, equation 7, Figure 383 

3e), the new two-layer model scaling is based on the essential physics of the mixing layer depth 384 
proposed by Gorham and Boyce (1989) during wind events. However, if the friction velocity can 385 

be assumed to be an increasing function of √𝐴 (Figure 3d), then the two-layer model scaling 386 

(equation 7) suggests that 𝑇𝑖𝑐𝑒−𝑜𝑛 will be a function of the vertical aspect ratio 𝐻𝑚𝑒𝑎𝑛/√𝐴 387 
(Figure 3c). Here, we found that most cryostratified lakes at ice-on have larger values of 388 

log(𝐻𝑚𝑒𝑎𝑛/√𝐴) and have weaker winds (Figure 3c). 389 
 390 
More generally, the data and equation (7) suggest that the initial under-ice winter thermal 391 
stratification of a dimictic lake is best characterized by a gradient - on one end the depth-392 
averaged temperatures are “cold” and close to 0

o
C with near uniform temperatures in a weakly 393 

stratified lake, whereas at the other end, the lake is “warm” with a thin cold layer of water 394 
immediately beneath the ice and then a deep layer of water that is near 4

o
C. In light of this, we 395 

suggest that it is useful to further subdivide the dimictic classification scheme of Lewis (1983) 396 
into additional categories and that the term "inverse stratification", when applied widely to 397 
characterize seasonally ice-covered lakes, may be misleading in many cases. We suggest that a 398 
new term of "cryostratified” lakes be used when the depth-averaged initial winter temperature is 399 
between 2–4

o
C under the ice (i.e. Harp Lake, Figure 2b), and the term “cryomictic” lakes be used 400 

where depth-averaged temperatures are between 0–2 
o
C (i.e. Lake Mendota, Figure 2a). In the 401 

absence of additional chemical stratification, all initial under-ice winter temperature profiles 402 
exist on a continuum between these states. The use of these new will be helpful when comparing 403 
different lakes with regard to biogeochemical processes, fish habitat usage over winter, or 404 
advancing our understanding of under-ice dynamics in lakes. Here, we provide two examples of 405 
its relevance for biological and physical processes in lakes. 406 
 407 
Implications of the new classification system for biological processes 408 
 409 
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The division of lakes into cryostratified and cryomictic may help to better understand the 410 
abundance of fish. Fish are ectotherms, so their use of different thermal habitat in a stratified 411 
water column has implications for their physiological rates and performance (Huey, 1991). 412 
Freshwater fish are known to select particular habitats that align with their thermal preferences 413 
(Brandt et al. 1980). However, much of this work has been restricted to open water periods. Fish 414 
habitat choice in winter, when temperatures range from near 0

o
C just below ice to temperatures 415 

as “warm” as 4
o
C at the bottom, is poorly understood. Both winter inactive (e.g. smallmouth 416 

bass, Suski and Ridgway, 2009) and winter active (e.g. burbot; Harrison et al., 2016) fish species 417 
appear to select for particular depths during winter, and a number of recent studies on salmonids 418 
suggest that these cold-adapted fish often occupy higher and colder regions of the water column 419 
in a narrow depth range during winter that corresponds to temperatures between 1–3

o
C 420 

(Blanchfield et al., 2009; McMeans et al., 2020; Bergstedt et al., 2003; Cote et al., 2020; Mulder 421 
et al., 2018; Gorsky et al., 2012). Although most ice-covered lakes have temperatures in the 422 
range 0–4

o
C, the degree of stratification can vary substantially between lakes. If fish are indeed 423 

choosing a specific 2
o
C isotherm, this layer would be deeper and potentially narrower in 424 

cryomictic lakes, versus cryostratified lakes. For instance, the 2
o
C isotherm is at approximately 425 

90% of lake depth in the colder Lake Mendota, versus approximately 5% depth in Harp Lake 426 
(Figure 2). The degree to which differing winter stratification patterns drive different depth usage 427 
by various fish, and the resultant consequences for fish growth and survival, would therefore be a 428 
valuable research topic for future telemetry studies.  429 
 430 
Implications of the new classification system for under-ice physical processes 431 
 432 
Initial differences in thermal stratification under the ice influence late winter stratification, and 433 
can subsequently influence the magnitude of two key physical processes, namely (1) the duration 434 
and strength of vertical heat fluxes associated with the late winter radiatively driven convection, 435 
and (2) the timing and duration of spring overturn dynamics (Figure 1).  436 
 437 
The duration and strength of late-winter convection depend on the buoyancy flux from solar 438 
radiation and the depth of the surface mixed layer. In cryostratified lakes, there is strong 439 
stratification so that there is a very thin surface mixed layer. In contrast, a small increase in under 440 
ice temperatures from solar heat can potentially trigger convective mixing throughout a large 441 
region of the water column in cold cryomictic lakes that are weakly stratified (Bruesewitz et al. 442 
2015; Yang et al. 2017; Yang et al. 2020). In very large and deep lakes such as Lake Superior 443 
and Lake Michigan, the spring overturn can continue for weeks to months after ice-off, until the 444 
water column reaches 4

o
C (Austin, 2019; Cannon et al., 2019). Under similar meteorological 445 

forcing, we would expect that cryostratified lakes, such as Harp Lake (Figure 2b), will warm up 446 
to 4

o
C faster than colder cryomictic lakes after ice-off, and consequently have a shorter duration 447 

of spring overturn (Yang et al., 2020). We note that this is likely the reason that most previous 448 
studies on solar-driven convection have occurred in large deep lakes (Yang et al. 2017, 2020; 449 
Bouffard et al. 2019) rather than in smaller lakes that are typically warmer, and have only brief 450 
overturn periods (e.g Brueswitz et al. 2015). Similarly, the vertical velocities associated with 451 

solar-driven convection scale as 𝑤∗ ~ (𝐵ℎ)
1

3 (Kelley, 1997; Bouffard et al., 2019), where B is the 452 
buoyancy flux, and h is the depth of the surface mixed layer. It is likely that h is larger in 453 
cryomictic weakly stratified lakes during under-ice convection, and therefore these “colder” 454 
lakes are then more likely to have larger vertical velocities 𝑤∗ and more vigorous convection 455 
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under the ice, as well as a longer duration of convection. The vigor of this convection may in 456 
turn structure the planktonic communities (Kelley, 1997; Bouffard et al., 2019) as plankton rely 457 
on the vertical circulation to remain in the photic zone (Yang et al., 2020).  458 
 459 
Furthermore, both the data from 19 lakes (Figure 3e) and equation (7) suggest that the 460 
temperature at ice formation may be sensitive to shifts in surface winds. In particular, ice-on 461 
temperatures in larger lakes are more sensitive to differences in surface winds as equation (7) 462 

implies that |
𝜕𝑇𝑎𝑣𝑔

𝜕𝑢∗
| = 8𝑔′−

1

2𝐴
1

4𝐻𝑚𝑎𝑥
−1  is greater for shallow lakes with larger area (see example in 463 

Figure S2). In some locations surface winds have increased by 10–20% recently (e.g. over Lake 464 
Superior, Desai et al., 2009), while in other locations winds have dropped by 10–20% (Pryor et 465 
al., 2009; Vautard et al., 2010). Such shifts in the mean surface winds or variability with late fall 466 
storm events on lakes that have ice-on temperatures that are close to 2

o
C might shift lakes 467 

between cryomictic and cryostratified states, depending on the surface winds.  468 
 469 
Limitations of the analysis 470 
 471 
The main assumption we have made in our analysis is that the thermal stratification at ice-on is 472 
primarily determined by surface heat fluxes and the turbulent mixing is driven by winds. Other 473 
processes could be important in setting winter thermal stratification. For example, river inflows 474 
can impact the thermal stratification (Pasche et al., 2019; Cortés and MacIntyre, 2019), which 475 
will be important in lakes that have short residence times. The summer heat stored in the 476 
sediment can also be an important heat flux (Fang and Stefan, 1996, 1998). Finally, in very deep 477 
lakes, such as Lake Superior, compressibility effects are important, so that stable temperature 478 
profiles below 200 m follow a thermobaric relationship, rather than being a constant 4

o
C (Titze 479 

and Austin, 2014; Crawford and Collier, 2007; Boehrer and Schultze, 2008). This implies that 480 
the depth averaged temperature of a deep lake at ice-on might be lower than expected based on 481 
similar shallow lakes.  482 
 483 

Conclusions 484 
 485 
Although Lewis (1983) originally classified all dimictic lakes into one group, we conclude that 486 
dimictic lakes should further be differentiated into cryostratified and cryomictic. We suggest that 487 
smaller lakes with less wind result in “warmer” under-ice temperatures near 4

o
C and should be 488 

termed “cryostratified” whereas larger lakes with higher winds are typically “colder” (near 0
o
C) 489 

and should be termed “cryomictic”. Stronger winds at the surface potentially drive a longer 490 
duration of mixing by delaying ice formation (Kirillin et al., 2012), and hence the temperature 491 
profiles at ice-on are colder and more isothermal compared to lakes with weaker winds. We 492 
developed an equation that predicts the mean temperature at ice-on from the wind speed and lake 493 
geometry (equation 7) and compares well with measurements from our study lakes. In cases 494 

where surface wind measurements are not available, the non-dimensional ratio log(𝐻𝑚𝑒𝑎𝑛/√𝐴) 495 
correlates well with the mean ice-on temperature. These results suggest that there is a wide 496 
spectrum of ice-on temperature profiles in temperate, dimictic lakes. Furthermore, we expect 497 
similar processes will occur in high latitude polymictic lakes or cold monomictic lakes. For 498 
example, Lake Võrtsjärv and Shelburne Pond were two polymictic lakes included in the analysis. 499 
greater recognition and better characterization of the variability in thermal structure under the ice 500 
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will have important implications for understanding both the ecology and physical dynamics of 501 
dimictic lakes during winter.  502 
 503 
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