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François Lake is a long, deep, seasonally ice-covered, dimictic lake set in an east-west orientation in mid-British Columbia. As a baseline we here present data from a full-depth temperature mooring deployed at the lake’s mid-point in 2004–2005 and one full-depth conductivity-temperature-depth cast. We use these temperature records to define lake stability, scales of motion and the annual cycle of thermal stratification, mixing and deep-water ventilation. Owing to its length (110 km) both the Wedderburn and Lake numbers—indices of thermocline tilt and mixing under wind forcing—transition through critical values during fall and spring seasons, suggesting thermocline outcropping and strong turbulent mixing within the thermocline at these times. Owing to its depth (240 m) the decreasing temperature of maximum density (TMD) with depth (thermobaric effect) adds complexity to overturn events. Owing to its seasonal ice cover (2–3 months per year) the critical period for effective fall ventilation occurs before ice formation and concurrent wind shielding, while that of spring ventilation lies between the dates that the ice cover melts and the lake surface water warms above 4°C. While the lake undergoes full depth ventilation in both fall and spring, we show that both progress in distinct dynamical stages. Fall ventilation is more efficient than that of spring, and the transition temperature and resulting bottom temperature from fall to winter stratification (positive to inverse) and winter to spring stratification (inverse to positive) lies close to the temperature of maximum density calculated for the maximum depth of free and forced convection (in this case, closer to 3.7°C).
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1 INTRODUCTION
Western Canada, has 15 or more dimictic lakes deeper than 200 m, many of which are seasonally ice covered. Yet despite the ecological, economic, social, cultural and esthetic value of deep, cold-water lakes, an insufficient number of studies focus on their basic physical limnology, which we hold to be essential knowledge for responsible management and protection under human activities and climate warming. François Lake, a long (110 km), deep (240 m), seasonally ice-covered (typically 2–3 months per year), long residence time (∼35 years) dimictic lake at an elevation of 715 m in the Cordilleran geological domain of central British Columbia, is one such lake (Figure 1).
[image: Figure 1]FIGURE 1 | François Lake (A) Bathymetry of the lake at length-to-width aspect of roughly 1:2.5, and showing the location of the mooring (black circle) and meteorological station (black triangle) (B) depth profile along thalweg including mooring array (C) hypsographic curve, and (D) showing the location of the lake in British Columbia (red rectangle).
Of fundamental importance to lakes is their seasonal pattern of stratification (the vertical layering of water bodies) and ventilation (the convective renewal of subsurface waters), for they jointly constrain the internal redistribution of heat, nutrients and dissolved oxygen (see reviews by Boehrer and Schultze, 2008; Bouffard and Wüest, 2019). It is usually assumed that dimictic lakes convectively mix from top to bottom when the lake surface temperature cools (fall) or warms (spring) through ∼4°C, the temperature of maximum density (TMD) at surface pressure. However, bottom temperatures in most deep, temperate-latitude lakes reveal more complex features, and many remain below ∼4°C throughout the year (Johnson 1966; Carmack and Vagle, 2021). This is because deep layers are made stable by the fact that TMD decreases with depth at a rate of 0.021°C per 100 m (Eklund, 1965). In addition, Boehrer et al. (2013) found a correlation between lake length and bottom temperature; the greater the lake’s length the colder the bottom temperatures, so that the longitudinal dimension of a lake is also a decisive for the bottom temperatures.
That water colder than 4°C at the surface can convectively displace 4°C below to initiate ventilation was noted by Johnson (1966), who, recognized that if cold upper layer water is forced downwards to a depth where its temperature crosses the TMD curve it will become unstable and sink. Farmer and Carmack (1981) described the winter onset of inverse stratification (Tsurf < 4°C) when wind mixing is opposed by the positive buoyancy flux associated with lake waters cooling, and showed that an inverse stratified lake will be made conditionally unstable if the interface at the base of the cold, upper mixed layer is forced to a depth where its temperature matches that of maximum density at that depth. Above this depth, the interface is stable and the wind must work against buoyancy during cooling; below this depth, the interface becomes gravitationally unstable and free convection occurs. This process is termed a thermobaric instability, and has been proposed as the ventilation mechanism in other deep lakes (Carmack & Weiss, 1991; Weiss et al., 1991; Crawford & Collier, 1997; 2007; Wüest et al., 2005; Schmid et al., 2008; Laval et al., 2012; Boehrer et al., 2013; Tsimitri et al., 2015; Carmack and Vagle, 2021). Of especial importance to the annual cycle of deep, dimictic lakes is whether or not an ice cover forms annually, as this limits the time and intensity of direct wind forcing. The morphometric constraints of depth and size are discussed in detail by Yang et al. (2020) and reiterated below.
To our knowledge, only one report referring to the physical limnology of François Lake has been published in the open literature, and this only used a reduced portion of the data reported here (temperature vertically averaged over the upper 60 m) to place the lake in the context of a latitudinal climate gradient for cordilleran lakes in western Canada (Carmack et al. 2014). We here use the full data set from François Lake and examine the consequences of three specific features: that it is long and narrow (length ∼110 km; mean width ∼2 km), that it is deep (maximum depth = 240 m) and that it has (now at least) a seasonal ice cover; the latter being subject to change under climate warming.
In late summer, 2004, we hand-deployed a full-depth, temperature-logger mooring from a 13-foot rigid hull inflatable boat near the deepest spot in the lake. These five sensors (described below) were attached individually to a 3/8” polypropylene rope between the bottom 100 kg junk-iron anchor and the sub-surface floatation buoy. At the same time, we lowered a CTD profiler to full depth. In August 2005 we returned and recovered the mooring by lassoing the subsurface float. Admittedly, this is a sparse data set for a lake of this size and depth; our purpose, however, is to demonstrate that much can be learned from an inexpensive data set about annual patterns of circulation and mixing that can then serve as a baseline for subsequent biogeochemical or management applications.
2 STUDY AREA AND METHODS
The bathymetry, thalweg depth profile, and hypsographic curve of François Lake are shown in Figure 1. The lake drains at its east end into the Stellako River, a tributary to the Fraser River, with a mean annual flow of 20.1 m3s-1 (∼0.65 km3yr-1), yielding a bulk residence time of ∼35 years (Westenhofer et al. 2000). The winter minimum flow is 2 m3s-1, and the summer maximum flow is 183 m3s-1 (this flow, averaged through a 2 km wide by 10 m deep riverine cross-lake section, yields an equivalent riverine interflow velocity of approximately 1 cm-1; small, but still about 1 km day-1 so, hypothetically, a parcel of river water entering the west end would take about 100 days to transit the lake).
Temperature time-series were obtained using a full-depth mooring consisting of four RBR TR-1050 internally recording thermistors at nominal depths of 36.5, 96.5, 156.5 and 232.5 m, each with a resolution of 0.001°C and an accuracy of ± 0.003°C. A RBR TDR-2050, which also recorded depth with a resolution of 0.5 cm and accuracy of 0.2 m, was positioned at the shallowest depth (6.5 m) to detect changes in lake surface level as well as temperature. Measurements were recorded at 10-min intervals throughout the year. The mooring was deployed on 7 August 2004 at 54.04757 N 125.7937 W and recovered on 30 August 2005. A Seabird-19 + CTD, with a temperature, T, resolution of 0.001°C and an accuracy of ± 0.003°C, and conductivity (specific conductance), κ, data with an accuracy of + 0.002 μS cm-1 was used to vertically profile the full depth of the lake next to the mooring directly following mooring deployment on 7 August 2004. A crude measure of salinity is the total dissolved solids (TDS) (Pawlowicz and Feistel, 2012). This can be calculated by temperature correcting κ to a reference temperature of 25°C (Clesceri et al. 1998), using:
[image: image]
and relating κ25 to TDS and salinity using Salinity = 0.75* κ25/(μS cm-1) (Pawlowicz and Feistel, 2012).
Meteorological data was obtained from British Columbia Government climate data set portal using station 1741 under network FLNRO-WMS located near the West end of the lake (53.9867N 126.5217W) (https://data.pacificclimate.org/portal/pcds/map/) (Figure 1). No meteorological data are available between December 19 and 31, 2004. Dates of ice formation and ice break-up were visually determined using NASA Worldview EOSDIS imagery.
3 RESULTS
3.1 Meteorological forcing
Figures 2A–D show wind speed at a height of 10 m (U10), and the air-temperature from the meteorological station near the west end of the lake, the water temperature from the top thermistor at a nominal depth of 6.5 m, and the actual depth of the upper sensor, respectively. Dates of full or partial ice cover are shown by horizontal bars above the water temperature and lake level data. Freeze-up began on 2 January 2005, and the lake was ice free sometime between 19—27 April 2005; a total of approximately 110 days. Note, however, that ice on François Lake is relatively thin, and thus subject to intermittent break-up and re-formation throughout winter. In addition, a track across the lake near mid-lake is kept open to allow ferry crossings, except in the coldest weather. Brief periods of open water at the ends of the lake were also observed, perhaps related to upwelling events. Large variations in the dates of freeze-up and break-up are expected from year-to year.
[image: Figure 2]FIGURE 2 | (A) Wind speed at 10 m (U10) (B) air temperature (C) lake temperature at top of mooring (D) depth of top thermistor. All these data are shown with daily running means. The period when ice was detected from satellite pictures (grey horizontal lines in (C, D)), temperature of maximum density at the surface (4°C) (horizontal dashed line in (C)) and freezing temperature (0°C) (horizontal dashed line in (B)) are also shown (E) Spectrograms of depth, and (F) spectrograms of upper thermistor signal. The horizontal dashed lines in (E) indicate periods of 34, 66, and 105 min representing seiche periods.
The lake’s internal response to external forcing, as indicated by pressure fluctuations is indicated by the spectrograms in Figure 2E wherein signal power (in dB) is plotted versus frequency (shown as period in minutes). The spectra were calculated over a 14-day period using 512-point Fast Fourier Transform (FFTs). These FFTs were calculated every day by shifting the input time series by 144 points for every time step to give the smoothed results shown in Figure 2E. These observed depth sensor variations are likely due to wind-forced, upper-layer currents and internal seiching, causing the mooring to tilt. These fluctuations are always strongest during ice free conditions, almost absent during the ice-covered period, and greater at lower frequencies. Significantly, three narrow bands, at ∼ 105, ∼66, and ∼34 min persist throughout the year; each is close to the first three internal seiche nodes computed from Merian’s formula (Figure 2E; Table 1).
TABLE 1 | Lake diagnostics comparing summer and winter conditions in François Lake. The parameters were calculated from the temperature, conductivity profile on 7 August 2004 for the summer conditions and using the mooring data on 12 January 2005 for the winter conditions.
[image: Table 1]3.2 Vertical temperature and salinity structure
Similar spectrograms were calculated for the upper temperature sensor (6.5 m nominal depth) (Figure 2F). The observed temperature fluctuations are especially high in the summer and early fall period of strong stratification and weak during later fall as stratification decreases during overturn, and moderate during the winter period of inverse stratification.
The conductivity-temperature-depth (CTD) profile obtained on 7 August 2004, near the time of maximum surface temperature, is shown in Figure 3A, B at both full and expanded temperature and salinity scales; salinity is reported as mg kg-1. Also shown is a winter temperature profile, constructed form the moorings data on 12 January 2005, near the time of minimum heat content. These profiles are used later to calculate representative scales of motion (Section 3.5). The profile representing the temperature of maximum density (TMD) is shown as a dashed line. At this time near-surface temperatures are approximately 18°C while bottom temperatures are near 3.87°C. The corresponding T/S correlation plots with isolines of density at the surface and at a depth of 200 dbars are shown in Figures 3C, D respectively. Comparing this profile to the mooring data we note that sensors at 6.5 and 36.5 m approximate the upper and lower boundaries of the mid-summer thermocline. Values of S range from roughly 62 mg kg-1–89.2 mg kg-1, appear to serve as a useful trace of river throughflow, and reveal very weak vertical structure below approximately 50 m. T/S correlations show the joint effects of T and S on density. From Figures 3C, D we also conclude that while weak salinity gradients are present, they are unlikely to constrain whole lake ventilation and deep-water renewal. Small gradients may, however, be significant in the hypolimnion near T=TMD where the thermal expansion coefficient is near zero.
[image: Figure 3]FIGURE 3 | (A) Temperature, T (solid red) and salinity, S (blue) from CTD cast in position 54.04757 N 125.7937 W on 7 August 2004 from surface to bottom and a winter temperature profile, constructed form the mooring data on 12 January 2005 (dash dot red) (B) T and S at expanded scale. T/S correlation at full scale with isolines of σ-t (density-1000 in kg m-3) calculated for 0 dbar (C), and for 200 dbar (D). Temperature of maximum density (TMD) is shown as dashed line in (A) and (B).
3.3 Annual cycle of temperature stratification
Annual patterns of stratification and mixing are critical determinants for both the phasing and rates of geochemical and biological processes. The temperature data collected by the full depth mooring was plotted for both the annual cycle at full temperature scale (Figure 4A), at expanded temperature scales (Figure 4B), at expanded temperature scales for deep waters only (Figure 4C) and for T—TMD (Figure 4D). Visual inspection of these plots confirms that (1) the lake is, indeed, dimictic with surface temperatures cooling through 4°C in late December and warming through 4°C in early April (Figure 4A); 2) deep waters remain below 4°C throughout most of the year except for a period of approximately 100 days in the first phase of fall overturn (Figure 4B); 3) much greater temperature changes in deep waters are observed during fall overturn (∼0.8°C) than during spring overturn (∼0.2°C), indicating stronger deep water renewal (Figure 4C); and 4) throughout winter the zero crossing waters above 96.5 m have negative T—TMD values while waters below 156.5 m have positive T—TMD values, the T—TMD = 0 crossing being a signature of thermobaric stratification in deep waters (Figure 4D).
[image: Figure 4]FIGURE 4 | Temperatures (T) versus time measured at 5 depths in François Lake (solid lines) for T at full scale (A) and T at expanded scale (B) and at expanded scale for only the two deepest sensors (C) (D) Shows expanded scale for T-TMD at each depth. Horizontal dashed lines indicate a temperature of 4 °C and 0°C, dashed-dot lines indicate TMD at 232.5 m and dotted line TMD at 156.5 m. The vertical dotted lines indicate important dates discussed in text (9 September 2004, 10 October 2004, 17 October 2004, 1 December 2004, 10 December 2004, 22 December 2004, 1 January 2005, 9 May 2005 and 15 May 2005) as reference (All these data are shown with daily running means.).
3.3.1 Fall
It is useful to discuss fall convection and ventilation as progressing in terms of structures occurring in two distinct stages wherein differing processes dominate. Stage one of fall overturn (Figure 5A) was marked by mixed layer deepening, reduced stratification, increased amplitude of temperature fluctuations related to internal seiching, and progressive warming of deep waters as heat is entrained downwards. On 18 August 2004, lake temperatures at 6.5 m reached an annual maximum temperature of 19.5°C, and afterwards began to cool at an average rate of 0.2°C day-1. At the same time, lower thermocline waters at 36.5 m began to warm as surface waters progressively mixed downwards and were entrained in deeper layers. Between early September and mid-October large internal temperature fluctuations of 4–6°C infered correspondingly large internal seiches, with periods of 6—8 days, within the thermocline at 36.5 m. Near-surface temperatures merged with those at 36.5 m on 9 and 11 September and again on 10 October. These oscillations were characterized by broad crests and narrow troughs, with imbedded waves of shorter period, characteristic of non-linear internal surges (cf. Farmer, 1978). On 17 October the upper mixed layer deepened past 36.5 m and together these layers cooled at a near constant rate of approximately 0.1°C d-1. Continued downward warming by entrainment reached 96.5 m on 1 December. This was followed sequentially by downward entrainment and warming reaching waters at 156.5 m by 4 December, and waters at 232.5 m on 8 December. Between 1 November and 8 December, the mixed surface layer of the lake cooled at an average rate of 0.07°C day-1 while bottom waters warmed by approximately 0.5°C.
[image: Figure 5]FIGURE 5 | Details of Fall ventilation for two periods in 2004 (A) and 2004–2005 (B) showing temperatures versus time measured at 5 depths (solid lines). Dashed horizontal lines indicate a temperature of 4°C while the dash-dotted lines indicate TMD at 232.5 m. The vertical dotted lines indicate important dates discussed in text (1 December 2004, 10 December 2004, 22 December 2004, and 1 January 2005) as reference (All these data are shown with daily running means.).
Stage two of Fall overturn (Figure 5B) began on 8 December when water at all depths attained the same temperature (to within 0.075°C) at a temperature of approximately 4.5°C in the entire water column. Then, between 10 December and 22 December, the full water column cooled at an average rate of 0.02°C day-1, and on 01 January the temperature at 6.5 m passed through 4°C. During this period the water column was well-mixed, cooling uniformly, and no internal structure is observed.
3.3.2 Winter
Winter stratification (see Figure 4) began on 1 January as the lake entered inverse stratification (temperatures increasing with depth). This occurred initially when surface waters (6.5 m) reached 4°C, but then later and progressively with depth at lower temperatures. Bottom temperatures (232.5 m) reached approximately 3.7°C in mid-January and then remained at this temperature until early April. This initial interval was also accompanied by relatively large internal waves developing at 96.5 m, with temperature fluctuations of ∼0.5°C and periods of about 1 day.
At this time waters below 156.5 m remained above 3.7°C, the TMD at that depth, while waters above at 96.5 m cooled below 3.7°C, indicative of thermobaric stratification during the winter season. Also, a faint mesothermal temperature maximum of order 0.02°C formed at 156.5 m but was erased by mixing by 17 January, evidence that deep ventilation is in part constrained by thermobaric processes; that is, the near-bottom waters are possibly cooled by lateral intrusions emanating from lake boundaries where downwelling can occur (cf. Carmack and Vagle, 2021). Deep and bottom temperatures then remain relatively constant until 1 May. Maximum winter stratification in the upper layers developed by the end of January.
3.3.3 Spring and summer
As in fall, two stages of spring ventilation and re-stratification are noted (Figures 6A, B). The first stage began in early February when temperatures at 6.5 m rose slowly, evidence of warming by solar radiation, while temperatures at 36.5 m remained constant until crossed by those at 6.5 m in late March. Warming continued progressively from the surface downwards throughout April, with solar driven, diurnal fluctuations of about 0.1°C coupling waters at 6.5 and 36.5 m. Progressive warming continued and around 1 May the full water column merged at 3.7°C, signaling the end of winter inverse stratification.
[image: Figure 6]FIGURE 6 | Details of Spring ventilation for two periods in 2005 (A) 15 February - 1 June, and (B) 14 April - 15 May showing temperatures versus time measured at 5 depths (solid lines). Dashed horizontal lines indicate a temperature of 4°C. Grey horizontal lines indicate periods with ice cover. The vertical dotted lines indicate important dates discussed in text (9 May 2005 and 15 May 2005) as reference (All these data are shown with daily running means).
The second stage began during the first week of May when deep and bottom waters (156.5 and 232.5 m) settled at temperatures slightly above winter value of 3.7°C–3.9°C, thus never warming through 4°C. On about 9–15 May the upper layer temperatures (at 6.5 m and 36.5 m) warmed through 4°C and the upper layers began to re-stratify. Mixed-layer warming was about 0.05°C/day between 17 April and 29 April, and about 0.03°C/day between 3 May and 9 May, presumably due to changing snow on ice conditions allowing greater penetration of solar radation. Maximum temperatures and stratification were reached in late August.
In summary, a comparison of Fall and Spring temperature records suggests that the Fall event is much more effective in the ventilation of deep and bottom waters (Figure 4C). At the same time, late-winter temperature records suggest that sunlight effectively penetrates the ice and snow cover by early February and March, with the potential to initiate primary production (Figure 6B). These conclusions must be checked with future in situ measurements of nutrients and dissolved oxygen, and against conditions existing today, almost 2 decades after the data described herein were collected.
3.4 Heat budget
The annual heat budget is estimated from the 1-D integrated heat content relative to the TMD (Figure 7A). Surface heat flux is found from the mean slope of heat content versus time. Maximum heat content values of approximately 2.0 x 109 J m-2 are attained during August in both years. Fall cooling begins in early October and proceeds into December at a cooling rate of ∼ −200 W m-2. Through December and up until the time of ice formation the rate of cooling roughly doubles to a rate of ∼400 W m-2. From 10 January to 1 April the heat content beneath the ice cover is relatively constant, aside from wave-related fluctuations. Throughout April the lakes’ heat content increases at a rate of ∼100 W m-2. Since the lake is ice-covered at this time, warming of the water column infers that solar radiation is now penetrating the snow and ice cover, warming the lake and driving convection. It also infers that solar radiation is available for photosynthesis, as discussed in Section 4 below. From approximately 1 May until the removal of the mooring on 30 August the heat content of the lake increased at a rate of ∼180 W m-2.
[image: Figure 7]FIGURE 7 | Daily running means of annual heat budget calculated as the integrated heat content relative to the TMD. Black dashed lines show cooling and heating rates pre- and post-ice formation (A). Daily averaged Schmidt stability index (SSI) (B), daily (red) and hourly (grey) averaged Wedderburn numbers (We) (C), daily (red) and hourly (grey) averaged Lake numbers (Ln) (D), and ratio of daily We to Ln (E). Grey horizontal lines indicate period with ice cover.
3.5 Diagnostics and scales of motion
Insight into salient lake dynamics can be gained through the calculation of lake diagnostics and scales of motion (Imberger and Hamblin, 1982; Robinson and Imberger, 1994). The data presented here, although sparse, allows calculation of the primary scales of motion, both for seasonal ranges (Table 1; Table 2) and higher frequency motions (Figure 7).
TABLE 2 | Merian’s formula versus observed surface seiche periods using a mean depth h=90 m and a length L=93 km. Fundamental and subsequent harmonics were calculated.
[image: Table 2]The temperature profiles representing conditions near the time of maximum surface temperature from the 7 August 2004 CTD profile and representing conditions near the time of minimum heat content on 12 January 2005 from the mooring temperature loggers can be used to calculate the range of scales of motion representing the annual cycle. For both seasons a two-layer approximation was visually determined and used to determine the depths of the upper and lower layers, h1 and h2, the densities of the upper and lower layers, ρ1 and ρ2, and the density difference, Δρ = ρ2—ρ1. Using these values, we then calculate the reduced gravity parameter g’ = g (Δρ/ρ2), where g is the acceleration of gravity (9.81 ms-2), and the internal wave phase speed c = [image: image] g’h1 for both summer and winter.
Seiching motions, both surface and internal, are important agents for lake mixing and transport processes. The longest natural period of a seiche is the period associated with the fundamental resonance for the body of water. This corresponds to the longest standing wave. For a surface seiche in an enclosed rectangular body of water this can be estimated using Merian’s formula:
[image: image]
where [image: image] is the node number, [image: image] is the horizontal dimension of the basin, and [image: image] is the depth of the water.
Using a mean depth [image: image] = 90 m and a length L = 93 km, calculated Merian periods and observed periods for surface seiches (Figure 2E) are compared in Table 2. Equivalently, using the internal wave phase speeds shown in Table 1, the corresponding mode one internal wave periods for summer and winter conditions are approximately 3.5 and 5.1 days, respectively.
In addition to representative values of diagnostic scales for mid-summer and mid-winter, the thermistor and wind data can be used to examine short-term responses throughout the year (Figure 7). As a measure of overall stratification, we calculated the Schmidt Stability Index, SSI (J m-2) (Idso, 1973), which is the difference between a stratified lake and a fully mixed lake without changing its heat content,
[image: image]
where [image: image] is the lake surface area, [image: image] is the volumetric mean density, [image: image] is the depth where the volumetric mean density is found (depth to the center of gravity of the lake), [image: image] is the area; [image: image] is the density at depth [image: image], and [image: image] is the maximum depth of the lake (Figure 7B). Ignoring the effect of compressibility on water density, the volumetric mean density can be calculated as:
[image: image]
where [image: image] is the total volume of the lake and the depth of the volumetric mean density can be calculated as:
[image: image]
Two dimensionless indices: the Wedderburn Number, We, and the Lake Number Ln, can be used to estimate the overall resistance of stratification to wind mixing. The Wedderburn Number is defined as the ratio between the wind friction and the gradient of pressure established by the stratification (Imberger and Patterson, 1989), or
[image: image]
where [image: image] is the wind shear velocity with [image: image] =0.0015 is a dimensionless wind drag coefficient, and [image: image] is the effective fetch length (Figure 7C). This parameter estimates the lakes’ response to wind-forced mixing: large values (We >> 1) indicate that stratification is sufficiently strong to suppress thermocline outcropping and wind mixing, moderate values (We ∼ 1) are indicative more frequent outcropping, and small values (We << 1) indicate enhanced wind-forced upwelling and mixing. A related but more quantitative index, which takes into account the distributions of mass and volume with full depth is given by the lake number, Ln (Imberger and Patterson, 1989; Robinson and Imberger, 1994; Saber et al., 2020) (Figure 7D),
[image: image]
where [image: image] is the water density at the surface.
[image: image] is appropriate for periods of strong stratification affecting only the water column above the thermocline, whereas Ln is appropriate during times of weak stratification and ventilation. As expected, the two indices have similar trends and values under strong stratification, with quantitative differences during periods of deeper mixing (cf. Imberger and Patterson, 1989; Robinson and Imberger, 1994).
For calculations of both We and Ln hourly wind speed observations were smoothed with a 20-h low-pass filter before calculating the wind shear velocity. [image: image] was calculated as the difference between the measured density at 36.5 m depth minus the density at 6.5 m and [image: image] was fixed at 36.5 m for the We calculations shown in Figure 7C. We obtained an effective wind fetch value (9.8 km) by matching We and Ln values during mid-summer. From the above calculations a dominant seasonal pattern is evident. Large values of both We and Ln persist throughout most of summer. In fall and again in spring We and Ln drop to and below critical values, suggesting a strong response of the thermocline to wind-forcing and subsequent mixing. This is confirmed by the appearance of large temperature fluctuations in fall and, to a lesser extent, spring. In winter both indices increase again, but wind-forcing is expected to be minimized due to ice cover.
The ratio of We/Ln (Figure 7E) clearly shows the relative applicability of both diagnostics. During periods of summer and winter stratification the ratio of We to Ln is approximately 1, as much of the motion is confined to waters above and within the summer and winter thermoclines. At this time the simpler We diagnostic is sufficient to assess mixing and upwelling potential. During fall and spring overturn, however, the ratio of We to Ln falls over two orders of magnitude, as motions occur throughout the full depth of the water column. It follows that Ln is the preferred diagnostic during the critical periods of ventilation and nutrient renewal. As such, Ln has been used by Robinson and Imberger (1994) and Saber et al. (2020) to empirically model seasonal oxygen concentrations.
4 DISCUSSION AND SUMMARY
We now apply the baseline temperature structure and diagnostics gained from this study to address problems of deep ventilation, primary productivity, and climate change.
A practical question regarding thermobaric processes is, simply, how deep must a lake be to be constrained by thermobaric processes, and what joint roles do lake size and seasonal ice cover play? To examine this question, we compare deep water properties and patterns observed in François Lake to those in other lakes in Norway, the United States, Japan, and western Canada. Boehrer et al. (2013) presented temperature profiles from five deep (288–514 m) and long (∼18–96 km) lakes in Norway, each having thermobaric stratification with bottom temperatures between TMD and 4°C. They further concluded that lake length played a major role in determining bottom temperatures, perhaps because wind-driven triggering of thermobaric instabilities is more likely to occur in long lakes with correspondingly small Wedderburn number. In contrast to conditions in long lakes, Crawford and Collier (1997; 2007) described conditions over a 14-year period in 590 m deep Crater Lake, a classic caldera system where wind-driven triggering of the thermobaric instability is constrained by high caldera walls and limited wind fetch (∼10 km). They showed significant year-to-year variability in effectiveness of ventilation, concluding that details of surface cooling and wind-driven mixing during the early stages of inverse stratification determine the net amount of ventilation in any year. Similarly, Boehrer and Schultze (2008) presented data from six caldera lakes in Japan with depths ranging from 148 to 423 m deep, two in which deep ventilation was limited by chemical stratification, two in which complete seasonal mixing occurred, and two in which showed limited deep recirculation due to thermobaric effects.
Next, we compare François Lake to three other deep lakes in Western Canada of comparable length but with contrasting ice cover and with depths both greater and smaller that François Lake; these are: Great Slave Lake (Carmack and Vagle, 2021), Quesnel Lake (Laval et al., 2012); and Lake Laberge (Carmack et al., 1987) (Table 3). Each of these is plotted as T-TMD, noting that positive values of T-TMD at temperatures below 4°C reflect thermobaric stratification (Figure 8). In Great Slave Lake (614 m deep, 100 km long, and ∼6—8 months of ice cover) positive values of T-TMD in winter are found below depths of below 186 m in both winter and summer. In Quesnel Lake (502 m deep, 110 km long, and no seasonal ice cover) positive values of T-TMD develop below 190 m in early winter, but are gradually eroded by mid-winter, leaving only waters below 300 m thermobarically stratified. We suggest this is because of the absence of ice in shielding the lake from wind mixing. Finally, in the shallower Lake Laberge (146 m deep, 48 km long and ∼6 months of ice cover) full depth ventilation occurs in both fall and spring and positive values of T-TMD are absent.
TABLE 3 | Information about the three temperature data sets used in comparisons with the François Lake data (Carmack et al., 1987; Laval et al., 2012; Carmack and Vagle, 2021).
[image: Table 3][image: Figure 8]FIGURE 8 | Expanded daily running mean T-TMD temperatures for a number of depths from four different lakes (A) François Lake (2004–2005) (B) Great Slave Lake (2019–2020) (C) Quesnel Lake (2005–2006), and (D) Lake Laberge (1983–1984) (Table 3).
Little research has been conducted on biological processes occurring under ice cover, some notable exceptions being Yang et al., 2020; Hampton et al., 2017; and Vehmaa and Salonen, (2009). In lieu of biological data from François Lake, we infer productivity cycles based on studies of physical processes under ice by Yang et al. (2020), Carmack and Vagle (2021), Ulloa et al. (2018), Kelley (1997), Farmer, (1975) and Mironov et al. (2002). For example, evidence that solar radiation is penetrating the snow and ice cover is given by the observed warming and penetrative convection in the upper waters beginning as soon as early March. From these temperature records we suggest that spring, prior to full snow and ice melt, is likely the critical period for initiation of the spring phytoplankton bloom, and hypothesize that, in general, primary productivity during spring in a very deep, dimictic lake with full seasonal ice cover will progress in four stages: 1) initially, when surface temperatures are at 0°C and less than that of surface TMD (∼4°C) below, the increasing penetration of solar radiation through the ice cover, particularly after snow cover melt, will drive both thermal convection and high primary productivity, thus leading to an under-ice spring bloom, as neither light nor nutrients are then limiting; 2) continued nutrient uptake in the mixed-layer may diminish productivity under ice should nutrients become limiting; 3) subsequent to ice melt, but prior to the surface warming through 4°C, further decreases in primary productivity may occur due to continued radiatively-driven mixed-layer deepening and light limitation (cf. Sverdrup, 1953), but, at the same time, additional supplies of nutrients may be entrained upwards into the euphotic zone; and 4) restratification and mixed-layer shoaling as the surface warms through 4°C, provides potential for a second spring bloom using the additional nutrients mixed upwards in stage 3. This period from late ice-cover through early ice-free conditions may be key to setting the overall primary productivity and oxygenation of the lake, in support of Hampton et al (2017), Yang et al. (2020), and Jansen et al. (2021).
Finally, we note that lakes are increasingly recognized as sentinels of climate change (Livingstone, 2003; Adrian et al., 2009; Williamson et al., 2008; 2009; O'Reilly et al., 2015 among others). As well, major shifts in ecological structure and function may result from warming by forcing the annual cycles of stratification and ventilation across classically-defined mictic states (e.g., from seasonally ice-covered to ice-free, or from dimictic to warm monomictic; see Shikhani et al. (2021), for example,). Dimictic lakes with two convective periods each year will have different patterns of nutrient cycling than either warm or cold monomictic lakes with one. Dimictic lakes must also utilize a portion of the incoming solar radiation in spring to drive convective overturn and warm past 4°C, instead of all incoming radiation going to surface layer warming and the re-establishment of stratification (cf. Bennett, 1978). The presence or absence of ice is also a key factor in that lakes with a winter ice cover remain sheltered, with important constraints on heat loss, wind mixing, and gas exchange (cf. Carmack and Farmer, 1982; Carmack et al., 1987; Dibike et al., 2011). Thus, lakes close to thermal conditions that allow either the establishment or loss of their seasonal ice cover, or the transition from one mictic state to another, are of especial interest for long-term ecological observation. Studies of Canadian lakes over the period 1951–2000 by Duguay et al. (2006) show a trend towards earlier break-up, but with few significant trends in freeze-up dates. The data presented here was obtained almost 2 decades ago, and while NOAA EOSDIS satellite imagery shows that seasonal ice still forms, it is trending to shorter periods of cover and increasing open water areas during winter, and future monitoring is recommended. As with many complex systems with internal dynamics under external forcing, the ice cover on François Lake is likely to flicker before it flips (C.S. Holling, Pers. Comm).
From the data presented here, and comparisons to other lakes elsewhere, three main characteristics are now evident in the seasonal limnology of François Lake and its response to external forcing.
1. Owing in part to its length, Wedderburn and Lake Numbers predict frequent outcropping and mixing of metalimnion water during periods of weak stratification in fall and spring even under moderate winds.
2. Owing in part to its depth, hypolimnion temperatures are set by TMD at the depth of fall and spring convection, and not at the surface TMD, i.e., near 3.7°C and not 4°C. In addition, permanent, thermobaric stratification below ∼150 m persists throughout winter.
3. Owing in part to seasonal ice-cover formation, the critical period for fall ventilation occurs before the establishment of winter ice cover when the weakly stratified lake is exposed to the full force of the wind. We suggest this is the main time of deep-water oxygenation and the recharge of surface-layer nutrients. Similarly, the critical period for spring ventilation lies between the date of ice removal and the date the surface warms past 3.7°C (TMD near 150 m depth). The effectiveness of spring ventilation, as judged by deep water temperature variability, is less than that of fall.
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