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Abstract: A temperate deep lake, Lake Kuttara, Hokkaido, Japan (148 m deep at maximum) was 13 
completely frozen every winter in the 20th century. However, unfrozen conditions of the lake over 14 
winter occurred four times in the 21st century, which is probably due to global warming. In order 15 
to understand how thermal regime of the lake responds to climate change, its heat storage change 16 
was calculated by estimating heat budget of the lake and monitoring water temperature at the 17 
deepest point for September 2012–June 2016. As a result, temporal change of the heat storage from 18 
the heat budget was very consistent with that from the direct temperature measurement 19 
(determination coefficient R2 = 0.827). The 1978–2017 data at a meteorological station near Kuttara 20 
indicated that there are significant (less than 5% level) long-term trends for air temperature (0.024 21 
°C/yr) and wind speed (−0.010 m/s/yr). A sensitivity analysis for the heat storage from the heat 22 
budget estimate and an estimate of return periods for mean air temperature in mid-winter allow us 23 
to conclude that the lake could be unfrozen once per about two year in a decade. 24 
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 26 

1. Introduction 27 

At present, global warming tends to increase unfrozen days in the arctic to subarctic regions 28 
[1,2], though a temporal slowdown in the global warming in 1998- 2013 was reported [3,4]. 29 
Following the Köppen-Geiger climate classification, the Hokkaido Island, Japan, belongs to the 30 
southernmost subarctic area, where some water regions increase unfrozen days [2]. Two deep 31 
caldera lakes, Shikotsu (360.1 m deep at maximum) and Toya (180.0 m deep at maximum), 32 
Hokkaido, are known as secularly unfrozen lakes [5-7]. Two curators, Ms. Naoko Mayeda and Mr. 33 
Hideyuki Sakamoto, of the Bear Museum at site B (Figure 1) have been observing daily freezing 34 
conditions of Lake Kuttara since 1980’s. According to their report, Lake Kuttara (148.0 m deep at 35 
maximum), located between Shikotsu and Toya, was completely frozen in the 20th century, when 36 
ice-ridge lines were often built up [8]. However, Kuttara was completely unfrozen in 2004, 2007 and 37 
2009, and partly frozen only one day in 2015, due to relatively warm winters. Even if frozen, the lake 38 
tends to shorten the frozen periods [9]. Non-freezing or shortening frozen periods could affect the 39 
aquatic ecosystem, because the solar radiation input then increases and nutrient input by snowmelt 40 
and rainfall runoffs from the surrounding catchment slope occurs at any time. 41 

How lakes are frozen and then the lake ice is grown is physically developed by Ashton [10], 42 
Aihara et al. [8], Gebre et al. [11] and Leppäranta [12]. Aihara et al. [8] simulated the ice growth in 43 
Lake Kuttara by applying a three-layered model of snow, snow ice and pure ice. Applying a 44 
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one-dimensional multi-year model, MyLake, of Saloranta and Andersen [13], Gebre et al. [11] 45 
simulated lake ice phenology and annual maximum lake ice thickness in the Nordic region. The 46 
Nordic lakes are completely frozen in November – May, while Lake Kuttara is frozen in late January 47 
– mid-April at longest and was completely unfrozen in 2004, 2007 and 2009, and partly frozen in 48 
2015. Kuttara is thus suitable for the investigation of a critical thermal condition for freeze or 49 
non-freeze over winter. In this study, heat budget of temperate Lake Kuttara is estimated for about 4 50 
years, and the calculated heat storage change is compared with observed one from moored 51 
temperature loggers. An increase in the frequency of unfrozen conditions for the future is predicted 52 
from significant long-term trends for air temperature and wind speed. 53 

2. Study Area and Observations 54 

A temperate deep lake, Lake Kuttara (42°29′57′′ N, 141°10′55′′ E; lake level, ca. 258 m above sea 55 
level abbreviated as “asl”; 4.68 km2 in area), was formed 40,000 years ago by the volcanic eruption of 56 
Kuttara Volcano (Figure 1). Three lakes, Kuttara, Shikotsu and Toya, are located in the 57 
Shikotsu-Toya National Park designated in May 1949. The lakes have been seriously preserved from 58 
land development, though Toya suffered from water pollution by drainage from mines in 1939 - 59 
1973. Kuttara is topographically closed, since it has no outflowing river. However, the lake is 60 
hydrologically open because groundwater outflow is estimated at 0.44 m3/s [14]. This outflow 61 
corresponds to a decrease in lake level at 7.6 mm/day. Kuttara is dimictic, where vertical circulations 62 
occur twice per year (in late December and early to late April, when the lake is thermally uniform at 63 
about 4 °C). 64 

 65 
Figure 1. Location mas of Lake Kuttara, Hokkaido, Japan, and observation sites on the bathymetric 66 
map of the lake. 67 

In order to estimate heat storage change of Lake Kuttara, 33 temperature data loggers were 68 
moored at the deepest point (site MD in Figure 1) on 1 September 2012 (Figure 2). The data loggers 69 
deployed are 20 Stowaway TidbiT, eight HOBO TidbiT v2 and five HOBO Pro v2 (accuracy, ±0.2 °C; 70 
Onset Computer, Inc., USA), which record water temperature at 30 min intervals. Since the accuracy 71 
of the temperature loggers is relatively low, they were calibrated by a standard thermometer 72 
(accuracy, ±0.02 °C) and a RINKO-profiler (model ASTD102, JFE Advantec, Inc., Japan; accuracy, 73 
±0.01 °C) at a range of 0 – 35 °C. Meanwhile, the lake level seasonally varies with the amplitude of 74 
less than ca. 1.5 m. The mooring system in Figure 2 thus provides the depth-overlapping 75 
measurement of water temperature by the lowest four or five loggers below the surface marker buoy 76 
and the uppermost two loggers (140 m and 142 m above bottom) below the underwater buoy. 77 
Vertical profiles (0.1 m pitch) of water temperature from the profiler were obtained once per two 78 
month on average at seven sites, MD and P2 – P7 during the loggers’ mooring (1 September 2012 – 79 
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30 June 2016). The profiler needs 15 to 26 minutes to get a vertical profile at each of 7 sites, and totally 80 
about 4 hrs to get vertical profiles at all the sites in the unfrozen periods. 81 

 82 

 83 
Figure 2. Mooring system of temperature loggers at site MD. 84 

 85 
Meteorology (solar radiation, air temperature, relative humidity, rainfall, air pressure and 86 

wind velocity) at the lake was observed at 30 min intervals at site M (ca. 3 m above the lake level), 87 
and water level at 30 min intervals at site L (Figure 1). Meteorology for data-missing periods was 88 
complemented from the linear relationship with data of AMeDAS (Automated Meteorological Data 89 
Acquisition System) Noboribetsu station (42°27′30′′ N, 141°7′6′′ E; 197 m asl) at 5.7 km southwest of 90 
site M and the Muroran Meteorological Observatory (42°18′42′′ N, 140°58′30′′ E; 39.9 m asl) at 25.8 km 91 
southwest of site M (correlation coefficient r = 0.852, 0.912, 0.805, 0.987, 0.995 and 0.734 for wind 92 
speed, air pressure, solar radiation, precipitation, air temperature and relative humidity, 93 
respectively; p < 0.01). For snowfall and snow depth on the lake shore, the Noboribetsu data were 94 
utilized, assuming that the northern winter monsoon, producing snowfall, blows similarly at both 95 
Lake Kuttara and Noboribetsu. Rainfall or snowfall in winter was judged by air temperature and 96 
relative humidity at site M.  97 

The lake level at site L was obtained at 30 min interval from a pressure data logger (model 98 
U20-001-01, HOBO Water Level Data Logger, Onset Computer Inc., USA; accuracy, ±0.3% FS for a 99 
range of 0 – 207 kPa) and air pressure at site M. Here, the calculated water depth (m) at site L was 100 
correlated with the lake level (m asl) from frequent topographic surveys, referring to the 1st class 101 
benchmark (no. H17-1-19; 42°29′35.2264′′ N, 141°10′13.8119′′ E; 263.682 m asl) of Geospatial 102 
Information Authority of Japan near site M. As a result, the observation error of lake level was about 103 
±0.01 m. The lake level data are utilized at the daily mean base in the estimate of heat budget of the 104 
lake. Then, the effect of small and short surface oscillations such as surface seiche, wind wave, etc. 105 
can be neglected [15]. 106 

Inflow of some perennial streams is seen around site M. Their amount and water temperature 107 
were frequently measured in February to October. The non-freeze, partial freeze or complete freeze 108 
of Lake Kuttara in winter has been judged by Mr. H. Sakamoto or Ms. M. Maeda, a curator of the 109 
Bear Museum at site B since 1980’s. As a result, the lake was completely frozen in the winters of 2013, 110 
2014 and 2016, but partially frozen only one day in the winter of 2015. The thickness and inner 111 
structure of lake ice and upper snow after complete freeze were examined at site MD on 19 March 112 
2013 and 21 February 2014.  113 

 114 
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3. Observational Results and Discussion 115 

Figure 3 shows time series of daily mean air temperature and solar radiation, and daily mean 116 
water level (m asl) and daily precipitation for 2 September 2012 – 30 June 2016. The lake level varied 117 
with the amplitude of ca. 1.5 m, increasing in response to rainfalls, especially those in autumn. The 118 
increasing rate of lake level responding to rainfall is about 0.06 m per 50 mm/day. During relatively 119 
small rainfall at less than 10 mm/day or non-rainfall, the lake level decreases consistently. This is 120 
caused by the net groundwater output (groundwater outflow, ca. 0.4 m3/s) rather than evaporation 121 
at water surface [14]. When the day of 1st May is adopted as the first day of a hydrological year for 122 
the lake, the three years of 1 May 2013 – 30 April 2014, 1 May 2014 – 30 April 2015 and 1 May 2015 – 123 
30 April 2016 showed total precipitation at 2,182 mm (rainfall 93.6 %, snowfall 6.4 %), 2,143.5 mm 124 
(rainfall 95.0 %, snowfall 5.0 %) and 1,665 mm (rainfall 93.9 %, snowfall 6.1 %), respectively. As a 125 
result, the relatively small rainfalls in the final year induced very small fluctuations of lake level 126 
(Figure 3), when the rainfalls are likely balanced by the net groundwater output. Stream inflow near 127 
site M was totally less than 0.01 m3/s at water temperature of 3 – 23 °C. 128 

 129 

 130 
Figure 3. Temporal variations of meteorology and lake level. 131 

 132 
Air temperature averaged over 1 December - 28 or 29 February was -5.6 °C in Dec. 2012 – Feb. 133 

2013, -3.5 °C in Dec. 2013 – Feb. 2014, -1.4 °C in Dec. 2014 – Feb. 2015 and -2.7 °C in Dec. 2015 – Feb. 134 
2016. Meanwhile, the lake was completely frozen for 82 days (25 January – 16 April) in 2013, 57 days 135 
(8 February – 5 April) in 2014, and 31 days (23 February – 24 March) in 2016, and partially frozen (70 136 
% area) only for one day (12 January 2015). Thus, frozen conditions of the lake are likely controlled 137 
by the winter temperatures, where -1.4 °C in 2015 seems to be critical for freeze or non-freeze (i.e., 138 
unfrozen at more than -1.4 °C). Before complete freeze, negative air temperature occurred for 50 139 
days between 19 November 2012 and 25 January 2013, for 56 days between 28 November 2013 and 8 140 
February 2014, for 39 days between 14 November 2014 and 12 January 2015 (partially frozen), and 141 
for 69 days between 22 November 2015 and 23 February 2016. Mean air temperature over these four 142 
periods was -4.3 °C, -3.2 °C, -1.4 °C and -2.2 °C, respectively. Thus, mean air temperature (here, -1.4 143 
°C) for the days with negative air temperature before complete or partial freeze could also be one of 144 
meteorological factors determining freeze or non-freeze. The number of days with negative air 145 
temperature before complete freeze is smallest (50 days) in the winter of 2012 - 2013, but the mean air 146 
temperature was then lowest at -4.3 °C. Hence, it is seen that the efficiency of cooling down to 147 
complete freeze was highest in 2012 – 2013. Observations at site B offered freezing processes in the 148 
lake by two ways; one is pure-ice extension from lake shore by natural cooling, and the other is 149 
snowy-ice formation from relatively large snowfall onto water surface. In the latter way, the lake 150 
was completely frozen in about a day. 151 
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    Figure 4 shows vertical distributions (0.1 m pitch) of water temperature at site MD in February 152 
2015 – May 2016. The Tmd line depicts water temperature (°C) giving maximum density under water 153 
pressure and salinity at a certain water depth [6], and, in case of Lake Kuttara, 3.69 °C at 148.0 m. 154 
Lake Kuttara was partially frozen only on 12 January 2015, and completely frozen for 23 February – 155 
24 March 2016. Thus, the temperature profiles of 20 February 2015 and 19 February and 21 May 156 
2016 in Figure 4 have no 0 °C layers at surface because of no ice. On 20 February 2015, the surface 157 
temperature was ca. 2 °C with the ca. 4 °C layer at depths of more than 100 m. Thus, the lake was 158 
thermally stratified even under completely unfrozen condition. It is seen that, at depths of more 159 
than 90 m, the temporal change of water temperature is less than 1 °C. During the intense 160 
stratification of June - August, the bottom temperature at 3.86 °C (6 June 2015) increased up to 4.07 161 
°C (29 August 2015). This suggests that relatively warm water including dissolved solids leaks from 162 
below the bottom [7]. In fact, a geophysical survey by the magnetotelluric (MT) method in the 163 
Kuttara caldera indicates that there is a reservoir of geothermal water below the bottom at the 164 
deepest point [18].  165 

 166 
 167 
Figure 4. Vertical distributions of temperature Tmd, giving maximum water density, 168 
and water temperature at site MD. 169 
 170 
Figure 5 shows time series of daily mean water temperature from 0.2 m depth to the 171 

bottom (147.1 – 148.9 m in depth) for 2 September 2012 – 30 June 2016. The depths of more 172 
than 10 m are those averaged over the observed periods. The lake was completely frozen for 173 
82 days in 2013, 57 days in 2014, and 31 days in 2016. It is seen that, as the frozen periods are 174 
longer, the water temperatures at 0.2m, 5 m and 12. 8 m approach to 0 °C. This means that 175 
the upper layer is cooled by downward growth of pure ice [8]. In 2015 partially frozen, water 176 
temperature at depths of 42.8 m or less changes very similarly at less than 4 °C. This indicates 177 
that the vertical mixing by wind is active over the winter. Thus, the investigation of the 178 
cooling process in a lake is needed to understand how the lake freezes and grows ice year 179 
by year. The snow and ice on 19 March 2013 were 0.51 m thick, being 0.08 m snow, 0.07 m 180 
pure ice, 0.03 m inter-layered water, 0.09m snowy ice and 0.24 m pure ice downward. The 181 
inter-layered water is probably part of rainwater and meltwater supplied on 13 March 2013 182 
with daily mean air temperature of 1.77 °C and daily rainfall of 2 mm. The snow and ice on 183 
21 February 2014 consisted of pure ice 0.30 m thick and the upper snow 0.10 m thick. Thus, 184 
it is seen that the 2014 freeze without snowy ice occurred by pure-ice extension from the 185 
lake shore. 186 
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 187 

Figure 5. Temporal variations of daily mean water temperature at seven depths of site MD. 188 

 189 

 190 
Figure 6. Vertical distributions of water temperature at six sites, P2 and P4 – P7 and 191 
MD with the Tmd line. 192 

 193 
    Figure 6 shows vertical distributions of water temperature at six sites, MD and P2, P4 – P7 on 6 194 
June 2015 (Figure 1). The temperature difference between the six profiles at a certain depth was ca. 1 195 
°C at maximum. The small difference is due to both the small stream inflow (without prevalent 196 
river-induced currents) and active horizontal mixing by the sea wind in daily land-sea wind cycles 197 
or from episodic cyclones in the Pacific Ocean [15]. Here, the difference of ca. 1 °C is regarded as a 198 
maximum error in estimating heat storage changes of the lake from the daily mean temperature 199 
only at site MD (Figure 5). At depths of 70 – 140 m, the temperature at six sites is close to the Tmd 200 
line. This suggests that the vertical circulation in spring occurred enough at these depths. At depths 201 
of 140 m, however, geothermal water leakage after the circulation seems to slightly increase the 202 
temperature, thus being a little far from the Tmd value [19]. 203 
 204 
4. Heat Storage Change of the Lake 205 

Here, the heat storage change of Lake Kuttara will be numerically obtained by two ways; by 206 
direct measurements of water temperature and water level, and by the heat budget estimate. The 207 
ways are connected by the following equation: 208 
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 209 

                                                                           (1) 210 

where ΔG is heat storage change (J/m2) of a lake for a budget period Δt (sec), h is water depth (m) at 211 
deepest point, ρw and cp are water density (kg/m3) and specific heat of water (J/kg/K) at temperature T 212 
(K), respectively, A is lake area (m2) at a depth, z (m) (A = A0 at lake surface, z = 0), Rn is net radiation 213 
(W/m2), QH is sensible heat flux (W/m2), QE is latent heat flux (W/m2), QP is heat flux (W/m2) by 214 
direct precipitation onto the lake, HRin is heat flux (W/m2) by river inflow, HG is heat flux (W/m2) by 215 
net groundwater inflow, and Hs is heat flux (W/m2) at lake bottom. HRin, HG and QP in equation (1) 216 
are given as follows: 217 

(2) 218 

                                                                       (3) 219 

                                                                       (4) 220 

where Rin is river inflow (m3/s), TRin is water temperature (K) of infloing rivers, Gin and Gout are 221 
groundwater inflow and outflow (m3/s), HGin and HGout are heat fluxes (W/m2) by groundwater 222 
inflow and outflow, respectively, TGin and TGout are temperatures (K) of inflowing and outflowing 223 
grounwaters, respectively, P is precipitation (m/s) onto lake surface, TP is temperature (K) of 224 
precipitation (here, assumed to be equal to air temperature). Here, daily means of the meteorlogical 225 
factors, lake level and temperarues were utlized for a budget period, Δt = 86400 sec. In case of 226 
snowfall onto the lake, latent heat of ice from the negative air temperature to 0 °C and fusion heat of 227 
the 0 °C ice in water are reduced from equation (4). The heat flux, Hs, at lake bottom in equation (1) is 228 
here negleted, because it is of the order of 1 W/m2 at the deepest point [19], thus being much smaller 229 
than the solar radition in Figure 3. HRin in equation (2) is less than 3 W/m2, since Rin < 0.01 m3/s and 230 
TRin = 276.15 – 296.15 K. Thus, HRin was also neglected.                                           231 

Net radiation Rn in equation (1) consists of net shortwave radiation K* and net longwave 232 
radiation L*, as given by the following: 233 

                                                                           (5) 234 

where Sd is downward shortwave radiation, α is albedo, Ld and Lup are downward and upward 235 
longwave radiations, respectively, ε is emissivity (here, 0.97 for ice (or snowy ice), water and snow, 236 
and 1.0 for air), σ is Stefan-Bolzman constant (=5.67×10−8 W/m2/K4), and Ts is surface water 237 
temperature (K). Referring to observational results of Brandt and Warren [20], α values of water, 238 
snow, ice (or snowy ice) and snowy water were given as constants of 0.05, 0.8, 0.5 and 0.3, 239 
respectively. The α values were then determined depending on lake surface conditions during freeze, 240 
i.e., pure-ice extension from lake shore, snowy water (slush) just after snowfall, snowy ice after its freeze and 241 
snow accumulation on ice. Downward longwave radiation Ld was numerically obtained as a function of air 242 
temperature, total amount of effective water vapor content and relative sunshine duration [21]. 243 

      Sensible heat flux QH and latent heat flux QE in equation (1) was numerically obtained by the 244 
following bulk transfer method: 245 

                                                                           (6) 246 

                                                                           (7) 247 

where ρa is air density (=1.2 kg/m3), c is specific heat (J/Kg/K) of air under constant pressure, β is 248 
ratio of water vapor density to dry air density (=0.622), aH and aE are dimensionless bulk transfer 249 
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coefficients for sensible heat and latent heat, respectively, uz is wind speed (m/s) at z (m) above 250 
ground surface, Tz is air temperature (K) at z, Ts is surface temperature (K) at water surface, ice 251 
surface or snow surface, l is latent heat (J/kg) for evaporation, p is air pressure (Pa) at z, ez is vapor 252 
pressure (Pa) at z, and e0 is satuarated vapor pressure (Pa) at Ts. Assuming the atomospheric 253 
condition to be neutral at any time, aH =aE ∼1.5⋅10−3 was given for  1 ∼ < u3 < ∼10 m/s [21]. During 254 
complete freeze, QE is zero at ice-water interface, but, instead, sublimation from ice or snow surface at less 255 
than 0 °C or evaporation at water surface of 0 °C (after rainfall) above ice surface was caluculated. At T3 > 0 256 
°C, Ts = 0 °C is given, and the net heat flux, Rn − QH − QE + QP, at surface is then consumed as fusion 257 
heat of ice or snow. When the right side of equation (1) was negative at ice-water interface after 258 
complete freeze, and also its absolute value is larger than the upward heat flux at ice-water interface, 259 
the consequent heat loss was replaced by pure-ice growth. Snow depth on ice after complete freeze 260 
was supposed to be equal to snow depth after the date of freeze at the Noboribetsu station.  261 

 262 

Figure 7. Temporal variations of six heat fluxes at lake surface (5-day moving average). 263 

The integration of heat storage change between z = −- h and 0 m in equation (1) was 264 
numerically obtained by water temperature of 0 – 90 m depth, because of little temperature 265 
fluctuaiton at depths of more than 90 m (Figure 4). Lake area A(z) was acquired at 5 m depth interval 266 
by using the bathymetric map published by Geospatial Information Authority of Japan.  267 

5. Calculated Results 268 

   Figure 7 shows 5-day moving average for each of the thermal terms, K*, Lup, Ld, QP, QH and QE 269 
at water surface, ice surface or snow surface. Depending on the albedo of water surface, ice surface 270 
and snow surface, net shortwave radiaition K* changes greatly, especially for a time period of 271 
complete freeze to open water in early April or mid-April. Rainfalls at 25 mm/day or more (Figure 272 
3) can effectively increase the heat storage change of the lake, since the heat flux Qp is then at any 273 
time more than K*. For the frozen period, QH is consistently negative, thus heating ice or snow 274 
surface. Then, the net heat flux HG by groundwater input and output in equation (3) is estimated at 275 
-67 W/m2 from Gin = 0.16 m3/s, Gout= 0.44 m3/s, TGin = 1 °C and TGout = 4 °C [14]. The value of – 67 W/m2 276 
corresponds to the annual minimum, since Gin tends to increase by rainfall. The calculated value, 277 
HGout = 110 W/m2, for the frozen period is probably similar in the other seasons, since the change of 278 
lake level is small at ca. 1.5 m (Figure 3). In the frozen period, HG = -67 W/m2 is comparable in 279 
magnitude to the other heat terms. Thus, the net heat flux by groundwater input and output cannot 280 
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be neglected. A temporal change of HG could induce the error in the heat budget estimate in 281 
equation (1). The heat flux Hs at lake bottom was of the order 1 W/m2 [19], thus being negligible.  282 

 283 

Figure 8. Temporal variations of observed and calculated heat storage. 284 

      Figure 8 shows temporal variations of observed and calculated heat storage G (J/m2). The 285 
observed heat storage change ΔG was obtained by the integration of water depth (-h, 0) in equation 286 
(1) from the water temperature measurement at site MD. In Figure 8, daily heat storage change ΔG 287 
is accumulated from the initial heat storage, 5.96×103 MJ/m2, of 2 September 2012 for the observation 288 
period. As a result, the calculated G from the heat budget estimate on the right side of equation (1) 289 
is reasonable to the observed one with the determination coefficient R2=0.827 and the root-mean 290 
square error RMSE=296.9 MJ/m2. The net heat flux HG by groundwater input and output was then 291 
given as a constant of -49 W/m2 to give the best fit to the observed G. Thus, temporal variation of 292 
daily heat storage can be reasonably acquired by data of meteorology, lake level and surface water 293 
temperature, though the parameter, HG, contains some uncertainty. Here, R2 and RMSE are given as 294 
follows: 295 

ܴଶ ൌ 1 െ ∑ ൫ܩ଴௧ െ ௖௔௟௧ܩ ൯ଶ௧்ୀଵ /∑ ൫ܩ଴௧ െ ଴തതതതത൯ଶ௧்ୀଵܩ              (8) 296 

ܧܵܯܴ ൌ ቂ∑ ൫ܩ଴௧ െ ௖௔௟௧ܩ ൯ଶ௧்ୀଵ /ܶቃଵ/ଶ                      (9) 297 

where ܩ଴௧ and ܩ௖௔௟௧ are observed and calculated heat storages on the tth day, respectively, and ܩ଴തതതതത 298 
is heat storage averaged over the observation period T. The observed G in Figure 8 indicates that 299 
the lake receives heating in mid-February – mid-August and coolng in mid-August – mid-February. 300 
The calculated G tends to be overestimated as a whole. This is probably due to overestimation of HG 301 
( = -49 W/m2) in the relatively cold winters of 2013 and 2014, since HG = - 67 W/m2 is obtained in a 302 
frozen period as a minimum throughout the year [14]. It is needed to know how HGin and HGout 303 
change seasonally. In the winter of 2015, the lake was partly frozen only one day (12 January). Thus, 304 
this winter could provide a critical heat storage for non-freezing. As a result, the observed G gives 305 
G = 5.35×103 MJ/m2 as the lowest heat storage for non-freeze. The lowest G in 2013, 2014 and 2016 306 
was 4.66×103 MJ/m2, 4.85×103 MJ/m2 and 5.32×103 MJ/m2., thus corresponding to the durations of 307 
complete freeze, 82 days, 57 days and 31 days, respectively. 308 

6. Prediction for Non-Freezing 309 

By sensitivity analysis for the calculated heat storage, Chikita et al. [22] revealed that the heat 310 
storage of Lake Kuttara increases effectively with increasing air temperature and rainfall. Applying 311 
the 1978 – 2017data of the Noboribetsu meteorological station, it is found that there are statistically 312 
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siginificant long-term trends (less than 5 % level) for annual mean air temperature and wind speed. 313 
As a result, an increasing rate of air temperature was given at +0.024 ℃/yr, and a decreasing rate of 314 
wind speed, at -0.01 m/s/yr. Meanwhile, annual rainfall and precipitation did not dipict any 315 
siginificant trends. Assuming the trends to be equal to those at the lake, it is possible to predict 316 
changes of heat storage and non-freezing conditions for the future.  317 

 318 

Figure 9. Temporal variations of calculated heat storage responding to air temperature 319 
at +0.24 °C, wind speed at -0.1 m/s and annual rainfall at +70 mm. 320 

Figure 9 shows temporal variations of heat storage G calculated under condition of air 321 
temperature at +0.24 °C, wind speed at -0.1 m/s and annual rainfall at +70 mm. These values are 322 
equvalent to annual mean air temperature and wind speed in a decade, and σ/4 of the 40-yr annual 323 
rainfall (σ,  standard deviaiton). As a result, the increase of +0.24 °C increases the lowest heat 324 
storage in 2014 up to the critical heat storage in 2015, and its combination with -0.1 m/s provides heat 325 
storage more than the critical value. When the annual rainfall at + 70 mm is added, the heat storage 326 
increases more greatly. In the 40-yr Noboribetsu data, the return period of mean air temperature in 327 
Decmeber – February is 2.2 years and 4.1 years for Dec. 2013 – Feb. 2014 and Dec. 2014 – Feb. 2015, 328 
respectively. Thus, in a decade, the unfrozen condition could occur every ca. 2 yr on average from 329 
every ca. 4 yr at present. A return period of mean air temperature in Dec. 2012 – Feb. 2013 was 10.3 330 
yrs. Thus, if the lowest heat storage in 2013 approches to the critical level, G = 5.35×103 MJ/m2, for the 331 
future, Lake Kuttara may be secularly unfrozen. 332 

7. Conclusions 333 

Data of meteorology, lake level and water temperature for the period of 2 September 2012 – 30 334 
June 2016 were obtained for Lake Kuttara, and its heat storage change ΔG was estimated by two 335 
ways, i.e., ΔG0 from direct water temperature measurement and ΔGcal from the heat budget estimate. 336 
In the winter of 2015, the lake is partly frozen only one day, while, in the winters of 2013, 2014 and 337 
2016, it was completely frozen. The lowest heat storage of 5.35×103 MJ/m2 in the 2015 winter can 338 
thus be a critical heat storage for non-freeze. Giving the net heat flux HG by groundwater input and 339 
output at a constant of - 47 W/m2, the temporal variation of heat storage Gcal is consistent with that 340 
of G0, showing R2=0.827 and RMSE=296.9 MJ/m2. However, the HG value could change in response 341 
to rainfall, since HG = -67 W/m2 in the frozen period is given as the annual miminum. It is needed to 342 
know how groundwater input Gin and groundwater output Gout temporally change in the water 343 
budget. Based on sensitivity analysis for heat storage Gcal, non-freezing of the lake for the future was 344 
discussed. Significant long-term trends from the 40-yr meteorologcal data indicate +0.024 °C/yr for 345 
air temperature and -0.01 m/s/yr for wind speed. As a result, the air temperatue at + 0.24 °C and its 346 
combination with the wind speed at -0.1 m/s increase the heat storage up to the non-freeze level. 347 
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Considering returen periods of mean air temperature in the winters, in a decade, the non-freeze of 348 
the lake could occur every ca. 2 yr from every ca. 4 yr at present. 349 
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