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Abstract
As the global climate warms, lakes are expected and have been observed to experience changes in seasonal ice cover. Previous research
has observed decreasing freeze durations, but relatively few studies have investigated the impact of climate change on lake ice
intermittency - the tendency of lakes to freeze over in some years but not others. Here we conduct an analysis of a lake dataset that
includes nineteen intermittent ice-covered lakes in the northern hemisphere. We use logistic and binomial regression to model the
relationship between historical climate changes and freeze events, with log CO2 concentration and mean winter temperature as covariates.
Across the lakes, we observe a decrease in freeze probability and years with freeze events, with nine out of nineteen lakes showing a
signi�cant relationship between freeze years and log CO2 concentration. Additionally, we �nd that mean winter temperature can be a
simple, readily accessible predictor for intermittent lake freeze. We also examine Lake Carnegie in Princeton, NJ as a case study, taking into
account both quantitative data and anecdotal evidence, and �nd that the probability of ice skating has decreased from nearly 1 to 0.2 over
the past century. Accordingly, local newspaper archives semantically suggest that local expectations for lake freezing have reversed over
the last century as a societal response to climate change.

Introduction
Annual lake freezing holds ecological, economic, and cultural signi�cance for many populations (Kling et al. 2003). Ice cover is essential for
recreational activities such as ice skating (Brammer et al. 2015), ecological processes such as phytoplankton growth (Weyhenmeyer 2001),
and is even a part of religious traditions (Arakawa 1954). However, climate change has resulted in freshwater ice loss, with studies on lake
ice phenology, the study of seasonal freezing patterns, revealing trends toward later freeze dates and earlier ice break-up dates (Magnuson
et al. 2000; Hodgkins et al. 2002; Benson et al. 2012). Research on local climate indicators has also shown high interannual variability of
ice break-up dates in the past century(Betts 2011).

Lakes are referred to as either annual ice-covered or intermittent ice-covered based on their winter freeze behavior. Annual ice-covered lakes
are de�ned to freeze consistently every year while intermittent ice-covered lakes have had at least one winter without complete ice cover
since 1970 (Sharma et al. 2019; henceforth S19). Most studies have focused on changes in freeze dates, thaw dates, or ice duration, often
treating intermittency as a data anomaly (Jensen et al. 2007; Benson et al. 2012). Thus, there is an overall dearth of research on
intermittent ice-covered lakes in the literature, and more research on intermittent ice-covered lakes is needed to thoroughly understand the
impacts of climate change on freshwater systems.

In this vein, S19 investigated intermittency trends and created projections for the number of intermittent ice-covered lakes given global
warming scenarios. While S19 focus on predicting the present and future distribution of intermittent ice-covered lakes globally, the present
paper highlights historic trends in intermittency. Our motivation for studying these trends stems from the binary nature of lake ice
intermittency (lakes are recorded as having either completely frozen over or not in a given year), making intermittency a concrete and thus
easily perceived potential indicator of local climate change. Furthermore, ice freeze integrates weather over a season, increasing the signal-
to-noise ratio compared to other tangible events like extreme weather. These merits make lake ice freeze a uniquely tangible lens for
studying climate change, especially in low-elevation continental interiors where other integrated climate impacts (e.g. glacier retreat, sea
level rise) do not apply.

Our analysis of lake ice intermittency relies largely on in-situ freeze records for intermittent ice-covered lakes within the NSIDC Global Lake
and River Ice Phenology Database. Additionally, however, we highlight Princeton’s Lake Carnegie as a case study, using a new approach to
reconstruct freeze records from newspaper archives. This approach allows us to identify trends in Lake Carnegie’s intermittency, as well as
a corresponding change in expectations of lake freeze, as embodied in news article narratives.

Methods And Data
We obtained freeze time series from the NSIDC Global Lake and River Ice Phenology Database (Benson 2002), which contains ice-on and
ice-off records for over 500 lakes across the Northern Hemisphere but only contains records for 17 intermittent ice-covered lakes. We
reached out to data contributors and acquired data for two more intermittent ice-covered lakes and updated the time series for three lakes.
Figure 1 shows the geographic distribution of the 19 intermittent lakes, and Table 1 shows characteristics for each lake, including the length
of the freeze records.

Regression on CO2 concentration has been used previously to de�ne trends on ENSO indices (Oldenborgh et al. 2021). Furthermore, Sharma
et al. identify CO2 concentration and local, seasonal air temperature to be the most important drivers of freeze and break-up dates of lake
ice (Sharma et al. 2016). Thus, we analyzed intermittent ice time series individually, �tting a logistic regression to each lake freeze time
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series conditioned on log global CO2 concentration, acquired from the Last Millennium Ensemble (LME) (Otto-Bliesner et al. 2016). We used
data from the LME because the time series of some lakes exceeded the length of observational atmospheric CO2 records. We also analyzed
the aggregate data of all the available intermittent lakes by �tting a binomial regression to the time series of aggregate freeze proportion,
again using log global CO2 concentration as our covariate. We used log CO2 concentration rather than CO2 concentration because radiative
forcing caused by carbon dioxide has a logarithmic relationship with CO2 concentration (Jeevanjee et al. 2021). The logistic and binomial
regression �t calculations are performed in R using the freely available gamlss package (Stasinopoulos and Rigby 2007). Logistic
regression determines the probability of freeze by modeling the binary response variable as a Bernoulli distribution and passing the input
through a logit function. Similarly, binomial regression �ts the proportion of lake freeze by modeling the response variable as a binomial
distribution. The logit function in both cases is given by:

where x is the input vector of log CO2 concentration and ŷ is the predicted probability of freeze.

The cross-entropy loss function to be minimized is given by (Jurafsky and Martin 2020):

Where ŷ is the predicted probability of freeze, and y is the actual binary freeze response. The loss function is the log likelihood function with
a �ipped sign.

In addition to observing the change in freeze probability and freeze proportion with respect to CO2 concentration, we also investigate winter
temperature as a potential predictor of lake freeze. Winter temperature has been shown to be an important factor in ice break-up trends
(Brown and Duguay 2010; Sharma et al. 2016). In contrast to break-up dates, freeze dates have been shown to be highly variable and thus
di�cult to determine a clear trend (Brown and Duguay 2010). However, sparse research has been done to analyze the explanatory power of
winter temperature with regard to binary freeze responses rather than freeze and break-up dates. Therefore, we analyzed winter temperature
as a driver of lake freeze for intermittent ice-covered lakes. For each lake in the NSIDC dataset, we extracted gridded data for winter
temperature from the Berkeley Earth dataset (Rohde and Hausfather 2020) and �tted a logistic regression curve to the freeze data with
winter temperature as a covariate. The length of the temperature record extends from 1850 to the present. so the full time series could not
be considered for some lakes. We computed the McFadden pseudo-R2 statistic, which measures the reduction in maximized log-likelihood
rather than the proportion of explained variance. (Mittlböck and Schemper 1996), for each lake to evaluate and compare the explanatory
power of winter temperature in determining freeze years.

In addition, we studied Princeton’s Lake Carnegie as a case of particular interest, also �tting a logistic regression on CO2 concentration to
the time series of ice skating on Lake Carnegie. Because Lake Carnegie is not in the NSIDC database, we used a new approach to
reconstruct Lake Carnegie based on documented ice-skating in records, using historical newspapers from the Papers of Princeton archive
(Papers Of Princeton). Years in which newspaper articles mentioned ice skating, hockey, thick ice, and other mentions of complete freeze
were recorded as years with ice skating, and years in which newspaper articles mentioned that the lake did not freeze over during the winter
were recorded as years without ice skating. Years that fell into neither category are considered ambiguous, and were excluded from the
regression analysis. This method allowed us to reconstruct a dataset of years in which Lake Carnegie froze over (or failed to freeze over)
for ice skating. Additionally, this unique approach provided insight into how people experience climate change, adding a personal
dimension to our quantitative analysis.

Results
Figure 2 shows the individual time series and logistic regression curve for four geographically distinct lakes in the dataset. We observe a
decrease in freeze events and freeze probability over time. The overall trend suggests that lakes are experiencing more years without
complete ice-cover. Additionally, these lakes appear to be in different stages of the transition from consistent annual ice cover to
intermittent ice cover. For example, Lake Vättern shows a shift from frequent annual freezing to a regime without winter freeze. Lake
Champlain appears to be in the middle of this shift, while other lakes in the dataset have only begun the transition to intermittency.

Table 1 shows geographical characteristics for each of the 19 intermittent lakes, as well as some statistics regarding record length and
freeze trends. The columns for early and late freeze proportion represent the proportion of freeze years within the �rst 20 years and last 20
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years of the time series, respectively. Most of the freeze records extend into the early twenty-�rst century. These results show that 17 out of
the 19 lakes show a lower freeze proportion in the last 20 years of the time series than the �rst 20 years.

In order to give a more comprehensive overview of the freeze trends across lakes, we computed the aggregate freeze proportion over time:
the number of lakes that froze in a given year divided by the number of lakes with freeze data in that year. We then �tted a binomial
regression model to the aggregate freeze proportion data, conditioned against log CO2 concentration. Accordingly, �gure 3b shows the
freeze proportion time series of all the available intermittent lakes. We �nd that the proportion of intermittent ice-covered lakes that freeze in
a given year trends downward after 1960, and the variability of freeze proportion increases over the course of the century.

Figure 3a shows the logistic regression curves for the 19 intermittent ice-covered lakes �tted on log CO2 concentration. Out of the 19 lakes,
17 lakes show a downward trend of freeze probability, generalizing the pattern of decreasing freeze years observed in �gure 2. Table 1 lists
the coe�cient and p-value of the logistic regression �ts for each lake. The �t for 9 of the lakes was signi�cant at the 5% level, and the 2
lakes with positive trends did not have a signi�cant p-value. This result implies that, for these 9 lakes, the climate change signal
overshadows the natural year-to-year variability in lake freeze. However, some lakes do not show a signi�cant relationship with log CO2

concentration, which could be due to a lack of data (short record length) or because these lakes freeze almost every year, such that no-
freeze years are rare and we hypothesize they are dominated by internal variability rather than the climate change signal.

Table 1. Intermittently Freezing Lakes in the Northern Hemisphere
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lakename country/state latitude longitude record
length

early
freeze
prop

late
freeze
prop

co2
coe�ctient

p-
value

intercept contributor

Lake Suwa Japan/Nagano 36.15 138.08 560 1.00 0.50 -9.655 <0.001 57.506  

Lake Geneva US/WI 42.57 -88.48 143 1.00 0.90 -42.080 0.117 250.580  

Otsego Lake US/NY 42.76 -74.89 174 1.00 0.80 -43.280 0.0352 259.180 Stewart,
Kenton1

Oneida Lake US/NY 43.21 -75.91 176 1.00 0.95 -33.060 0.242 198.600  

Lake George US/NY 43.62 -73.55 104 1.00 0.95 -23.190 0.236 140.600 Stewart,
Kenton1

Big Green
Lake

US/WI 43.80 -89.03 67 1.00 0.95 -46.360 0.282 276.900  

Sebago Lake US/ME 43.84 -70.57 181 1.00 0.70 -10.098 <0.001 60.958  

Lake
Champlain

US/NY 44.31 -73.33 186 0.95 0.40 -16.659 <0.001 97.285  

Grand
Traverse Bay

US/MI 44.75 -85.62 146 0.85 0.65 -8.297 0.01 49.049  

Gull Lake US/MI 44.91 -79.35 96 0.90 0.95 4.420 0.566 -22.237 Hamilton,
Stephen 1

Green Bay US/MI 45.00 -87.64 74 1.00 0.95 -46.940 0.262 274.120  

Lake
Superior

US/WI 46.81 -90.81 155 1.00 0.90 -30.150 0.099 181.240  

Lake
Balaton2

Hungary 46.88 17.84 33 1.00 1.00 10.770 0.702 -59.080  

Lunz Austria 47.85 15.05 74 1.00 0.90 -25.920 0.128 156.940 Sharma,
Sapna3

Lake
Mueggelsee2

Germany 52.44 13.65 20 1.00 0.80 -33.400 0.366 197.870  

Nehmitzsee2 Germany 53.13 12.98 29 1.00 0.70 -60.590 0.044 355.010  

Lake Vättern Sweden 58.33 14.49 70 0.75 0.10 -16.990 <0.001 98.330  

Randsfjorden Norway 60.52 10.36 70 1.00 0.75 -21.252 0.006 127.454 Sharma,
Sapna3

Lake Mjøsa Norway 60.77 11.02 125 0.90 0.65 -9.796 0.004 57.577  

1Time series updated through direct correspondence 

2For lakes with a record length of less than 40 years, early freeze proportion and late freeze proportion are calculated using the �rst 10
years and last 10 years. 

3Time series received through direct correspondence 

4.1 Winter temperature as a covariate of lake freeze
CO2 concentration as an explanatory variable has a trend but no year to year variability. In contrast, mean annual winter temperature as an
explanatory variable could account for both the trend and year to year variability in lake freeze events. Thus, in addition to the analysis of
freeze over log CO2 concentration, we investigated the importance of winter temperature in determining freeze years. We �tted a logistic
regression to each of the lake time series conditioned on the mean winter temperature of the lake’s grid box in the Berkeley Earth dataset.
Because some of the freeze time series had only one or two years without freeze, we narrowed the analysis down to time series with
multiple no-freeze years. The arbitrary cutoff of four years was chosen due to the fact that there was a natural separation in the data
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between the lakes with fewer than four years without freeze and lakes with greater than four years without freeze. The distribution of the
logistic regression thresholds for these seven lakes had a mean of -3.07°C, a median of -3.49°C, and an interquartile range of 3.36°C.

Figure 4 shows scatterplots of mean winter temperature and freeze over time for four lakes in the dataset as well as the logistic regression
threshold for classifying years as freeze or no-freeze. These four lakes were selected because they had a relatively high number of data
points and a higher number of years without freeze. The McFadden pseudo-R2 values for these four lakes were 0.32, 0.31, 0.43, and 0.50 for
Lake Champlain, Lake Suwa, Lake Vättern, and Lake Mjøsa, respectively. Thus, these lakes represent a range of geographic locations and
goodness of �t. The steepness of the trend lines also varies, indicating that some regions have warmed faster than others, though each of
the lakes shows an increase in years without freeze events. Overall, these plots suggest that mean winter temperature can be used as a
simple predictor of intermittent lake freeze, linking the trends in freezing from Figures 2 and 3a to climate change. However, the amount of
freeze variation explained differs based on the individual lake.

We also investigated whether the intermittency of a lake depends more on its mean winter temperature or the severity of warming (i.e., the
steepness of the trend line). We plotted the density of mean winter temperatures and winter temperature trends for intermittent ice-covered
lakes and annual ice-covered lakes (Fig. 5). We see a separation between the two categories with respect to mean winter temperature, but
not with respect to winter temperature trends. This distinction suggests that the climatological mean winter temperature is a better predictor
of freeze than the geographical variation in severity of warming. Additionally, the mean winter temperatures of the intermittent ice-covered
lakes intersect the mean intermittency threshold (~ -3.07°C), whereas nearly all of the annual ice-covered lakes had mean winter
temperatures lower than the threshold.

4.2 Case Study - Lake Carnegie
Currently, most knowledge of winter limnology comes from in situ data observations (Sharma et al. 2020). However, there has been a
decline in availability of in situ observations since the 1980s, so ice networks have been supplemented with satellite data and physical lake
models(Latifovic and Pouliot 2007; Bernhardt et al. 2012; Weber et al. 2016). In order to advance working knowledge of lake ice phenology,
it may also be worthwhile to supplement the declining in situ data by utilizing historical records of lake events. Therefore, we used a new
approach to reconstruct Lake Carnegie ice-skating records using newspaper archives. Figure 6 shows the time series of years with and
without safe ice skating. The logistic regression curve covaried against log CO2 concentration indicates a steep decrease in the probability
of safe ice skating over the last century, from approximately 1.0 to 0.20 with a p-value less than 0.001.

We must also consider that other confounding factors, such as increased safety restrictions on ice skating and dredging of the lake may
have contributed to the trend we see in decreased ice skating. For example, there is a sequence of three years without ice skating in the
1970s, right after the third and most recent dredging of the lake. A 1976 newspaper article from the Town Topics cites the fast-�owing
current of the recently dredged lake as the reason for this period without solid freezing (1976a). However, despite the possible short-term
impact of dredging on lake freeze, we notice that ice skating declines most rapidly after the 1990s. Thus, it is likely that both warming
temperatures and increased skating safety restrictions have both contributed to this steep decline. It would be di�cult to separate these two
factors, especially since decreased expectations for safe ice conditions can amplify safety regulations. That is, the warming trend causes
thinner ice and fewer days with safe ice skating, which could lead to more stringent safety measures, which in turn further impacts
expectations about the frequency of safe ice skating.

In addition to demonstrating local impacts of warming, these archives provide insight into the socio-cultural effects of climate change.
They suggest that not only are freeze events decreasing overall but also that climate change is changing people’s expectations. Figures 6a
and 6c show newspaper excerpts from 1960 and 2007, respectively. In 1960, a no-freeze year was considered exceptional; in 2007, a freeze
event was considered exceptional. Over the course of a few decades, ice skating has gone from a consistent winter pastime to an
unanticipated yet pleasant surprise, and the local community has fully reversed its expectations in response to this aspect of climate
change, adapting to a new normal. Thus, the anecdotal recollections are in accordance with the trend observed in the reconstructed dataset.
Because ice skating is a communal activity, this change in skating frequency and expectation for skating suggests that climate change has
had a tangible effect on quality of life in the past decades. Figure 6b details nostalgic memories of skating on the lake in the past but
further emphasizes the shift in expectations with the statement, “But we don’t get the ice now.” These anecdotal accounts add a human
dimension to the analysis yet remain consistent with the quantitative data.

Discussion And Conclusion
This analysis shows a clear trend of fewer years with freeze events in intermittent ice-covered lakes in the Northern Hemisphere, which can
be modeled using mean winter temperature. Because these data are uniquely discrete, they provide a simple and intuitive visualization of
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the effects of climate change on lacustrine systems. The decline of aggregate freeze proportion generalizes the trend observed in the
individual case studies, further emphasizing the large-scale impact of warming on lakes. Additionally, the case study of ice skating on Lake
Carnegie shows how dwindling freeze events have changed local residents’ perceptions of normality.

The results highlight the importance of studying lake ice intermittency as an indicator of climate change. The mean logistic regression
threshold for classifying lakes as annual or intermittent ice cover was -3.07°C. This threshold provides a starting point for identifying
regions at risk for lake ice intermittency, with the caveats that the sample size is very small and that individual lakes exhibit a range of
thresholds. Figure 8a maps the percent of years over 1881-2020 in which the Berkeley Earth winter (DJF) averaged temperature exceeded
the -3.07°C threshold in the northern hemisphere. The multi-color band represents large-scale regions with substantial intermittency
potential, while areas with no years exceeding the threshold are likely to freeze over every year, and regions with all years exceeding the
threshold are unlikely to freeze over at all. We note that there is likely to be substantial orographically-driven structure in surface
temperature relevant to lake freeze below the spatial resolution of the Berkeley Earth surface temperature data (0.25°) in regions such as
Japan. The narrowness of the band indicates that large-scale lake intermittency is likely restricted to a relatively small portion of the globe,
with much of the globe being either unconducive to freeze or reliably below the temperature threshold. This restriction may help explain the
observed distribution of intermittent lakes (Fig. 1) as well as the low ratio of intermittent to annual lakes in our dataset; we note that there is
substantial correspondence between the observed locations of lake intermittency (Fig. 1) and regions with large-scale intermittency
potential.

The observed change in large-scale intermittency potential is shown in Figure 8b, by mapping the change in percent of years exceeding the
threshold between the period 1951-2020 and the period 1881-1950. The colored regions correspond to areas with lakes that may have
transitioned from annual to intermittent ice-cover - we note that no regions in the Northern Hemisphere showed a decrease in lake
intermittency potential. The observed regions of increased intermittency potential (Fig. 8b) are generally collocated with regions of
historical intermittency potential (Fig. 8a), re�ecting that large-scale spatial gradients in wintertime surface temperature substantially
exceed historical warming. That is, although historical warming has increased the area with intermittency potential, there remain large
swaths of the Northern Hemisphere in which mean wintertime surface temperatures consistently remained below the -3.07°C threshold.
Additionally, there are regions in which intermittent ice-covered lakes could have transitioned to lakes that no longer freeze over during the
winter.

A simple analysis of the impact of a 2°C warming on intermittency potential is shown in Figure 8c, by plotting the percent difference in
years above the -5.07°C threshold and those above a -3.07°C over the 1881-2020 period. A uniform surface warming leads to highly
structured changes in large-scale intermittency potential, re�ecting the large-scale climatological patterns of wintertime surface
temperature: large-scale intermittency potential is not substantially changed in regions that are either substantially colder or substantially
warmer than the threshold.. A comparison of Fig. 8b and 8c indicates that uniform warming could lead to shifts in the spatial structure of
regions at risk for lake ice-intermittency toward higher latitudes and continental interiors. Future research could identify regions that are
susceptible to intermittent ice-cover with respect to factors other than winter temperature and investigate how intermittency will evolve with
climate change.

While the other literature has detailed models for predicting freeze and thaw dates (Vavrus et al. 1996; Bernhardt et al. 2012), many of the
predictors in these models (e.g. lake depth and meteorological parameters) are not readily accessible for the majority of lakes. However, this
study demonstrates that winter temperature is a simple, potential predictor of freeze and is readily accessible for any coordinate grid via the
Berkeley Earth dataset. This ease of access in combination with our new method of reconstructing freeze data with historical records
provides a simple, generalizable process for analyzing freezing trends for intermittent ice-covered lakes.

We �nd that the explanatory power of winter temperature varies depending on the individual characteristics of the lake. While log CO2

concentration can partly account for the lake freeze changes associated with the warming trend, mean winter temperature can account for
both the trend and some of the year to year variability. The difference in the goodness of �t between each lake could be due to other factors
that affect year to year variability, such as precipitation, wind speed, and cloud cover, which are input variables for lake ice model
simulations (Vavrus et al. 1996; Ménard et al. 2002). Future research could investigate the explained variance of these other factors on
intermittent lake freeze. Additionally, there is a separation between the mean winter temperatures of intermittent ice-covered lakes and
annual ice-covered lakes, compared to no separation between the slope of the temperature trends of the two types of lakes (Fig. 5). This
difference suggests that, with regard to freeze, the climatological mean winter temperature is more important than the steepness of the
warming trend in a given region. Further research could explore how lakes transition from annual ice-cover to intermittent ice-cover as
warming may shift mean winter temperatures closer to the threshold. This investigation has far-reaching implications for local lake
communities because lake freezing provides vital ecological, economic, and cultural ecosystem services (Arakawa 1954; Weyhenmeyer
2001; Kling et al. 2003; Brammer et al. 2015).
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Cultural ecosystem services, such as ice skating, are widely enjoyed by and relevant to the general public (Brammer et al. 2015), but are
often overlooked within climate change research (Schröter et al. 2005). Therefore, our analysis of declining ice skating on Lake Carnegie
provides insight into how climate change has impacted these underrepresented ecosystem services. The newspaper archives provide
alternative means of understanding historical climate, giving a human perspective on how climate change affects cultural activities. By
examining historical ice-skating records of Lake Carnegie, we observe a distinct reversal of expectations for freezing, both qualitatively in
the newspaper archives and quantitatively with a drastic drop in the probability of ice skating. This two-way interaction between the
anecdotal and instrumental evidence provides insight into personal and societal responses to warming. Therefore, this study serves as an
indicator of declining public ecosystem services and societal adaptation to climate change in addition to its natural effects.
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Figures

Figure 1

Geographic locations of lakes in the Global Lake and Ice Phenology Database. Intermittent ice-covered lakes are shown in red and Annual
ice-covered lakes are shown in blue
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Figure 2

Time series of freeze events on Lake Champlain, Lake Mjøsa, Lake Suwa, and Lake Vättern. The blue logistic regression curve shows the
predicted probability of complete winter ice-cover in a given year. The gray dashed lines show the 95% con�dence interval of the probability.
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Figure 3

(a) Logistic regression curves, predicting the probability of freeze, for 19 intermittent ice-covered lakes in the northern hemisphere. Curves of
similar colors represent lakes with similar latitudes, and dotted lines correspond to a �t with an insigni�cant p-value (> 0.05). The bold
dashed line represents the binomial regression curve conditioned on log CO2 concentration and �tted against aggregate freeze proportion.
(b) Aggregate freeze proportion over time. The binomial regression curve conditioned on log CO2 concentration is shown in blue
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Figure 4

Scatterplots of Mean Winter Temperature over time for Lake Champlain, Lake Mjøsa, Lake Suwa, and Lake Vättern. The blue curve shows
the linear trend of winter temperature. The dashed red line shows the logistic regression threshold for classifying a year as freeze or no
freeze
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Figure 5

Histograms of the mean winter temperatures (a) and trends (b) of intermittent ice-covered lakes (blue) vs. annual ice-covered lakes (red).
The dotted red line in �gure a represents the mean logistic regression threshold for the 7 lakes with data for more than 4 years without
freeze in their time series

Figure 6
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Time series of ice skating on Lake Carnegie. The blue curve models the probability of documented ice skating in a given year predicted by
log CO2 concentration. The points represent the freeze records (1 = froze, 0 = did not freeze). Vertical lines represent years with missing
data

Figure 7

Newspaper clippings from Town Topics on Mar 13, 1960* (a), the Princeton Recollector on Dec 2, 1985 (b), and the Daily Princetonian on
Feb 8, 2007 (c) *Note, there were mentions of ice skating after March 13, 1960, indicating that the lake froze later that year.
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Figure 8

Map of (a) the percent of years with winter temperature exceeding the logistic regression threshold of -3.07 °C, (b) the difference in percent
of years exceeding the threshold between 1951-2020 and 1881-1950, and (c) the difference in percent of years exceeding the threshold
between 1951-2020 and 1881-1950 given a uniform warming of 2 °C


