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Abstract

Lakes are sensitive indicators of climate change as freshwater requires temperatures below
0 °C to freeze. Here, we used 34-year records for 74 lakes distributed across the Midwest-
ern and Northeastern United States to ask the following: (i) Which physical factors affect
lake ice phenology in the Northern United States?; (ii) Can an empirical statistical mod-
elling approach be used to effectively predict ice phenology across the morphologically
diverse lakes of the Northern United States?; and (iii) How much ice is forecasted to be
lost in response to climate change? We find that our study lakes require 19 days with air
temperatures below 0 °C to freeze, ranging from 4 days for small lakes to 53 days for larger
lakes. To thaw, lakes require 22 days with air temperatures above 0 °C, ranging from 8
to 33 days. We find that 64% of the variation in ice-on dates is explained by air tempera-
tures, and the remaining 36% of variation is explained by lake morphology, primarily mean
depth. For ice-off dates, 80-90% of the variation is explained by air temperatures. By the
end of the century in response to climate change, these lakes may lose 43 days of ice cover,
although ranging from 12 days of less ice cover to no ice cover at all. Understanding the
drivers of variability in ice phenology for lakes within regions found to be highly sensitive
to climate change will promote our understanding of ice cover and ice loss, and also the
widespread ecological ramifications associated with ice loss.

Keywords Climate change - Climate change projections - Ice cover - Ice phenology - Lake
morphometry - USA

1 Introduction

Perhaps one of the most striking effects of climate change on lakes is the loss of ice cover
in recent decades (Benson et al. 2012; Sharma et al. 2021b). Lake ice cover is a sensi-
tive indicator of climate, such that ice phenology (timing of ice-on and ice-off) is closely
related to air temperatures (Palecki and Barry 1986; Brown and Duguay 2010; Noges and
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Noges 2014; Sharma et al. 2020). Recorded observations of ice cover date back centuries
before the start of the Industrial Revolution (Magnuson et al. 2000; Sharma et al. 2016)
because of the cultural and socioeconomic importance of lake ice to refrigeration, trans-
portation, recreation, religious traditions, and ice fishing (Magnuson and Lathrop 2014;
Knoll et al. 2019). These ice records indicate that in response to warming climates, ice-on
is later, ice-off is earlier, and ice duration is increasingly shorter (Magnuson et al. 2000;
Duguay et al. 2006; Benson et al. 2012; Grant et al. 2021; Sharma et al. 2021b). Moreover,
in recent decades, some lakes have reported an increased frequency of extreme events and
may not reliably freeze every winter (Sharma et al. 2019, 2021a; Filazzola et al. 2020).
Although we have a good understanding of how local weather and global climate interact
to influence lake ice phenology trends (e.g., Robertson et al. 2000; Livingstone and Dokulil
2001; Ghanbari et al. 2009; Sharma et al. 2013; Imrit and Sharma 2021), we do not yet
fully understand the interaction of climate and physical lake characteristics across a geo-
graphic landscape.

Air temperature is widely recognized as one of the most important climatic drivers of
ice phenology, particularly in the weeks to months preceding ice-on and ice-off dates (Pal-
ecki and Barry 1986; Weyhenmeyer et al. 2004, 2011; Ghanbari et al. 2009; Sharma et al.
2013; Surdu et al. 2015; Lopez et al. 2019; Imrit and Sharma 2021). Ice-on and ice-off
dates generally correlate with the 0 °C isotherm, as lakes tend to freeze when winter air
temperatures are consistently below freezing and lakes tend to thaw when spring air tem-
peratures rise above 0 °C (Duguay et al. 2006; Arp et al. 2013; Shuter et al. 2013). For
example, in 55 Alaskan lakes, the timing of the 0 °C isotherm and lake area explained 80%
of the variation in ice-off dates (Arp et al. 2013). Lakes in more southern regions of North
America, Finland, and Sweden tend to experience the greatest rates of warming (Korhonen
2006; Jensen et al. 2007; Weyhenmeyer et al. 2011), in part because they are located in a
region where air temperatures hover around 0 °C (Weyhenmeyer et al. 2004). Accumulated
freezing degree days and accumulated positive degree days have been shown to reliably
predict ice thickness and ice-off date, although the association with ice-on date is less clear
(Karetnikov et al. 2017).

Lake characteristics further influence the timing of ice-on and ice-off and may even
have an influence on whether the lake freezes or not. For example, even in regions with
relatively colder climates, deep and circular lakes found at lower elevations are vulnerable
to intermittent winter ice cover (Sharma et al. 2019) and forecasted to be most sensitive
to permanent ice loss under future scenarios of climate warming (Sharma et al. 2021a).
Deeper lakes take longer to cool in the fall and require persistently cool temperatures below
0 °C prior to freezing (Brown and Duguay 2010; Jeffries et al. 2012; Kirillin et al. 2012;
Noges and Noges 2014; Magee and Wu 2017). More circular lakes tend to have longer
stretches of open water which increase their sensitivity to wind action that breaks the initial
skim of ice that forms on a lake (Williams et al. 2004; Jeffries et al. 2012; Magee and Wu
2017). By contrast, shallow lakes with more complex shorelines are more likely to freeze
earlier, such as in Madison, WI, where the shallow Lake Wingra not only froze earlier but
was forecasted to remain ice-covered even under an extreme warming scenario of 10 °C
(Magee and Wu 2017). However, it is still unclear how sensitive ice phenology is for lakes
of different sizes and depths across a broader landscape.

A combination of surface energy balance, air temperatures, precipitation, cloud
cover, solar radiation, lake morphology, wind, and hydrology influences the timing of
lake ice formation (Brown and Duguay 2010). For example, warmer air temperatures
can delay ice formation, early snowfall can advance ice formation, and clouds can both
trap longwave radiation and reflect solar energy away from the ice (Brown and Duguay
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2010). Typically, the initial skim of ice will form at night under cold and calm condi-
tions, and heat is lost from the lake surface through outgoing longwave radiation and
latent heat flux (Vavrus et al. 1996). Shallow lakes will typically form this thin layer
of ice before deeper lakes, as is especially evident across a geographic landscape in
warmer winters (Marszelewski and Pius 2019). As lakes require substantially cool, dry,
and low wind conditions to promote evaporative heat loss, this process takes longer in
larger and deeper lakes (Woolway et al. 2020).

Climate typically governs the timing of ice-off dates, including air temperature, pre-
cipitation, elevation, solar angle, and large-scale climatic oscillations (Sharma et al.
2013; Shuter et al. 2013; Hewitt et al. 2018; Imrit and Sharma 2021), with lake char-
acteristics contributing to a lesser extent (Shuter et al. 2013). Across a multitude of
studies, air temperatures are often found to explain the most variation in ice-off dates
(e.g., Palecki and Barry 1986; Assel and Robertson 1995; Vavrus et al. 1996; Living-
stone 2000; Korhonen 2006; Weyhenmeyer et al. 2011; Benson et al. 2012; Imrit and
Sharma 2021). When assessing the variation in ice-off dates explained by air tempera-
tures, Sharma et al. (2013) found that summarizing air temperatures on a seasonal scale
sufficiently encapsulated the variation explained by daily air temperatures. However,
cooler air temperatures even in the month or week prior to ice-off can delay the ice
breakup date. For example, in southern Finnish lakes, Palecki and Barry (1986) found a
strong correlation between air temperatures 5 to 10 days prior to ice breakup and ice-off
date. Furthermore, process-based models have illustrated the importance of precipita-
tion and solar radiation to ice-off dates (Leppidranta 2010; Brown and Duguay 2010;
Kirillin et al. 2012; Leppéranta and Wen 2022). Snow can affect lake ice formation and
thickness in complex ways depending on when and how it falls (Jeffries et al. 2005;
Brown and Duguay 2010; Sharma et al. 2020). For example, ice-off dates can be later
because snow can act as an insulating layer on the ice and the high albedo of thick
snowpack can lead to a longer snowmelt process, a process which is influenced by both
air temperatures and solar radiation absorption (Jeffries et al. 2005; Kouraev et al. 2007;
Bernhardt et al. 2012; Noges and Noges 2014; Preston et al. 2016; Sadro et al. 2018).
Even in warm winters, lakes with high snowfall and a thick snowpack can have delayed
ice-off dates because of the high albedo of snow cover (Noges and Noges 2014). How-
ever, for some lakes, a low, dense snowpack in a cold winter can produce thicker black
ice which takes longer to melt and delay ice-off dates (Kouraev et al. 2007). Snowfall in
the form of wet snow or “rain-on-snow” events can alter the quality and strength of ice
formed under the lake (Block et al. 2019; Weyhenmeyer et al. 2022) and also affect the
timing of ice-off dates.

Although previous studies have examined the mechanistic response of ice cover in a
single lake or a few lakes of varying sizes within a region (e.g., Austin and Colman
2007; Bernhardt et al. 2012; Noges and Noges 2014; Magee and Wu 2017), we aim to
fill a knowledge gap by forecasting the sensitivity of lakes with varying lake morpholo-
gies across a large landscape across Midwestern and Northeastern United States using the
most recent climate change scenarios. Specifically, we ask the following: (i) Which physi-
cal factors affect lake ice phenology in the Northern United States?; (ii) Can an empirical
statistical modelling approach be used to effectively predict ice phenology across the mor-
phologically diverse lakes of the Northern United States?; and (iii) What are the forecasted
changes in ice-on and ice-off dates by the end of the century based on a suite of climate
change scenarios? We fill a knowledge gap in the lake ice phenology literature by provid-
ing predictive models to estimate ice-on and ice-off dates for lakes of varying sizes across
the Midwestern and Northeastern United States.
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2 Methods
2.1 Data acquisition

Lake ice phenology records were accessed from the National Snow and Ice Data Center
(NSIDC) Lake and River Ice Phenology Analysis Group (LIAG) and the Minnesota
Department of Natural Resources. Data were updated to 2018-2019 by contacting data
contributors. For this study, we selected 100 lakes distributed in the USA that had both
ice-on and ice-off dates recorded and at least 30 years of continuous or near-continuous
time series without extensive multi-year gaps in observations. The exact definitions of ice-
on and ice-off were not available for all 100 lakes in this study, but ice monitors generally
maintain a consistent definition throughout a given time series (Sharma et al. 2022). How-
ever, these definitions may differ between lakes (Sharma et al. 2022). For example, ice-on
for Lakes Mendota and Monona in Wisconsin is defined as the date when the lake is 50%
ice-covered and ice-off is defined as the date when the lake is 50% ice-free. On the other
hand, for Lake Geneva, also in Wisconsin, ice-on is defined as the date when the lake has
been frozen for 2 days and ice-off as the date when the lake is free of ice, aside from small
ice plates (Sharma et al. 2022). Next, we extracted lake morphology characteristics for
each lake from HydroLAKES, such as lake surface area, mean depth, volume, elevation,
shoreline length, and shoreline development (a measure of shoreline complexity calculated
as the ratio of the shoreline length to the length of the circumference of a circle equal to the
lake area, such that a circular lake has a value of 1, and lakes with more complex shorelines
have larger values of shoreline development; Messager et al. 2016). Twenty-six of the 100
lakes did not have a geographic match with HydroLAKES either because they were smaller
than the 10 ha threshold imposed by the database or did not cover the area of the entire lake
(i.e., was only a bay or basin or a larger lake or a merger of 2 lakes). Thus, 74 lakes were
retained for subsequent analysis (Fig. 1).
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Fig.1 Map of the Midwestern and Northeastern United States showing locations of the 74 lakes whose ice
phenology records are analyzed in this study
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We acquired daily meteorological data from the Global Historical Climatology Network
through National Oceanic and Atmospheric Administration (NOAA, Menne et al. 2012) to
build a multi-year daily meteorological record for each lake, inclusive of all years within
the lake’s ice phenology record. We obtained precipitation, snowfall, snow depth, maxi-
mum air temperature, and minimum air temperature, averaging the minimum and maxi-
mum air temperatures to obtain a daily mean temperature. Data quality flags were also
acquired. A lake’s multi-year daily meteorological record was assembled from nearby
(within 50-km distance and 100-m elevation) weather stations, starting with data from the
station with the longest and most complete air temperature time series (Fig. S1, Online
Resource 1; Table S1, Online Resource 1; Blagrave 2023). Where meteorological data
were missing or were of low quality, the data from another nearby station with a simi-
larly long and complete time series were used to complete the lake’s meteorological record.
Remaining gaps in the temperature and snow depth time series were linearly interpolated
(pandas; Reback et al. 2020) using the temperature and snow depth on either side of the
gap, for a maximum of three consecutive missing days. For a given winter season, daily
meteorological data were extracted from June 1st prior to the ice-on event to the follow-
ing May 31st. Seasonal average temperature and total precipitation were used within the
analysis, i.e., summer (June, July, August), fall (September, October, November), winter
(December, January, February), and spring (March, April, May). Winter total snowfall and
average snow depth data were also calculated from the daily meteorological time series.
Additionally, downscaled monthly daily mean solar radiation data were obtained for each
lake from ClimateNA v.7.21 (Wang et al. 2016), using the lake’s latitude, longitude, and
elevation as inputs (Table S2, Online Resource 1). Again, seasonal averages were used for
this analysis.

We extracted seasonal mean air temperature projections for each lake’s coordinate and
elevation from January 2015 to December 2100 using ClimateNA v.7.21 (Wang et al.
2016) which locally downscales models from the Coupled Model Intercomparison Project
(CMIP6). We used three combinations of Shared Socioeconomic Pathways and Represent-
ative Concentration Pathways, SSP1-RCP2.6 (i.e., SSP126), SSP3-RCP7.0 (SSP370), and
SSP5-RCP8.5 (SSP585), and four general circulation models: Geophysical Fluid Dynamics
Laboratory Earth System Model (GFDL-ESM4), UK ESM (UKESM1-0-LL), Max Planck
Institute for Meteorology ESM (MPI-ESM1-2-HR), and Meteorological Research Institute
ESM (MRI-ESM2-0). The selection of different models allowed us to explore the vari-
ability across climate change projections. These four specific models were selected based
on models available in both ClimateNA (Wang et al. 2016) and the Inter-Sectoral Impact
Model Intercomparison Project (ISIMIP3b; Lange 2019), the latter of which can be used
for global ice phenology analyses.

2.2 Data analysis

We used a lake’s daily air temperature record (Figs. S2a, S3a) to determine the dates
of two important transitions: one was the transition from primarily positive to primar-
ily negative air temperatures, and the other was the transition from primarily negative
to primarily positive air temperatures. These dates were determined for every year and
every lake by first constructing a cumulative degree days record from the air tempera-
ture time series starting on September 8 and ending on June 8 (Figs. S2b, S3b). Septem-
ber 8 is 2 weeks prior to the earliest negative temperature on record, across the mete-
orological records of all 74 lakes. Similarly, June 8 is 2 weeks after the latest ice-off on
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record, again across all 74 lakes. This cumulative degree day record was modelled as a
high-order (13th-degree) polynomial (Figs. S2b, S3b). A local maximum indicated the
date of transition from primarily positive to primarily negative air temperatures, and a
local minimum indicated the converse, from primarily negative to primarily positive air
temperatures (Figs. S2b, S3b). Pairing these transition dates with their respective ice-on
and ice-off dates, we calculated what we have termed a “delay” between the temperature
transition and the ice-on or ice-off event. The number of days between the transition and
the ice event is hereafter referred to as “ice-on delay” and “ice-off delay.”

We calculated freezing degree days (FDD) for the days preceding ice-on directly
from the lake’s daily air temperature time series (Figs. S2a, S3a). FDD was calculated
as a summation of the absolute values of all below zero air temperatures starting on
the date that the air temperature transitioned from being primarily positive to primar-
ily negative and ending on the date of ice-on (Figs. S2c, S3c). Similarly, we calculated
positive degree days (PDD) for the days preceding ice-off by summing the values of all
above zero air temperatures starting on the date that the air temperature transitioned
from being primarily negative to primarily positive and ending on the date of ice-off
(Figs. S2c, S3c). Note that different values of FDD and PDD were calculated for every
lake in every year that ice-on and ice-off dates were recorded. From these values, we
calculated a mean FDD and PDD for each lake and measured the correlation between
these mean values and lake morphology characteristics using Pearson’s correlation coef-
ficients. We chose to present our results as freezing and positive degree days, since FDD
and PDD are a simple, transferable, and yet effective metric for quantifying the cumula-
tive effect of air temperatures on a lake’s ice-on and ice-off events. The ice-on and ice-
off delays complement these data, but do not contain any significant information on the
cumulative effect of air temperatures.

Next, we developed a series of random forest models to identify which of our climato-
logical data and lake morphological characteristics were significant drivers of ice-on and
ice-off dates. We reduced the ice phenology dataset to the most recent 31 ice-on events
and 34 ice-off events so that each lake had the same weight in the model training. We also
chose to exclude the ice-on record for Gull Lake, MN, since there was no ice-on record
between 1979 and 1997. We subsequently reduced the number of lake morphological
characteristics by removing any highly correlated characteristics. In cases where Pearson
r correlations were greater than 0.8 at p <0.05, we removed one of the lake morphology
variables. The remaining lake characteristics included lake area, lake depth, and shoreline
development. The additional drivers used in our random forest models included lake ele-
vation, seasonal mean air temperatures (summer, fall, winter, spring), seasonal total pre-
cipitation (fall, winter, spring), snowfall (winter), snow depth (winter), and seasonal mean
solar radiation (winter, spring). The importance of these 15 drivers on ice-on and ice-off
dates was thoroughly investigated using all 32,767 possible combinations of these 15 driv-
ers as inputs into a series of random forest models, for a total of 65,534 models. Each of the
random forest models (sklearn.ensemble.RandomForestRegressor, Pedregosa et al. 2011)
used 100 regression trees to identify the hierarchical Gini impurity-based importance of
the selected drivers in predicting ice-on or ice-off dates (Breiman 2001). Data are withheld
from each of the 100 regression trees to calculate out-of-bag accuracy scores for each tree.
The random forest model accuracy is the mean of these 100 scores. From a comparison of
the observed ice-on or ice-off dates and the model predictions, we calculated the absolute
mean error (AME) and root mean squared error (RMSE) for the models, in days. For each
of the ice-on and ice-off sets of models, we selected the most parsimonious model using a
combination of highest accuracy (R2) and lowest AME.
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Finally, the selected random forest models were used to predict future ice-on and ice-
off dates using the projected air temperatures from three Shared Socioeconomic Pathways
(SSP126, SSP370, SSP585) across four different general circulation models (GFDL-
ESM4, UKESM1-0-LL, MPI-ESM1-2-HR, MRI-ESM2-0). Predictions for ice-on and
ice-off dates were generated for each lake for each winter season between 2015-2016 and
2099-2100 for all 12 pairings of climate models and scenarios to obtain a better under-
standing of the uncertainty around climate change projections. We calculated the ice-on
and ice-off anomalies for each lake and each year relative to each lake’s 1980—-1999 histori-
cal mean. From the collection of lake anomalies, we calculated a mean anomaly for each
year for both the historical and the future time periods. To better visualize the trend, the
anomalies were smoothed temporally with a 30-year moving window. All analyses were
conducted in Python version 3.8.

3 Results
3.1 Which physical factors affect lake ice phenology in the Northern United States?

Our study lakes froze on average after the cumulative number of freezing degree days
(FDD) reached 78 °C-days, with a range between 17 and 286 °C-days (Table S2, Online
Resource 1). This corresponds to lakes requiring an average 19 days of below 0 °C air
temperatures to freeze, with a range from 4 days for small lakes to 53 days for larger lakes.
Lakes thawed on average after positive degree days (PDD) reached 97 °C-days, with a range
between 38 and 183 °C-days (Table S2, Online Resource 1). This translates to an average
22 days of above 0 °C air temperatures for a lake to thaw, with a range of 8-33 days.

Larger and deeper lakes with more complex shorelines required higher FDD to freeze
(Fig. 2; Fig. S4, Online Resource 1; Table S3, Online Resource 1). For example, lake
morphology characteristics associated with size, such as lake area (Pearson’s r=0.34,
p=0.003), mean depth (r=0.48, p<0.001), volume (r=0.42, p<0.001), and shoreline
length (r=0.55, p<0.001), were all positively correlated to FDD prior to ice-on. Similarly,
shoreline development (r=0.33, p=0.005) was positively correlated to FDD, suggesting
that lakes with more complex shorelines were freezing later.

Conversely, there were no significant correlations between lake morphology characteris-
tics and PDD required for ice-off, suggesting that ice-off date is not significantly modified
by lake characteristics (Fig. 2; Fig. S4, Online Resource 1; Table S3, Online Resource 1).
A closer examination of three lakes, Lakes Mendota, Monona, and Wingra, found within
the same climatic region and city (Madison, WI) clearly revealed the influence of lake
morphology on ice-on date, but not for ice-off date (Fig. 2; Fig. S4, Online Resource 1).
For example, ice-on dates varied widely among the three lakes, such that the largest lake,
Mendota, generally froze later. However, the ice from the lakes generally thawed around
the same time, despite the differences in size between the lakes (Fig. 2; Fig. S4, Online
Resource 1).

3.2 How effective are empirical statistical models at predicting ice phenology?
The most parsimonious random forest model explained 75.9% of the variation in ice-on

dates for lakes across the Northern United States, using a combination of seasonal air tem-
peratures (summer, fall, winter), lake morphology (mean depth, area), and lake elevation.
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Fig.2 (a) Mean freezing degree days (<0 °C) prior to ice-on, (b) mean number of days with 7,;, <0 °C

air

prior to ice-on, (¢) mean positive degree days (>0 °C) before ice-off, and (d) mean number of days with
T, >0 °C prior to ice-off, each presented as a function of lake area, on a log scale for visual clarity. Three
spatially adjacent lakes, Wingra, Monona, and Mendota, highlight the difference in dependence on lake area
for ice-on compared to ice-off dates

This corresponded to an absolute mean error of 6.6 days across all lakes, with a range from
3.3 to 15.8 days (Table S4, Online Resource 1). Seasonal air temperatures accounted for
64% of the explained variation, with fall air temperatures explaining the most variation
(Fig. 3a). Lake morphology accounted for 30% of the explained variation in ice-on dates
with mean depth explaining the most variation in ice-on date (Fig. 3a). Larger and deeper
lakes found in warmer regions had the latest ice-on dates (Fig. 3c). Across all 32,767 mod-
els, the mean explained variation was 66.8% (range from — 20.8 to 76.9%) with an absolute
mean error of 7.6 days (range from 6.2 to 14.9 days).

For ice-off, the optimal random forest model explained 75.7% of the variation in
dates using a combination of seasonal air temperatures (summer, fall, winter, spring),
winter snowfall, spring precipitation, spring solar radiation, lake morphology (shore-
line development), and lake elevation. The absolute mean error was 4.9 days. Air tem-
peratures accounted for 80% of the explained variation, with spring air temperatures
explaining most of the variation in ice-off dates. Snowfall and spring precipitation
accounted for 8% of the variation, while spring solar radiation, elevation, and lake
morphology (shoreline development) explained 5%, 4%, and 3% of the variation in
ice-off date, respectively. A simpler model using a reduced list of drivers (seasonal air
temperatures, lake morphology (shoreline development), and lake elevation) explained
75.2% of the variation and had an absolute mean error of 5.2 days, with a range from
1.5 to 11 days (Table S4, Online Resource 1). In this simpler model, air temperatures
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Fig.3 Variable importance for the most parsimonious (a) ice-on and (b) ice-off random forest models. Var-
iables with larger values of variable importance explain more variation in ice phenology. Partial depend-
ence plots for (c) the ice-on and (d) the ice-off model illustrate the marginal effect that each of the variables
has on the predicted ice-on and ice-off dates. Smaller values of the partial dependence indicate dates are
earlier in the season, and larger values indicate dates are later in the season. Mean depth and lake area are
presented here on a log scale for visual clarity

accounted for 90% of the variation, with spring air temperatures again explaining most
of the variation (Fig. 3b). Lakes experiencing warmer springs had the earliest ice-off
dates (Fig. 3d). Across all 32,767 models, the mean explained variation was 67.9%
(range from — 13.4 to 77.1%) with an absolute mean error of 5.8 days (range from 4.8
to 11.5 days).

A limitation of many models lies in their ability to extrapolate. Random forest models
are no exception. However, since the random forest models were trained with a range of
winter and spring temperatures (— 18 to+2 °C,—1 to+ 13 °C, respectively), and tempera-
ture was the primary driver for both ice-on and ice-off models; these models perform well
given seasonal temperatures fall within these ranges.

3.3 What are the forecasted changes in ice-on and ice-off dates?

By the end of the century, on average, ice-on dates are forecasted to be 16 days later, and
ice-off dates are forecasted to be 27 days earlier based on the Shared Socioeconomic Path-
way (SSP) 585 scenario, which describes the rapid unconstrained growth in economic
output and energy use (Fig. 4; Fig. S5, Online Resource 1). Within this climate scenario,
across models and lakes, ice-on dates are forecasted to range between 2 and 60 days later,
and ice-off dates are projected to be 2 days later to 58 days earlier by 2070-2099. Projec-
tions using this SSP scenario often reach the random forest model’s mean upper-limit of
23 days later for ice-on anomaly and lower-limit of 42 days earlier for ice-off anomaly in
a given year, which suggests that many lakes may not even be freezing (Fig. 4; Fig. S5,
Online Resource 1; Table 1). In the slightly more conservative SSP370 scenario, where
attempts at mitigation and adaptation are hampered by regional concerns and conflicts, ice-
on dates are projected to be later by 14 days and ranging from 2 to 54 days, and ice-off
dates are projected to be 24 days earlier and ranging from 0 to 56 days (Fig. 4; Fig. S5,
Online Resource 1; Table 1). Finally, based on the most optimistic sustainability focused
growth scenario, SSP126, ice-on dates are projected to be 8 days later on average by the
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Fig.4 (a) Mean ice-on and (b) mean ice-off anomalies both historically and for a suite of climate change
models and scenarios. Anomalies are calculated relative to 1980-1999 (shaded zone) mean ice-on and ice-
off date for each lake. The solid black line indicates the mean historical anomaly for all 74 lakes while the
red line indicates the random forest model prediction. The faded blue, green, and orange markers (most
connecting lines omitted for clarity) indicate our random forest model mean anomaly predictions for
SSP126, SSP370, and SSP585, respectively, using seasonal air temperatures from ClimateNA locally down-
scaled GFDL-ESM4, MPI-ESM1-2-HR, MRI-ESM2-0, and UK-ESM1-0-LL models. The weighted black,
blue, green, and orange lines represent the mean anomalies smoothed with a centered 30-year averaging
window

end of the century (2070-2099) and range from 2 days earlier to 33 days later; whereas,
ice-off dates are forecasted to be 10 days earlier and ranging from 7 days later to 41 days
earlier (Fig. 4; Fig. S5, Online Resource 1; Table 1).
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Table 1 Projected 30-year mean of all lakes’ mean ice-on and ice-off anomalies under three SSP scenarios.
The mean and range of predicted anomalies across all lakes and all four climate models (GFDL-ESM4,
MPI-ESM1-2-HR, MRI-ESM2-0, UKESM1-0-LL) are shown. Anomalies are relative to the 1980-1999
mean

Years SSP126 SSP370 SSP585
Mean ice-on anomaly (days) 2040-2069 +8.9 +10.3 +11.2
(-2.0to+33.4) (-1.1to+34.4) (-0.8to+38.2)
2070-2099 +8.5 +14.0 +15.6
(-19t0+334) (+1.5t0+53.8) (+1.9t0+59.5)
Mean ice-off anomaly (days) 2040-2069 -9.6 —-13.4 —-15.8
(—=39.7t0+5.8) (—41.7 t0o+4.5) (—=47.0t0+5.2)
2070-2099 -9.6 —23.7 -27.0

(-414t0+7.0)  (=558t0+0.1) (=584 t0o+1.8)

4 Discussion

With the proliferation of winter limnological studies, a key limitation in experimental or
synthesis studies may be the lack of data on the timing of ice-on and ice-off, both of which
are fundamental to understanding how shorter winters may be affecting under-ice pro-
cesses. Thus, we provide highly predictive tools to estimate the timing of ice-on and ice-off
by lake size. We found that ice-on dates are constrained by temperatures and lake mor-
phological characteristics, whereas ice-off dates are primarily determined by temperatures.
Larger and deeper lakes required air temperatures to be below 0 °C over a longer period
of time than smaller and shallower lakes. In contrast, despite differences in lake charac-
teristics, such as size, lakes experiencing similar climates will thaw at generally similar
times. More specifically, lakes require 19 days (range: 4-53 days) with air temperatures
below 0 °C to freeze and 22 days (range: 8-33 days) with air temperatures above 0 °C to
thaw on average in the USA. By the end of the century, without constraints on energy use
and rapid economic growth (i.e., SSP585), lakes across the Midwestern and Northeastern
United States will experience 43 days less ice cover, if they freeze at all. However, the most
optimistic climate change scenarios, which incorporate sustainable growth and aggressive
mitigation of greenhouse gas emissions, forecast the loss of only 18 days of ice cover by
the end of the century.

4.1 Timing of ice-on is moderated by climate and lake morphology

Air temperatures and lake morphology characteristics explained almost 76% of the vari-
ation in ice-on dates. Sixty-four percent of the variation is explained by air temperature
and the remaining 36% by lake morphology. We found that the timing of ice-on is highly
dependent upon lake morphological characteristics, most clearly seen for lakes found in
the same geographical region which generally experience similar climatic conditions. For
example, there was a positive and non-linear relationship between the freezing degree
days required for lakes to freeze and lake size. We found that the smallest lakes in our
study required as few as 4 days with below zero temperatures (FDD: 17 °C days) while
the larger lakes required as many as 53 consistently cold days for complete ice coverage
(286 °C days). Similar to lakes across a smaller geographic distance in the Experimental
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Lakes Area (Higgins et al. 2021), we found that larger lakes freeze later because they
require a higher number of days below freezing for ice to form. For example, we observed
that although two neighboring lakes in Wisconsin, Lakes Wingra and Mendota, experience
the same local weather conditions, there was a marked difference in the magnitude of FDD
required for freezing, and widely anomalous ice-on dates between the two lakes, on the
order of 8—49 days in the past 40 years. For example, Lake Wingra typically freezes after
7 days of air temperatures below 0 °C, whereas Lake Mendota requires 32 days.

Notably, large and deep lakes took longer to freeze. Large, deep lakes with deeper
thermoclines have larger amounts of heat storage capacity which requires longer periods
of cooler air temperatures in order for water temperatures to fall below 4 °C and prime
the lake to freeze (Brown and Duguay 2010; Kirillin et al. 2012; Noges and Noges 2014;
Yang et al. 2021), although this is a non-linear relationship with lake size (Hanna 1990)
and also dependent on water clarity, particularly for small lakes (Fee et al. 1996). Interest-
ingly, Yang et al. (2021) observed that at the time of ice-on, water temperatures are colder
(0~2 °C) in larger and windier lakes than in smaller and calmer lakes (2~4 °C; Yang et al.
2021) aligning with our findings that smaller and shallower lakes were freezing earlier in
the season, when air temperatures and thereby water temperatures were warmer. Unexpect-
edly, we observed a moderately positive relationship for lakes with more complex shore-
lines. In contrast, earlier studies suggested that lakes with less complex shorelines and thus
longer fetches are more sensitive to wind action breaking up the initial skim of ice formed
at the beginning of the ice season because of higher local wind speed, mixing, and turbu-
lence leading to later ice-on dates (Williams et al. 2004; Jeffries et al. 2012; Magee and Wu
2017; Sharma et al. 2019; Higgins et al. 2021).

4.2 Timing of ice-off is predominantly governed by climate

In our analyses of lakes across the Midwestern and Northeastern United States, we found
significant relationships between the timing of ice-off and climate, but no significant rela-
tionships with lake morphology. Our study lakes thawed on average after 22 days with air
temperatures above 0 °C (corresponding to 97 °C days positive degree days (PDD)), and
varied from 8 days (PDD: 38 °C days) to 33 days (PDD: 183 °C days). Ice-off requires
temperatures close to or above 0 °C, in addition to strong wind action, for the lake ice to
break up, and there is a strong relationship between air temperatures and the PDD required
for lakes to thaw. We found a weak positive relationship between shoreline complexity and
ice-off dates. Lakes with higher shoreline complexity are expected to have more protected
bays, islands, a lower mean fetch, and thereby lower winds and later ice-off dates. How-
ever, we did not find a significant difference in ice-off dates for lakes of varying sizes. For
example, Lakes Mendota, Monona, and Wingra, all found in Madison, WI, and generally
experiencing similar climatic conditions, thaw at similar times despite the differences in
lake size. Interestingly, Higgins et al. (2021) documented an influence of lake size on ice-
off dates in lakes within a relatively small geographic area in the Experimental Lakes Area
through the interaction of lake size and fetch with snow and ice thickness. They found
that larger lakes with longer fetches had later ice-off dates as these lakes had decreased
snow thickness and increased ice thickness (Higgins et al. 2021), similar to the observa-
tions from Efremova and Pal’shin (2011) in Northwestern Russian waterbodies (Efremova
and Pal’shin 2011).

Climatic conditions explained the most variation in ice-off dates. We found that a com-
bination of air temperatures, winter snowfall, spring solar radiation, spring precipitation,

@ Springer



Climatic Change (2023) 176:119 Page 13 0of 19 119

and lake morphology explained 75.7% of the variation in ice-off dates. The timing of ice-
off dates was not significantly related to lake morphological characteristics. Our results
support earlier empirical studies which have shown that the timing of ice-off is associated
with air temperatures, precipitation, elevation, solar angle, and large-scale climatic oscilla-
tions (Sharma et al. 2013; Shuter et al. 2013; Hewitt et al. 2018; Imrit and Sharma 2021),
with lake characteristics contributing to a lesser extent (Shuter et al. 2013). Air tempera-
tures are the most important driver of ice-off dates accounting for 80-90% of the variation
in this study. Simply put, lakes thaw earlier in regions with warmer spring air temperatures.
Across a multitude of studies, air temperatures are often found to explain the most varia-
tion in ice-off dates (e.g., Palecki and Barry 1986; Assel and Robertson 1995; Vavrus et al.
1996; Livingstone 2000; Korhonen 2006; Weyhenmeyer et al. 2011; Benson et al. 2012;
Imrit and Sharma 2021).

Winter snowfall and spring precipitation explained 8% of the variation in ice-off dates,
whereas spring solar radiation only explained 5% of the variation in our study. In contrast,
air temperatures explained 80% of the variation in ice-off dates. The coarse spatial and
temporal resolution of solar radiation and precipitation variables available for use in our
empirical models may explain the relatively low contributions of these variables relative
to process-based models. Process-based models have illustrated the importance of precip-
itation and solar radiation to ice-off dates (Leppédranta 2010; Brown and Duguay 2010;
Kirillin et al. 2012; Lepparanta and Wen 2022). Winter snowfall was positively correlated
(r=0.54, p<0.0001) to ice-off date, such that in our study, more winter snowfall delayed
ice-off date. Thick snowpack can act as an insulating layer on the ice, and the higher albedo
can lead to a longer snowmelt process, a process which is influenced by both air tempera-
tures and solar radiation absorption (Jeffries et al. 2005; Kouraev et al. 2007; Bernhardt
et al. 2012; Noges and Noges 2014; Preston et al. 2016; Sadro et al. 2018). Unexpectedly,
we did not observe a relationship between solar radiation and ice-off dates in our empiri-
cal model. Multiple mechanistic process-based models highlight the importance of solar
radiation as a predominant driver of ice decay (Jakkila et al. 2009; Leppéranta 2010; Kiril-
lin et al. 2012, 2017). As the rate of absorption of solar radiation in a lake is dependent on
local factors and within days or weeks of ice breakup (Brown and Duguay 2010; Bernhardt
et al. 2012; Jeffries et al. 2012), the solar radiation variables that we were able to access
across a broad geographic landscape may be insufficient to capture the importance of solar
radiation within our empirical models.

Our models were relatively simplistic, but effective at predicting ice-on and ice-off dates.
Using lake morphology characteristics and seasonal air temperatures, we were able to pre-
dict ice-on dates and ice-off dates with an absolute mean error of 6.6 days and 5.2 days,
respectively, for lakes across the USA. The difference in error between these two models can
be partly attributed to the greater complexity of the processes involved in the initial ice for-
mation versus the end-of-season thaw, a complexity that was not captured in our empirical
statistical models. However, there was also a contribution to the error from the uncertainty
in the definitions of ice-on and ice-off observations. Ice-on and ice-off definitions vary from
lake to lake, but ice-off generally occurs overnight and as such is more consistently defined
(Sharma et al. 2022). This would be reflected in a smaller ice-off observation uncertainty, in
line with the smaller absolute mean error we found for ice-off models.

There have been many other ice phenology predictive models — both mechanistic and
empirical — developed for single lakes (Magee and Wu 2017; Karetnikov et al. 2017;
Hewitt et al. 2018) and subsets of lakes (e.g., Dibike et al. 2012; Shuter et al. 2013), all
similarly finding a strong dependence on air temperature for ice-off, and air temperature
and lake morphology for ice-on dates with absolute mean errors ranging from 3 days for
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single lake mechanistic models (Magee and Wu 2017) to 9 days for empirical models for a
subset of lakes (Shuter et al. 2013). Although these earlier models provide a good under-
standing of the processes affecting lake ice phenology, they are generally more complex
because of the inclusion of additional parameters, such as the solar angle on the day that
the smoothed version of the daily temperature record crossed 0 °C (Shuter et al. 2013) or
detailed lake hydrology and climatic conditions in the case of mechanistic one-dimensional
lake models (e.g., Magee and Wu 2017).

There are a number of excellent studies using physical lake models that quantify the
physical processes driving lake ice growth and decay (i.e., MacKay et al. 2009, 2017; Lep-
pdranta 2010; Brown and Duguay 2010; Kirillin et al. 2012; Stepanenko et al. 2016; and
many others); however, there remains a knowledge gap in integrating mechanistic relation-
ships into empirical models, particularly when scaling from a few lakes up to regional,
national, and global spatial scales. Although we were able to incorporate seasonal meas-
ures of air temperature, precipitation, and solar radiation, we were unable to incorporate
wind speed, cloud cover, snow density, ice thickness, ice quality, under-ice stratification,
or heat fluxes, within our empirical models, owing to a lack of coordinated data across a
broad geographic landscape. We echo the call for integrating lake ice research across dis-
ciplines, including empirical and process-based modelling approaches, to further improve
our understanding of lake ice dynamics across broad spatial and temporal scales in a warm-
ing world (Sharma et al. 2020).

4.3 Projecting later ice-on and earlier ice-off dates by the end of the century

We forecast that ice-on dates will be later by 13 days and ice-off dates will be ear-
lier by 20 days on average for lakes in the Midwestern and Northeastern United States by
2070-2099. In every climate scenario by the end of the century, lakes may be losing up to
68 days (SSP 126), 103 days (SSP 370), and 113 days (SSP 585) of ice cover, implying that
there will be lakes across the USA no longer freezing at all. In the extreme scenario of rapid
unconstrained growth of economic output and energy use (SSP585), lakes are predicted to
lose upwards of 43 days of ice cover on average. With a limited implementation of global
policy scenario (SSP370), lakes are forecasted to lose 38 days of ice cover, and finally the
sustainability focused growth scenario (SSP126) predicts a loss of 18 days of ice cover by
the end of the century. Lakes in Northeastern United States are more sensitive to higher rates
of ice loss. These findings are supported by earlier explorations projecting changes in ice-on
and ice-off dates (Dibike et al. 2012; Shuter et al. 2013; Magee and Wu 2017; Leppéranta and
Wen 2022) and also ice duration (e.g., Hewitt et al. 2018) under scenarios of climate change,
although the forecasted rates of ice loss are much higher using the most recent climate projec-
tions. For example, in the period between 1961-1990 and 2041-2070, mean ice-on dates had
been forecasted to be later by 5-15 days for Canadian lakes, and mean ice-off dates had been
forecasted to be 5-20 days earlier for Canadian lakes (Dibike et al. 2012; Shuter et al. 2013).
Similarly, a mean change in ice cover duration of 24 days was predicted between 1981-2015
and 2061-2080 for nine small lakes in the Great Lakes region (Hewitt et al. 2018). In north-
eastern Europe, lakes are forecasted to lose 12 days of ice cover in a winter season for every
1 °C of warming (Leppédranta and Wen 2022). A recent global analysis using a suite of one-
dimensional lake models, spatially summarized onto half degree grid cells, predicted a global
average decline of 46 days of ice cover by the end of the century relative to pre-industrial
conditions under an extreme Representative Concentration Pathways (RCP) 8.5 scenario
(Grant et al. 2021), more in line with our forecasts.
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In the past 25 years, lakes lost ice cover at rates six times faster than the past century
(Sharma et al. 2021b). Ice cover in large, deep lakes is especially sensitive to climate
change, exhibiting a rapid loss of ice cover compared to small, shallow lakes, primarily due
to later ice-on dates. For example, we found drastic differences in projected changes in ice-
on dates between two lakes in northern Minnesota: the larger, deeper Lake Siseebakwet;
and smaller, shallower Lake Shagawa. Ice-on dates are forecasted to be over 36 days later
for Lake Siseebakwet, the larger and deeper lake, relative to the smaller, shallower Lake
Shagawa, whose ice-on dates are forecasted to be 10 days later by the end of the century.
Similarly, Magee and Wu (2017) found that ice-on for deep Lake Mendota could change
by 30 days with a temperature change of + 8 to+9 °C, while shallow Lake Wingra would
experience a shift in ice-on of only a few days under that same temperature change (Magee
and Wu 2017).

Forecasted changes in ice-off dates are less mediated by lake morphology. For example,
we found that ice-off dates in Lakes Shagawa and Siseebakwet are forecasted to be earlier
by 27-30 days, similar to the other lakes in their vicinity, regardless of their size. Likewise,
in Madison, WI, Magee and Wu (2017) found that ice-off dates for Lakes Mendota and
Wingra are forecasted to both shift to early- to mid-March (i.e.,> 30 days earlier) with a
temperature change of + 8 to+ 10 °C (Magee and Wu 2017). However, there is a noticeable
latitudinal gradient in the anomalies of ice-off dates, with ice-off dates in more northerly
regions forecasted to change more than those at southern latitudes, which was unexpected
compared to earlier historical studies. For example, in Finland, ice-on and ice-off dates
changed most rapidly in Southern Finland, followed by Northern Finland. Lakes in Central
Finland did not lose ice cover as rapidly as the north and south (Korhonen 2006), whereas
in an earlier study in North America, Jensen et al. (2007) found that lakes in the southwest
lost ice at the fastest rates (Jensen et al. 2007). Much work remains to be done on under-
standing the spatial heterogeneity of ice loss in lakes.

5 Conclusions

This paper is one of the first to forecast ice-on and ice-off dates across a vast landscape of
lakes in the USA using long-term in situ observations and local weather stations. In this
analysis, we were able to include lakes with a gradient of morphologies which could not
all otherwise be simultaneously studied either by remote sensing, owing to some of their
small sizes, or process-based modelling approaches because of the large geographical area
studied. We showed that lake size is an important determinant of ice-on dates and models
that do not include an on-the-ground measure of mean depth will be prone to large errors
in predicting ice-on dates. As global temperatures rise, lakes will continue to lose seasonal
ice cover. Simple predictive models for ice-on and ice-off dates will be an important tool
for freshwater management. Similarly, with increased interest in winter limnology (Pow-
ers and Hampton 2016), many researchers are studying the impacts of shorter winters on
under-ice limnological processes, including dissolved oxygen, nutrient concentrations, and
biological activity across the food web, including phytoplankton, zooplankton, and fishes
(i.e., Powers et al. 2017; McMeans et al. 2020; Hebert et al. 2021), and will continue to
do so, as there continue to be many unanswered questions in the field (i.e., Woolway et al.
2020, 2022; Ozersky et al. 2021; Sutton et al. 2021). However, a key limitation in experi-
mental or synthesis studies may be the lack of data on the timing of ice-on and ice-off
(Hampton et al., in press), which is fundamental to understanding how shorter winters may
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be affecting under-ice processes. Thus, we provide simple, but highly predictive tools using
freezing degree days, positive degree days, and random forest models to estimate the tim-
ing of ice-on and ice-off by lake size. Winter limnological activity is especially important
to study before ice is lost altogether with future climate change, as lakes found in the mid-
western and northeastern regions of the USA are among the most vulnerable to losing ice
intermittently (Sharma et al. 2019) or even permanently (Sharma et al. 2021a).
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