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Abstract Snowstorms cause substantial disruption in the eastern United States and Canada each winter.
While reductions in annual snowfall are projected over most of this region due to anthropogenic global
warming, daily snowfall extremes that have the greatest impact may not decrease in the same manner. We
examine changes to two extreme snowfall metrics: the 95th percentile of daily snowfall (SF95, cm) and the
number of events during which 10% of the mean annual snowfall is exceeded during a single day (TC10, events
yr~1). We explore changes to these metrics in two ensembles of the fifth-generation Canadian Regional Climate
Model, including four 0.22° (%25 km) simulations driven by different coupled general circulation models

as well as the higher-resolution (0.11°, 12 km) ClimEx ensemble, driven by 50 members of a large initial-
condition ensemble of one global model. We find that while mean annual snowfall is projected to decrease over
our domain, SF95 is projected to remain relatively constant, suggesting that the most extreme daily snowfalls
currently observed are likely to occur even in a warmer future climate. The region of the largest TC10 values
exhibits a northward shift, with a larger percentage of annual snowfall occurring during a few large events
along the U.S.-Canada border. These projected changes to the nature of snowfall events may have important
socioeconomic consequences in this densely populated region of North America.

Plain Language Summary Snowstorms affect the highly populated regions of the northeastern
United States and southeastern Canada every winter, disrupting ground and air travel and resulting in
substantial socioeconomic impacts. Understanding how climate change may impact snowstorms is necessary
for this region to prepare for the future. We explore how snowstorms in these regions may change in a future,
warmer world using two sets of climate model simulations. We find that yearly total snowfall is likely to
decrease over most of this region, with the largest declines to the south and smaller declines farther north.
Despite these decreases, we find that the snowfall amounts that currently occur during the largest snowstorms
are still likely to occur even in a much warmer future climate. Finally, we examine snowstorms that produce
a large percentage of the annual snowfall during a single event. We find that the region where these big
snowstorms relative to the yearly snowfall occur most often will shift northward in the future. In summary,
while yearly snowfall is likely to decrease nearly everywhere in eastern North America, significant snowstorms
will continue to occur, and some regions will see more of their yearly snowfall during a few large events.

1. Introduction

Snowstorms can have severe socioeconomic effects on the highly populated regions of the eastern United States
and Canada (e.g., Kocin & Uccellini, 2004). Heavy snowfall can make surface and air transportation difficult
or impossible as a result of slippery surfaces. Wet snow can weigh down and break trees and power lines, and
shoveling this heavy snow can lead to health risks. Heavy snow loads can also result in roof and building collapse.
Changnon and Changnon (2006) estimated that from 1949 to 2000, snowstorms caused $21.6 billion (year 2000
U.S. dollars) in insured property losses in the U.S. with the greatest losses occurring in the Northeast ($7.3
billion) and Southeast ($4.1 billion) regions. Several severe snowstorms have impacted this region in recent years.
For example, a January 2016 blizzard prompted Washington, D.C. and New York City to implement driving
bans and shut down public transportation (Glenza, 2016). In December 2022, a historic lake-effect snow event
produced more than 50 in. (130 cm) of snow over a 4-day period in Buffalo, New York, stranding motorists and
resulting in fatalities (Kilgannon et al., 2022).
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The definition of a “snowstorm” may vary between regions—while substantial disruption may require large
snowfall amounts over northernmost regions such as southeastern Canada, areas that are less accustomed to heavy
snowfalls may be paralyzed by only a few centimeters of snow. One example is the January 2014 snow event,
during which &2 in. (%5 cm) of snow resulted in thousands of flight cancellations and traffic crashes that stranded
motorists for up to 20 hr in Atlanta and surrounding regions (Burns, 2014; Samenow, 2014; Severson, 2014).

Future snowfall changes may be driven by several, sometimes competing, factors. First, with continued anthro-
pogenic greenhouse gas emissions, additional warming may decrease snowfall and increase the percentage
of precipitation falling as rain. On the other hand, in regions where temperatures remain sufficiently cold for
snow, increased precipitation due to higher atmospheric water vapor content and greater precipitation inten-
sity may result in increased snowfall. Additionally, changes to atmospheric circulation patterns (e.g., Barnes
& Screen, 2015; Cohen et al., 2018, 2019; Francis & Vavrus, 2012; Marciano et al., 2015) as well as related
teleconnections such as the North Atlantic Oscillation (NAO)/Northern Annular Mode (NAM) (e.g., Gillett &
Fyfe, 2013; Hurrell, 1995; McKenna & Maycock, 2021; Thompson & Wallace, 1998) may alter storm tracks,
cyclone frequency and intensity and the associated snowfall climatology. In the Great Lakes region, where
lake-effect snow events produce a large percentage of annual snowfall (e.g., Eichenlaub, 1970), snowfall changes
are also complicated by trends in lake temperatures and ice coverage (e.g., Notaro et al., 2015).

Several studies have found that over much of the Northern Hemisphere, warming surface temperatures are the
primary effect leading to decreasing annual snowfall amounts (Kapnick & Delworth, 2013). For example, over
Eastern North America, Krasting et al. (2013) found projected decreasing mean annual snowfall trend over the
21st century everywhere except northern Québec, using 18 Coupled Model Intercomparison Project Phase 5
(CMIP5S) general circulation models (GCMs). Despite strong agreement on decreasing mean annual snowfall
among recent studies, potential changes to heavy snowfall events over eastern North America remain highly
uncertain (IPCC, 2021). Using 20 CMIP5 simulations, O’Gorman (2014) found that while future mean snowfall
is likely to decrease with warming over the Northern Hemisphere, the magnitude of extreme snowfall (defined
as the 99.99th percentile of daily snowfall) changes are very small. O’Gorman (2014) noted that heavy snow-
fall tends to occur within a narrow temperature range (around —2°C), and that this range remains constant in
future climates. As a result, the magnitude of the most extreme snowfall events is unlikely to change, though
the frequency of occurrence of these events may change as the probability of surface air temperatures in the
optimal temperature range for extreme snowfall is modified as the Earth warms.

Following O’Gorman (2014), several studies have examined heavy snowfall changes using a diversity of meth-
ods. Studies using GCMs have generally identified projected decreased in annual snowfall over most of eastern
North America, with either near-zero projected change or slight increases in the most extreme events defined
using either percentiles (e.g., 99.9th) or thresholds (20 cm, 30 cm) (Danco et al., 2016; Janoski et al., 2018;
H. Chen et al., 2020). Similarly, Zarzycki (2018) applied a storm tracking algorithm to 35 CESM large ensemble
members to identify snowstorms and found large decreases in the frequency of minor snowfall events, but smaller
changes to moderate and extreme snowstorms. The more severe snowstorms may even temporarily increase in
frequency during the middle of the century as extreme precipitation becomes more frequent and temperatures
remain sufficiently cold for snow.

While GCMs are physically consistent with the imposed forcings, they typically are run using a coarse hori-
zontal grid—0.75°-3.75° for the atmospheric component of the CMIP5 simulations used by Danco et al. (2016),
~0.5°-2.5° for the CMIP6 simulations presented in IPCC (2021). This coarse resolution and associated physical
parameterizations result in reduced skill at reproducing the precipitation climatology (e.g., IPCC, 2021). This is
particularly true over regions of complex terrain, as regional topography is poorly represented. To overcome the
challenges posed by coarse GCMs, statistical downscaling, bias correction and pseudo-global warming (PGW)
techniques have also been used to examine extreme snowfall changes. Notaro et al. (2014) statistically down-
scaled nine CMIP3 GCMs, finding decreases in annual snowfall but stagnation or increases in the largest daily
snowfall events and mean snowfall intensity over eastern North America. More recently, Quante et al. (2021)
examined changes in daily snowfall in an ensemble of bias-corrected and statistically downscaled CMIP6 simula-
tions following the high-emissions SSP5-8.5 scenario. Over eastern North America, they found a steady decrease
in mean daily snowfall through the 21st century, except for certain regions of Québec. However, the value of the
99.9th percentile of daily snowfall is projected to remain nearly constant and even increase over most of Québec
and Labrador.
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The PGW approach has allowed for an examination of the thermodynamic response of snowfall events to global
warming at very high resolution. This technique typically involves driving a regional climate model with a
reanalysis data set for which certain variables have been perturbed using a climate change signal calculated
from one or multiple GCMs (e.g., Brogli et al., 2023; Liu et al., 2017). Comparison with a control simulation
driven by the unperturbed reanalysis data allows for an examination of the climate change signal in the RCM.
Ashley et al. (2020) applied this technique using two Weather Research and Forecasting (WRF) model simu-
lations, tracking “swaths” of grid points with positive SWE. They found a significant decline in all snowstorm
metrics examined (total area, duration and magnitude). While the most extreme 90th percentile SWE portions
of the snowstorms also declined over most regions, some regions of the northeastern U.S. and much of southern
Canada showed either no change or increasing frequency of these events during January and February. G. Chen
et al. (2021) also used the PGW approach, but instead explored possible changes to 93 observed snowstorms
using 5 km WRF simulations. Under the warmer perturbed climate, snowfall along the coast decreased for nearly
all events and increased further inland for some events. G. Chen et al. (2021) found a substantial decrease in
moderate and heavy snowfall compared with the observed climate as snow was converted to rain.

Only one study has presented results from traditional dynamical downscaling experiments using regional climate
models (RCMs) driven by GCMs for changes in heavy snowfall events over eastern North America. Notaro
et al. (2015) used an RCM to downscale two CMIP5 GCMs following RCP8.5 to a 25-km grid mesh. However,
their focus was on possible changes to lake-effect snow, and results were therefore presented for grid points
surrounding the Great Lakes Basin. Over this region, they found mean decreases in annual snowfall and daily
snowfall frequency in both simulations by the end of the 21st century. The frequency of heavy lake-effect snow
events is also projected to decrease except near Lake Superior during the mid-21st century, as increased precipi-
tation associated with warming counteracts the increased potential for lake-effect snow resulting from increased
precipitation and reduced lake ice coverage.

Brogli et al. (2023) demonstrated that the PGW approach produces a very similar pattern of precipitation change
to a traditional RCM simulation (using the same GCM to calculate the PGW deltas as that used to force the
RCM), although measures related to cyclone activity like eddy kinetic energy (EKE) exhibit different patterns of
change. While their PGW experiment showed little 500-hPa EKE change over the European domain, the tradi-
tional dynamical downscaling experiment projected reduced EKE associated with a reduced meridional temper-
ature gradient under polar amplification. Here, we aim to compliment existing GCM- and PGW-based studies
on extreme snowfall using traditional dynamical downscaling techniques that incorporate both thermodynamic
and large-scale dynamical responses to warming. First, we identify changes in a set of four simulations of the
fifth-generation Canadian Regional Climate Model (CRCMS) over North America at 0.22° grid spacing driven
by four different GCMs. We additionally examine changes in the high-resolution (0.11°) 50-member ClimEx
ensemble (Leduc et al., 2019) of CRCMS driven by members of the CanESM2 large ensemble (Fyfe et al., 2017).
The use of these two ensembles allows us to identify regions of robust change in the frequency and intensity of
extreme snowfall events.

2. Data and Methods
2.1. Regional Climate Model Simulations

We explore snowfall using two sets of simulations produced using the CRCMS5 (Martynov et al., 2013; Separovic
et al., 2013). The first is an ensemble of four simulations from the North American component of the Coor-
dinated Regional Climate Downscaling Experiment (NA-CORDEX, Mearns et al., 2017) at 0.22° (=25 km)
horizontal grid spacing, with lateral boundary conditions provided by four CMIP5 GCMs: CanESM2 (Arora
et al., 2011), MPI-ESM-LR (Giorgetta et al., 2013), GFDL-ESM2M (Dunne et al., 2012), and CNRM-CM5
(Voldoire et al., 2013). This data set allows us to identify the robustness of projected changes to the driving GCM
chosen. These simulations are described in McCray, Paquin, et al. (2022).

Additionally, we employ the 50-member ensemble from the ClimEx project, which investigates the effects of
climate change on extreme meteorological and hydrological events and their implications for water management
in Bavaria, Germany and Québec, Canada (Leduc et al., 2019). The ensemble consists of 50 transient simulations
of the CRCMS5 at 0.11° (~12 km) grid spacing, driven by different members of the CanESM?2 large ensemble
(CanESM2-LE) from 1950 to 2100 (Fyfe et al., 2017). We use this ensemble of model simulations to estimate
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2100). This allows for an unprecedented look at sharp regional detail at the
statistics of relatively rare snow events. For both the CRCM5-CORDEX and
ClimEx ensembles used here, external forcing is driven by observed concen-
trations of greenhouse gasses and aerosols from 1950 to 2005, and RCP8.5
(van Vuuren et al., 2011) subsequently to 2100.

For each of the two ensembles, we examine evaluation simulations driven
by ERA-Interim reanalysis (Dee et al., 2011) data. These simulations are on
the same horizontal grids as their corresponding historical and future climate

1850

1900

simulations. The CRCM5-ClimEXx evaluation simulation runs from 1979 to
2013 and the CRCM5-CORDEX evaluation simulation from 1979 to 2017.

2000 2050 2100

Figure 1. Global mean surface temperature anomaly (relative to 1850-1900) We use these simulations to evaluate the ability of the two CRCMS configu-

for the four general circulation models discussed in the text (thin solid lines) rations to reproduce the observed 1980-2009 climate.

and the spread of CanESM2 large ensemble members (red shading). Two

observational datasets are also plotted through 2022 for reference: Berkeley Equilibrium climate sensitivity among the driving GCMs ranges from 2.4 K
Earth (Rohde & Hausfather, 2020) (thick red line) and GISTEMP (Lenssen (GFDL-ESM2M) to 3.7 K (CanESM?2) (Andrews et al., 2012). The climate
etal., 2019) (tthk black line). Observational anomalies are first calculated state by the end of the 21st Century therefore varies Substantially among the

with respect to the 19862005 mean, and the IPCC (2021) best estimate of
warming from 1850-1900 to 19862005 (0.69°C) is then added to each data
set to ensure an equivalent reference period.

simulations, with the global mean surface temperature ~2° warmer in the
CanESM2 than the GFDL-ESM2M by 2100 (Figure 1). Rather than aver-
aging values among such differing climate states, we examine results in the
context of global warming levels (GWLs) following the technique of Nikulin
et al. (2018). As in McCray, Paquin, et al. (2022), we calculate GWL periods as the 30-year period during which
the centered moving average of the global mean surface temperature anomaly relative to the 1850-1900 mean
in the driving GCM attains the given temperature threshold for the first time. Periods for each GWL and driving
GCM are provided in Table S2. The CNRM-CMS5 and GFDL-ESM2M do not reach +4°C for any 30-year period
before the end of the simulations in 2100, so only MPI-ESM-LR and CanESM2-driven simulations (including
ClimEXx) are presented for this level. An additional benefit of this method is that our results are largely independ-
ent of scenario selection (e.g., Hausfather et al., 2022), with consistent changes for a given GWL between RCP4.5
and 8.5.

Separovic et al. (2013) evaluated the intrinsic behavior of the CRCMS using a simulation driven by ERA-Interim
reanalysis (Dee et al., 2011) and comparing the results with observations. Over our study region, they found the
CRCMS5 to have a wintertime cold bias (1-4°C) over the southeastern U.S. and a near-zero bias over much of
northeastern North America except for far northern Québec and Labrador, where cold biases of the magnitude of
those over the Southeast were found. Wintertime precipitation biases were also relatively small, with a slight wet
bias over portions of the eastern U.S. and western Québec.

Both CRCMS5 configurations examined here include a coupled lake model (FLake, Mironov et al., 2010) which
supports a realistic representation of lake-effect precipitation, though the one-dimensional nature of FLake
ignores three-dimensional processes that may impact lake ice coverage and lake surface temperature which
strongly impact lake-effect snow processes (e.g., Baijnath-Rodino & Duguay, 2019; Martynov et al., 2012). An
evaluation of the CRCMS5 using FLake shows a general warm bias for Great Lakes temperatures, leading to an
early spring warming, a too slow autumn cooling and shorter periods of ice-coverage (Martynov et al., 2012).
Given these biases and the complexity of lake-effect snow, we focus here primarily on locations affected by
synoptic-scale snowstorms.

2.2. Snowfall Observations

We examine snowfall observations (recorded in mm snowfall) from the Global Historical Climatology Network
(GHCN)-Daily (Menne et al., 2012). We select stations with fewer than 10% of missing days per year for at least
24 of the 30 years (80%) of our 1980-2009 reference period. Calculations of station statistics are performed using
only years with <10% of missing days for a given station.

We define a snowfall event as daily snowfall (24-hr snowfall starting at 00 UTC) exceeding 1.0 cm. We tested
several thresholds (0.1 cm, 1.0 cm, 2.0 cm). The only metric shown here (Section 2.4) that is meaningfully
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impacted by the threshold is the 95th percentile of daily snowtfall, which
increases as the threshold increases, but the spatial pattern remains the same.
We have also examined 2-day snowfall events rather than single day events,
and while magnitudes of the statistics change, the spatial patterns are largely
independent of the number of days chosen. We therefore concentrate on daily
snowfall events for simplicity. We restrict our analysis to stations with at
least 10 snowfall events (daily snowfall >1.0 cm) to avoid calculations of our
snowfall metrics using a very small sample.

A total of 1025 stations meet these criteria within a domain spanning 85°W-
60°W longitude and 35°N-50°N latitude (Figure 2) which includes the highly
populated Mid-Atlantic and Northeast regions of the U.S. and the Québec
City-Windsor corridor within which more than half of Canada's population
resides. Though statistical analysis is restricted to these stations, an additional
988 stations in a broader outer domain (95°W-50°W longitude and 30°N to
60°N latitude) are used for interpolation and plotting of observed values for

visual comparison with model output. We interpolate observations to a 0.2°

Figure 2. Map of the study domain and observing stations used for model latitude-longitude grid using the MetPy (May et al., 2022) “interpolate_to_

evaluation. Stations within the inner domain are identified by blue circles,
while stations in the extended outer domain used for interpolation are
identified by gray circles. Stations discussed in the text are denoted by the red

stars.

points” function with the radial basis function (RBF) method. For most of the
domain, the representation of our variables varies little when using different
interpolation techniques due to high station density. The primary exception
is over regions north of ~47°N where few stations are available (Figure 2),
so interpolated observations are likely to be less representative of reality over
this region.

In addition, we present changes at six individual stations within the domain: Toronto, Ontario (CY YZ); Montréal,
Québec (CYUL); Halifax, Nova Scotia (CYHZ); Boston, Massachusetts (KBOS); New York City, New York
(KNYC); and Washington, D.C. (KDCA) (Figure 2). We select the nearest grid point to each station in model
output for further analysis.

2.3. Model Snowfall

Precipitation in CRCMS is partitioned into phase (rain, snow, freezing rain or ice pellets) according to the
Bourgouin (2000) precipitation-type algorithm applied online at each model time step (every 5 min for CRCMS5-
ClimEx, 10 min for CRCMS5-CORDEX simulations). This algorithm calculates the positive (>0°C) and negative
(<0°C) areas of the vertical dry-bulb temperature profile, with area proportional to the pressure depth and mean
temperature of a given layer. Snow is diagnosed if the positive area associated with above-freezing air at the
surface is less than 5.6 J kg™, resulting in limited melting of hydrometeors. Limitations of this technique include
its exclusive use of the vertical dry-bulb temperature profile, with no consideration for humidity. However,
Reeves et al. (2014) noted this algorithm to be skillful at detecting snow, while McCray, Thériault, et al. (2022)
found the Bourgouin (2000) method was able to closely reproduce the observed freezing rain climatology with
CRCMS.

Comparison of modeled and observed snowfall is complicated because CRCMS5 snowfall is output not as snow

-2 s=! which can be

depth, but as the precipitation flux attributed to snow, and is therefore in units of kg m
converted to mm SWE (1 kg m~2s~! = 1 mm d~! SWE). Snow density is quite variable (depending on tempera-
ture and other meteorological conditions) and no single value can accurately translate from the mass flux diagnos-
tics in the model output to the snowfall depth that is the diagnostic of most interest (Baxter et al., 2005; Roebber
et al., 2003). Historically, a snow density of 100 kg m~ was assumed (a snow-to-liquid ratio (SLR) of 10:1), but
observations suggest a range of densities from as low as 10 kg m~3 to 300 kg m~3 (with higher densities associated
with warmer temperatures). Baxter et al. (2005) found mean SLRs in the U.S. ranging from 7:1 in the Southeast
to 15:1 in the Northern Plains and in the regions east of the Great Lakes where lake-effect snow is most common.
Additionally, snow measurement practices have changed over time in the National Weather Service Co-operative
network (Kunkel et al., 2009; Lawrimore et al., 2014). While a more sophisticated method to calculate SLRs
could be applied, this would add a level of uncertainty beyond the scope of this manuscript. We therefore convert
daily SWE output from our simulations to snowfall using a simple 10:1 ratio (1 mm SWE = 1 cm snowfall).
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2.4. Selected Snowfall Metrics

We aim to define spatially varying grid point statistics that capture extreme snowfall characteristics based on
magnitude and rarity. Our first metric is mean annual snowfall. We first sum daily snowfall from 1 January to 31
December of each year, and then calculate the mean for 30-year periods, 1980-2009 for the recent past climate
and the 30-year period during which the +2°, +3°, and +4°C GWLs are attained.

We also identify two metrics that highlight snowfalls that have the greatest impact. The first is SF95, the 95th
percentile of daily snowfall among events (i.e., among only days with >1 cm of snowfall) calculated over a
30-year period. SF95 provides perspective on the magnitude of the largest snowfalls observed at a given location.
We focus on SF95 rather than larger thresholds that are more extreme but produce rarer events and therefore
noisier statistics.

Our final metric is Threshold Count 10% (TC10), the mean annual frequency of events exceeding 10% of the
30-year climatological mean annual snowfall at a given location. These events may involve small snowfall
amounts in an absolute sense but may be impactful given their relatively large magnitude with respect to the
mean annual snowfall at a particular location. The 10% threshold is calculated independently for each 30-year
period, such that the threshold for a TC10 event changes in the future climate. We have tested several percentage
thresholds. Larger thresholds (e.g., 25%) yield too few snow events and noisy statistics, while smaller thresholds
lead to statistics that approach those of the mean annual snowfall climatology and thus add little value.

The two metrics (SF95 and TC10) differ in that the first focuses on events that are large with respect to other
events, while the second is focused on events that are large with respect to the mean annual snowfall at a given
location. Regions with few, but large snowfall events will be highlighted by TC10, even where SF95 is small.
Conversely, changes in the magnitude of large snowfalls that are independent of the number of events are better
captured by SF95.

3. Historical Snowfall Statistics

We first evaluate the ability of the CRCMS to reproduce the observed snowfall climatology. We compare GHCN-
Daily observations with the evaluation simulation of each ensemble driven by ERA-Interim using CRCMS5 at
0.22° and 0.11° grid spacing.

3.1. Mean Annual Snowfall

The spatial pattern of mean annual snowfall in both the CRCMS5-CORDEX (Figure 3b) and CRCM5-ClimEx
(Figure 3c) strongly resembles the observed pattern (Figure 3a). The largest annual mean values (>500 cm yr~!)
occur over northeastern Québec, Newfoundland and Labrador, as well as in regions east of Lakes Ontario and
Erie. Despite the limitations related to FLake discussed in Section 2.1, the region of lake-effect snow is repro-
duced by both simulations, with the local maximum slightly better-defined in the CRCM5-ClimEx simulation
(Figure 3c).

The Pearson correlation coefficient between mean annual snowfall in observations and each evaluation simulation
is strong, with » = 0.91 and 0.92 for CRCM-CORDEX and CRCMS5-ClimEx, respectively (Figures 4a and 4d).
Both simulations have a positive mean bias, with a slightly higher bias for CRCM5-CORDEX (36.6 cm yr~')
than CRCM5-ClimEx (32.2 cm yr~!), with slightly better root-mean-square error (RMSE) values for CRCM5-
ClimEx as well. The largest errors are primarily found at high-elevation stations (e.g., Mount Washington, New
Hampshire) or stations in the lake-effect snowbelts east of the Great Lakes in New York and Ontario. At these
stations, the CRCMS5 tends to underestimate snowfall. For the 29 stations with elevations above 750 m, mean
bias is —21.5 cm yr~! (=34.4 cm yr~!) for the CRCM5-ClimEx (CRCM5-CORDEX) simulation, while for the
996 stations above this elevation the simulations overestimate mean annual snowfall (mean biases of +33.8 and
+38.6 cm yr~!, respectively).

3.2. SF95

Unlike mean annual snowfall, the amount of snow associated with extreme snowfall events (SF95) is largest near
the Atlantic coastline from Virginia northeastward to Nova Scotia, with the largest values exceeding 24 cm in
some locations (Figure 3d). This pattern is associated with a common wintertime storm track along the Atlantic
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Observations (GHCN-Daily) CRCM5-ERAI (CORDEX, 0.22°) CRCM5-ERAI (ClimEx, 0.11°)

Mean annual snowfall

SF95

400
350
300
250
200 §
150
100

TC10

2.5 "."_

events

Figure 3. Statistics of the three snowfall metrics for 1980-2009 in observations (a, d, and g), CRCM5-ERA-Interim at 0.22° (b, e, and h) and CRCM5-ERA-Interim at
0.11° (c, £, and i). Statistics presented include mean annual snowfall (cm, a—c), the 95th percentile of daily snowfall (cm, d—f) and the mean number of events exceeding
10% of the mean annual snowfall (events yr~!, g—i).

coast, with cyclone generation often associated with baroclinicity enhanced by the intersection of cold, Arctic
air masses with the Gulf Stream (e.g., Kocin & Uccellini, 2004). Both evaluation simulations reproduce this
spatial pattern (Figures 3e and 3f), though observed values west of the Appalachians are underestimated by both
simulations. This may be due to the higher SLR values typical of this region, ~12-15:1 according to Baxter
et al. (2005), which would result in higher amounts for a given liquid equivalent than the 10:1 ratio used here.

The point comparisons indicate strong spatial correlation between observed and simulated SF95 values, with
r=0.70 for CRCM5-CORDEX and r = 0.73 for CRCM5-ClimEx (Figures 4b and 4e). However, there is greater
spread in the values compared with mean annual snowfall (Figures 4a and 4d). The 95th percentile of daily
snowfall is noisier than the mean, and can vary depending on the period chosen in the climatology due to internal
variability. SF95 is also quite dependent on the minimum event threshold. For example, for the CRCMS5-COR-
DEX simulation, the domain-averaged mean of SF95 is 14.7 cm with our 1.0 cm minimum threshold, compared
with 10.8 cm for a 0.1 cm event threshold. Both simulations have a negative bias for SF95, in contrast to the
positive mean annual snowfall bias. Potential explanations for this bias include an insufficient representation of
the mesoscale physical processes associated with extreme snow, as well as our 10:1 snowfall ratio assumption.

3.3. TC10

The pattern of TC10 (Figure 3g) is distinct from either mean annual snowfall or SF95. TC10 events are rare, with
the greatest frequencies only slightly exceeding 3 events yr~!. These maximum values are found in the southernmost
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Figure 4. Comparisons of observed and simulated values at the nearest model grid point to each of the 1025 stations in our inner domain in the CRCM5-ERA-Interim
simulations from the 0.22° CORDEX (a—c) and the 0.11° ClimEx (d—f) grids for mean annual snowfall (cm) (a and d), the 95th percentile of daily snowfall (cm) (b and
€), and the number of events exceeding 10% of the mean annual snowfall (events yr~!) (c and f). Also indicated are the Pearson correlation coefficient 7, mean bias (cm)
and root mean square error (RMSE, cm) for each simulation and metric.

areas of the domain that observe less annual snowfall than northern regions. Notably, areas in the highly urbanized
Northeast Corridor (Virginia northeastward to Massachusetts) have large numbers of events annually.

Both reanalysis-driven CRCMS simulations reproduce the general spatial pattern of TC10 east of the Appa-
lachians, though the region of maximum values is shifted slightly southward compared with observations
(Figures 3g-3i), and maximum values are slightly smaller. The correlation coefficients between observed and
simulated values are lower than for the other two metrics—r = 0.66 and 0.67 for CRCM-CORDEX and CRCM5-
ClimEx, respectively.

Point comparisons between observed and simulated TC10 values suggest several clusters of values (Figures 4c
and 4f), and we find these clusters to be regional in nature. Simulated and observed TC10 values are strongly
correlated for the 345 stations east of —=75°W (r = 0.91 and 0.92 for CRCM-CORDEX and CRCM5-ClimEx,
respectively). Correlations are much weaker for the 680 stations west of —75°W (r = 0.53 and 0.54, respectively).
This is associated with the strongly underestimated TC10 values in both simulations west of the Appalachians,
over portions of western Pennsylvania, West Virginia, Ohio, and eastern Kentucky (Figures 3g-3i).

3.4. Individual Cities

Examination of values at our six stations of interest highlights the varying nature of snowfall among different
regions of our domain (Table 1). The northernmost cities of Halifax and Montréal have the greatest mean annual
snowfall (217 and 204 cm, respectively), but the magnitude of the most extreme events (SF95) is largest at Boston
(22.1 cm) and New York City (21.6 cm) which have substantially lower mean annual snowfall amounts than
Montréal or Halifax. The lowest SF95 value is at Toronto (12.5 cm), far removed from the East Coast storm track,
followed by Montréal (17.2 cm). The region with the highest frequency of TC10 events is further south over the
Mid-Atlantic, with the largest values at New York City (3.4 events yr~') and Washington, D.C. (3.2 events yr™!).

1

The lowest frequency of these events occurs at Halifax and Montréal (1.0 and 1.1 events yr~', respectively), where

the mean annual snowfall is greatest.
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Table 1
Observed Values (1980-2009) for Mean Annual Snowfall (¢cm), the 95th Percentile of Daily Snowfall (SF95, cm) and the
Number of Events Exceeding 10% of the Mean Annual Snowfall (TC10, Events yr~!) at Six Stations in Our Domain

Mean annual snowfall (cm) SF95 (cm) TC10 (events yr™')
Toronto, Ontario (CYYZ) 110 12.5 1.6
Montréal, Québec (CYUL) 204 17.2 1.1
Halifax, Nova Scotia (CYHZ) 217 18.7 1.0
Boston, Massachusetts (KBOS) 110 22.1 2.9
New York City, New York (KNYC) 62 21.6 3.4
Washington, D.C. (KDCA) 38 18.4 3.2

4. Projected Changes

Given the overall ability of the CRCMS5 at both 0.11° and 0.22° to reproduce the observed climatology of our
snowfall metrics, we now explore the projected changes to these metrics in a future climate. Each driving GCM
has biases that are inherited by the RCM, resulting in slightly different snowfall patterns among our simulations.
For mean annual snowfall, the CRCM5-GFDL-ESM2M simulation has the largest positive bias, while simula-
tions driven by CanESM2 have slightly negative biases. Observed and simulated mean annual snowfall remains
well-correlated, with r ranging from 0.86 to 0.91. Additional information on the differences among individual
simulations can be found in Section S1 in Supporting Information S1.

4.1. Mean Annual Snowfall

Consistent with prior studies (Danco et al., 2016; Janoski et al., 2018; Kapnick & Delworth, 2013; Krasting
et al., 2013; Notaro et al., 2014), mean annual snowfall is projected to decrease in the future over most of the
domain for both the CRCMS5-CORDEX and CRCM5-ClimEx ensembles. All four CRCM5-CORDEX simula-
tions agree on decreasing annual snowfall at +2°C of warming over most of our domain, with the largest rela-
tive decreases (30%—40%) in southernmost regions and along the coast from North Carolina to Massachusetts
(Figure 5a). Further north over southern Québec, models agree on more modest relative declines (10%—20%),
however because this region has large (>200 cm yr~!') mean annual snowfall for the past climate (Figures 3a-3c),
small relative changes represent absolute declines of 10-30 cm yr~'. At least 75% of the ClimEx simulations also
agree on decreasing annual snowfall over the entire domain at +2°C of warming, with 100% agreement for some
grid points (Figure 5d).

Mean annual snowfall is projected to further decline everywhere in the domain at +3°C of global warming,
with 100% of CORDEX and ClimEx members agreeing on decreasing snowfall over almost the full domain
(Figures 5b and Se). In the CORDEX simulations, mean declines exceed 50% over coastal regions and much
of North Carolina, with declines of 20%-30% extending into southern Québec and Ontario. The ClimEx mean
shows decreases exceeding 40% through much of southern New England to Pennsylvania southward.

The two CRCMS5-CORDEX simulations with driving GCMs that attain the +4°C GWL by the end of the simu-
lated period (CanESM2 and MPI-ESM-LR) agree on substantial decreases in snow for the entire domain at
this GWL (Figure 5c). A similar pattern with stronger declines is found for the CRCM5-ClimEx simulations
(Figure 5f). Decreases exceeding 50% are projected over a vast region from North Carolina, through the Mid-At-
lantic states, southern New England and the coastal regions of the Canadian Maritimes. The smallest relative
changes are found in northern Québec, with declines of <30% in both ensembles.

We illustrate the range of projected changes among our simulations at the major cities indicated in Figure 2. For
the 50 CRCM5-ClimEx simulations, we calculate the signal-to-noise ratio S/N at each city for a given indicator x

as the ratio of the ensemble mean change for that indicator (E) to the standard deviation of the change among

the 50 ensemble members o, such that

ens®

Ax
69”5

S/N = (1)
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Figure 5. Projected mean relative changes in mean annual snowfall (%) among the (a—c) CRCM5-CORDEX ensemble and (d—f) CRCMS5-ClimEx ensemble with
respect to the 1980-2009 mean for the +2°C (a and d), +3°C (b and e), and +4°C (c and f) global warming levels. Stippling (hatching) indicates regions where at least
75% (100%) of the four (two for +4°C) CRCM5-CORDEX or 50 CRCMS5-ClimEx members agree on the sign of change.

For mean annual snowfall (Figure 6), simulations exhibit strong agreement on projected decreases among all six
cities. Relative changes among the individual CRCM5-CORDEX simulations generally fall within the envelope
of projections of the 50 CRCM5-ClimEx members. Similar relative changes are projected at Toronto (Figure 6a)
and Montréal (Figure 6b), with mean decreases of ~20% at +2°C, 30% at +3°C, and 50% at +4°C. Projected rela-
tive declines are of slightly greater magnitude at Halifax (Figure 6¢), ~30%, 50%, and 70% at +2, +3, and +4°C,
respectively. For all six cities, the decreasing signal in CRCMS5-ClimEx simulations is strong, with IS/NI > 1.8 at
+2°C and increasing with each additional degree of warming. Halifax exhibits the strongest decreasing signal for
all GWLs (Figure 6¢), with S/N = —9.1 at +4°C.

At Boston, New York City, and Washington, D.C. (Figures 6d—6f), the magnitude of projected declines tends to
be greater than at the Canadian cities, though the spread is also larger. For example, at Washington, D.C. and the
+2°C GWL, projected changes among the CRCMS5-ClimEx simulations range from —62% to +6% (Figures 6f),
indicative of substantial internal variability over this region. This variability decreases with additional warming at
Boston and New York City (Figures 6d and 6e), though remains large at Washington, D.C. which has the lowest
mean annual snowfall in the past climate among the six stations (Table 1). New York City and Washington, D.C.
have the weakest signal-to-noise ratios among the six cities, though the signal remains strong (S/N = —3.6 at New
York City and S/N = —5.1 at Washington, D.C. at +4°C).

4.2. SF95

Despite the robust pattern of decreasing annual snowfall, we find few regions where the magnitude of extreme
events is projected to change substantially within both ensembles. The spatial pattern of SF95 changes at +2°C
contrasts strongly with that for mean annual snowfall, with very few regions of agreement on the sign of change
and mean changes near 0 at most grid points for both CRCMS5-CORDEX and ClimEx (Figures 7a and 7d).

Even at +-3°C of warming, SF95 does not exhibit a coherent pattern of substantial change (Figures 7b and 7e).
The only region of agreement on increasing SF95 in both the CRCM5-CORDEX and ClimEx ensembles is
over the Québec-Labrador border and Newfoundland, just outside our domain, where mean increases of 1-2 cm
are projected. Strong projected decreases in SF95 are found over the Carolinas in the CRCMS5-ClimEx mean
(Figure 7e), but even these large mean changes are not robust among ensemble members at many grid points.

MCCRAY ET AL.

10 of 18



l\ll

NI Journal of Geophysical Research: Atmospheres 10.1029/20231D038804
(a) Toronto, ON (CYYZ) (b) Montréal, QC (CYUL) (c) Halifax, NS (CYHZ)
0%
-20% @ @
e "% Y4
-60%

-80% sN=-24

S/IN=—4.2 S/N=-7.0 S/IN=-1.9 S/N=—-4.1 S/N=-6.2 S/IN=-3.3 S/N=-6.4 S/N——9 i

(d) Boston, MA (KBOS) ) New York City, NY (KNYC) f) Washington, D.C. (KDCA)

0%
-20%
-40%
-60%
-80%

S/N=-2.1

-100%

®@®® é

SIN=-3.8 S/N=-5.3 S/IN=-1.8 S/N=-3.3 S/N=-5.1 SIN=-1.8 S/N=—-2.6 S/N=-3.6
+4°C +2°C +3°C +4°C +2°C +3°C +4°C
$8 CRCM5—CanESM2 (rlilpl) <> CRCM5-MPI-ESM-LR @® CRCM5-ClimEx (pooled)
[[] CRCM5-CNRM-CM5 V CRCM5-GFDL-ESM2M CRCM5-ClimEx (members)

Figure 6. Projected changes to mean annual snowfall (%) at Toronto, Ontario (a); Montréal, Québec (b); Halifax, Nova Scotia (c); Boston, Massachusetts (d); New
York City, New York (e); and Washington, D.C. (f) for the three global warming levels. Relative changes with respect to the 1980-2009 mean are plotted for each
CRCMS simulation (symbols indicated in the legend). A kernel density estimation of the distribution of projected changes among the CRCMS5-ClimEx simulations

is shaded in the gray violin plots generated using the Seaborn package (Waskom, 2021). Within each violin plot, a smaller box plot is included indicating the median
(white dot), 25th—75th percentile (dark gray box) and complete range of the CRCM5-ClimEx data (dark gray vertical lines). Values calculated from the pooled data for
all 50 ClimEx members are indicated by the purple circles. Signal-to-noise ratio (S/N) calculated from the ClimEx data is indicated under each violin plot.

Otherwise, scattered regions of agreement in the CORDEX simulations appear, though the pattern is quite noisy
and not replicated in the ClimEx simulations.

Broader regions of agreement on SF95 changes among the two CORDEX simulations appear at +4°C of global
warming, but the spatial pattern remains noisy (Figure 7¢). Only two broad regions of at least 75% agreement on
the sign of projected SF95 changes appear in the ClimEx simulations (Figure 7f). The first is a region of ~1-2 cm
decreases over much of Ohio and parts of Pennsylvania southward into Kentucky and West Virginia, in the west-
ernmost portion of our domain. The second is the aforementioned region over Newfoundland and surrounding the
Québec-Labrador border, where 100% of the ClimEx members now agree on increases (mean of ~1-3 cm) over
some grid points. The 99th percentile of daily snowfall (Figure S2 in Supporting Information S1) shows a very
similar pattern to SF95, with few regions of robust change among both ensembles. This more extreme threshold
does produce a few additional regions of robust increase over northern New England, New York and Québec,
particularly at +4°C.

Robust changes in SF95 are not projected at any of the six cities examined (Figure 8), which partly explains the
lack of consistency in change patterns between the CORDEX and ClimEx ensembles. Though some individual
members project relatively large changes, distributions at most locations and GWLs peak near 0% among the
CRCMS5-ClimEx members. The combination of weak signal and large spread results in signal-to-noise ratios
less than 1.0 for all cities and GWLs, with the largest values found at Halifax (S/N = 0.8 at +3°C, Figure 8c) and
Boston (S/N = —0.7 at +4°C, Figure 8d).

The spread of projected changes even among CRCMS5-ClimEx members highlights the difficulty in detecting a
signal for SF95. Values can vary greatly among members even for the recent past climate, ranging from 12.2 to
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Figure 7. Projected mean changes to the 95th percentile of daily snowfall (cm) relative to 1980-2009 values. Panels and hatching/stippling as in Figure 5.
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Figure 8. Projected relative changes as in Figure 6 except for the 95th percentile of daily snowfall (%).
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Figure 9. Projected mean changes in the number of annual snowfall events exceeding 10% of the climatological mean annual snowfall (events yr~!). Panels and

hatching/stippling as in Figure 5.

16.4 cm at Montréal, for example, Rather than comparing individual members, we can also augment our sample
by pooling daily data for all 50 members for the same 30-year period to calculate SF95, providing an effective
1500 years of daily data for the given background climate state. Projected changes derived from the pooled calcu-
lation of SF95 are very close to the median of projected changes among the 50 individual members calculated
separately (Figure 8). Using the values from this large sample, near-zero change in SF95 is projected for most
GWLs and locations. The largest projected change remains Boston, where a 15% decrease in SF95 is projected
at +4°C (Figure 8d).

4.3. TC10

The change pattern of the frequency of events exceeding 10% of the annual mean is distinct from those of mean
annual snowfall or SF95, with a robust northward shift in the region of largest TC10 values projected at +2°C
(Figures 9a and 9d). Though the magnitude of change is initially small, both the CRCM5-CORDEX and CRCMS5-
ClimEx ensembles agree on an increase in the frequency of TC10 over the Saint Lawrence River Valley in south-
ern Québec and Ontario and over much of central and northern New England. Decreasing TC10 is projected over
much of the coastal Mid-Atlantic, from North Carolina northeastward to New Jersey in the ClimEx simulations
but restricted to North Carolina and Virginia in the CRCM5-CORDEX ensemble.

The northward shift in TC10 becomes more coherent among the CRCM5-CORDEX members at +3°C, with a
band of agreement on increasing values now stretching from Michigan eastward to Nova Scotia (Figure 9b). In the
aforementioned regions, 100% of the ClimEx members now agree on the sign of the change at many grid points
(Figure 9e). The region of decreasing values also expands northward and increases in magnitude, with decreases
stretching from North Carolina to coastal New Jersey in the CRCM5-CORDEX mean (Figure 9b) and reaching
into southern New England in the CRCMS5-ClimEx mean (Figure 9e).

The region of large TC10 values continues expanding northward at +4°C, with decreases stretching into south-
ern New England in both the CRCM5-CORDEX and ClimEx ensembles (Figures 9c and 9f). The region of
coherent increases expands northward through Québec and Ontario in both ensembles. The greatest magnitude
of projected increase is found over Atlantic Canada (New Brunswick, Nova Scotia, and Prince Edward Island),
where projected mean increases sometimes exceed 1.5 events yr~!. Over these regions, TC10 is currently small,
with large mean annual snowfall totals resulting from a mixture of many small snowfalls and a few larger events.
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Figure 10. Projected relative changes as in Figure 6 except for the annual number of events exceeding 10% of the mean annual snowfall (TC10).

As TC10 increases, a larger proportion of annual snowfall will fall during a few larger events, as is currently the
case over the regions of the Mid-Atlantic.

Among the six cities, the largest projected TC10 increases are found at Halifax (Figure 10c), though magni-
tudes vary greatly between simulations, largely due to differences in the past climatology of TC10 among the
CRCM5-CORDEX simulations (Figures S1k—S1o in Supporting Information S1). The 1980-2009 mean TC10 at
Halifax varies from 0.3 events yr~! in CRCM5-CNRM-CMS5 and 2.2 events yr~! in CRCM5-CanESM2, result-
ing in large percentage changes for relatively small absolute increases in CRCM5-CNRM-CMS5. More coherent
changes are found among the simulations at the other cities. Large increases and strong signals are found at both
Toronto (Figure 10a) and Montréal (Figure 10b).

Boston (Figure 10d) is the only city where the magnitude of the signal-to-noise ratio for the CRCMS5-ClimEx
simulations is less than 1.0 at +2°C, with the sign of projected change varying among simulations. A stronger
decreasing signal emerges at +3°C (S/N = —1.4) and +4°C (S/N = —3.1). A robust decreasing signal is also
present among the CRCMS5-ClimEx simulations at New York City (Figure 10e), though CRCMS5-CORDEX
simulations disagree on the sign of change until +4°C. Finally, at Washington, D.C. (Figure 10f), simulations are
in better agreement on decreasing values of TC10, particularly at +3 and +4°C. Washington, D.C. exhibits the
largest mean declines (~30%—80%) and the strongest decreasing signal (S/N = —4.5) at +4°C of global warming.

5. Concluding Discussion

Prior studies on extreme snowfall changes over eastern North America have primarily relied on output from
GCMs (H. Chen et al., 2020; Danco et al., 2016; Janoski et al., 2018; Notaro et al., 2014; O’Gorman, 2014,
Quante et al., 2021; Zarzycki, 2018). Some authors applied statistical downscaling and bias correction techniques
(Notaro et al., 2014; Quante et al., 2021) to address the challenges posed by the relatively coarse (>50 km)
horizontal grid spacing of these simulations. Except for Zarzycki (2018) and Janoski et al. (2018), these studies
also partitioned precipitation into rain and snow based on simple surface air temperature thresholds (e.g., 0°C).
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Additional studies (Ashley et al., 2020; G. Chen et al., 2021) employed a pseudo-global warming approach
wherein a high-resolution regional model is forced with initial and boundary conditions perturbed with projected
thermodynamic changes, though large-scale dynamic changes that may impact the cyclone and snowfall clima-
tologies may not be fully accounted for in this approach (Brogli et al., 2023).

We have filled a gap in the existing literature pertaining to extreme snowfall through the use of two ensembles
of high-resolution regional climate simulations. In these simulations, output from coarser GCMs is dynamically
downscaled to 0.22° (CRCM-CORDEX) and 0.11° (CRCMS5-ClimEXx), allowing for an improved representation
of local terrain features that can alter precipitation type. Additionally, we identify snow using the full vertical
temperature profile via the Bourgouin (2000) precipitation-type algorithm applied at each model time step. Our
simulations accurately reproduce the climatology of mean annual snowfall (» ~ 0.9) over eastern North America,
despite the presence of complex terrain in this region.

In these simulations, we find substantial changes to the nature of snowfall across the eastern United States and
southeastern Canada in a future, warmer climate. In agreement with prior studies (e.g., Kapnick & Delworth, 2013;
Krasting et al., 2013; Notaro et al., 2014), we find that mean annual snowfall is projected to decrease over nearly
all of our domain as temperatures increase and solid precipitation is converted to liquid due to the reduced
frequency of subfreezing surface temperatures (Figure 5). Despite marked declines in annual snowfall, we iden-
tify few regions of robust change in the magnitude of the 95th percentile of daily snowfall (SF95, Figure 7). The
most intense snowstorms currently observed are therefore likely to still occur in a future, warmer climate.

The lack of robust changes to SF95 is consistent with O’Gorman (2014) who suggested the most extreme snow-
fall amounts are likely to decline much less rapidly than mean snowfall, as heavy snowfall tends to occur at an
optimal near-surface temperature which will still occur in a warmer climate. Some regions of agreement are iden-
tified among the four CRCM5-CORDEX members, but the absence of agreement among the 50 CRCMS5-ClimEx
members (Figure 7) and the low signal-to-noise ratios at each station examined (Figure 8) suggest this is likely
noise. The frequency of snowfall events reaching the magnitude of SF95 (calculated for 1980-2009) is, however,
projected to decrease over most of the domain as temperatures in the optimal range occur less frequently with
additional warming (Figure S3 in Supporting Information S1).

We have also examined changes to the frequency of extreme events relative to the annual snowfall climatology at
a given location through the use of a new metric, TC10, the number of annual snowfall events exceeding 10% of
the mean annual snowfall. In locations with little annual snowfall, snowfall amounts associated with TC10 events
may be small in an absolute sense, but their impacts may be great depending on the capacity of the location to
respond to snowfall. In the recent past climate, observed TC10 is largest over the densely populated regions of
the eastern U.S. where large snowfall events occur each winter, but where less snowfall is observed each winter
than areas to the north.

We find strong agreement among our simulations on a northward shift in the region of greatest TC10 values
with future warming, with a larger percentage of annual snowfall likely to fall during a few, large events near
the U.S.-Canada border in the future (Figure 9). As mean annual snowfall decreases, so does the daily snowfall
threshold required to count as a TC10 event. Over the major metropolitan areas of the eastern U.S., the number
of events that exceed 10% of the mean annual snowfall is projected to decrease despite the decreased threshold
(Figure 10). Thus, while intense events should continue to occur (as evidenced by stable SF95 values, Figure 8),
heavy snowfall events are projected to become increasingly rare in this region.

The differences in results from our two ensembles, particularly for SF95, highlights the importance of using a
large ensemble like ClimEx for analysis of extreme snowfall events, as reliance on individual simulations may
result in identification of regions of large projected change that may simply be internal variability. Our use of
four driving GCMs and a 50-member initial-condition ensemble of one of those GCMs has allowed us to clearly
demonstrate regions where these changes are robust to both driving GCM selection and internal variability, and
in the case of SF95, regions where these changes are not robust. Comparison of snowfall changes using a more
complete GCM-RCM matrix with multiple RCMs, for example, using the upcoming North American CORDEX
simulations driven by CMIP6 GCMs, would allow for a more complete analysis of uncertainty.

One limitation of our study is our use of a fixed 10:1 snow-to-liquid ratio. Given the dependence of snow density
on temperature, the regional climatology of these ratios (e.g., Baxter et al., 2005) is likely to evolve in a warmer
climate. The impact of these changes is likely to be more important for mean annual snowfall and less important
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for the extreme events studied here, given the occurrence of extremes near the —2°C optimal temperature identi-
fied by O’Gorman (2014). Still, future studies may consider applying more sophisticated techniques to calculate
snow density using model variables (e.g., Roebber et al., 2003). McCrary et al. (2022), for example, examined
snow cover and snowpack SWE and their changes in the NA-CORDEX ensemble. In the CRCMS5, the Cana-
dian Land Surface Scheme (CLASS, Verseghy, 2000) calculates these variables using a combination of incident
snowfall and other processes such as melting and sublimation. Although these additional processes mean these
variables are not solely related to snowfall, future studies may consider examining extreme snow depth increases
as a proxy for heavy snowfall to account for the impact of snow density on snow amount.

While lake-effect snow is represented in our simulations, we have opted not to examine its changes here and
instead focus on cities primarily impacted by synoptic-scale snow events. Future work may consider following
(Notaro et al., 2015) and expanding our analysis to regions and cities such as Buffalo, New York that are affected
by lake-effect snowfall, which can have substantial socioeconomic consequences (e.g., Kilgannon et al., 2022).

Future work is also warranted examining the dynamic and thermodynamic changes leading to the changing nature
of snowfall events identified here. For example, changes in cyclone intensity and frequency (e.g., Colle et al., 2013;
Lombardo et al., 2015) and shifts in storm tracks and related teleconnection patterns may partly explain changes
to SF95 and TC10. Chartrand and Pausata (2020) found a positive correlation between the monthly NAO index
and the frequency of daily snowfall events exceeding the 95th percentile along the U.S. East Coast, with more
heavy snowfall events during negative NAO months. In the mean, the CMIP5 and CMIP6 ensembles project an
increasing trend in the wintertime NAO index (Gillett & Fyfe, 2013; McKenna & Maycock, 2021), which may
suggest fewer SF95 events. However, model uncertainty and internal variability result in different NAO responses
to future greenhouse gas emissions among different simulations (McKenna & Maycock, 2021). An application of
cyclone tracking techniques such as those used by Zarzycki (2018) could also provide additional clues as to the
physical causes of certain changes identified here.

Data Availability Statement

Files containing statistics for each of our three metrics generated for each simulation as well as statistics from
the observational data set can be downloaded from McCray et al. (2023) (https://doi.org/10.20383/102.0743).
Model output for all CRCMS simulations used to derive these statistics can be obtained by contacting scenar-
ios@ouranos.ca. CMIPS5 simulation output used for calculating global warming levels was downloaded from the
Earth System Grid Federation (ESGF) portal hosted by the U.S. Department of Energy Lawrence Livermore
National Laboratory (https://esgf-node.llnl.gov/search/cmip5/). Raw daily snowfall observations can be accessed
at https://www.ncei.noaa.gov/products/land-based-station/global-historical-climatology-network-daily.
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