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Snowstorms and other winter weather events can affect all sec-
tors of the economy, as well as produce considerable sensible 
weather effects on flora and fauna1–3. It is important to consider 

how these snow events may shift in an Earth-atmosphere system with 
ongoing and anticipated change, especially since these events contrib-
ute to and sustain the cryosphere. Climatological work on past snow 
events has been hampered by data inconsistencies, artifacts and clas-
sification issues4,5. Results from these efforts suggest that there were 
more extreme and more widespread snowstorms in recent decades 
in the United States1,2 with overall negative trends in maximum 
seasonal snow depth, snowcover extent and snow water equivalent 
(SWE) over North America since the 1960s6. Much of the research 
assessing the future response of snowfall to climate change has used 
coarse global climate model (GCM) output to assess changes in SWE, 
snow-versus-rain ratios and daily, monthly and seasonal snowfall 
means and extremes under warming regimes. This research suggests 
that, as GHG concentrations and surface temperatures increase, a 
smaller proportion of precipitation will fall as snow7,8, mid-latitude 
locations will generally experience less snowfall7–10, and there will be 
a delay of the mean onset of the snow season11 and an overall shorter 
snow season7,12. While daily snowfall events and seasonal snowfall are 
projected to decrease across the Northern Hemisphere mid-latitudes 
under warming regimes, there is some inconsistency on whether 
snowfall events will become more intense11–13. Although there is 
considerable research on many aspects of changes in the cryosphere, 
there has been limited work12–14 on objectively identifying, tracking 
and assessing how individual snow events may change in a future 
climate due to the incongruence of timescales between snowstorms 
and the coarse horizontal grid spacing of the typical GCM output 
used. Assessing how these events—which can cover the spectrum 
from minor snow accumulations, to an average winter storm, to a 
crippling blizzard—may change in the future has not been assessed 
at the snowstorm scale across a continental domain.

We investigate the contemporary central and eastern North 
America snowstorm climatology and how that climatology may 

change during the twenty-first century using a unique event-tracking 
algorithm on existing high-resolution (hourly, 4-km horizontal grid 
spacing), dynamically downscaled regional climate model output15. 
High-resolution, convection-permitting, dynamically downscaled 
simulations overcome many of the shortcomings of GCMs (for 
example, poor representation of topography leading to underesti-
mation of snow16 and errors and uncertainties affiliated with con-
vective parametrization17), allowing more accurate representation 
of mesoscale processes and features critical to weather extremes 
such as banded snow and lake-effect snow12,18. A current drawback 
of these simulations is their substantial computational expense and 
the resulting time necessary to produce, store and process output. 
These limitations hinder the production of extensive periods to 
analyse, with most dynamically downscaled simulation research 
limited to about a decade of output available for comparison. This 
limited evaluation period for a single scenario reduces our capabil-
ity of exploring the full spectrum of the possible changes to the cli-
mate system. Another caveat of the simulations is the pseudo-global 
warming (PGW) approach used, which does not permit examina-
tion of potential changes to the general circulation from a GCM. 
Instead, in the PGW approach, lateral boundary conditions and 
sea surface temperatures are perturbed by a climate change signal. 
By not incorporating GCM projected changes due to, for example, 
arctic warming and melting sea ice19, the PGW approach does not 
permit the assessment of decadal and interdecadal oceanic and 
atmospheric phenomena that may influence the climate system20–22.

The key variable in the simulation output that is tracked is 
SWE, which is the water-equivalent snow depth accumulation, in 
millimetres, for the previous hour. This variable provides a repre-
sentation of where it is snowing and the snow’s water-equivalent 
magnitude. SWE ‘swaths’, which are the footprints of snowstorms, 
are tracked (Extended Data Fig. 2) for historical periods (2000–
2013) and prospective future periods (forced under representa-
tive concentration pathway RCP 8.5). The initial epoch is used as 
an early-twenty-first-century control (CTRL) and a perturbed, 
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PGW approach was used to simulate weather for a potential 
late-twenty-first-century, high-emission climate pathway. SWE data 
were missing for February 2005 in the simulation output; therefore, 
we removed the 2004–2005 season from analysis, resulting in a 
total of 12 winter seasons assessed in each simulation. Although the 
performance of seasonal snowfall/snowcover/snowpack, extreme 
precipitation and other precipitation characteristics of the CTRL 
was vetted previously15, we compared the SWE climatology of the 
CTRL to an observed SWE climatology and found that the simula-
tion outputs were representative of observations, especially for areas 
of highest mean SWE values (Extended Data Fig. 1). We are most 
interested in assessing how snowfall events of various accumulation 
thresholds differ between the historical period and PGW-perturbed 
simulations. Ultimately, the measured change, or delta, in snow-
storm attributes between the experiments provides a unique view 
of how climate change may affect future cryosphere inputs. Any 
changes in these events could alter albedo feedbacks of snowcover, 
surface energy budgets, water cycle efficiency, water resources, and 
physical, biological and social environments23.

Here we show that seasonal results reveal major differences 
between the CTRL and PGW snowstorm track counts and total 
swath-based SWE over central and eastern North America (Fig. 1 
and Supplementary Information). In all cases, there were significant 
decreases in both seasonal snowstorm counts (k = 1.0, P < 0.001) 
and SWE totals (k = 0.92, P < 0.001) from the CTRL to PGW simu-
lation. Over the 12-yr period, there were ~30 fewer snowstorms or 
a decline of nearly 28%, per year in PGW compared to CTRL. The 
maximum and minimum snowstorm counts for CTRL were 116 and 
90, respectively, while the maximum and minimum storm counts 
for PGW were 89 and 62, respectively. This suggests that in future 
warming scenarios (for example, PGW), even seasons that produce 

the largest count of snow events still may not exceed the lowest 
frequency years in the early twenty-first century. These results are 
similar for SWE. CTRL SWE totals per year range from 754.7 to 
1,126.7 km3, whereas PGW SWE totals per year range from 421.6 to 
769 km3. On average, future cool seasons produce ~300 km3, or 33%, 
less frozen precipitation in these events across the study domain. An 
examination of snowstorm attributes reveals some insight into the 
statistical drivers of these changes. The maximum extent of snow-
storms showed a significant areal reduction of over 37% between 
CTRL and PGW (k = 0.092, P < 0.001). On average, storms tracked 
in the PGW scenario have a total swath area that is ~240,000 km2 
smaller—equivalent to the surface area of the Great Lakes—than 
those storms in the CTRL. Seasonal cumulative snowstorm swath 
hours have significantly different distributions in the PGW run 
compared to CTRL (k = 1, P < 0.001), resulting in a mean decline of 
29%. Interestingly, the distributions of durations (k = 0.05, P = 0.22) 
and SWE (k = 0.04, P = 0.23) for future and present snowstorms are 
not significantly different. Overall, these results suggest that the sig-
nificant reduction in seasonal SWE is caused by fewer future snow-
storms and events that generally have smaller areal footprints.

Spatially, the CTRL and PGW simulations generate an expected 
latitudinal gradient in snow event frequency (Fig. 2a,b), with 
the highest event totals across the upper Great Lakes, south-
east Canadian Shield and Hudson Bay Lowlands. The northern 
High Plains of the United States to the Great Lakes and into New 
England experienced ~16–32 snow events a year during the early 
twenty-first century but the PGW simulations suggest that this 
frequency may decrease by 6–15 events (30–50%) annually by the 
end of the century under a high-end climate pathway (Fig. 2c,d). 
Previous research13 found similar proportional declines in daily 
snowfall events projected by GCMs forced by RCP 8.5 for the late 
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Fig. 1 | Seasonal comparisons between CTRL and PGW. a–f, Seasonal comparisons between CTRL and PGW. Seasonal variability over the study period 
for select track statistics: total counts (a), sum of durations (b), SWE accumulation (c), maximum extent (d), maximum 50th percentile extent (e) and 
maximum 90th percentile extent (f). Means are denoted by black dots and medians are denoted by the black lines. The boxes illustrate the interquartile 
range, the whiskers represent the 5th and 95th percentiles, and the clear circles denote outliers. 
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twenty-first century. Seasonal SWE from Minnesota eastward to the 
Canadian Maritimes is projected to decrease from 50 to 100 mm 
(Extended Data Fig. 3) which, using a simple 10:1 snow-to-liquid 
ratio, is nearly a decline of 50–100 cm in snow accumulation. Areas 
of the St Lawrence Valley, Maine and New Brunswick are expected 
to see a decline of >100 mm in SWE under RCP 8.5.

The greatest reduction in snow events is found in the northern 
Great Lakes (Fig. 2c), probably due to the PGW simulation lessening 
lake ice cover and effective accumulation substrate, which, in turn, 
reduces the snow event footprint across the lakes. Lake-effect and 
lake-enhanced precipitation are often affiliated with larger cyclones 
and may be captured as part of some events that traversed the region 
in the simulation output, although the algorithm removes isolated 
lake-effect cases since they do not meet spatial thresholds for a 
‘snowstorm’. Despite the projected decline in event frequency of 
the Great Lakes, SWE downwind of Lake Superior increases in the 
PGW simulation, which may be due to expected dramatic declines 
in lake ice and greater dynamically induced wind fetch increasing 
evaporation and leading to greater lake-enhanced precipitation 

in the late century18. An upward trend in snowfall and SWE has 
already been identified downwind of Lake Superior in the twentieth 
century4 and the CTRL and PGW simulation comparisons suggest 
that this will continue (Extended Data Fig. 3). Conversely, a decline 
in snow event and affiliated SWE in the snowbelts of Lake Erie and 
Ontario is expected in the late twenty-first century as more precipi-
tation falls as rain due to projected regional warming24.

Proportionally, the largest decline in snow events is projected 
along and south of the Ohio River and Ozark Plateau (Fig. 2d), 
regions that historically experience relatively few snow events each 
year. Despite the relative minimum in snowstorms in the southern 
United States, when events do occur, the impacts can be substan-
tial to the built environment2. Winter weather events and affiliated 
impacts in this humid subtropical region are projected to become 
extremely rare, with notable declines in snow events in the region’s 
elevated terrain (for example, along the Cumberland Plateau and 
in the southern Appalachians), which, historically, experienced 
relatively high event totals (Fig. 2c). These climatologically warmer 
regions have a strong marine influence, which fosters temperatures 
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that are already marginal for snowfall in the present climate7,12. As 
the climate warms, precipitation is projected to increasingly fall as 
rain since snow-supportive environments will diminish at these lati-
tudes10,12. Although proportional changes in the poleward latitudes 
are smaller, these are areas that have historically long-lived snow-
cover23 and high seasonal SWE where any notable drop in snowfall 
inputs could have important implications. Most of these north-
ward locations have declines in SWE of 20–40% from the CTRL to 
the PWG scenarios, which corresponds to SWE magnitude losses 
of 25–100 mm or 25–100 cm of snow accumulation using a 10:1 
snow-to-liquid ratio.

The most notable changes between the CTRL and PGW simula-
tions arise during the shoulder-season months (Fig. 3); temperatures 
during these months are marginal for snowfall and the fraction of 
precipitation falling as snow is especially sensitive to warming due 
to climate change7,12. Snowstorm counts during October, November 
and April are projected to decrease 83.5%, 48.4% and 60.5%, respec-
tively, signalling a robust decrease in future events during the shoul-
der seasons and a further shortening of the already observed changes 

in spring snowcover across the Northern Hemisphere25. The largest 
per cent reduction in all metrics is found during October, suggest-
ing that future early season snow events will be nearly eliminated 
if RCP 8.5 is realized. Monthly swath count decreases of 5.1–12.8% 
are projected during the core of winter, revealing declines in snow-
storms even during the coldest months. These reductions in winter 
month counts are affiliated with even larger proportional losses in 
snowstorm swath hours and SWE totals. These changes are under-
scored by examining the weekly per cent differences in swath 
counts, total SWE and SWE area (Fig. 4). The per cent reduction in 
weekly storm counts maximizes in October, with most PGW weeks 
experiencing 0–20% of the counts produced by the CTRL. This 
PGW count deficit stabilizes between 80% and just over 100% of 
CTRL storms during meteorological winter. Although meteorologi-
cal spring shows smaller deficits compared to autumn, most PGW 
weeks in March and April only generate 50% of the mean weekly 
snowstorm counts produced in CTRL. Similar patterns exist for 
SWE, underlining the direct effect these reduced counts may have 
on regional hydroclimates during the autumn and spring.
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.

To evaluate changes in the more intense areas of snowstorms, we 
assessed each detected snow swath for SWE pixels that exceeded the 
50th percentile (moderate intensity) and 90th percentile (extreme 
intensity) for 3-h SWE accumulations. There was a 35.9% and 32.0% 
decline in the 50th and 90th percentile areal extent of snowstorms, 
respectively, from the CTRL to the PGW scenarios. Paralleling the 
results found in the overall event swaths, the most dramatic declines 
in moderate (intense) areas from the CTRL to PGW scenarios were 
found in the shoulder seasons, with >90% (90%) decrease in these 
areas in October, around a 58% (52%) decline in November and 
69% (70%) drop in April. All months registered decreases in mod-
erate and intense snowstorm areas, except for a negligible or 0.3%, 
increase in the 90th percentile for January. Overall, there was a sta-
tistically significant mean reduction in 50th percentile (k = 0.07, 
P = 0.012) and 90th percentile (k = 0.08, P = 0.001) snowstorm foot-
print area, with an average reduction of 152,000 km2 (26,000 km2) 
per storm, or roughly the area of Michigan (Maryland), no longer 
showing these intense snowfall rates in the PGW scenario. Spatially, 
90th percentile events are projected to decrease across the study 
domain on a seasonal basis, with the greatest proportional reduc-
tions found equatorward of 40° N stretching into the Coastal 
Northeast (Extended Data Fig. 4). However, for the midwinter 
months of January and February, these extreme intensity events 
are projected to increase in the northern Great Plains of the United 
States and southern Canadian Prairies (Extended Data Fig. 5); this 
matches the future midwinter pattern found recently in GCM out-
put12. Due to increases in global annual surface evaporation, these 
higher latitudes will experience more abundant moisture in the 
future26, which may result in more frequent intense snowstorms in 
the midwinter when temperatures in these poleward locations will 
remain supportive of snow, even in a warmer climate12.

Much of the past work on the potential climatological changes of 
Northern Hemisphere snow has focused on seasonal or longer-term 
assessments of the cryosphere8,25,27–30. While there have been some 
assessments in potential changes to extratropical cyclone frequency, 
paths and intensity20–22,31,32, only a few recent efforts12–14,33 have 
used relatively coarse spatiotemporal data to begin to understand 

how snow accumulations on shorter timescales may change in the 
future. Using a snow event-tracking method on high-resolution 
downscaled simulation output, this study presented an approach 
to understanding how snowstorms may change in the twenty-first 
century. Applying automated image segmentation procedures, we 
were able to extract the spatiotemporal characteristics of 2,159 snow 
events across central and eastern North America in two simulation 
epochs. This method afforded a unique description of possible 
changes in winter weather event occurrence and variability in the 
twenty-first century under a high-end GHG pathway. Results from 
the event-based analysis are consistent with recent work that has 
assessed relatively coarse snowfall output from GCMs7,8,10,12–14.

Study findings revealed the potential for substantial change in 
the frequency and character of North American snowstorms; such 
changes will have far-reaching implications on energy budgets, the 
hydrologic cycle and all sectors of the economy, especially if high-end 
emission scenarios are realized34–36. Snowstorm counts, swath hours 
and SWE magnitudes had significant declines from the CTRL to 
PGW simulations. The most notable declines in snowstorm counts 
were found during the shoulder seasons, where projections reveal a 
near complete removal of events in a future high-end warming path-
way. Even the most intense parts of snowstorms as measured by high 
accumulation rates have reductions of >30% in the PGW scenario. 
Contractions in future snowstorm counts, spatiotemporal traits and 
SWE magnitudes could have positive outcomes by reducing built 
environment impacts and acute human system impacts, notably on 
air and road transportation systems. Conversely, a reduction in future 
cryospheric inputs could have adverse consequences, especially for 
freshwater resource-dependent industries such as agriculture, power 
generation, river and lake transport, refining, manufacturing and 
recreation34,36. Any changes in the magnitude and timing of snow-
storms and the snowfall/rainfall ratio37, will directly influence snow-
pack, snowmelt and energy budgets, as well as the timing, frequency 
and degree of hazards such as flood and drought38,39.

Study limitations include a relatively short period of analysis 
due to the computational expense of dynamical downscaling and 
the use of a PGW approach, which does not permit an evaluation 
of possible changes in the general circulation. Although computa-
tionally expensive, future research should simulate additional years 
and anthropogenic emission pathways to provide a more com-
prehensive picture of future snowstorm prospects across North 
America. Additionally, future simulations could explore the use of 
GCM inputs instead of perturbed reanalyses. This would allow fur-
ther examination into the dynamic influence of climatic change on 
large-scale circulation patterns19–22 and the subsequent downscaled 
impact on snowstorm production. Finally, to fully explain why 
snowstorms may change in the future, additional research should 
assess the shifts in snowstorm-supportive environments between 
the two epochs. Identifying how these environments are changing 
is critical for understanding why the North American snowstorm 
landscape will change in the twenty-first century.
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Methods
Dynamical downscaling output. We use simulation output40 generated by 
Liu et al.15 and described by Prein et al.41 to reveal recent and potential future 
changes in the central and eastern North American snow event climatology. 
High-resolution, convective permitting simulations such as those produced by 
Liu et al.15 are desired for climate change studies that wish to assess changes in 
extreme mesoscale phenomena. Simply, extremes—such as, in our case, intense 
snow bands and lake-effect/enhanced snows—are affiliated with and/or driven by 
mesoscale processes, which are not resolved well in GCMs. For instance, snowfall 
is underestimated in GCMs due to poor grid representation of topography, land 
cover and water16. Additionally, GCMs require convective parameterization, 
which are often too simple to accurately represent complex processes that are not 
well understood and are sources of errors and uncertainties17,42. High-resolution, 
convection-permitting simulations overcome many of the shortcomings of GCMs, 
permitting more accurate representation of mesoscale processes and features 
critical to local weather extremes41,43–46.

The Liu et al.15 simulations used a dynamical downscaling technique that 
used original and modified ERA-interim47 data as initial and lateral boundary 
conditions to force the Advanced Research Weather Research and Forecasting 
(WRF-ARW) model v.3.4.1 (ref. 48). After initial testing by Liu et al.15, refined 
model physics were implemented to mitigate snowpack underprediction, excessive 
production of lake-effect precipitation and a cool-season temperature bias 
found near the Great Lakes. The unmodified ERA-interim data was used as an 
early-twenty-first-century CTRL, with output stretching from October 2000 to 
September 2013. Next, a perturbed, PGW approach was used to simulate weather 
for a potential late-twenty-first-century, high-emission climate pathway or RCP 8.5 
(refs. 49,50). In this scenario, initial and boundary conditions were derived from 
reanalysis and adjusted by adding the CMIP5 ensemble mean of the RCP 8.5 
(see supplementary table 1 in Liu et al.15). Resulting outputs are relatively high 
spatiotemporal resolution (hourly output, 4-km horizontal grid spacing) and, as 
illustrated in previous work15,41, reproduce accurately the location, evolution and 
intensity of precipitating systems during the historical period. Specifically relevant 
to work here, Liu et al.15 found that, compared to observations, the historical 
simulation captures particularly well the spatial patterns and magnitudes of 
cool-season precipitation, especially in the central and eastern United States (see 
figs. 5 and 6 in Liu et al.15).

Snow events are tracked using the SWE output from the simulations. This 
output is generated every hour and provides reasonable representation of where 
it is snowing and the intensity of the snow in the simulation. SWE is used as a 
snowfall proxy since snow accumulation outputs were not saved from the Liu 
et al.15 simulations.

Snow water equivalent verification. To assess any potential SWE bias in the 
simulation, we compared CTRL SWE output for the October–April 2003–2013 
period to NOAA National Operational Hydrologic Remote Sensing Center’s SNOw 
Data Assimilation System (SNODAS51,52) output. The 2004–2005 season was 
omitted from this comparison due to missing WRF data. The SNODAS assimilates 
in situ and remotely sensed data to generate the best-possible estimates of 
snowcover and associated parameters53. Daily 6:00 ut snapshots of SNODAS SWE 
were used to serve as ground truth for comparison with the temporally overlapping 
CTRL SWE output. After creating mean period SWE climatology (Extended Data 
Fig. 1b), absolute difference values were calculated and expressed as a percentage 
difference of the SNODAS total mean SWE (Extended Data Fig. 1b). This analysis 
indicates that areal mean SWE totals are representative, especially in the areas 
of highest mean SWE values. Differences >30% between the simulations are 
noted roughly south of the 35° N parallel, where mean SWE totals are an order 
of magnitude smaller than most of the northern CONUS totals. Compared to 
SNODAS, the actual mean amounts showed a systematic low SWE bias across 
most of the northern Plains, Midwest and Northeast of the United States. The 
largest mean differences between CTRL and SNODAS were found in New York 
and throughout New England. This is not a perfect comparison due to the 
documented limitations and biases of SNODAS54 but it does provide evidence that 
the CTRL simulation adequately captures the climatological distribution of SWE 
observations. In addition, the main goal herein is to evaluate the potential delta 
between the historical period and PGW-perturbed simulations, not to produce bias 
correction estimates.

Snow event tracking. Initially, our algorithm segments 3-hourly ‘slices’ of snow 
events (Extended Data Fig. 2b). Slices are identified by selecting simulation grid 
points that meet or exceed 0.1 mm SWE for a 3-h period, which, using a simple 
10:1 snow-to-liquid ratio, is ~1 mm of snow accumulation. To be considered a 
snow event slice, grid points meeting the 0.1 mm 3-hourly SWE intensity threshold 
must be connected and each connected region must exceed an area of ~100 km2. 
Slices are then concatenated to produce snow event swaths. These swaths represent 
the snow footprint of a winter weather event and can be used to determine the 
snow accumulation produced by a ‘snowstorm’. Swaths are generated by testing 
for spatiotemporal overlap between slices identified in SWE fields from successive 
3-h periods. Ties (for example, multiple slices overlap between time steps) are 
broken by selecting the slice with the most similar attributes (for example, area 

and major axis length) to the last valid slice in an ongoing swath. Once the swaths 
are generated, the first and last time steps in which their slices had an area of at 
least 1 × 105 km2 (roughly the size of the state of Kentucky) are identified. If the 
amount of time between these time steps is at least 24 h, the swath is included in 
this study. These values are chosen on the basis of the minimum temporal and 
spatial thresholds that represent the synoptic scale55. Within each swath, pixels that 
exceed the 50th (Fig. 1c) and 90th (Fig. 1d) percentiles for 3-h SWE accumulations 
are identified for the purposes of determining the spatiotemporal occurrence 
these events. The percentiles are calculated on the basis of the values for all pixels 
meeting or exceeding the 0.1-mm 3-h SWE threshold in the CTRL dataset for 
October–April in areas east of the Continental Divide. The 3-h values for the 50th 
and 90th percentiles are 0.46 mm (~4.6 mm snow) and 2.08 mm (~20.8 mm snow), 
respectively. All products presented in this study (except for Extended Data Fig. 2) 
are derived from SWE data from the period between the first and last instances of 
slices with areas of at least 1 × 105 km2 within qualifying swaths.

The algorithm is used to track thousands of winter weather events produced by 
the simulations across a domain roughly east of the 1,500-m elevation found on the 
leeside of the Rocky Mountains, bounded on the east by ~60° W, on the north by 
55° N and on the south by 20° N. By using this domain, we remove the complexities 
affiliated with tracking snow events in the variable terrain found west of the 
Continental Divide and, instead, reveal the character of snow events produced by 
leeside and coastal cyclones of central and eastern North America. By comparing 
snow event attributes generated from the early-twenty-first-century output (CTRL) 
with the late-twenty-first-century output (PGW), a climatological difference in 
events between the study periods was produced. Within this domain, the tracked 
CTRL (PGW) snowstorms accounted for 80% (75%) of the October–April SWE 
accumulations for the 12-yr period. This suggests that the tracked entities are very 
important aspects of the cool-season hydroclimate within the study area. Spatially, 
this contribution maximizes over the Great Plains and Southeastern Canada 
and minimizes over the Great Lakes. This is expected due to the small size and 
somewhat transient nature of lake-effect snow events.

Statistical analysis. All statistical tests use the non-parametric, two-sample, 
Kolmogorov–Smirnov test with an alpha of 0.05 for comparing numerical 
distributions. We report the so-called Kolmogorov–Smirnov statistic (k) and the 
P value. We report an exact P if it is >0.001. If this is not the case, we report P as 
<0.001. The reported result that there were significant decreases in both seasonal 
snowstorm counts and SWE totals is based on the seasonal counts of snowstorms 
and the SWE produced by those storms (n = 12) and these values can be found in 
Supplementary Table 1. For all statistical tests involving per-snowstorm statistics, n 
was 1,253 for CTRL and 906 for PGW (total snowstorm counts).

SWE volume is reported in km3. This value is calculated by finding the 
per-grid sum of SWE (mm) in each 3-h snapshot within qualifying snowstorms. 
This value is then converted to km by multiplying the sum by 10−6. This can be 
thought of as the total depth of all SWE if it were concentrated on one grid. Next, 
this value is multiplied by the area of one grid, which is approximately the product 
of the grid spacing in two dimensions (4 × 4 km2). These values range from 0.24 
to 75.72 km3. Snowstorm area, or the maximum areal extent of the snowstorm, 
is calculated by counting all grid cells that experience at least one 3-h period in 
which a qualifying snowstorm produced at least 0.1 mm of SWE. The reported area 
is computed by multiplying the count of all grids that meet this criterion for each 
storm by the specified grid spacing (4 × 4 km2). These values range from 169,456 to 
7,209,664 km2. The grid spacing is based on the reported lambert conic conformal 
distance. As with all areal calculations within an expansive study area, these areas 
are approximations.

Data availability
The dynamically downscaled simulation output is available from NCAR’s Research 
Data Archive40.

Code availability
The source code56 for the snow event identification and tracking is available from 
https://github.com/ahaberlie/Future_Snow.
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Extended Data Fig. 1 | Comparison to climatology. October–April 2003–2013 a) SNODAS average SWE (mm) and b) the absolute difference between 
WRF-CTRL and SNODAS mean SWE shown as a per cent of the total mean SNODAS SWE. As discussed in the manuscript, 2004–05 season was omitted 
from analysis due to missing WRF data. Hatched areas on both figures indicate locations where SNODAS data were not available or both WRF-CTRL and 
SNODAS did not record any SWE during the analysis period.
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Extended Data Fig. 2 | Event detection and tracking. Demonstration of the various sources of climatological calculations from CTRL, namely, a) total 
accumulation of snow (liquid water equivalent) from January 13th 2001 to January 16th 2001, b) a ‘slice’ within a qualifying swath with the lowest (0.1mm 
/ 3-hr), 50th percentile (0.46mm / 3-hr), and 90th percentile (2.08mm / 3-hr) snowfall totals (liquid water equivalent) denoted by the colour fill. The 
black outline is the spatial extent of the swath (that is, where the swath produced at least 0.1mm / 3-hr liquid water equivalent totals), c) the spatial 
extent of the occurrence of 3-hr liquid water equivalent snowfall totals exceeding the 50th percentile within this swath, and d) the spatial extent of the 
occurrence of 3-hr liquid water equivalent snowfall totals exceeding the 90th percentile within this swath.
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Extended Data Fig. 3 | Mean seasonal SWE accumulations. Mean seasonal SWE accumulations (2004–2005 excluded) for (a) CTRL, (b) PGW, and 
accumulated SWE (c) differences and (d) per cent differences.
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Extended Data Fig. 4 | Spatial climatology of 90th percentile snow events. Mean annual (a, b) swath counts, and (c) swath count difference and (d) per 
cent difference between (a) CTRL and (b) PGW for only 90th percentile snow events. The areas in grey experienced no qualifying swaths during the  
study period.
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Extended Data Fig. 5 | Per cent change in midwinter moderate and extreme intensity snowstorms.  Per cent difference in (a) 50th and (b) 90th percentile 
swath event counts between CTRL and PGW for the months of January and February.

Nature Climate Change | www.nature.com/natureclimatechange

http://www.nature.com/natureclimatechange

	Reduced frequency and size of late-twenty-first-century snowstorms over North America

	Online content

	Fig. 1 Seasonal comparisons between CTRL and PGW.
	Fig. 2 Spatial climatology of snow events.
	Fig. 3 Snow event counts.
	Fig. 4 Weekly per cent difference between the two epochs.
	Extended Data Fig. 1 Comparison to climatology.
	Extended Data Fig. 2 Event detection and tracking.
	Extended Data Fig. 3 Mean seasonal SWE accumulations.
	Extended Data Fig. 4 Spatial climatology of 90th percentile snow events.
	Extended Data Fig. 5 Per cent change in midwinter moderate and extreme intensity snowstorms.




