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Abstract The northeastern United States is vulnerable to many impacts from snowfall-producing
winter cyclones that are amplified by the proximity of population centers to storm tracks. Historically,
climatic snowfall assessments have centered around seasonal means even though local impacts typically
occur at scales of hours to days. To detect snowstorms at the event level, an objective algorithm is defined
based on the Regional Snowfall Index. The metric collocates storm snowfall with population to produce
statistics of snowstorms with societal impacts. When applied to the Community Earth System Model Large
Ensemble, broad declines in snowstorm frequency are projected by the later 21st century. These decreases
are primarily due to a warmer atmosphere less conducive to snowfall as the predominant precipitation type.
However, reductions are less significant for major events, since more hostile thermodynamic environments
are partially offset by increased precipitation associated with cyclones that dynamically drive high-impact
snowstorms.

Plain Language Summary Snowstorms that strike the northeastern United States result in risks
to health and welfare, transportation disruption, lost spending productivity, structural damage, and power
outages. This letter demonstrates an automated technique that finds and counts individual snowstorms in
climate model data, eliminating the need to do so by hand. When this metric is applied to a large number
of climate simulations, northeastern U.S. snowstorms are forecast to decrease in frequency over the coming
century. However, this decrease is nonlinear across intensity, being larger for storms producing less snow
over smaller areas than it is for major storms impacting populated areas with heavier snowfall. Warmer
temperatures throughout the atmosphere result in precipitation less likely to fall in the form of snow in the
future, but increases in cumulative precipitation associated with cyclones in the northeastern United States
are projected. This means that while the likelihood of a given cyclone-producing snow (instead of rain)
decreases, when atmospheric conditions are cold enough, storms drop more snowfall, therefore partially
offsetting reductions in high-impact snowstorms moving forward.

1. Introduction

The northeastern United States (NEUS) is vulnerable to impacts from wintertime extratropical cyclones (ETCs),
including heavy precipitation, high winds, storm surge, coastal erosion, and inland flooding (Zielinski, 2002).
Such impacts are amplified by the proximity of climatological storm tracks to major population centers such
as Boston, New York City, Philadelphia, and Washington D.C. (Kocin & Uccellini, 2004). These storms pose risks
to human health and welfare and can result in widespread power outages, structural damage to buildings,
massive transportation disruption, and lost productivity and wages (Rooney, 1967; Shimkus et al., 2017). Ten
U.S. snowstorms over the 1980-2011 time period averaged $2.9 billion (2011%) in losses (Smith & Katz, 2013)
with the majority occurring in the NEUS (Changnon & Changnon, 2006). Therefore, understanding how these
storms will change over the coming century is critical for a variety of sectors, including water resource and
infrastructure planning, transportation network design, and energy production.

The majority of previous work surrounding simulated projections of future NEUS snowfall centers around
seasonal means (e.g., Diffenbaugh et al., 2012; Krasting et al., 2013) or grid point distributions (O’'Gorman,
2014). However, impacts from these storms are typically nonlinear with respect to intensity, with extreme
snowstorms in the tail of the distribution resulting in the most notable repercussions. Climate studies explic-
itly considering individual ETCs in the NEUS include Colle et al. (2013), Ulbrich et al. (2008), Chang (2013),
Lombardo et al. (2015), and Zhang and Colle (2017), although they generally focus on the changes in
dynamical properties of cyclones and do not directly account for populational hazards associated with storm
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snowfall. Given that the aforementioned impacts occur at the individual snowstorm level, climate data should
provide information at fine temporal scales. In this letter a large ensemble of climate model integrations
(Community Earth System Model [CESM] Large Ensemble [LENS]; Kay et al., 2014) is analyzed to produce a
robust climatology of discretely simulated individual events, allowing for storm-level analysis within gridded
projections.

2, Data, Tracking, and Storm Classification

CESM LENS data were produced using the 1° (~111 km) finite volume version of the Community Atmosphere
Model version 5 (CAMS5; Neale et al., 2012) and is run using all climate components released as part of CESM
version 1 (Hurrell et al., 2013). Simulations are integrated from 1920 to 2100, applying historical (up to 2005)
and Representative Concentration Pathway 8.5 (RCP8.5; Meinshausen et al.,, 2011) forcings. Further details
about the LENS configuration are outlined in Kay et al. (2014). Focus centers on three time periods with avail-
able 6-hourly output, consisting of 16 years for each member for the present day (1980-2005) and 10 years
for midcentury (2026-2035) and end of century (2071-2080). Subsetting the first 10 years of the present-day
period to equalize the length of each time slice provided nearly identical results to those in this letter, so all
16 years for each member are retained for statistical robustness.

Using TempestExtremes (Ullrich & Zarzycki, 2017), ETCs are tracked in 6-hourly sea level pressure (SLP) fields
for the first 35 LENS members. First, all local SLP minima between 1 October and 30 April each year are found
(at 00Z, 06Z, 12Z, 18Z daily) to produce a list of candidate cyclones. Candidates are defined as local minima in
SLP surrounded by a closed isobar at least 2 hPa greater than the SLP minimum value. This closed isobar must
fully lie within 6° of the SLP minimum. Note that all distances here are defined by great circle arcs to eliminate
errors associated with converging meridians as storms move to higher latitudes.

Following the detection of all candidates, trajectories are stitched together by scanning for all t + 6 hr candi-
dates located within 8° of a candidate location at t. Trajectories must persist for at least 24 consecutive hours.
To minimize the volume of data processing, candidates were defined as NEUS ETCs if a trajectory passed within
8° of a line from 40°N, 72°W to 40°N, 75°W, although this filtering is chosen to safely include all relevant ETCs
with NEUS impacts.

Precipitation type (rain, snow, rain/snow mix, ice pellets, and freezing rain) is derived by applying the Bour-
gouin algorithm (Bourgouin, 2000) to LENS output. This requires evaluating the full vertical temperature
sounding at each model grid point every 6 hr to thermodynamically estimate surface precipitation type based
on hypothetical hydrometeors falling through the atmospheric column. Six-hour accumulated liquid water
equivalent (LWE) is masked based on these derived types. Storm total snowfall is generated by summing all
6-hourly snowfall occurring within 12° of each SLP minimum location along an ETC track. Twelve degrees is
chosen to conservatively capture the majority of precipitation associated with large ETCs without risk of dou-
ble counting snowfall during events close in space and time (Figures S1 and S2 and Table S1 in the supporting
information). Since all precipitation amounts in LENS are defined by LWE regardless of phase, a constant 12:1
snow-to-liquid ratio (SLR) is applied to the data set. This value is consistent with NEUS National Weather Ser-
vice observations over a 30-year period (Baxter et al., 2005). Using 11:1 or 13:1 for SLR produced similar overall
results to those in this letter (Table S2 in the supporting information). Experiments varying this ratio as a
function of space or time are a target for future work.

The Regional Snowfall Index (RSI; Squires et al., 2014) is then applied over the National Climate Data Center’s
(NCDC's) northeast climate region. RSl is calculated by masking the NEUS climate region for each tracked
storm and applying the area and population weightings defined in Squires et al. (2014) to both accumulated
snowfall (after SLR application) and population density to produce an RSI value and corresponding category
(Tables S3 and S4 in the supporting information). Population density is defined by processing year 2000 data
from the Gridded Population of the World version 3 (GPWv3) data set (Socioeconomic Data and Applications
Center, Columbia University, 2005). Note that population density is held fixed for all periods in this analysis
to isolate the impact of atmospheric dynamics, potential applications using future population projections
are discussed in the final section of this letter. RSI values are categorized to provide a ranking of storms with
societal impacts, ranging from Category 1 (notable) to Category 5 (extreme). In this letter, the subset of all
snowstorms includes all storms registering an RSI category of at least 1. Moderate snowstorms are defined as
features falling in RSI Categories 1 and 2, while major snowstorms are RSI Category 3 and higher. An example
of a detected Category 5 snowstorm is shown in Figure 1.
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Figure 1. Example of a detected Category 5 snowstorm in Community Earth System Model Large Ensemble

member #35, which occurred in December 1997. Minimum sea level pressure (storm track) is marked at 6-hourly
increments by circles, with inner coloring denoting storm intensity. Integrated snowfall (inches) is overlaid as color
contours on population density (grayscale, lower [higher] population density lighter [darker]), with the northeastern
United States National Climate Data Center climate region used to mask metrics for the RSI calculation outlined in bold.
RSI = Regional Snowfall Index.

This method associates approximately 55-75% of NEUS seasonal snowfall with ETCs, with the highest frac-
tions aligned along the coast (Figure S3 in the supporting information). This spatial pattern is akin to historical
statistics reported in Frankoski and DeGaetano (2011), although they reported slightly lower overall fractions
of annual snowfall due to ETCs, perhaps owing to a more stringent definition of coastal storms. These results,
along with the manual historical tracking of Kocin and Uccellini (2004), imply that the above procedure should
capture the vast majority of key events that impact populated areas of interest.

3. Results

The categorical distribution of all simulated snowstorms is shown in the upper half of Table 1. A total of
1,277,658, and 435 snowstorms were tracked in the present-day, midcentury, and end-of-century time slices,
respectively. All statistics for the remainder of this letter are normalized to a per annum or per decade basis.
Present-day LENS snowstorms are well matched to the recent observational record, with the exception of the
model producing too many weak (Category 1) storms. This bias is likely due to a scale mismatch when com-
paring discrete stations (observations) and the gridded (e.g., spatiotemporally continuous) LENS model data
for low-impact events. Data quality issues in the observed record during the early twentieth century may exist,
although these storms are retained for statistical sample purposes. Using only the subset of observed years
that match LENS data (1990-2005) versus the entire 1900-2017 NCDC record, the same number of major
snowstorms was observed (2.5 per decade), while there were slightly more moderate storms (16.3 per decade
vs. 14.8). Note that there were only four major snowstorms observed between 1990 and 2005, supporting the
need to use a multimember ensemble to assess climatological statistics of extreme events in a quantitatively
robust manner. Finally, it should be emphasized that comparisons with the historical record are performed
primarily as a sanity check. All projections in this manuscript are computed relative to the present-day model
simulation as a reference. Due to mean state simulated precipitation sensitivities in both reanalyses (Bosilovich
etal, 2011) and models (Sillmann et al., 2013), it is recommended that this approach be followed for similar
studies. When all major snowstorms (Category 3+) are plotted for the present-day time period (Figure S4 in
the supporting information), three primary formation regions can be seen in the upper midwestern United
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Table 1
Average Number of Snowstorms Per Decade by Regional Snowfall Index (RSI) and Regional Precipitation Index (RPI) Category
Cat. OBS PD MC EC % (PD > MC) % (PD > EC) % (PD > MCQ) % (PD > EC)
RSI
Cat.1 10.2 223 18.0 11.8 73.8 98.8 76.6 98.6
Cat. 2 4.6 4.3 3.7 23 60.5 81.7
Cat. 3 1.3 0.9 1.0 0.8 54.2 61.0
Cat. 4 0.9 0.4 0.5 0.4 70.6 74.5 47.9 61.8
Cat.5 0.3 0.4 0.2 0.1 79.3 89.5
RPI
Cat. 1 76.6 75.0 67.6 55.8 81.5 55.7 80.5
Cat.2 47.3 46.1 44.2 57.9 63.5
Cat.3 18.5 20.0 20.2 37.8 39.6
Cat. 4 133 153 17.9 35.2 20.0 16.8 0.3
Cat.5 27.6 333 46.3 231 1.3
Note. Observed historical storms (OBS) for RSI encompass 1900-2017 and are provided by the NCDC2. Model
simulation results are cumulative ensemble averages for each analysis period. PD = present day = 1990-2005;
MC = midcentury = 2026-2035; EC = end of century = 2071-2080. Odds of reduction (%) relative to PD for MC (PD > MC)
and EC (PD > EC) are derived by bootstrapping and are shown for each category as well as moderate (Categories 1 and 2)
and major (Categories 3+) storms. RSI = Regional Snowfall Index. RPI = Regional Precipitation Index. Cat. = Category.
@Available at https://catalog.data.gov/dataset/regional-snowfall-index-rsi.
States, Gulf of Mexico, and offshore of the southeastern U.S. Atlantic coast, consistent with historical stud-
ies and demonstrating model skill in dynamically reproducing the climatology of NEUS coastal snowstorms
(Hirsch et al., 2001; Kocin & Uccellini, 2004).
Monotonic decreases in the number of snowstorms are forecast across Categories 1, 2, and 5 from present
day to midcentury to the end of the century. These decreases are large, on the order of 50% or greater. Less
obvious trends are projected in Categories 3 and 4, with increases in both categories by midcentury before a
subsequent small reduction at the end of the century. While the exact reasons for these responses are explored
in more detail in the remainder of this letter, upon initial examination they are broadly consistent with NEUS
signals found in previous work, such as less mean snowfall in a warmer climate (O'Gorman, 2014; Figure S5 in
the supporting information) but higher ETC-associated precipitation rates (Lombardo et al., 2015; Marciano
etal., 2015; Zhang & Colle, 2017).
To evaluate the statistical robustness of this finding, bootstrapped probabilities of snowstorm decreases
are generated by comparing randomly selected pairings of time slices from the ensemble sample with the
assumption the time slices are sufficiently far apart in time such that intramember internal variability corre-
Storm frequency (RSI > 1) Storm frequency (RSI > 3)
0.35 s | s | L Il s | " | L | | | | |
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Figure 2. Mean seasonal cycle of storm occurrence for all snowstorms (a) and major snowstorms only (b) for each of the
three time periods considered (colors). All ensemble members are included. RSI = Regional Snowfall Index.
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LENS ensemble mean days/year supporting snow
Present day (1990-2005) Mid-century (2026-2035) End-of-century (2071-2080)
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Figure 3. Average number of days per year where snowfall can occur for each of the three time slices (a—c) averaged
across all 35 ensemble members. Absolute difference (days per year) are also shown relative to present day for
midcentury (d) and end of century (e). Bold outline denotes northeastern United States climate region used in this
study. LENS = Large Ensemble.

lations are minimal. The entire time slice for a member is considered, normalized by length to assess annual
frequency. When all classes of snowstorms are considered with this method, LENS projects a 99.0% likelihood
of annual frequency reduction by 2080 (assuming a fixed spatial population distribution). When snowstorms
are subset by severity, it becomes obvious that this reduction is predominantly due to reduced frequency
of weaker snowstorms, with 98.6% confidence in decreases in moderate snowstorms but only 61.8% of the
bootstrapped pairs showing an end-of-century reduction in major snowstorms (Table 1). Therefore, the cli-
matological frequency of the most societally impactful snowstorms in the future looks far more similar to
present-day distributions than storms with more marginal or less widespread impacts.

To understand this nonlinear response, storm-level data can isolate aspects of the features themselves, as well
as the large-scale simulated atmospheric environment they are embedded in. The ensemble aggregate snow-
storm occurrence frequency in Figure 2 highlights the seasonal cycle. When considering all storms (Figure 2a),
a noticeable shortening occurs in the shoulder weeks of snow season for both midcentury and end of cen-
tury relative to present day, resulting in later onset and earlier termination of up to 2-3 weeks, although
a systematic reduction in occurrence also persists throughout winter. Considering major snowstorms only
(Figure 2b), the signal is more muted. The season does shorten slightly, primarily heading into spring, but the
in-season signal is far less defined. In fact, midcentury occurrences increase slightly compared to present day,
corroborating the RSl averages shown in Table 1.

A more holistic method of evaluating snow season is to calculate the amount of time that the atmosphere can
theoretically support snowfall, regardless of whether it is actually precipitating. This isolates the thermody-
namic impact of atmospheric warming on potential snowfall events. Days cold enough to snow are computed
by applying the Bourgouin algorithm to every grid point temperature sounding at every 6-hourly time,
independent of model precipitation occurrence, frequency, or intensity. Figure 3 shows a clear reduction
in the annual snowfall-capable soundings at all NEUS grid points relative to present day; on the order of
5-15 days by midcentury and 15-30 days by end of century across the NEUS. Given a uniform distribution
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Figure 4. Ensemble average track density for all tracked ETCs (top), RPl > 1 (middle), and RPI > 3 (bottom) for
present-day (left) and end-of-century (middle) time slices. Track density is defined by number of times an ETC tracks
over each 4 x 4° gridbox, normalized to number of occurrences per decade. End of century (2071-2080) minus present
day (1990-2005) panels are shown on the right. Note the different scales for each row. ETCs = extratropical cyclones; RPI
= Regional Precipitation Index.

of precipitating storms over the winter season, this broadly implies reductions of approximately 10-25% and
25-40% in snowstorm frequency for these periods, respectively. An analogous analysis only including grid
point soundings conditional on precipitation occurrence shows similar results on a percentage basis (Figure
S6 in the supporting information), which also implies that precipitation frequency (in a binary sense) does
not change materially in a warmer climate during the winter season. This is consistent with previous findings
that projected shifts within precipitation distributions are likely more significant than changes in how often
precipitation occurs (Pendergrass & Hartmann, 2014; Sun et al., 2007).

If results show that the overall season is shorter and fewer days have thermal conditions that can support
snow as the surface precipitation type, why are projected reductions in major snowstorms less significant than
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moderate ones? One way to answer this question is to calculate storm total precipitation (all precipitation
categories instead of only snowfall) to investigate whether the capacity of coastal storms to produce heavy
snowfall changes in a future climate.

First, all ETCs (i.e., all tracked cyclones regardless of precipitation) are analyzed to determine whether the
underlying dynamical systems along the coast are projected to change. Figures 4a—4c show the cumulative
ETC track density prior to applying the RSI criterion. A slight reduction in the total frequency of all ETCs is
projected by end of century relative to present day. This reduction is modest (less than 10%) and compatible
with previous work regarding North American coastal storms (Chang, 2013; Colle et al., 2013; Teng et al., 2008;
Ulbrich et al., 2008), albeit a bit smaller in magnitude. There is no overt dipole signature in Figure 4c, signifying
that there is not a large spatial shift (relative to the coastline) of NEUS ETC tracks in the future, in broad agree-
ment with other climate models (Lombardo et al., 2015), and important since NEUS precipitation magnitude
and type is sensitive to proximity of storm trajectories to land (Changnon et al., 2008; Kocin & Uccellini, 2004).
Also, as shown in Figure S7 in the supporting information, differences in the cyclone intensity frequency of all
ETCs as measured by minimum sea level pressure between the three time slices are small (less than 3% for each
10-hPa bin), furtherimplying RSl changes noted in Table 1 (upper) are primarily thermodynamic in nature. This
supports the general findings of Yettella and Kay (2017) who applied a global cyclonecentric analysis to the
same climate ensemble used here, although the lack of clear intensity signal with warming is somewhat con-
tradictory to Colle et al. (2013), implying that additional work using this framework may be useful in pinning
down model sensitivities, such as those that participate in the Coupled Model Intercomparison Project.

By applying the RSI classification with total precipitation (i.e., including the LWE of all precipitation types)
rather than just snowfall (denoted here as Regional Precipitation Index or RPI), a distribution of storms can
be produced that, under ideal thermodynamic conditions (i.e., always cold enough for all precipitation to
fall as snow), would be the theoretical maximum for NEUS snowstorm frequency. This is shown for all RPI
storms (Figures 4d-4f) and major RPI storms only (Figures 4g-4i). As opposed to all ETCs, when RPI > 1
storms are filtered, a small increase in occurrence is noted by the end of the century (Figure 4f). How-
ever, this projected increase is overwhelmingly dominated by RPI > 3 storms (Figure 4i), which increase
on the order of approximately 25-50%. This can also be seen in the RPI seasonal cycle in Figure S8 in
the supporting information.

When bootstrapping major (RPI > 3) ETCs, LENS shows a 99.7% probability of an increase in this class by 2080
(Table 1, lower). This shift toward greater precipitation amounts associated with individual NEUS storms is
consistent with the Clausius-Clapeyron relationship, which increases the saturation vapor pressure of warmer
air, and results in higher precipitation rates (Held & Soden, 2006). It also agrees with previous work investigat-
ing extreme precipitation rates over the NEUS (Kunkel et al., 2013; Maloney et al., 2013). Further, this finding
explains the nonlinearity seen in RSI classification classes in Table 1; the fact that the atmosphere is warmer
and ETCs are slightly less frequent promote reductions in snowstorms, but a systematic shift toward higher
total precipitation ETCs means that, when synoptic conditions support snowfall, projected snowfall rates are
higher, offsetting much of the warming signal for extreme snowstorms.

4. Discussion

In summation, rather than investigate regional snowfall via seasonal means or grid point distributions, a
Lagrangian feature tracker is applied to detect individual snowstorms simulated in a large climate ensem-
ble and apply a metric of societal relevance to estimate changes in associated human impacts. The CESM
LENS projects broad decreases in snowstorms in the NEUS by 2080. These reductions are more strongly felt
with respect to more frequent, weaker storms rather than less frequent, stronger ones, consistent with pre-
vious work applying extreme value theory (O’Gorman, 2014). When using the technique to isolate features
of individual storms it is found that mean storm trajectories do not change greatly in a warmer climate. A
slight frequency reduction in number of all cyclones (snowstorm or not) is noted, although not nearly to the
level to explain the reductions in simulated storms using the RSI metric. The two major competing factors
are total precipitation (regardless of phase) associated with ETCs and frequency of thermodynamic profiles
that can support snowfall. While broad decreases are seen in potential snowy days, these are partially coun-
teracted by increases in the total precipitation associated with cyclonic storms affecting the NEUS. This offset
is particularly notable for extreme snowstorms, which explains the nonmonotonic percentage reduction in
snowstorms as a function of RSI category.
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This letter only considers weather features and does not account for changes in total population or shifts
in population density, which would also impact the RSI metric, particularly if NEUS ingress/egress or large
changes of urban dwellers occurs in the 21st century. For example, if there are relative increases in coastal
population, this could either exacerbate impacts associated with storms that snow along the urban corridor
or lessen snowfall-related impacts if future rain-snow lines retreat further inland. While current projections
of population are relatively crude, joint projects with the integrated assessment modeling community in the
future could include sophisticated techniques (e.g., extensions of Jiang & O’Neill, 2017) and are planned.

This study also assumes a constant snow-to-liquid ratio, although it is unclear whether a dynamic value would
improve either hydrological or societal relevance. Storms impacting the NEUS are only segregated by RSI cat-
egory and not further subdivided; subtle changes in track and intensity within the NEUS corridor as in Colle
etal. (2013) is a future research target. Finally, while the resolution of the climate model used here is adequate
for the simulation of synoptic scales, it does not simulate mesoscale structures O(10 km) embedded within
snowstorms, which can account for sharp gradients and local maxima in snowfall (Colle et al., 2015). Future
work can apply the metrics defined here with high-resolution climate models to more accurately simulate
these features.

This is a first step at quantifying societally impactful snowstorms at the individual occurrence level in a multi-
member ensemble, required for robust statistics of discrete events. While reductions in moderate snowstorms
may be beneficial to a variety of sectors, the possibility for major, massively disruptive snowstorms is not as
significantly mitigated in a warming climate. Furthermore, the fact that both total precipitation associated
with coastal storms and frequency of midwinter rain-on-snow events increases can be inferred from these
results implies that additional considerations are needed when developing hydrological infrastructure for
water resources and flood resistance as the behavior of snowpack, snowmelt, and runoff tied to coastal storms
in the NEUS are likely to change in the future.
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