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Located at the eastern extent of the Great Lakes snowbelt, Central New York averages

some of the highest annual snowfall totals east of the Rocky Mountains. This is in large

part due to the variety of snowstorms that affect the region including lake-effect storms,

coastal storms, and overrunning storms. Previous estimates suggest that lake-effect

snowstorms account for approximately half of the seasonal snow in the Great Lakes

basin, but ignore the spatial variability that exists within the region. Therefore, this

study examines the seasonal snowfall contributions of the different snowstorm types

to affect Central New York. Results suggest that although lake-effect snowstorms are

the dominant snowstorm type in the region, their seasonal snowfall contributions vary

between 13 and 48%. Although lake-effect snowstorms produce more snow during

the peak and mid-seasons, their relative contribution is greatest during the early and

mid-winter seasons. Generally, higher contributions occur near the Tug Hill Plateau,

with lower contributions in southern Central New York. Instead, snowfall in southern

Central New York is mostly dominated by Nor’easters (16–35%), with lesser contributions

from Rocky lows (14–29%). Overrunning storms that originate in Canada (e.g., Alberta

clippers) and non-cyclonic storms contribute the least to seasonal snowfall totals across

Central New York; however, they are often the catalyst for lake-effect snowstorms in

the region, as they advect continental polar air masses that destabilize across the lake.

Understanding the actual snowfall contribution from different snowstorm types is needed

for future climate predictions. Since the potential trajectory of future snowfall varies

according to the type of storm, climate models must accurately predict the type of storm

that is producing the snow.

Keywords: snowstorms, snowfall, lake-effect, Nor’easters, cokriging

INTRODUCTION

Snow is an integral part of the environment and society of high latitudes and high elevations
(Rooney, 1967; Sharratt et al., 1992; Kocin and Uccellini, 2004; Cortinas and Kitron, 2006; Rohr
et al., 2011; Hagenstad et al., 2018). This is especially prevalent in areas surrounding the Laurentian
Great Lakes, which experience some of the greatest seasonal snowfall totals in North America.
The presence of the Great Lakes considerably affects the climate of this region, especially during
cold-season months (October–May). As cold air advects across the relatively warmer lakes, there
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is a destabilization of the air column and an influx of moisture
(Peace and Sykes, 1966; Niziol, 1987; Pease et al., 1988). This
leads to frequent, and sometimes intense lake-effect precipitation,
downwind of the lakes (e.g., Niziol et al., 1995).

Lake-effect precipitation occurs approximately one out of
every five days in the early winter season (September–
November) of the Great Lakes basin (Miner and Fritsch, 1997).
Precipitation is predominately rain from September through
October, but often transitions to snow following the first week
of November. Lake-effect storms become more frequent as the
season progresses, peaking in early January (Niziol et al., 1995).
Due to their relative frequency, it is estimated that lake-effect
snowstorms contribute anywhere from 20 to 80% of the seasonal
snowfall in the Great Lakes basin (Eichenlaub, 1970; Miner and
Fritsch, 1997; Liu andMoore, 2004; Veals and Steenburgh, 2015).
Eichenlaub (1970) suggests that lake-effect storms contribute at
least 20% of the seasonal snowfall in areas lee of Lake Superior
and Lake Michigan. This estimate is modest, compared to those
from other studies that suggest contributions are closer to 50%
in other subregions of the Great Lakes basin and during more
recent years (Kelly, 1986; Braham and Dungey, 1995; Liu and
Moore, 2004; Hartnett, 2020; Pettersen et al., 2020; Suriano and
Wortman, 2021).

The influence of lake-effect snowstorms varies across the
Great Lakes region. Multiple researchers have noted that seasonal
snowfall is highly influenced by a location’s elevation, and
proximity and orientation to the lakes (e.g., Hjelmfelt, 1992; Scott
and Huff, 1996; Perry and Konrad, 2006; Hartnett et al., 2014;
Campbell et al., 2016). In general, areas downwind (east) of the
lakes tend to be snowier than those upwind (west). For example,
Changnon (1968) and Gatz and Changnon (1976) suggest that
lake-effect snowstorms increase snowfall by up to 100% on the
downwind shores of Lake Michigan compared to the upwind
shores, especially in December. A more modest increase of 20–
35% was found by subsequent studies conducted within the
region (Kelly, 1986; Braham and Dungey, 1995; Scott and Huff,
1996, 1997). Some of the snowiest regions within the Great Lakes
basin are found to the lee (downwind) of Lake Ontario, including
the Tug Hill Plateau of New York State (further referred to as
the Tug Hill). Using different approaches, the recent studies of
Hartnett (2020) and Suriano and Wortman (2021) suggest that
lake-effect snowstorms account for ∼35–42% of the snowstorm
events to the lee of Lake Ontario, yet contribute between 42
and 48% of the seasonal snowfall. The percent contribution is
even greater within the Tug Hill, as Veals and Steenburgh (2015)
estimate that lake-effect snow accounts for∼61–76% of the mean
cool-season snowfall. The greater percentages in the Tug Hill
are likely due to the more frequent and more intense lake-
effect snowstorms that occur because of the land-breeze fronts
that form along the southeastern shore of Lake Ontario, the
localized ascent along the frontal boundary, and the intensified
and broadened ascent regions induced by the Tug Hill (Campbell
and James Steenburgh, 2017).

Although lake-effect snowstorms are found to dominate
snowfall in this region, they are not the only snowstorm type
to contribute to seasonal totals. Karmosky (2007) and Suriano
et al. (2019) suggest that three distinctive weather patterns tend

to produce snowfall in upstate New York including coastal
mid-latitude cyclones, overrunning systems, and lake-effect or
Great Lakes enhanced storms. Suriano et al. (2019) found
that overrunning systems and coastal mid-latitude cyclones
account for ∼55% of the seasonal snowfall in Catskill/Delaware
Watershed. Hartnett (2020) found 11 different snowstorm types
that contribute to seasonal snowfall totals in central New
York State. These storms included clippers, Colorado lows,
frontal storms, Great Lakes lows, Hudson lows, lake-effect
snowstorms, Nor’easters, Oklahoma hooks, Texas hooks, tropical
cyclones, and upper atmospheric disturbances. Similar to Kelly
(1986), the author found that non-lake effect snowstorms occur
more frequently than lake-effect snowstorms, with Nor’easters
and clippers contributing ∼11.3 and 9.2%, respectively, of
the seasonal snowfall between 1985 and 2015. However,
distinguishing lake-effect snow from synoptically driven snow
is complicated by mesoscale lake snow bands within large-scale
cyclonic storms (e.g., Houze and Hobbs, 1982; Kristovich et al.,
2000; Tardy, 2000; Owens et al., 2017; Kulie et al., 2021). This
can result in additional snowfall, which is termed lake-enhanced
snow (Eichenlaub and Hodler, 1979; Liu and Moore, 2004).

To date, most studies assessing snowfall contributions to
the lee of Lake Ontario only focus on snowfall from lake-
effect storms. Additionally, most studies use proxies to identify
lake-effect snow versus non-lake-effect snow, such as synoptic
patterns (Suriano et al., 2019; Suriano and Wortman, 2021)
or cloud base heights (Pettersen et al., 2020), rather than a
complete analysis of each individual snowstorm. There also
is little attention given to the spatial variability that exists
within the Lake Ontario basin, even though it is well document
that lake-effect snow contributions decrease further from the
Great Lakes (Dewey, 1970; Scott and Huff, 1996, 1997; Suriano
et al., 2019). Snowstorms, especially lake-effect snowstorms, can
produce extremely localized snow (e.g., Andersson and Nilsson,
1990; Steenburgh et al., 2000; Eito et al., 2005; Laird et al.,
2009; Kindap, 2010). Relatively small topographic features such
as hills and plateaus downwind of the lakes can dramatically
increase snowfall totals (Hill, 1971; Hjelmfelt, 1992; Campbell
and James Steenburgh, 2017). The objectives of this study are
to provide the first comprehensive examination of snowstorms
affecting the Lake Ontario basin and to determine how snowfall
contributions from various storms varies spatially across the
region. Since snowfall trends vary between lake-effect and non-
lake-effect snowstorms (Norton and Bolsenga, 1993; Leathers and
Ellis, 1996; Burnett et al., 2003; Kunkel et al., 2009a; Bard and
Kristovich, 2012; Hartnett et al., 2014; Notaro et al., 2015; Suriano
and Leathers, 2016), teasing out the snowfall contributions of
different snowstorm types will help to better understand potential
future changes.

METHODS

Snowstorm Categorization
Seasonal snowfall contributions were determined by identifying
every snowstorm to influence central New York State (Figure 1)
from the 1995/96 to 2014/15 cold seasons (October to May).
Snowstorms were identified using data from the National
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FIGURE 1 | Central New York study area. Included are the county names

(black text) and prominent regions (white text).

Weather Service’s Cooperative Observer Program (COOP) and
are defined as any storm in which at least 0.1 cm of snow was
observed for at least two of the two-hundred and two reporting
stations within the study area (Perry et al., 2007; Hartnett, 2020;
Figure 2). Using the methods outlined by Hartnett (2020), a
storm was considered independent from other events if there
was at least a 6-h gap in precipitation (e.g., 6-h gap in 15-
min precipitation records and/or radar) anywhere within the
study area. There were 1,285 snowstorms identified during
the study period. Daily snowfall totals for the 202 reporting
COOP stations were assigned to individual storms. In some
instances, a single storm spanned multiple days, and therefore
its snowfall total represents the summation of multiple daily
snowfall observations. Due to snowfall measurement practices
(Doesken and Judson, 1996; NWS, 2012), limitations exist on
the temporal resolution of snowfall observations. Thus, it is
assumed that a single storm produces the entire daily snowfall
total observed on a day. Although there may be inaccuracies
that emerge from this assumption (Wu et al., 2005; Daly et al.,
2007; Kunkel et al., 2007; Leeper et al., 2015; Lundquist et al.,
2015), it is an adequate method of interpretation and has
been partly addressed later in this study with the inclusion
of lake snow.

Following the methods and classification system outlined by
Hartnett (2020), snowstorms were categorized into storm types
using NCEP/NCAR reanalyzes and NEXRAD data. Due to a
lack of NEXRAD data prior to the 1995/96 season, snowstorm
observations are limited to the establishment of the Binghamton,
NY (KBGM) and Montague/Ft. Drum (KTYX) radar sites.
Lake-effect snowstorms were delineated as any storm lacking
a central low pressure within 150 km of the study area and
a quasi-stationary banded precipitation pattern connected to
Lake Ontario that strengthened downwind of the lake and was
independent from other mesoscale cloud structures. If these
conditions were not met, yet there was no central low pressure
within 150 km of Central New York, the storm was classified

FIGURE 2 | COOP stations used for analysis in Central New York. Included

are the 202 COOP stations reporting from 1995/96 to 2014/15 (“Reporting

Stations”), 155 stations used for the sub-seasonal analysis (“Sub-seasonal

Reporting Stations”), and the 111 stations used for seasonal analyses

(“Seasonal and Sub-seasonal Reporting Stations”).

as a non-cyclonic snowstorm. Cyclonically driven snowstorms
are those with a central low pressure within 150 km of the
study area. These storms were further classified based on their
zone of cyclogenesis and grouped into one of three categories:
Nor’easters, Canadian lows (Clippers, Hudson lows, and Great
Lakes lows), and Rocky lows (Colorado lows, Oklahoma hooks,
and Texas hooks). Snowstorms originating as tropical storms
were omitted from this study due to their infrequency (only one
storm during the study period). Snowstorm counts for the five
categories area found in Table 1.

Since there are instances where lake-enhanced snow bands
occur during cyclonic storms (Eichenlaub and Hodler, 1979;
Liu and Moore, 2004; Owens et al., 2017; Kulie et al., 2021),
storms were also categorized as lake snowstorms and non-
lake snowstorms (Table 1). Lake snowstorms attempt to account
for lake-enhanced snowfall events and are categorized similar
to lake-effect snowstorms; however, precipitation and cloud
structure does not have to be independent from other mesoscale
storms and there does not have to be a six-hour gap in
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TABLE 1 | Number of snowstorms per storm type to affect Central New York from

the 1995/96 season to the 2014/15 season.

Storm type Count

Lake snow 495

Non-lake snow 790

Lake-effect 381

Non-cyclonic 255

Upper disturbance 172

Frontal 83

Nor’easters 144

Canadian lows 253

Clipper 136

Hudson low 23

Great Lakes low 94

Rocky lows 251

Colorado lows 100

Oklahoma hook 98

Texas hook 53

Tropical storm 1

Total 1,285

precipitation between storm events (Hartnett, 2020). Non-lake
snowstorms are all other storms. These categories are mutually
exclusive from each other, but not from the other storm types.
For example, a storm can be classified as both a Nor’easter and a
lake snowstorm but cannot be classified as both a lake snowstorm
and a non-lake snowstorm. The methods presented in this study
are a more direct analysis of snowstorms, expanding upon the
procedures outlined by Pettersen et al. (2020) and Suriano and
Wortman (2021) who use proxies to distinguish lake-effect snow
versus non-lake-effect snow.

Total Seasonal Snowfall Contributions
To determine the seasonal snowfall contributions of the different
snowstorm types within Central New York, total monthly
snowfall for each station was calculated for cold-season months
from July 1995 to June 2015. A station’s monthly snowfall total
was calculated by summing the snowfall produced at that station
by each snowstorm that occurred during that month. Since
these are voluntary data, there are instances where snowfall
measurements are missing for some snowstorms, most notably,
during light snowfall events. Therefore, using the guidance of
Kunkel et al. (2009b), a station’s monthly snowfall total was only
used if snowfall observations were reported for at least 90% of the
monthly snowstorms during that month. Data were removed for
all months that did not contain any snowstorms.

Prior to calculating snowfall contributions, seasonal snowfall
totals for each station were calculated by summing the monthly
snowfall totals for that station across the snowfall season,
which was defined as July 1–June 30. A station’s seasonal
snowfall total was only reported if monthly observations
existed for every cold season month (October–May). To

FIGURE 3 | Average seasonal snowfall totals (cm) for Central New York from

1995/96 to 2014/15.

increase the spatial coverage of observations, any station with
at least one season that met the above criteria were used
for analysis (111 stations; Figure 2). Using the 111 available
stations, interpolated surfaces were created for every snowfall
season from 1995/96 to 2014/15. Surfaces were created using
simple cokriging interpolations in ArcGIS with elevation as an
independent variable (Guan et al., 2005; Grieser, 2015). The
twenty (one per season) interpolated surfaces were then averaged
in ArcGIS (Norton and Bolsenga, 1993), to produce a single map
representing the average seasonal snowfall across Central New
York (Figure 3). This figure provides a reference to compare the
percent contributions.

To address the percent contribution of the different
snowstorm types to seasonal snowfall totals within Central New
York, seasonal totals for each storm type were calculated for
the 111 stations. To compare snowfall totals across the study
area and reduce biases in the results, the ratio of snowfall
produced by each storm type to the total snowfall produced at a
station was calculated. These values are referred to as the percent
contributions. The percent contributions were then used to create
interpolated surfaces for each storm type for every cold season
from 1995/96 to 2014/15. The average snowfall contribution
across the study area was calculated for each storm type by
averaging the 20 interpolated surfaces (Figures 4, 5).
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FIGURE 4 | Seasonal snowfall contributions of lake snowstorms (A) and non-lake snowstorms (B) from 1995/96 to 2014/15.

Sub-seasonal Lake-Effect Snow
Contributions
To address the seasonal variability in snowfall contributions from
lake-effect storms that exists within a cold season, monthly totals
were grouped into four sub-seasonal categories: early season
(October to November), peak season (December to January),
mid-season (February to March), and late season (April to
May) (Niziol et al., 1995; Veals and Steenburgh, 2015; Clark
et al., 2016). Monthly snowfall totals for each cold season
calculated in “Total Seasonal Snowfall Contributions” Section
were summed across the sub-seasonal scale for each COOP
station. Sub-seasonal totals were only reported if that station
had reliable records (snowfall reports for 90% of the monthly
snowstorms) for both months (e.g., reliable data for December
1995 and January 1996). To increase the spatial density of
observations, COOP stations were retained for analysis if there
was at least one reliable sub-seasonal snowfall total during the
study period. Thus, 155 COOP stations were used for analysis
in this section (Figure 2). Sub-seasonal lake-effect snowfall
contributions for each station were calculated by comparing the
sub-seasonal snowfall totals from these storms to the total sub-
seasonal snowfall at that station. Like “Total Seasonal Snowfall
Contributions” Section, interpolated surfaces were created in
ArcGIS for each sub-season. The 20 surfaces were averaged to
produce two figures for each sub-season, one representing the
average snowfall contribution total and the other representing
the percent contribution of lake-effect snow across Central
New York.

RESULTS

Seasonal Snowfall Totals
The mean seasonal snowfall in Central New York from 1995/96
to 2014/15 is plotted in Figure 3. Seasonal snowfall totals are
greatest (∼500 cm) over the Tug Hill, with lower totals generally
further from the region. Seasonal snowfall contributions of lake-
snowstorms and non-lake-snowstorms are presented in Figure 4.
Throughout the majority of Central New York (98.4%), non-
lake snowstorms contribute more to these seasonal snowfall
totals than lake snowstorms. A small section of the Tug Hill is
the only location that receives more snowfall from lake snow
than non-lake snow. Instead, the majority (77.8%) of the area
receives between 30 and 50% of its seasonal snowfall from lake
snowstorms, including areas downwind of Lake Ontario, the
western Adirondack Mountains, and the Southern Hills. Lake
snow contributions were least in areas furthest from and sub-
parallel to the horizontal axis of Lake Ontario.

Seasonal Snowfall Contributions
To examine the spatial variation of seasonal snowfall
contributions from different storm types, snowfall contributions
were mapped for the five snowstorm types (Figure 5). While it
is widely believed that lake-effect snowstorms are the dominant
snowfall producer in Central New York (e.g., Burnett et al.,
2003; Hall et al., 2017; Suriano et al., 2019; Hartnett, 2020), the
figures show that this is not the case throughout the entire study
area (Figure 5A). Lake-effect snow accounts for 35–48% of the
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FIGURE 5 | Seasonal snowfall contributions for the five different snowstorms to affect Central New York from 1995/96 to 2014/15. Figures include contributions from

lake-effect storms (A), Nor’easters (B), Rocky lows (C), Canadian lows (D), and non-cyclonic storms (E).

seasonal snowfall over northern Central New York, whereas
contributions are as low as 13–15% in southeastern Central New
York. Lake-effect snowstorms for the majority (71.7%) of the
region account for at least 20% of the seasonal snowfall.

Seasonal snowfall contributions of Nor’easters and Rocky
lows are greatest for southern Central New York (Figures 5B,C).
Although patterns are similar, there are noticeable differences
in the spatial distribution of their contributions. Snowfall
contributions from Nor’easters are greatest (30–35%) in
southeastern Central New York, and generally decrease to the
northwest (Figure 5B). Comparatively, there is a pronounced
increase in the percent contribution (25–30%) from Rocky lows
in southwestern Central New York and a noticeable decrease
(10–15%) over Oswego County, just west of Lake Ontario

(Figure 5C). It should be noted that these figures represent the
percent contribution of a snowstorm to seasonal snowfall totals
relative to the amount of snow a location receives. Therefore,
even though Nor’easters only contribute between 15 and 20%
of the annual snow in the Tug Hill, this region also averages
∼200 cm of more snowfall than other areas in Central New
York (Figure 3). Conversely, the greater snowfall contributions
in southern and southeastern Central New York are in large
part due to the lower seasonal snowfall totals. However, the use
of percentages allows for comparisons between different areas
regardless of their seasonal snowfall totals.

Seasonal snowfall contributions from Canadian lows and
noncyclonic storms are more homogeneous throughout the
study area (Figures 5D,E). Although there is some spatial
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variability that exists, it is not as prominent as the other three
storm types. Snowfall contributions from Canadian lows are
greatest (10–15%) over eastern Central New York, most notably
around the western edge of the Adirondack Mountains
(Figure 5D). Seasonal contributions from noncyclonic
snowstorms exhibit a slightly higher contribution (10–15%)
over a small area in Lewis County (Figure 5E).

Sub-seasonal Lake-Effect Snow
Contributions
Multiple researchers have suggested that lake-effect snow
exhibits sub-seasonal variability in its prevalence (Strommen
and Harman, 1978; Niziol et al., 1995; Veals and Steenburgh,
2015; Clark et al., 2016, 2020; Fairman et al., 2016). Harrington
and Dewey (1987) found that lake-effect snowstorms are most
common from November to January, when the lake surface
is the warmest, resulting in large surface to 850 hPa lapse
rates and minimal ice cover. Therefore, cold seasons were
divided into four time periods (early, peak, mid-, and late
seasons) and contributions were averaged across the 20 seasons
(Figure 6). The results suggest that lake-effect snowstorms
contribute considerably more snowfall during the peak season
and mid-season than during the early and late seasons
(Figures 6A,C,E,G). Nontheless, lake-effect snow accounts for
a greater percentage of the sub-seasonal snow during the
early and peak-seasons (October–January) (Figures 6B,D,F,H).
Spatial patterns were mostly consistent across the four sub-
seasons, as lake-effect snowfall contributions were greatest
directly east of Lake Ontario. However, there was a movement
of the greatest snowfall totals closer to the lake as the season
progressed (Figures 6A,C,E,G). Comparatively, the percent
contribution of lake-effect snow exhibited greater variability
throughout a season than snowfall totals. During the early
and peak seasons, lake-effect contributed the most to seasonal
snowfall totals in north-central Central New York, including the
Tug Hill (Figures 6B,D,F,H). By the mid-season, the greatest
contributions were near the southeastern shore of the lake,
centered over western Oswego County. Come the late-winter,
lake-effect was relatively sparse throughout Central New York.

Even though the general spatial patterns of lake-effect snowfall
contributions remained relatively consistent across the four sub-
seasons, the relative percentage of lake-effect snow compared
to the other snowstorm types changed dramatically as winter
progressed. In the early season (October–November), lake-effect
snow dominates throughout Central New York, accounting for
at least 40% of the snow throughout the majority (73.9%)
of the study area (Figure 6B). The greatest contributions (>
65%) are centered over the Tug Hill, producing upwards of
30 cm per season (Figure 6A). Lake effect snow remains the
dominant snowfall contributor in December and January for
northern Central New York, but produces considerably more
snowfall (225–300 cm) during this time (Figures 6C,D). The
largest contributions from lake-effect snow shifted north, with
parts of northern Lewis and northwest Jefferson Counties
receiving 45–55% of their snowfall from lake-effect (Figure 6D).
Lake effect is noticeably less prevalent in southern Central

New York with contributions ranging from 9 to 15%. Later in
the snowfall season, lake-effect contributions decrease further.
Although these storms are still producing an average of 80–
180 cm of snow over and around the Tug Hill from February–
March, they only account for 25–35% of the snow, mostly near
the lakeshore (Figures 6E,F). The maximum percentage that
lake-effect contributed during this time (30–35%) was located
on the southeastern shore of the lake over western Oswego
County. By the late-snowfall season (April–May), lake-effect
snow accounts for less than one centimeter of the snow, which
equates to <5% of the snowfall that occurs throughout Central
New York (Figures 6G,H).

DISCUSSION

Snowfall Contributions From Lake-Effect
Snow
A persistent question in the climatological community has been
how much of the Great Lakes’ snowfall derives from lake-effect
snow. Previous estimates suggest that lake-effect snowstorms
contribute between 30–70% of the seasonal snowfall downwind
of the Great Lakes (Eichenlaub, 1970; Miner and Fritsch, 1997;
Liu and Moore, 2004; Veals and Steenburgh, 2015). However,
these estimates ignore the spatial variability that exists within
a lake’s snow basin, and often assumes a single contribution
at a coarse resolution. Findings from this research suggest that
the greatest contributions (45–55%) from lake snowstorms are
located directly east of Lake Ontario, including over the Tug
Hill (Figures 3, 4); findings that are consistent with those of
Hartnett (2020) and Suriano and Wortman (2021). Although
lake snowstorms account for over 50% of the seasonal snowfall
in parts of Central New York, contributions are closer to
25% further from the lake. These findings align with those
of Eichenlaub (1970), who found that lake-derived snowfall
accounts for at least 20% of the seasonal snowfall in areas to the
lee of the Great Lakes. However, this is notable variability within
a relatively small area. It is well-documented that lake-effect snow
can be highly localized, as it depends on factors such as wind
speed and direction, fetch, and elevation (Peace and Sykes, 1966;
Niziol, 1987; Reinking et al., 1993; Niziol et al., 1995; Lackmann,
2001). Slight changes in any of these factors can produce large
magnitude differences in snowfall totals between locations only
kilometers away. This research shows that seasonal snowfall
contributions vary considerably across central New York State,
and the importance of scale when working with lake-effect snow,
something that has been largely ignored in previous studies.

Lake-effect storms contribute the most to seasonal snowfall
totals to the lee of Lake Ontario, with enhanced contributions
also over the Southern Hills and western Adirondack Mountains
(Figure 5A). The higher elevations and orientations of these
regions are prime for lake-effect snow, leading to greater
contributions (Wilson, 1977; Hjelmfelt, 1992; Notaro et al.,
2013b). Lake-effect snow is especially common from December
to January with contributions between 100 and 300 cm of snow
for over half of the study area (Figure 6C). Although still
common in the early andmid-seasons, snowfall contributions are
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FIGURE 6 | Sub-seasonal snowfall contributions of lake-effect snow within Central New York from 1995/96 to 2014/15. Snowfall contributions (totals and percentage)

are mapped for October to November (A,B), December to January (C,D), February to March (E,F), and April to May (G,H).

considerably lower than the peak season (Figures 6A,E). Relative
to the total snowfall during each sub-season, the majority of the
study area receives at least 25–35% of its snowfall from lake-effect
snowstorms from October–January (Figures 6A,B). Lake-effect
contributions decrease considerably from February–May across
the study area. The decrease is likely due to changes in lake
and atmospheric dynamics (e.g., colder surface lake temperature,
greater ice cover extent, smaller surface to 850 hPa lapse rates
and CAPE, lower boundary layer height, etc.) which inhibit the
formation of lake-effect snow (Cordeira and Laird, 2008; Brown
and Duguay, 2010; Notaro et al., 2013a; Vavrus et al., 2013).
Additionally, by the late snowfall season, other snowstorms (e.g.,
Nor’easters and Rocky lows) become more frequent due to the
southern displacement and meridional patterns of the polar jet
stream (Hirsch et al., 2001; Hoskins and Hodges, 2019).

There is also a noticeable shift in the maximum contribution
of lake-effect across a cold-season. Although lake-effect
contributions are generally greatest directly east of Lake Ontario,
there is a movement of the largest snowfall totals closer to the
lake as the season progresses (Figures 6A,C,E,G). Additionally,
the largest percent contributions of lake-effect snow are over the
Tug Hill during the early season, shift north by the peak-season,

and then southeast of and closer to the lake shore by the mid-
season (Figures 6B,D,F,H). These intraseasonal shifts may be
due to a weakening of the conditions necessary for the formation
of lake-effect snow, most notably greater ice cover on Lake
Ontario and a decreased surface to 850 hPa lapse rate (Wright
et al., 2013). As Wright et al. (2013) suggest, frozen lakes and
cooler lake surface temperatures will shrink the snow bands
and confine them closer to the lake shore, which ultimately
diminishes lake-effect contributions further from the lake.
Furthermore, the location of snow bands is influenced by the
presence of upper-tropospheric short-wave troughs (Metz et al.,
2019). Metz et al. (2019) found that lake-effect bands concurrent
with short-wave troughs were most common during the peak
season (December–January), which may displace snow bands
directly east or northeast of the long-axis of the lake.

Multiple researchers have noted a pronounced increase in
snowfall in areas downwind of the Great Lakes compared to
areas upwind of the lakes (Changnon, 1968; Gatz and Changnon,
1976; Kelly, 1986; Braham and Dungey, 1995; Scott and Huff,
1996, 1997); but few have examined the spatial variability that
exists within a snow basin. From the results, lake-effect snow
contributions are 150–250% greater in areas directly east of Lake
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Ontario compared to southeastern, southwestern, and northern
Central New York (Figure 5A). Although lake-effect snow is
mostly confined to the nearshore of the lakes, snow bands can
propagate inland (Eipper et al., 2019). The presence of lake-
effect in this region requires strong, organized snow bands
capable of retaining moisture over high terrain. To produce such
snow bands there generally needs to be a multi-lake upwind
connection. These connections produce lake-to-lake snow bands,
snow bands that continuously extend across two or more
lakes, that tend to be less organized and less frequent (Schultz
et al., 2004), resulting in the lower lake-effect contributions.
Nonetheless, this leads to challenges in defining a lake’s snow
basin. If defined by the influence of lake-effect snow, it may be
argued that all of Central New York falls within the Lake Ontario
snow basin. However, as per the results, there are clear spatial
variations that exist throughout this relatively small region. The
results highlight the importance of non-lake snowstorms in a
region that is seemingly dominated by lake-effect snow. The
pronounced occurrence of non-lake snowstorms is likely due to
the additional moisture supply from the Atlantic Ocean, a source
less available to other parts of the Great Lakes region (Sanders
and Gyakum, 1980; Zishka and Smith, 1980; Jacobs et al., 2005;
Changnon et al., 2008).

Snowfall Contributions From
Non-lake-effect Snow
Of the non-lake-effect snowstorms that produce snowfall in
Central New York, Nor’easters and Rocky lows contribute
the most to seasonal snowfall totals. Most of the study
area (67.6%) receives 16–25% of its seasonal snowfall from
Nor’easters (Figure 5B), while 86.1% receives 16–25% of its
seasonal snowfall from Rocky lows (Figure 5C). Nor’easters are
especially influential in southeastern Central New York, while
Rocky lows dominate in southwestern Central New York. The
greater contributions in these areas are likely due to the source
regions of the storms and their general tracks. Nor’easters,
also known as east-coast storms, form along the baroclinic
zone of the eastern United States or Gulf Coast (Sanders and
Gyakum, 1980; Zishka and Smith, 1980; Cione et al., 1993;
Hirsch et al., 2001; Kocin and Uccellini, 2004; Jacobs et al.,
2005). As these storms propagate to the northeast, the central
low moves to the southeast of Central New York, producing
snowfall over the region (northwest quadrant of the storm)
(Bosart, 1973; Hirsch et al., 2001; Kocin and Uccellini, 2004;
Mercer and Richman, 2007). Central New York’s position to
the northwest of the storm’s center often brings a period of
significant snowfall sourced in Atlantic moisture brought in by
the northeasterly winds. In the northwest sector of the storm,
northwest winds often cause the formation of lake-effect and
lake-enhanced snowfall to the southeast of Lake Ontario (Niziol,
1987; Liu and Moore, 2004; Suriano and Leathers, 2017). Rocky
lows typically originate to the lee of the Rocky Mountains
(Whittaker and Horn, 1981; Zielinski, 2002; Changnon and
Changnon, 2006; Hartnett, 2020). As they move eastward, they
tend to display a pronounced curvature in their track west of the
Appalachian range (Changnon, 1969; Branick, 1997; Zielinski,

2002; Changnon et al., 2008). This displaces the low pressure west
of the central low of Nor’easters, likely accounting for the greater
snowfall contributions in southwestern Central New York.

A noticeable difference between snowfall contributions from
Nor’easters and Rocky lows was the pronounced spatial
variability across the study area. Although lake-effect snowstorms
have the highest contribution of any snowstorm types to a
single area, snowfall contributions from Nor’easters were more
homogenous. This likely reflects the general size of these
storms. Since Nor’easters are some of the largest snowstorms
(Davis and Dolan, 1993), they tend to affect the entire study
area. Additionally, there is a pronounced decrease in snowfall
contributions from Rocky lows directly east of Lake Ontario
over Oswego County. Since Rocky lows tend to occur more
frequently in late winter (Whittaker andHorn, 1981), lake surface
temperatures are cold and ice cover extent is at a maximum
(Wang et al., 2012). Therefore, when these storms pass across the
region, there is limited access tomoisture from the lake inhibiting
the formation of lake-effect and lake-enhanced snow which may
be common with earlier season storms. Thus, areas that typically
receive lake-effect snow do not receive any additional snow from
the Rocky lows.

Snowfall contributions from Canadian lows and non-cyclonic
storms are relatively low and homogenous throughout the
study area (Figures 5D,E). The northern formation of Canadian
lows is likely responsible for their low seasonal contribution
(Figure 5D). Since these storms form at northern latitudes inland
from major moisture sources, they are often associated with
anomalously cold, yet dry conditions (Hutchinson, 1995; Thomas
andMartin, 2007). Snowfall directly generated from the central is
often light to moderate in magnitude with a high snow-to-liquid
ratio (Rochette et al., 2017). Non-cyclonic storms are associated
with an upper-level disturbance, cold air advection, or quasi-
stationary fronts, but no central low pressure near the study
area. Although they can be accompanied by significant lake-
effect snow development, they tend to be varied in form and
genesis (Lackmann, 2001; Scott and Sousounis, 2001; Chuang
and Sousounis, 2003). Upper atmospheric disturbances tend to
favor ascending air and an unstable atmosphere ahead of a
westerly trough (NWS, 2014). Since the trough can extend to the
Gulf of Mexico, the snowfall produced often occurs throughout
Central New York, as shown by the relatively homogeneous
percent contributions (Figure 5E). Behind the western trough,
winds generally shift from the northwest, which are conducive
for the formation of lake-effect snow, and the greater snowfall
totals in northern Central New York. Stationary fronts can also
produce a relatively homogenous percent snowfall contribution
across Central New York when the warmer air mass contains a
lot of water vapor (Neiman et al., 1998; Kusunoki et al., 2005).
Since the front is stationary, this can lead to prolonged periods of
intense precipitation. A storm’s influence on snowfall is not just
driven by the regional geography, but by the nature of the storm.

CONCLUSIONS

Lake-effect snow is a regional phenomenon that greatly
influences the climate, hydrology, biology, and economy of the
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Laurentian Great Lakes. Although it is considered the dominant
snowstorm type in this region, it is not the only storm that
produces snow. This research examines the seasonal snowfall
contributions from the different snowstorm types in Central
New York. The results suggest that although lake-effect storms
are the dominant snowfall contributor (48%) in parts of the
study area, notably the Tug Hill, seasonal contributions are as
little as 13% in southeastern Central New York. Additionally,
as the cold season progresses, there is a general decrease in the
percent contribution from lake-effect throughout the study area
and a movement of the maximum contributions. During the
early and peak sub-season, the largest contributions are found
tens of kilometers inland, directly east of Lake Ontario. By the
mid to late cold season, greater snowfall totals from lake-effect
snow are concentrated closer to the lakeshore with the largest
percent contributions found southeast of the lake’s longitudinal
axis. Snowfall totals in southern Central New York are mostly
dominated by Nor’easters (25–35%) and Rocky lows (15–20%).
This is likely driven by moisture sourced from the Atlantic Ocean
rather than the Great Lakes. To reduce the over homogenization
of snowfall contributions, it is suggested that snowfall patterns
within the Great Lakes basin are examined at the local level.

Understanding the actual snowfall contribution from different
snowstorm types throughout a snowfall season is needed for
future climate predictions. Since the early twentieth century,
trends in lake-effect snowfall have fluctuated, while snowfall
trends for areas less prone to lake-effect snow have remained
unchanged or decreased (Norton and Bolsenga, 1993; Ellis and
Leathers, 1996; Burnett et al., 2003; Kunkel et al., 2009a; Bard and
Kristovich, 2012; Hartnett et al., 2014). Seasonal snowfall patterns
within the Great Lakes region are closely tied to air temperatures,
lake surface temperatures, and ice cover on the lakes (Tsuboki
et al., 1989; Hanson et al., 1992; Segal and Kubesh, 1996; Wang
et al., 2012; Notaro et al., 2015; Shi and Xue, 2019). Since
the formation of lake-effect snowstorms and non-lake-effect
snowstorms are fundamentally different, a warming climate may
have contrasting influences on these storms. This is especially
important for storms that occur near the beginning or end of the
snowfall season, as recent studies have noted a transition from
snow to rain in these storms (Schmidlin et al., 1987; Groisman
and Easterling, 1994; Miner and Fritsch, 1997; Knowles et al.,

2006; Pierce and Cayan, 2013; Kluver and Leathers, 2015; Clark
et al., 2020). Since the potential trajectory of future snowfall varies

according to the type of storm, for accurate snowfall predictions,
models need to decipher the relative contributions of different
snowstorm types to the seasonal snowfall total. Therefore, the
analyses in this study help to better understand how snowfall
may change in the future by directly teasing out the snowfall
contributions from different snowstorm types. These analyses
also emphasize the spatial variability of snowfall contributions,
which suggest that future snowfall trends may vary across a
region depending on the type of snowstorm that dominates
seasonal totals. The results from this study provide an important
baseline to track these future scenarios, and to help isolate the
changes in frequency and contributions of all the storms that
track across the region.
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