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Abstract: This study investigates the synoptic conditions associated with lake-effect snow (LES)
over northwestern Pennsylvania with a focus on classifying cases based on the tracks of cyclones
influencing the region, including Nor’easters (NEs), Alberta Clippers (ACs), Colorado Lows (COs),
and Great Lakes Lows (GLs). Synoptic composites were constructed using the North American
Regional Reanalysis (NARR) for all cases, as well as each cyclone group, using an LES repository
spanning from 2006–2020. Additionally, 95 percent bootstrapped confidence intervals were created
for each cyclone track to compare the initial mesoscale environmental properties (i.e., surface lake/air
temperature and wind direction/speed) and LES impact (i.e., duration, maximum snowfall, and
property damage). Synoptic composites of all LES cases exhibited an archetypal LES synoptic pattern
consisting of an upper-level low geopotential height anomaly over the Hudson Bay and surface
dipole structure centered across the Great Lakes basin. Regarding the different tracks, NEs and
COs featured dynamic support in the form of enhanced turbulent mixing and synoptic vertical
forcing, while ACs and GLs had greater thermodynamic support in the form of higher lapse rates
and heightened heat and moisture fluxes. However, the bootstrapping analysis revealed minimal
differences in LES impact between the cyclone types.
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1. Introduction

Covering more than 243,450 km2, the North American Great Lakes (hereafter referred
to as the “Great Lakes”) represent the second largest freshwater resource in the world
and have a significant impact on the region’s climatology [1,2] and local economy [3,4].
Among these impacts, and one of the more unique consequences of the Great Lakes, are the
localized peaks in annual snowfall totals in downwind areas (Figure 1). These “snowbelts”
receive up to 55% of their annual snowfall [5] from narrow snow bands that form mid-lake
as a result of air mass destabilization and resultant convection (referred to as “lake-effect
snow” (LES)).

Due to the extreme amount of water they hold (~six billion gallons), the Great Lakes
possess high thermal inertia, which acts to suppress heat energy loss during the fall and
winter seasons [6]. This results in an “unstable” lake-effect season that extends from
August to March [7]. A major characteristic of this season is having the temperatures at
the surface of the lake be greater than the air temperatures found inland. During the peak
unstable lake-effect season (December–February), heightened vertical temperature/vapor
pressure gradients between continental polar air masses and the relatively warmer lake
surfaces generate a convective internal boundary layer (CIBL), which is characterized by
superadiabatic lapse rates, pronounced surface heat/moisture fluxes, and subsequent moist
convection and LES [8–16]. LES occurs most frequently and prominently over the Great
Lakes due to the physical traits previously described; however, it should be noted that LES

Meteorology 2024, 3, 391–411. https://doi.org/10.3390/meteorology3040019 https://www.mdpi.com/journal/meteorology

https://doi.org/10.3390/meteorology3040019
https://doi.org/10.3390/meteorology3040019
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/meteorology
https://www.mdpi.com
https://orcid.org/0000-0002-7279-7800
https://orcid.org/0000-0001-5575-5011
https://doi.org/10.3390/meteorology3040019
https://www.mdpi.com/journal/meteorology
https://www.mdpi.com/article/10.3390/meteorology3040019?type=check_update&version=1


Meteorology 2024, 3 392

is a global phenomenon that has been observed over the Great Salt Lake, Chesapeake Bay,
Lake Winnipeg, and the Sea of Japan [17].

Meteorology 2024, 3, FOR PEER REVIEW 2 
 

 

that LES is a global phenomenon that has been observed over the Great Salt Lake, Chesa-
peake Bay, Lake Winnipeg, and the Sea of Japan [17]. 

 
Figure 1. National Oceanic and Atmospheric Administration (NOAA) National Center for Environ-
mental Information (NCEI) 30-year climate normal snowfall over the northeast and Midwest United 
States (U.S.). Graphic was created by the Midwestern Regional Climate Center and can be accessed 
here: https://www.weather.gov/lot/snowclimatology. Accessed on 23 August 2024. 

LES is driven by thermal instability, which manifests as linear convection with little 
vertical directional shear (<30°). Consequently, banded cloud structures aligned with 
CIBL winds are frequently observed and can take on a variety of orientations. When pre-
vailing CIBL winds align parallel to a lake’s major axis, a single vigorous linear convective 
band (often referred to as “long-lake axis parallel”) develops mid-lake and can stretch 
over 150 km [18]. As fetch (i.e., open lake surface) and surface energy fluxes are maxim-
ized, major axis bands produce the greatest snowfall totals [7]. Additionally, as air mass 
destabilization ensues, thermally direct solenoid circulations generate bands of low-level 
convergence along the major axis, enhancing updraft circulations [19]. Major axis LES 
events occur most frequently over the eastern lakes (i.e., Lakes Erie and Ontario) due to 
the lakes’ parallel alignment to the prevailing westerly winds that are typically present 
during Great Lakes episodes [20,21]. Not surprisingly, these areas have been a primary 
study domain among research efforts to better understand major axis LES dynamics (e.g., 
[22–26]). 

Prevailing low-level winds may also align parallel to a lake’s minor axis, which re-
sults in multiple less-intense linear bands of convection 5–8 km apart and stretching up to 
50 km [7,27]. Because fetch significantly decreases due to the elliptical geometry of the 
lakes, energy fluxes and solenoidal forcing are suppressed, resulting in lower snowfall 
totals. However, because of the multiple band configuration, the coverage area is much 
larger compared to major axis bands, which tend to be more localized. Boundary layer 
convective rolls tend to dominate during minor axis LES events, which manifest as “cloud 
streets” on satellite imagery (Figure 2) [13,28,29]. Because convection is primarily driven 
by thermal instability, these rolls tend to align parallel to mean CIBL shear vectors [30,31]. 
Over the Great Lakes, minor axis LES band events are most frequently observed over the 
eastern Michigan Coast, southern Lake Superior coast, northeastern Ohio, northwestern 
Pennsylvania, and southwestern and western New York (Figure 1) [21]. 

Figure 1. National Oceanic and Atmospheric Administration (NOAA) National Center for Environ-
mental Information (NCEI) 30-year climate normal snowfall over the northeast and Midwest United
States (U.S.). Graphic was created by the Midwestern Regional Climate Center and can be accessed
here: https://www.weather.gov/lot/snowclimatology. Accessed on 23 August 2024.

LES is driven by thermal instability, which manifests as linear convection with little
vertical directional shear (<30◦). Consequently, banded cloud structures aligned with CIBL
winds are frequently observed and can take on a variety of orientations. When prevail-
ing CIBL winds align parallel to a lake’s major axis, a single vigorous linear convective
band (often referred to as “long-lake axis parallel”) develops mid-lake and can stretch
over 150 km [18]. As fetch (i.e., open lake surface) and surface energy fluxes are maxi-
mized, major axis bands produce the greatest snowfall totals [7]. Additionally, as air mass
destabilization ensues, thermally direct solenoid circulations generate bands of low-level
convergence along the major axis, enhancing updraft circulations [19]. Major axis LES
events occur most frequently over the eastern lakes (i.e., Lakes Erie and Ontario) due to the
lakes’ parallel alignment to the prevailing westerly winds that are typically present during
Great Lakes episodes [20,21]. Not surprisingly, these areas have been a primary study
domain among research efforts to better understand major axis LES dynamics (e.g., [22–26]).

Prevailing low-level winds may also align parallel to a lake’s minor axis, which results
in multiple less-intense linear bands of convection 5–8 km apart and stretching up to
50 km [7,27]. Because fetch significantly decreases due to the elliptical geometry of the
lakes, energy fluxes and solenoidal forcing are suppressed, resulting in lower snowfall
totals. However, because of the multiple band configuration, the coverage area is much
larger compared to major axis bands, which tend to be more localized. Boundary layer
convective rolls tend to dominate during minor axis LES events, which manifest as “cloud
streets” on satellite imagery (Figure 2) [13,28,29]. Because convection is primarily driven
by thermal instability, these rolls tend to align parallel to mean CIBL shear vectors [30,31].
Over the Great Lakes, minor axis LES band events are most frequently observed over the
eastern Michigan Coast, southern Lake Superior coast, northeastern Ohio, northwestern
Pennsylvania, and southwestern and western New York (Figure 1) [21].

Initial research devoted to analyzing minor axis bands arose out of attempting to
identify environmental conditions conducive to LES over the western lakes (i.e., Lakes
Michigan and Superior). Reference [32] assessed 30 LES cases over the southern shores
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of Lake Superior and eastern shores of Lake Michigan. This study forwarded work con-
ducted by [8] in an attempt to identify specific atmospheric criteria for LES to occur and
found extremely similar results, including a minimum lapse rate greater than or equal to
the dry adiabatic lapse rate (DALR), a minimum CIBL depth of 1 km, and a minimum
geostrophic wind speed of 5 m s−1. In the years since these two studies, many more
have analyzed the spatial characteristics and dynamics of minor axis LES, including in
situ projects [28,29,33,34], numerical simulations [35–39], and observation and remote
sensing based climatologies [10,20,21,40]. These studies, as well as the overwhelming ma-
jority of LES research, primarily focus on the meso-β-scale (20–200 km) and meso-γ-scale
(2–20 km). However, contemporary research efforts are beginning to identify the important
influence large-scale (i.e., synoptic) environments and processes have on LES formation
and morphology.
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Figure 2. Visible satellite image taken on 22 January 2014 over Lake Ontario. Image was taken from 
the TERRA/MODIS satellite provided and was accessed via NASA Worldview.
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Figure 2. Visible satellite image taken on 22 January 2014 over Lake Ontario. Image was taken from
the TERRA/MODIS satellite provided and was accessed via NASA Worldview.

Reference [11] was among the first to lay out the synoptic conditions associated with
LES over the Great Lakes, including two prevalent features:

1. An upper-level low geopotential height anomaly centered over or in close proximity
to the Hudson Bay;

2. A mid-latitude cyclone (hereafter referred to as “cyclone”) and associated cold front
located east of the Great Lakes. The trailing cyclonic surface winds generally feature a
westerly component which favors long air parcel residence times over the lakes.

These criteria were based on the operating procedures used at the National Weather
Service (NWS) forecasting office in Buffalo, NY, USA. Reference [41] updated this work by
using statistical methods on a robust dataset including surface observations (Syracuse, NY,
USA), reanalysis data, and climatological lake surface temperature (LST) and ice data to
formulate a climatology of the synoptic regimes common over the eastern Great Lakes basin
during the winter. These regimes were then manually classified as “LES regimes” using a
set of subjective criteria based on prevailing low-level wind direction, CIBL instability, and
surface temperatures. Five synoptic regimes were identified that were largely characterized
by variations in the general synoptic setup described by [11]. The primary distinguishing
factor among the regimes was the wind direction over the lakes, which was largely dictated
by the position of the eastern mid-latitude cyclone. One feature prevalent amongst the
regimes absent from the criteria laid out by [11] was an anticyclone west of the lakes that
builds into the Great Lakes basin throughout the LES episode. This, combined with the
eastern mid-latitude cyclone, creates a surface dipole structure that has significant influence
on the surface flow regime, which ultimately dictates which type of snow band forms.

Recently, [42] furthered this work by updating the snowfall and LST data as well
as selecting a different location for the surface observations (Buffalo, NY, USA). These
revisions led to seven synoptic regimes conducive to LES over the eastern lakes, once



Meteorology 2024, 3 394

again primarily distinguished by positioning differences in the low- and high-pressure
systems and, subsequently, the overlying surface wind regime. Reference [43] performed a
similar analysis using a higher-resolution reanalysis dataset. Additionally, they formulated
their climatology using recorded LES cases and performed numerical simulations to assess
possible linkages between the synoptic and mesoscale environments. Only three synoptic
regimes were identified. These regimes were largely distinguished by the overlying surface
wind patterns (westerly vs. west-southwesterly), as well as the proximity of the anticyclone
to the lakes. Cases where the anticyclone was closer to where LES bands were set up
resulted in less intense snowfall totals due to increased atmospheric stability. Reference [16]
applied these methods to the western lakes to perform the first synoptic climatology of
LES over Lakes Michigan and Superior. Four regimes were identified over Lake Michigan,
each generally consisting of westerly or northwesterly surface flow. One secondary distin-
guishing factor amongst these regimes was the presence of upper-level cyclonic vorticity
advection (CVA). Synoptic environments associated with CVA generally featured more
intense bands via additional vertical forcing. Three regimes were identified for Lake Supe-
rior that featured either northerly (minor axis) or westerly (major axis) flow. Ultimately, an
important finding from these works has been that, while mesoscale conditions dictate LES
formation and severity, synoptic processes can still have major influences on LES, including
snow band morphology, as well as providing secondary forcing mechanisms.

While these studies have provided insight into the synoptic conditions present dur-
ing an LES event, little effort has been made to assess the evolution of these synoptic
environments and how possible discrepancies in evolution might impact LES formation
and characteristics (band type, spatial coverage, intensity, etc.). Reference [11] noted that
the broad LES synoptic setup can form in a variety of different ways, citing that, while
some of the worst LES events over Lake Ontario have been associated with Nor’easters,
this has not been observed with Lake Erie because it is located further away from the
Atlantic Coast. To the authors’ knowledge, no effort has been made to assess whether
differences in the evolution of these synoptic regimes (e.g., cyclone track) have an influence
on LES characteristics.

The primary objective of this study is to perform a climatology of the large-scale
conditions associated with LES, with a focus on the temporal evolution of the synoptic
regime. For this study, we will focus on northwestern Pennsylvania (NW PA), as this area
is frequented by LES from Lake Erie and receives some of the largest annual snowfall totals
(~256 cm) in the entire state [44]. Despite the amount of research that has been devoted to
LES over Lake Erie, to these authors’ knowledge, this region has yet to be studied explicitly
in the context of LES on the synoptic scale.

2. Materials and Methods
2.1. LES Repository

LES cases were identified using the National Oceanic and Atmospheric Administration
(NOAA) Severe Storms Database (NOAA). Early versions of this database, which began in
1950, only documented severe thunderstorm phenomena (e.g., tornadoes, severe wind, and
hail). Since 1996, this archive has incorporated 48 types of severe weather events based on a
National Weather Service (NWS) NOAA directive, which outlines specific criteria for each
event type [45]. Storm events are grouped together by county and severe weather type.
Each event features a series of attributes, including episode ID, start and end dates, storm
report source(s), county, state, Weather Forecasting Office (WFO), direct/indirect injuries
and deaths, property and agricultural damage (US dollars), as well as a general synopsis
of the event. The conventions for logging these attributes are outlined in [45]. According
to [45], an LES event is defined as “convective snow bands that occur in the lee of large
bodies of water when relatively cold air flows over warm water”.

Two counties located in NW PA, along the southern lee of Lake Erie, were selected
to pull LES cases from: Erie and Crawford (Figure 3). LES cases from these counties were
extracted from the NOAA Severe Storms Database into a data repository. In some instances,
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the episodes from Erie and Crawford counties overlapped with one another (i.e., a singular
LES event impacted both counties). Such occurrences were identified using the “episode
ID” within the database. For these situations, the episodes were treated as single cases, and
the earliest start date and latest end date were used for the repository. Using this time frame
ensured that the LES event was captured in its entirety. For this work, the 2006–2020 period
of record for each county was assessed. This period of record encompasses the years during
which all assessed attributes for each lake effect case were accurately documented. For
each case, the following attributes were recorded:

• Start date and end date;
• Duration (hours);
• Counties affected;
• Property damage (US dollars);
• Peak snowfall amount (inches);
• Initial surface air temperature (◦C);
• Initial wind speed (knots);
• Initial wind direction (◦);
• Initial LST (◦C).
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Figure 3. Map of Pennsylvania highlighting the two counties (Erie and Crawford) LES cases were
extracted from. Both counties are located in the northwestern part of the state, adjacent to Lake Erie,
and frequently observe multiband LES episodes. Black dot represents NARR grid point used for
assessing 850 mb temperatures as part of LI calculation.

Surface air temperature and wind data were collected from archived METAR observa-
tions over KERI (Erie International Airport) at the start time of each identified LES event.
These METAR reports provided hourly weather information, including temperature, wind
speed, and direction, which were used to characterize atmospheric conditions during the
onset of each event. Furthermore, to assess the influence of lake characteristics, daily aver-
age surface water temperatures were extracted for Lake Erie from the Great Lakes Surface
Environmental Analysis (GLSEA). These temperatures are satellite-derived from NOAA
Advanced Very High-Resolution Radar (AVHRR), Visible Infrared Imaging Radiometer
Suite onboard the Suomi National Polar-Orbiting Partnership spacecraft (VIIRS S-NPP),
and NOAA-20 Visible Infrared Imaging Radiometer Suite (VIIRS NOAA-20) imagery. In
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addition to assessing the LSTs directly, this dataset was used to calculate the temperature
differences between LSTs and the 850 mb level (hereafter referred to as “Lake Index”). The
lake index (LI) is a common metric for assessing low-level instability such that LIs greater
than or equal to 13 ◦C are considered to be favorable for LES initiation [10,11,27]. In this
study, LI values are calculated using average daily GLSEA LSTs and NARR composite
850 mb temperature data associated with the NARR grid point closest to the center of Lake
Erie (Figure 3).

2.2. Cyclone Classification

Once the LES repository was developed, each case was classified based on the overly-
ing synoptic conditions observed at the start time of each LES event. Specifically, the spatial
and temporal characteristics of the associated surface cyclone influencing the surface wind
field over Lake Erie during LES formation were assessed. Historically, cyclones have been
primarily categorized by their cyclogenesis location and climatological propagation pat-
terns (i.e., tracks). This work parallels the conventions used by [46] and assigns cyclones to
one of four primary tracks: Alberta Clippers (ACs), Colorado Cyclones (COs), Nor’easters
(NEs), and Great Lakes Low (GLs). Cyclones that followed different tracks (Oklahoma
Hook, Texas Hook, etc.) were labeled as “other”, while cyclones whose track and/or
cyclogenesis region could not be determined were labeled “indeterminate”. Cyclones were
manually assessed and classified using a combination of archived 3-hr North America inter-
active surface analysis maps from the Weather Prediction Center (WPC) and NCEP/DOE
Reanalysis II data [47]. We define cyclogenesis as an evident local MSLP minimum and/or
closed low circulation that persists/strengthens during the 24 h after initial identification
based on MSLP tendency (see Figure 4 for the regions assessed for cyclogenesis for each
track). After cyclogenesis was established, each cyclone was categorized into one of four
tracks based on the following criteria:

• Alberta Clippers (AC)—cyclogenesis in the lee of the Canadian Rocky Mountains,
followed by a primarily east–southeast track towards and along the United States–
Canada international border.

• Colorado Cyclones (CO)—cyclogenesis in the lee of the American Rocky Mountains,
along with an initial east–southeast track followed by a northeast track towards the
Great Lakes basin.

• Nor’easter (NE)—cyclogenesis in either the western Atlantic Ocean (i.e., near the
Florida coast) or the Gulf of Mexico, followed by a northward track along the United
States east coast.

• Great Lakes Low (GL)—cyclogenesis in the upper Midwest, River Valley, or Great
Lakes basin, followed by a north/northeastward track toward New England.

2.3. Composite Construction and Analysis

After each LES case was classified to a cyclone track, synoptic composite maps were
created to display the average overlying conditions present for each cyclone track. Compos-
ites were constructed using the North American Regional Reanalysis (NARR) dataset [48].
This dataset represents a regional high-resolution extension of the global NCEP/DOE
Reanalysis II that combines high-resolution NCEP Eta Model data with the Regional Data
Assimilation System (RDAS). Together, these assimilate a suite of atmospheric variables
output every three hours onto a 0.3 × 0.3◦ Northern Lambert Conformal Conic grid. NARR
has frequently been used to represent atmospheric conditions during LES events [16,43,49]
due to its efficacy in accurately portraying both synoptic and mesoscale characteristics and
processes. For this study, NARR fields were retained on a nested 134 × 367 grid (35,981 grid
points) that spanned from 25 to 65◦ N and from 140 to 30◦ W. To assess how the synoptic
fields evolved leading up to and during an LES event, data were retained at −48, −24, 0,
and +24 h with respect to the start time.
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2.4. Bootstrapping Analysis

In addition to the synoptic composite map analysis, we compared the LES charac-
teristics (duration, property damage, max snowfall, initial LST, initial air temperature,
and initial wind speed/direction) associated with each cyclone track (AC, CO, NE, GL).
Bootstrapping, a non-parametric technique, was utilized to complete this analysis. This
statistical technique resamples the data, with replacement, in order to generate empirical
distributions of a statistic of interest (e.g., mean, standard deviation) [50]. With these
resampled distributions, confidence intervals were derived, allowing for the identification
of any statistically significant differences in the LES characteristics between cyclone types.

For each LES characteristic of interest, ninety-five percent bootstrapped percentile con-
fidence intervals of the mean were created for the different cyclone tracks. The confidence
intervals were constructed by resampling the data 2000 times, thus controlling for cyclone
type frequency differences. For each of these analyses, the null hypothesis was that the
mean value of an LES characteristic of interest was equal amongst the different cyclone
tracks, while the alternate hypothesis was that they were not equal. A null hypothesis
was rejected when the median of one 95 percent bootstrapped confidence interval fell
outside of the confidence interval of another (and vice versa). Such occurrences indicated
statistically significant differences in an LES characteristic between the different cyclone
tracks responsible for said events.

3. Results
3.1. Preliminary Analysis

From 2006–2020, 79 total LES cases were extracted from the NOAA Severe Storms
Database. Of these 79 cases, 8 (10.13%) cyclones were classified as NEs, 21 (26.58%)



Meteorology 2024, 3 398

cyclones were classified as GLs, and 19 (24.04%) cyclones were classified as ACs and COs.
Additionally, six (7.6%) of the cases were classified as “other”, and another six (7.6%) were
“indeterminate”. The majority (66.7%) of “other” cases were characterized by synoptic
low-pressure systems that formed in the near vicinity of the Hudson Bay (referred to
as “Hudson Lows” by [46]). “Indeterminate” cases primarily featured the presence of
multiple cyclones in and around the Great Lakes basin, which clouded the authors’ ability
to attribute the surface wind fields to a single system. There were also “indeterminate”
cases that featured the absence of a cyclone entirely, in which the synoptic-scale wind fields
were northwesterly across much of the Great Lakes basin. Figure 5 presents the seasonality
of the LES events based on cyclone track (“other” and “indeterminate” cases were not
included). As expected, most cases occurred during the early winter season (December and
January), followed by the month of November. From there, the number of cases dropped
off, with only a maximum of two cases per cyclone track occurring during any of the other
months assessed (Figure 5). This can likely be attributed to Lake Erie’s shallow depth,
which results in significantly higher ice coverage compared to the rest of the Great Lakes,
particularly in the late winter.
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the early winter season.

Analysis of archived METAR data over KERI presented a more than conducive envi-
ronment featuring below freezing average surface air temperatures (−1.5 ◦C), a favorable
surface wind profile for high fetch (240◦ at 12 knots), and an unstable boundary layer
characterized by an average LI of 15.53 ◦C.

Composites of all cases revealed an archetypal synoptic environment associated with
LES over the Great Lakes. An initial 500 mb longwave trough was observed in and north
of the Hudson Bay, with shortwaves east of the Canadian Maritimes and northwest of
the Great Lakes Basin (Figure 6a). Accompanying low-MSLP anomalies were observed
west of their respective upper-level shortwaves. The Canadian maritime system featured
significantly lower pressures (~1002 mb) than the system northwest of the Great Lakes
(~1012 mb), which resulted in slow southeasterly winds blowing 0–5 m/s over Lake Erie
(Figure 7a). This can likely be attributed to the more amplified shortwave. Upstream, a
longwave ridge was observed with accompanying high surface pressure along and just
west of the Rocky Mountains. Towards the start of the LES event, the longwave train
amplified significantly as it progressed east. Large 500 mb geopotential height falls (120 m
over 48 h) occurred over the Great Lakes basin, with relatively equal magnitude height
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rises over the Great Plains (Figure 6). Consequently, the surface features also intensified.
Particularly, because the shortwave west of the Great Lakes basin deepened significantly,
stout pressure drops (6–8 mb) were observed over the northeast Great Lakes Basin right to
the onset of the LES event (Figure 6c) with accompanying increases in surface wind speeds
(Figure 7c). This resulted in a surface dipole structure commonly observed in LES events
that affect the eastern Great Lakes [16,42,43]. The dipole is characterized by an eastward
low-pressure system and a westward high-pressure system, ultimately setting up surface
winds that have a westerly component.
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Due to the configuration of the dipole with these composites, westerly/northwesterly
winds were observed throughout the duration of the LES event (Figure 7c,d). Additionally,
at the onset of LES, the 500 mb trough was located slightly west of Lake Erie, suggesting
favorable upper-level forcing associated with differential cyclonic vorticity advection
(DCVA). Also, as continental polar air began advecting over the Great Lakes due to the
northerly shift in winds, air temperatures and atmospheric moisture content began to
decrease. Temperatures lowered 6 ◦C over Lake Erie and specific humidity dropped
2–3 g/kg throughout the 96 h observed (Figure 7). After the onset of LES, the 500 mb
trough began to shift to a negative tilt, resulting in a strengthened dipole. In addition to an
intensified high- and low-pressure system, the latter began to shift towards the northeast
(Figure 6d).

3.2. Alberta Clippers

Upper-level composites for Alberta Clipper cases exhibited a low 500 mb geopotential
height anomaly centered over the northern Hudson Bay, along with a primarily zonal
structure over the Great Lakes Basin and a subtle shortwave trough located upstream
(Figure 8a). The shortwave trough coincided with a weak (1016–1018 mb) MSLP minimum
over the northern Great Lakes basin 48 h before LES initiation. As time progressed, this
MSLP minimum strengthened, featuring 6–8 mb pressure drops. Concurrently, the short-
wave trough began to dig and amplify, which provided additional synoptic vertical forcing
(Figure 8b). This process of the upper and low-level features feeding each other continued
throughout the duration of the LES event (Figure 8c,d), exhibiting characteristics described
by the Sutcliffe–Petterssen self-development theorem [51].
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Southwesterly surface winds were observed up to the LES event (Figure 9a,b), increas-
ing in speed as the low-pressure system began to strengthen. As the clipper propagated
east, winds shifted north, creating a conducive profile for short axis bands to form off Lake
Erie (Figure 9c,d). The northerly shift also resulted in cold air advection, which caused
surface temperatures to drop 3–4 ◦C to a value of ~−5 ◦C over northwestern PA over the
observed 96 h. This enabled one of the most supportive thermodynamic profiles among
all tracks (only behind Great Lakes Lows), with an average LI of 15.4 ◦C. Simultaneously,
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a major (1024 mb) surface high-pressure system and associated 500 mb ridge propagated
in the clippers’ wake towards the Midwest, resulting in the dipole structure commonly
observed during these events, as described in the previous section.

Meteorology 2024, 3, FOR PEER REVIEW 12 
 

 

 
Figure 9. Mesoscale composites for Alberta Clippers of 2 m temperature (red dashed lines; °C), spe-
cific humidity (shaded; g/kg), and 10 m winds (barbed; m/s) for t—48 h (a), t—24 h (b), t (c) and t + 
24 h (d) where t represents the onset of LES. 

3.3. Colorado Cyclones 
Composites for Colorado Cyclone LES events revealed an initially benign synoptic 

field featuring a subtle wave train consisting of a 500 mb ridge over the eastern third of 
the United States and a 500 mb trough over the Rocky Mountains, with associated low- 
and high-pressure systems, respectively (Figure 10a). However, both systems, particularly 
the low-pressure system, quickly intensified as they continued east. The central low pres-
sure of the Colorado Cyclone dropped ≥10 mb throughout the 96 h observed (Figure 
10b,c). It is thought that, while baroclinic forcing was the predominant intensification 
mechanism, the additional surplus of energy provided by the Great Lakes themselves via 
aggregate heat and moisture fluxes also contributed to the system’s quick strengthening. 
The initial trough quickly deepened and amplified as this intensification occurred with 
substantial geopotential height falls (~180 m) over NW PA (Figure 10d). This likely re-
sulted in further dynamic vertical forcing (i.e., DCVA), as the trough base, and associated 
vorticity maximum, were located upstream from NW PA. This aided the thermodynamic 
profile as LIs were second lowest (14.68 °C), only behind Nor’easters. 

Figure 9. Mesoscale composites for Alberta Clippers of 2 m temperature (red dashed lines; ◦C),
specific humidity (shaded; g/kg), and 10 m winds (barbed; m/s) for t—48 h (a), t—24 h (b), t (c) and
t + 24 h (d) where t represents the onset of LES.

3.3. Colorado Cyclones

Composites for Colorado Cyclone LES events revealed an initially benign synoptic
field featuring a subtle wave train consisting of a 500 mb ridge over the eastern third of the
United States and a 500 mb trough over the Rocky Mountains, with associated low- and
high-pressure systems, respectively (Figure 10a). However, both systems, particularly the
low-pressure system, quickly intensified as they continued east. The central low pressure
of the Colorado Cyclone dropped ≥10 mb throughout the 96 h observed (Figure 10b,c). It
is thought that, while baroclinic forcing was the predominant intensification mechanism,
the additional surplus of energy provided by the Great Lakes themselves via aggregate
heat and moisture fluxes also contributed to the system’s quick strengthening. The initial
trough quickly deepened and amplified as this intensification occurred with substantial
geopotential height falls (~180 m) over NW PA (Figure 10d). This likely resulted in further
dynamic vertical forcing (i.e., DCVA), as the trough base, and associated vorticity maximum,
were located upstream from NW PA. This aided the thermodynamic profile as LIs were
second lowest (14.68 ◦C), only behind Nor’easters.

As the trough deepened and the subsequent surface system intensified and traversed
the Great Lakes, winds over the eastern Great Lakes sped up by 5–10 m/s and veered
from southerly to northwesterly (Figure 11). Finally, as expected, an upper-level high
geopotential height anomaly and associated surface anticyclone followed the cyclone’s
track, setting up the dipole structure (Figure 10).
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Figure 10. Synoptic composites for Colorado Cyclones of 500 mb geopotential heights (countered
lines; m) and MSLP (shaded; mb) for t—48 h (a), t—24 h (b), t (c), and t + 24 h (d), where t represents
the onset of LES.
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Figure 11. Mesoscale composites for Colorado Cyclones of 2 m temperature (red dashed lines; ◦C),
specific humidity (shaded; g/kg), and 10 m winds (barbed; m/s) for t—48 h (a), t—24 h (b), t (c) and
t + 24 h (d) where t represents the onset of LES.

3.4. Nor’easters

An initial broad 500 mb trough was observed over eastern Canada, which was as-
sociated with a system over the Hudson Bay (Figure 12a). Additionally, a shortwave
embedded within the longwave trough was present, associated with a local MSLP mini-
mum (~1012 mb) located over the southeast United States. This system quickly intensified
as it progressed towards the east coast, which coincided with a substantial deepening of
the upper-level trough, featuring up to 120 m 500 mb geopotential height drops, setting
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up upper-level support, strong northwesterly winds (10 m/s), and subsequent enhanced
heat and moisture fluxes (Figures 12c and 13c). This dynamic support made up for the
lack of thermodynamic support, as the average LI associated with Nor’easters was the
lowest (14.12 ◦C) of all tracks analyzed. The low-pressure system continued to strengthen
and expand after the onset of LES as a 500 mb ridge and surface anticyclone built over the
southeast United States (Figure 12c,d).
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Surface winds featured an atypical evolution up to the onset of LES. Forty-eight
hours out, winds were primarily westerly (Figure 13a) due to an unrelated synoptic MSLP
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minimum centered over the eastern Hudson Bay (Figure 12a). Twenty-four hours later,
the Nor’easter began exhibiting more influence on the surface winds, which resulted in
a primarily northerly profile due to Lake Erie being on the western edge of the cyclone
(Figure 13b). As the Nor’easter progressed further north, winds backed northwesterly
(Figure 13c,d), as now Lake Erie was on the cyclone’s southwestern edge.

3.5. Great Lakes Lows

NARR composites for Great Lake Lows featured similar spatial and intensity patterns
to those observed with the Alberta Clipper composites. This was an expected result, as
both feature similarities in their cyclogenesis regions, such as developing in areas climato-
logically characterized by continental polar air masses and featuring tracks unfavorable for
additional latent heat forcing (other than the Great Lakes). As such, upper-level support was
weak compared to Colorado Cyclones and Nor’easters, initially featuring zonal geostrophic
upper-level flow absent of vorticity over the eastern United States (Figure 14a). The trough
eventually began to take on cyclonic curvature as the surface low-pressure system (i.e.,
the Great Lakes Low) began to form and intensify (Figure 14b,c). That said, the surface
low pressure system was weakest of all tracks analyzed (central pressure ~ 1010 mb at
maximum intensity), which resulted in relatively slow winds (5 m/s), inhibiting turbulent
mixing in the boundary layer.
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The thermodynamic profile compensated for the lack of dynamic support, as strong
cold air advection led to the highest LI observed (15.5 ◦C). Additionally, the northerly track
and subsequent advection of continental polar air resulted in dry lower levels (2–3 g/kg),
further enhancing vertical energy fluxes from the lake surface to the boundary layer.
Surface winds flowed primarily southwesterly before LES initiation, but quickly veered
northwesterly as the low-pressure system propagated over the basin and progressed east
(Figure 15).
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Figure 15. Mesoscale composites for Great Lakes Lows of 2 m temperature (red dashed lines; ◦C),
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3.6. Bootstrap Analysis

Table 1 includes the central tendencies of the collected LES attributes based on the cy-
clone tracks responsible. While there appeared to be differences between cyclone tracks, the
bootstrapping analysis allowed for identification of those that were of statistical significance.
For all but one of the attributes, at least one relationship of significance was found.

Table 1. Central tendency of lake-effect snow attributes by cyclone type.

Attribute All Cases
(n = 79)

Nor’easter
(n = 8)

Alberta
Clipper
(n = 19)

Colorado
Low

(n = 19)
Great Lakes
Low (n = 21)

Mean Median Mean Median Mean Median Mean Median Mean Median
Duration (hours) 32.7 29.0 41.1 27.0 33.6 25.0 35.6 32.0 28.9 25.0

Max snowfall
(inches) 15.7 13.7 23.1 17.3 16.3 13.0 14.4 14.5 16.4 13.7

Wind speed (knots) 12.1 12.0 12.4 12.5 11.6 11.0 14.1 15.0 10.4 9.0
Wind direction (◦) 224 240 186 250 239 240 254 250 192 200

Lake surface
temperature (◦C) 4.45 3.42 6.44 6.95 4.23 4.20 5.09 3.58 2.91 2.39

Air temperature (◦C) −1.50 −1.67 1.24 2.23 −2.11 −2.22 0.90 1.67 −3.70 −3.33
Property damage

(U.S. dollars)
USD

546,608
USD

150,000
USD

261,250
USD

225,000
USD

275,000
USD

200,000
USD

216,579
USD

60,000
USD

1,438,333
USD

225,000

When it came to the average LES duration, only one statistically significant difference
was noted between the cyclone tracks (Figure 16a). LES events associated with COs had
a longer average duration than events associated with GLs. It is worth noting that the
longest LES event during this study period (119 h) was associated with an NE. It lasted
from 4 December 2010 to 9 December 2010, skewing the average for NE found in Table 1.
Despite this, NEs as a whole were not associated with an average LES duration that was
longer than the other tracks.
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Figure 16. Bootstrap-generated 95 percent confidence intervals of mean LES duration (a), maximum 
snowfall total (b), initial wind speed (c), initial wind direction (d), initial lake temperature (e), initial 
air temperature (f), property damage (g), and property damage with the historic 2017 LES event 
removed (h).

Figure 16. Bootstrap-generated 95 percent confidence intervals of mean LES duration (a), maximum
snowfall total (b), initial wind speed (c), initial wind direction (d), initial lake temperature (e), initial air
temperature (f), property damage (g), and property damage with the historic 2017 LES event removed (h).
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Average lake-effect maximum snowfall totals did not vary between the different
responsible cyclone tracks. Despite the apparent differences from Table 1, the bootstrapping
analysis revealed that none of these were statistically significant at the 95 percent confidence
level (Figure 16b).

Bootstrap plots for initial wind speed and wind direction can be found in Figure 15c,d,
respectively. When it comes to wind speed (Figure 16c), COs were associated with the
highest average values. This was statistically significant when compared to GLs and ACs.
Like with initial wind speed, some statistically significant results were found for initial
wind direction based on the bootstrapping analysis (Figure 16d). Both COs and ACs
had strong westerly components to their winds and were statistically different from GLs,
which had more of a southerly component. While ACs also exhibited a slight southerly
component, it was not enough to be statistically significantly different from COs. This
matched the findings from the composite analysis (Figures 9c, 11c and 15c). The large
bootstrap confidence interval for NEs was caused by strong variability in this weather
element, preventing further statistically significant relationships from being identified.

The bootstrap plots for average initial LSTs (Figure 16e) and surface air temperatures
(from KERI) (Figure 16f) also display some relationships. The average initial Lake Erie
surface water temperatures during LES events were found to be at their lowest when a GL
was responsible. This difference was statistically significant at the 95 percent confidence
level when compared to both COs and NEs. The cyclone type bootstraps for average initial
air temperatures during LES events were quite notable. In general, NEs and COs were as-
sociated with higher average initial surface air temperatures during LES events, while ACs
and GLs were associated with lower average initial surface air temperatures. The difference
between NEs and COs compared to the other two tracks was statistically significant.

The combined Erie and Crawford property damage during the study period was USD
43,182,000, with USD 25,000,000 (57.89%) of that coming from one historic event associated
with a GL in December of 2017. This amount of property damage is 25 times greater
than the next-costliest event. Interestingly, the bootstrap analysis found that this track’s
mean LES property damage was not statistically significantly higher than the other tracks
(Figure 16g). In fact, no statistically significant differences in average LES property damage
were found. An analysis with this event removed was conducted to see if that resulted
in changes to the findings. These additional confidence intervals revealed no statistically
significant differences, and thus, consistent results (Figure 16h). To ensure that the counties
themselves were not affecting the findings, an additional analysis was conducted on LES
events that impacted both counties. This also resulted in consistent findings, indicating
that storm track did not have an impact on LES property damage.

4. Discussion

A conventional synoptic setup and evolution for the Great Lakes region was noted
when looking at the aggregate of all observed LES cases. This setup is characterized
by an upper-level low geopotential height anomaly (i.e., trough) upstream of the Great
Lakes basin that propagates east and intensifies throughout its progression (Figure 6). The
deepening of the trough results in more upper-level cyclonic vorticity and subsequent
quasigeostrophic (QG) vertical forcing. Supplemental upper-level support has long been
an established phenomenon that can be the difference between average and intense LES
episodes [7,52,53]. Through the trough’s progression, an associated surface cyclone propa-
gates over the Great Lakes basin, leading to LES onset, as an anticyclone built in its wake
sets up a surface dipole structure long observed during LES episodes across the Great
Lakes. These large-scale conditions result in west–southwesterly winds (~240◦) over Lake
Erie at the beginning of the LES event that veer northerly as the surface cyclone propagates
into the Canadian Maritimes.

Assessment of the mesoscale conditions revealed an environment ripe for LES, with
below-freezing air temperatures (−1.5 ◦C), moderate wind speeds (12.11 kts), and ample
instability, including an LI well above the minimum 13 ◦C threshold (15.53 ◦C). Assessment
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of the impacts from these revealed that LES events over NW PA on average feature maxi-
mum snowfall totals of 15.66 inches and span 32.71 h. Additionally, the median property
damage that these cause to the area is USD 150,000 U.S. dollars. While NCEI does not give
specific attribution information regarding property damage, there were some recurring
hazards reported, including blowing and drifting snow, low visibility, automobile accidents,
school closure, and road clean up, among others.

Synoptic composites of the four cyclone tracks assessed in this study primarily con-
sisted of slight but notable variations to the setup observed previously with all cases. ACs
and GLs lacked strong upper-level support, which was primarily due to suppressed in-
tensification of the upper-level trough compared to other cyclone tracks. What ACs and
GLs lacked in synoptic upper-level support was made up for in thermodynamic support,
potentially explaining why the impacts from these (i.e., duration, maximum snowfall, and
property damage) were not notably different based on the bootstrapping analysis. ACs and
GLs featured the highest average Lis, which was primarily attributed to having the statis-
tically significantly lower mean initial surface air temperature (Figure 16f). Interestingly,
both of these tracks also featured lower average initial LSTs (including GLs being statisti-
cally significantly lower than COs and NEs based on the bootstrapping analysis), but such
differences were not enough to counter those found with initial surface air temperature.
Thus, ACs and GLs resulted in a mesoscale environment with more pronounced vertical
energy fluxes and subsequent moist convection. Seasonality is a possible factor when it
comes to the favorable thermodynamic support for ACs and GLs. This is due to the fact
that these tracks often occurred during the peak winter months (December, January, and
February), while COs and NEs featured many cases during the fall and spring seasons,
when air temperatures are climatologically higher (Figure 5).

NEs and COs featured a strong upper-level synoptic setup, including a fast inten-
sification of the upper-level trough and associated surface cyclone (Figures 10 and 12).
Another difference, which had implications on the mesoscale environment, was the position
and strength of the surface cyclone. For NEs and COs, the surface cyclone was positioned
slightly further east, over western New England and southern Ontario (Figures 10c and 11c).
This resulted in the westerly–northwesterly wind profile observed in the composites, set-
ting up a conventional multiband setup over Lake Erie. As mentioned previously, due to
upper-level support, NEs and COs were generally stronger, featuring the lowest central
MSLPs (1002–1006 mb). The lower pressures generally led to faster winds, especially in the
case of COs, which aided in turbulent mixing and convection.

Comparatively, while not as apparent in the composite maps, ACs and GLs were
positioned further west, centered over Lake Superior (Figures 8c and 14c). This positioning
led to winds having a southerly component, something that was not observed with NEs
or COs. This slight alteration to the wind profile may have initially provided higher fetch
with bands taking on more of a long-lake-axis parallel spatial structure. This, combined
with the higher instability, further explains why they did not have notably fewer impacts
associated with them, despite the lack of upper-level synoptic support. Not surprisingly,
wind speeds were also generally lower for ACs and GLs given their pressures (Figure 16).

It should be noted that this analysis had several limitations. First, the number of
LES cases was limited to what was logged in NCEI Severe Storms Database. While this
database’s period of record for logging LES events begins in 1996, LES events over the
two counties analyzed in this study only date back to 2006. Future research should seek
to form automated means to identify LES cases from high-resolution reanalysis datasets
supplemented by other data sources (surface observations, soundings, numerical weather
prediction model output, etc.) to form a more comprehensive LES repository. Second,
the methods for classifying cyclone tracks and attributing LES cases to these tracks were
conducted subjectively by the authors. While objective criteria were set for each of these
methods, this process introduced the possibility of human error.

Altogether, the results of this study provide insight into the large-scale conditions fa-
vorable for LES over NW PA and how slight variations to these conditions can alter the LES
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environment as well as the impacts to NW PA. This study represents the first effort to assess
variations in LES environments using cyclone tracks as the primary classifier. Now that it
has been observed that these tracks result in noticeable differences in the LES environment
(i.e., dynamic and thermodynamic), the authors plan to expand this work to areas prone to
more intense LES events, including the eastern coasts of Lake Erie and Ontario. Such areas
are frequented by single long-lake-axis parallel bands that consistently produce multi-inch
snowfall-per-hour rates and cause significant economic impact [7,14,54,55] Additionally,
future work over larger domains will assess if the distribution of different cyclone tracks
holds from what was observed in this study, as well as possible changes in the seasonality
of LES cases and associated cyclone tracks. A larger domain will also allow for better
calculations of LES impacts, in particular property damage.

5. Conclusions

The objective of this research was to assess the overlying synoptic conditions conducive
to LES over NW PA, an area often overlooked in the literature. An emphasis was placed on
the evolution of synoptic fields and how possible discrepancies may have led to different
impacts, including the duration of the event, maximum snowfall totals, and property
damage. For this study, these discrepancies were characterized as four different cyclone
tracks (ACs, COs, NEs, and GLs). Synoptic composites of all LES cases resulted in a typical
setup for the Great Lakes region, with an upper-level low geopotential height anomaly
over the Hudson Bay and surface dipole structure across the basin. When comparing the
LES environments between the different cyclone tracks, some differences were noted. In
particular, LES events associated with NEs and COs were supported more dynamically,
with enhanced turbulent mixing and synoptic vertical forcing. LES events associated
with ACs and GLs, on the other hand, had greater thermodynamic support (i.e., higher
lapse rates and heightened heat/moisture fluxes). However, despite the environmental
differences between the events, the LES impacts (i.e., duration, maximum snowfall, and
property damage) were similar.
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