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Abstract: Lake-effect snow (LES) storms pose numerous hazards, including extreme snowfall and
blizzard conditions, and insight into the large-scale precursor conditions associated with LES can aid
local forecasters and potentially allow risks to be mitigated. In this study, a synoptic climatology of
severe LES events over Lakes Erie and Ontario was created using an updated methodology based on
previous studies with similar research objectives. Principal component analysis (PCA) coupled with
cluster analysis (CA) was performed on a case set of LES events from a study domain encompassing
both lakes, grouping LES events with similar spatial characteristics into the primary composite
structures for LES. Synoptic scale composites were constructed for each cluster using the North
American Regional Reanalysis (NARR). Additionally, one case from each cluster was simulated using
the Weather Research and Forecast (WRF) model to analyze mesoscale conditions associated with each
of the clusters. Three synoptic setups were identified that consisted of discrepancies, mostly in the
surface fields, from a common pattern previously identified as being conducive to LES, which features
a dipole and upper-level low pressure anomaly located near the Hudson Bay. Mesoscale conditions
associated with each composite support differing LES impacts constrained to individual lakes or a
combination of both.

Keywords: lake-effect; climatology; numerical weather prediction; synoptic; mesoscale; winter
weather; Great Lakes; snow

1. Introduction

Beginning in late October and early November, continental polar air masses that traverse the
Laurentian Great Lakes destabilize via pronounced vertical surface heat and moisture fluxes as lake
surface temperatures exceed that of the ambient air. Air mass modification ensues and results in
vigorous convection and the formation of narrow snow bands that range between 5-50 km in width
and 50-200 km in length [1-3], known as lake-effect snow (LES). LES contributes up to 55% of annual
snowfall in affected regions and can result in extreme snowfall accumulations from single events
(occasionally in excess of 50 in) [4-7]. LES can cause numerous hazards including limited visibility,
blizzard-like conditions, and substantial recreational and economic damage (e.g., power outages and
city shutdowns) to major population centers such as Buffalo (population 1.1 million) and Cleveland
(population 2 million) [8]. LES events are highly impactful, so prior knowledge of the underlying
environmental conditions in which LES occurs is a critical research problem that can help to protect
society and is of great interest to forecasters [9-11]. The purpose of this paper was to employ objective
methods to obtain updated synoptic-scale patterns associated with LES off the two eastern Great Lakes,
Lakes Erie and Ontario.

LES most frequently evolves through the formation of mesoscale snow bands that produce
extended periods of intense snowfall. LES is most prevalent off the Laurentian Great Lakes due to
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their enormous thermal inertia via large bathymetry and surface area [12,13]. Several snow-band types
have been identified in previous research (Figure 1), including long-lake-axis-parallel (LLAP) bands,
widespread coverage, lake-to-lake (L2L) bands, shore-parallel bands, and mesovorticies [6,14-16].
LES-band morphology, which dictates event intensity and impacts, is determined by numerous
mesoscale thermodynamic controls which themselves are regulated by heat and moisture gained by air
parcels flowing across the lake. Specifically, the surface-atmosphere temperature gradient, the height
and strength of a low-level temperature inversion, as frequently observed in LES environments, fetch
length, and lake ice concentration all affect potential impacts [5,13,17-19]. These primary controls can
be further enhanced by local factors such as orographic lift, low-level frictional convergence, and land
breeze forcing [14,20]. Recent work associated with the Ontario Winter Lake-effect Systems (OWLeS)
field campaign showed that orographic lift is responsible for the anomalously high snowfall totals
recorded in the Tug Hill Plateau region located east of Lake Ontario via a more efficient seeder—feeder
effect and decreased chances for sublimation [20].

Figure 1. Satellite image of various LES-band types over the Great Lakes basin on 31 December 2017
gathered by the Moderate Resolution Imaging Spectroradiometer (MODIS) on the National Aeronautics
and Space Administration’s (NASA) Aqua satellite. A moisture channel via strong long-lake-axis
bands over Lake Huron (A) led to the development of widespread coverage bands over Lake Erie (C).
Widespread coverage bands were generated over Lake Ontario (B) and Lake Superior (E), as well as a
mesoscale vortex over southern Lake Michigan (D).

While LES is observed over each Laurentian Great Lake, the location, orientation, and characteristics
of Lakes Erie and Ontario typically produce greater hazards [14]. Both lakes are oriented nearly parallel
to the prevailing mid-latitude westerlies, allowing for parcels to acquire more heat and moisture
due to their larger residence time over the lakes. This orientation produces LLAP banding structure
more frequently than any other for these lakes, which has been shown to produce higher snowfall
totals than any other band morphology [6]. Additionally, moisture plumes can set up between two
lakes, which can deepen boundary layer moisture in the downstream lake (typically Ontario), enhance
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snowfall totals, and contribute to the development of L2L bands [16,21]. Lake bathymetry is also an
important factor, as Lake Erie’s remarkably shallower average depth (19 m) frequently results in the
lake completely freezing over by mid-winter, which hinders turbulent heat and moisture fluxes [19,22].
Given their unique structure and high impacts, our study focused on the LES environments of Lakes
Erie and Ontario.

While the necessary local and mesoscale ingredients for optimal LES generation are well
understood, identification of the primary synoptic-scale conditions underlying LES events remains
an area of ongoing research. Such insight is useful to allow prediction of LES events at lead times
longer than a few hours. Previous studies have attempted to develop synoptic climatologies for
LES using spatial analysis techniques (primarily principal component analysis and/or compositing)
on observational and reanalysis data [23-25]. Specifically, Reference [23] constructed an automated
temporal synoptic index (TSI) on station data from Syracuse, NY over a 32 year period to identify
various synoptic-scale setups during the winter season. They found several key synoptic-scale patterns
that were important for LES off Lakes Erie and Ontario (Figure 3 from Reference [23]), including:

e  Anextratropical cyclone over the Canadian Maritimes/New England area,
e An extratropical anticyclone present in the central/southern Great Plains,
e A large-scale upper tropospheric trough centered near the Hudson Bay.

Their work identified five subtle deviations from this primary pattern based on the prevailing
planetary boundary layer (PBL) wind field. The work in Reference [24] analyzed the synoptic
environments conducive to LES over southern Ontario, Canada through composite analysis of 29 LES
events over a seven year period. Their results mostly lined up with those of Reference [23] in that a
low-pressure anomaly north of the Great Lakes near the Hudson Bay was observed for LES cases.
However, the authors also found that the track of this anomaly in non-LES cyclones was more easterly,
contrasting the northeastward propagation seen in LES events. The work in Reference [23] was updated
in Reference [25] with station data from Buffalo, NY, and this study identified seven synoptic setups
conducive to LES (which included the five synoptic setups identified by Reference [23]).

Although each of the synoptic patterns identified by previous work revealed synoptic-scale
conditions conducive to LES, those studies focused heavily on identifying local conditions suitable
for LES events. The studies were further limited by their not incorporating spatial variability within
the environments and instead utilizing atmospheric data from a single observing site, which suggests
that some deviations in the spatial pattern important for LES have not been fully characterized by
previous studies. As such, the goal of this study was to create an event-based (as defined by the National
Oceanic and Atmospheric Administration (NOAA) Storm Events Database) spatial LES climatology for
the Lake Erie and Ontario region. We present the climatology as a series of composite maps (created
using a similar clustering methodology as used in References [23,25]) that portray the underlying
synoptic-scale structures of LES events in the study region. Finally, we describe the associated
mesoscale conditions associated with each synoptic-scale composite through numerical simulations
of LES events that are most representative of their respective composites. Ultimately, through this
approach, we provide an updated depiction of meteorological precursors to LES events. Section 2
describes the data and clustering methodology used to develop the composites as well as information
about the numerical model used for the mesoscale simulations. Section 3 presents the compositing
results and a synoptic-scale analysis as well as results from the numerical model simulations along
with a mesoscale analysis. Section 4 provides a discussion linking the synoptic-scale and mesoscale
characteristics for each pattern as well as conclusions.

2. Experimental Methods

2.1. Data

All Lake Erie and Ontario LES events selected for this study were identified by using the NOAA
Storm Event Database [26]. This archive features a case set of various weather hazards and includes
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a general synopsis of each event (including start and end times), impact county/zone information,
deaths, injuries, and property and crop damage estimates. Specifically for LES events, storms are
added to the database based on an official National Weather Service (NWS) directive requiring snow
accumulation to meet or exceed locally defined 12 and/or 24 h warning criteria (typically 6-8 inches
within 12 h and 8-10 inches within 24 h [27]). Events are grouped spatially by county. For our study
domain, events were selected from Erie and Oswego counties (Figure 2) for all years from 2006 to 2014,
the period of data availability. In total, 100 LES events were identified, with 35 impacting Erie County
off Lake Erie and 65 impacting Oswego County off Lake Ontario. Surrounding counties were also
examined for impacts to ensure that no LES events were missed, but no other county records showed
LES cases that were not observed in Erie and Oswego counties. Duplicate events (those for which the
end times were within 6 h for both counties) were condensed to a single case centered on the earlier
end time. This reduced the final LES case set to 88 cases.

Orillia

Belleville

Markham ,Oshawa
Toronto
Kitchener Oakville

Hamilton
5t Cptharines

Figure 2. Map of New York highlighting Erie (left) and Oswego (right) counties; counties are labeled
and highlighted with blue hatching.

A spatially and temporally continuous atmospheric dataset was required to represent the
synoptic-scale and mesoscale meteorological conditions underlying each of the 88 LES events. The North
American Regional Reanalysis (NARR) dataset was used for this purpose, as it spanned the full study
period (2006—2014) at 3 h intervals and is provided on a spatially continuous 32 km Lambert conformal
grid with 30 vertical levels [28]. Base-state atmospheric surface variables were extracted from the
NARR to depict each LES event, including mean sea-level pressure (MSLP), 10 m u# and v wind
components, surface skin temperature, and 2 m temperature and specific humidity (six total fields).
Additionally, base-state atmospheric variables were extracted on seven isobaric levels (1000 mb, 925 mb,
850 mb, 700 mb, 500 mb, 300 mb, and 250 mb), including u and v wind components, geopotential height,
specific humidity, and temperature. All variables were retained on a basin-centric domain extending
from 120 °W to 60 °W and 25 °N to 55 °N (a total of 16,920 NARR points). Finally, 17 timesteps (48 h
total) were retained for each LES event, relative to the end time for each LES event as identified by the
NOAA database. Specifically, conditions at the 15th NARR timestep (f = 42 h), six hours (2 NARR
timesteps) after, and 39 h before (14 NARR timesteps) were retained. This approach ensured that
all LES cases portrayed conditions relative to each other and provided a long period prior to peak
LES activity from which synoptic-scale analyses and conclusions could be drawn. After all data were
pulled, there were 17 timesteps that contained 16,920 grid points for each of the 88 LES cases.
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2.2. Statistical Analysis

Once all LES cases were identified for both lakes, a clustering methodology was needed to identify
the most common synoptic-scale patterns from within the case set. Following the methodology of
References [23,29], a T-mode unrotated principal component analysis (PCA) was constructed on the
timestep valid for the LES end time (15th) timestep. We selected T-mode PCA as it provided insight
into the dominant variability structures among the LES events (not spatial grid points), which was
more suitable for clustering. Prior to the PCA, the full meteorological database was transformed to
standardized anomalies by grid point (that is, standardized among the 88 cases) to remove biases
introduced by magnitude differences in the correlation matrix used in the PCA. After standardization,
the correlation matrix was constructed on the time dimension (yielding an 88 column correlation matrix)
and eigenanalyzed. PC loadings were then computed from the resulting eigenvectors and eigenvalues.
We selected the optimal number of retained PC loadings using the cluster analysis verification
techniques described below.

Once the principal component (PC) loadings were obtained (which described unique variability
structures among the cases), a k-means cluster analysis [30] was used to group the loadings into
unique clusters. Since k-means cluster analysis requires the investigator to provide a number of cluster
centers to retain, all possible permutations of 2-10 PC loadings and 2-10 clusters were tested, meaning
there were a total of 81 possible PC—cluster configurations possible for the analysis. To identify the
optimal configuration, silhouette coefficients [31] were computed, which were used to analyze the
statistical distance between nearest members of different clusters (separation) and the intracluster
average distance (cohesion). A high silhouette coefficient denotes a high separation and low cohesion
for a given constituent member, which is an ideal clustering. The configuration with the highest mean
silhouette coefficient s among all 88 cases and the fewest negative silhouette coefficients (which imply
misclustering) was used. Finally, 95% bootstrap percentile confidence intervals of s were computed to
identify any statistically significant differences between loading-cluster permutations. This approach
revealed that two PCs (which explained 20.3% of the total variance among the cases; Table 1 with
three clusters shows the optimal configuration (s = 0.40 with one misclustered case)) as it resulted in
statistically significantly higher s than the next permutation tested.

Table 1. Variance explained for PCs 2 through 6 and silhouette coefficients while using three clusters.

PC2 PC3 PC4 PC5 PCo
Individual Variance Explained 9.36% 7.56% 6.11% 5.40% 4.31%
Cumulative Variance Explained 20.3% 27.86% 33.97% 39.37% 43.68%
Silhouette Coefficient using Three Clusters 0.40 0.29 0.23 0.18 0.15

As two PCs were retained, it was possible to analyze the patterns in the PC loadings versus the
clusters identified Figure 3. The cluster analysis isolated most PC1 < 0 and PC2 > 0 cases as Cluster 1,
with Cluster 2 cases primarily limited to PC1 > 0 and Cluster 3 cases associated with both PCs < 0.
Cases were also distributed relatively evenly between the three clusters (N1 =27, N2 = 33, and N3 = 28).
A temporal analysis of the LES cases revealed there is no preferential time period for observing
cool-season LES, as all cases showed comparable temporal distributions across the full winter season
Figure 4. However, discrepancies were evident across all three clusters. Cluster 1 cases were completely
confined to DJF with a peak in December. Cluster 2 showed a slightly platykurtic distribution with
the largest temporal spread in cases. Cluster 3 featured a similar case distribution to Cluster 1
(except for one case recorded in November), but its peak occurred later in the winter season (January).
This suggests that timing within the cool season is likely only related to differences seen in Cluster 2
relative to Clusters 1 and 3 (which show the same favorable time period), and that the impacts of the
timing of the LES events are relatively small relative to the governing synoptic-scale processes.
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Figure 3. Scatterplot of the first two principal component (PC) loading vectors, with black dots
representing Cluster 1 cases, red squares representing Cluster 2 cases, and blue crosses representing
Cluster 3 cases. The separation of cases between the different clusters indicates that the cases were
distinguishable and appropriately organized between the three clusters.
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Figure 4. Histogram of the seasonal case distribution between the three different clusters.
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2.3. Numerical Modeling and Case Selection

Given the grid spacing of the NARR (32 km), direct mesoscale analysis from the resulting
composite fields was infeasible as LES features, such as banded precipitation, were not resolved at this
grid spacing. To resolve these features, we elected to utilize a representative numerical simulation
for each cluster that could be done at much smaller grid spacing and could reveal banding structures
within the LES composites. However, the composite averaging methodology smoothed out local
features that might be important in the development of LES. Rather than simulate directly on the
synoptic composites generated from the cluster analysis, one LES constituent case from each cluster was
selected that best matched (via silhouette coefficient) its associated LES composite. Specifically, the case
with the highest silhouette coefficient value for each cluster was chosen for numerical simulation.
The selected events (Table 2) included 27 December 2013 for Cluster 1 (s = 0.634), 2 December 2010 for
Cluster 2 (s = 0.584), and 31 January 2007 for Cluster 3 (s = 0.684). The full NARR dataset (all 30 vertical
levels) from these three selected cases was used to set initial and boundary conditions in the Advanced
Research Weather Research and Forecasting Model (WRF-ARW) version 3.6.1 [32].

Table 2. Three cases used for each WRF run. All information provided about the cases came from the
NOAA Storm Events Database. All times are in Eastern Standard Time (EST-5).

Cluster 1 Cluster 2 Cluster 3
Event Start 2013-12-26 16:00 2010-12-01 15:00 2007-01-31 06:00
Event End 2013-12-27 11:00 2010-12-02 19:00 2007-01-31 16:00
Duration 19h 28 h 10h
Source Lake Ontario Lake Erie Lakes Erie and Ontario
Band Type LLAP LLAP LLAP
Highest Snowfall Total Recorded (in) 20 42 35
WRF Simulation Duration 48 h 48 h 48 h

The mesoscale simulations of the three selected LES events were done over the same 48 h temporal
period as the original composites, using a two-way nested setup with one 15 km parent domain and a
5 km nested domain Figure 5, both with 40 vertical levels. Parameterizations chosen for WRF-ARW runs
were largely based on previous studies that successfully utilized WRF-ARW to generate LES [33-35].
Table 3 shows a complete list of the parameters used for both domains (no cumulus parameterization
was used for the 5 km nested domain). Additionally, a one-dimensional multilayer lake model based
on the Community Land Model version 4.5 (CLM 4.5 [36]) was coupled with the WRF-ARW model
to improve lake characteristics in the simulations. Finally, improved renderings of the coarse skin
temperatures (which approximate lake surface temperatures) were extracted from the Moderate
Resolution Imaging Spectroradiometer (MODIS) land-use dataset, which differentiates lake and ocean
grid points [37]. The simulations produced fully three-dimensional renderings of the mesoscale
conditions in the representative cases retained for further analysis and discussion of the distinctions
between the cluster environments.

Table 3. Parameterization schemes used in all WRF projections for all domains.

Parameterization Scheme/Model
Microphysics Goddard microphysics scheme [38]
Planetary Boundary Layer Mellor—Yamada-Janjic [39]
Land Surface Model Noah Land Surface Model [40]
Shortwave Radiation Physics Dudhia shortwave scheme [41]
Longwave Radiation Physics Rapid Radiative Transfer Model [42]
Cumulus Scheme Kain—Fritsch * [43]
Surface Layer Physics Eta similarity [44]

* Note that no cumulus scheme was used for the 5 km nested domain.
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Figure 5. Domain configuration used for the WRF simulations. Horizontal resolutions for the parent
domain and the nested domain (d02) were 15 and 5 km, respectively.

3. Results and Discussion

3.1. Composite Analysis

As described previously, three composites were constructed to analyze the different synoptic-scale
structures of Lake Erie and Lake Ontario LES events. The synoptic-scale structures of the three
composites were like those in References [23,25], showing a mid-level low centered near the Hudson
Bay coupled with a surface cyclone northeast of the Great Lakes and a surface anticyclone to the
southwest. However, important differences among the synoptic-scale patterns in the clusters produced
different mesoscale conditions for the LES in each cluster, as described in the next section.

3.1.1. Cluster 1

Initially, the Cluster 1 composite revealed a positively tilted longwave 500 mb trough over the
western Great Lakes basin with associated differential cyclonic vorticity advection (CVA) present
over Lakes Erie and Ontario (Figure 6a). CVA is important for strengthening LES via mid-level
quasigeostrophic (QG) forcing [3]. Over the following 24 h, the trough propagated southeastward
while retaining a neutral tilt, resulting in mostly zonal flow over the lakes. This transition to a neutral
tilt produced ridging in the western third of the domain with anticyclonic vorticity advection (AVA)
helping to develop a surface anticyclone over the southern Plains (Figure 6d). This trough-ridge pattern
helped to establish the necessary LES dipole structure [25] for a favorable westerly/southwesterly
surface wind field over both lakes, providing sufficient fetch for a high-impact LES event.
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Figure 6. Composite 500 mb geopotential heights (m) for Cluster 1 at the initial timestep (¢ = 0 h; panel
(a)) and the end time (f = 42 h) for the LES event as defined by the NOAA storm event database panel
(b), with mean sea-level pressure (MSLP) (mb) at the ¢ = 0 h panel (c) and f = 42 h panel (d).

3.1.2. Cluster 2

At the initial analysis time for the Cluster 2 composite, a neutrally tilted longwave trough was
located over the western Great Lakes (Figure 7a), contrasting the positively tilted trough from Cluster 1.
As in Cluster 1, the trough propagated southeastward and deepened, eventually forming a closed
circulation south of James Bay, which resulted in a negative tilt and northwesterly wind shift over the
lakes. This upper level pattern resulted in a modification of the surface dipole structure (Figure 7c)
relative to expectations [25], producing weak cyclogenesis over the eastern Great Lakes, with the
resulting cyclone propagating towards the Canadian Maritimes. That is, this surface cyclone followed
the Alberta Clipper track (Figure 7d) depicted in Reference [45], which was shown to generally be
associated with the highest central MSLP values in the cyclone center of any synoptic cyclone storm
track. This result was evident with the associated differences in central pressure between this cluster’s
cyclone (998 mb) and the cyclone in Cluster 1 (975 mb). A weaker (higher geopotential heights)
500 mb low-pressure anomaly and suppressed CVA (as indicated by the lower geopotential height
gradient over the lakes) may have factored into why the central pressure was higher in the Cluster 2
surface cyclone. Finally, this cyclone was coupled with a developing anticyclone over the lower
Mississippi Valley. The spatial patterns exhibited by this dipole structure have been associated with
widespread coverage LES banding events over Lake Erie due to the pure westerly wind flow and the
southwest-to-northeast orientation of Lake Erie [14,45]. A visual inspection of radar imagery from the
constituent cases (not shown) in this cluster revealed that 63% of the cases showed this widespread
coverage banding structure, which was considerably higher than what was seen in Cluster 1 (33%).
Interestingly, this surface structure resulted in low-level confluent flow north of Lake Ontario that likely
enhanced the vertical motion necessary for LES in that region. Clearly, the differences in positioning
in the synoptic-scale features in Cluster 2 resulted in differences in the characters of the LES events
that resulted.



Atmosphere 2020, 11, 872 10 of 21

Figure 7. Composite 500 mb geopotential heights (m) for Cluster 2 at the initial timestep (t = 0 h;
panel (a)) and the end time (t = 42 h) for the LES event as defined by the NOAA storm event database
panel (b), with mean sea-level pressure (MSLP) (mb) at the t = 0 h panel (c) and t = 42 h panel (d).

3.1.3. Cluster 3

The mid-level field for the Cluster 3 composite showed a positively tilted trough (like Cluster 1)
that was evident throughout the upper levels as well (not shown), with the trough axis meridionally
oriented over Lake Michigan (Figure 8a) and an upper-level ridge to the west. However, unlike Cluster 1,
the upper-level ridge weakened over the time period leading up to the peak LES activity, resulting in a
weakening of the differential anticyclonic vorticity advection (DAVA) which in turn weakened the
surface anticyclone (Figure 8c). This pattern yielded a strongly northwesterly flow field over the lakes,
which is supportive of a widespread coverage banding structure [14,15,45]. Overall, this pattern was
like Cluster 1 in terms of the surface dipole pattern, although the horizontal pressure gradient was
weaker in Cluster 3 due to the weakening of the surface anticyclone, likely resulting in a less suitable
environment for LES. Further, unlike Cluster 2, no pre-existing cyclone was evident over the eastern
Great Lakes region at the initial analysis time, but instead the cyclone formed as the trough retained
its negative tilt towards the end of the analysis period (Figure 8b,d). These differences resulted in
generally weaker surface winds (about 5 m s~ slower) (Figure 9) for Cluster 3 relative to Cluster 1,
which suggests a less favorable environment for LES [46]. However, as with Cluster 2, low-level
confluent flow along and north of Lake Ontario likely helped to enhance rising motion (contrasting the
wind pattern from Cluster 1 further). Ultimately, the faster trough evolution in Cluster 3 was primarily
responsible for the differences seen between its constituent LES events and those of Clusters 1 and 2.
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Figure 8. Composite 500 mb geopotential heights (m) for Cluster 3 at the initial timestep (t = 0 h;
panel (a)) and the end time (t = 42 h) for the LES event as defined by the NOAA storm event database
panel (b), with mean sea-level pressure (MSLP) (mb) at the t = 0 h panel (c) and t = 42 h panel (d).
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Figure 9. Surface wind fields (m s~1) for Cluster 1 (a), Cluster 2 (b), and Cluster 3 (c), valid for the end
time (¢ = 42 h) for each composite.
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3.1.4. Cluster Differences

As stated above, the major differences between clusters were primarily evident in the surface fields.
A Pearson correlation between geopotential height patterns at different isobaric levels revealed strong
spatial similarities that were not as robust in MSLP fields (Figure 10). However, the MSLP fields for
Clusters 1 and 3 displayed greater similarities (r = 0.904), as evidenced by the positioning and evolution
of the dipole structure. Specifically, Clusters 1 and 3 showed a prominent surface cyclone that remained
stationary off the northeast coast of the United States, while Cluster 2’s surface cyclone started over
the Great Lakes region and propagated northeast towards the location of Cluster 1 and 3’s surface
low (following an Alberta Clipper storm track; Figure 11). The surface anticyclones were stronger
for Clusters 1 and 3 as well. However, the closer proximity of the surface cyclone to the lakes for
Cluster 3 weakened the strength of the low-level pressure gradient and subsequently the wind speeds.
The differing position of the dipole structure was most impactful during the first six hours. The surface
cyclone present over the Great Lakes associated with Cluster 2 at t = 0 h caused northwesterly flow
over Lake Erie and Lake Ontario. This could have an impact on LES development, as air flowing
over the lakes will not destabilize as much due to a lack of fetch, often leading to a multiple-band
event [14,33]. It should be noted that the pressure gradient, in terms of magnitude and direction,
was similar between Clusters 1 and 2, even though the actual pressure values were lower over the
lakes for Cluster 2 and the dipole structures were dissimilar.

Although Clusters 1 and 3 exhibited similar spatial structures, there were some differences
observed in variable magnitudes of the large-scale systems. The pressure gradient over Lake Erie
and Lake Ontario was slightly stronger for Cluster 1, which was attributed to the stronger surface
anticyclone in Cluster 1 relative to Cluster 3. Surface wind fields supported this result, showing wind
speeds up to 5 m s~! faster over Lake Erie for Cluster 1 (Figure 9). The shapes of the surface anticyclones
in Clusters 1 and 3 also had important differences, particularly in that Cluster 3’s anticyclone had
a meridional elongation while Cluster 1’s anticyclone exhibited greater east-to-west (zonal) extent.
This shift led to slightly higher surface pressure for Cluster 3 in the study area (roughly 2 mb).
These results translated into differences between the mesoscale simulations of the example constituent
cases, as shown below.
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Figure 10. Average Pearson correlation coefficients between each listed spatial field for all three clusters,
valid for all times in the composite LES event.
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Figure 11. MSLP differences (mb) between Cluster 1 and 2 composites at the LES end time (t = 42 h).
Note the positive pressure differences recorded over the northeast United States coast and the lower
pressure differences located further northeast, indicating the positions of each of the surface cyclones.
The Cluster 2 cyclone was associated with the positive pressure differences while the Cluster 1 cyclone
was associated with the negative pressure differences.

3.2. WRF Simulations

After isolating the dominant synoptic-scale structures, one case from each cluster was selected,
based on silhouette coefficient calculations, to assess the mesoscale conditions further. For Cluster 1,
27 December 2013 was selected as its spatial fields were most strongly representative of those within
the cluster (s = 0.634). Additionally, for Cluster 2, 2 December 2010 was selected (s = 0.584) and for
Cluster 3, 31 January 2007 was selected (s = 0.684). Before analyses of output from WRF were conducted,
WSR-88D NEXRAD Level 2 radar data from KBUF (Buffalo, NY, USA) and KTYX (Montague, NY, USA)
were retained from each case to assess the representativeness of the spatial precipitation patterns
visually. Spatial structure was the primary focus of these evaluations due to uncertainties with
reflectivity values associated with overshooting radar beams during these relatively shallow LES
events [47]. Overall, the WRF was successfully able to capture the overall spatial features for each of
the cases (Figures 12-14).

3.2.1. Case 1: 27 December 2013

This event was typical in that LES formed after the passage of a synoptic low-pressure system [23].
Impacts from this event were limited to the lee of Lake Ontario (no LES report was recorded for
Erie County). During the event, an LLAP band formed off Lake Ontario at 4:00 p.m. local time and
produced as much as 20 inches of snowfall locally, resulting in $9000 in damage [26]. While the WRF
did depict the LLAP band successfully, its placement was slightly further south and extended further
west across the lake (Figure 12a,b).

The mesoscale conditions characterizing each lake’s impact region differed in the WRF simulations,
revealing the causes of the lack of LES off Lake Erie on this day. First, surface-850 mb (hereafter
known as low-level) lapse rates were up to 3 °C km™~! steeper over Lake Ontario, which was attributed
to higher 850 mb temperatures over Lake Erie (Figure 12c). Lapse rates were calculated in this
specific layer (surface-850 mb), as empirical evidence has shown that there must be a minimum 13 °C
difference between these two layers to initiate LES formation [14,46,48,49]. The simulated planetary
boundary layer (PBL) depth was also slightly greater over Lake Ontario (1.4 km) than over Lake
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Erie (1.2 km). Surface-based convective available potential energy (CAPE) was much higher over
Lake Ontario (up to 70 ] kg‘l) than over Lake Erie (up to 30 J kg‘l) (Figure 12d). Lake Ontario’s
sensible heat flux (SHF) values were also much higher (300-350 W m~2) than those over Lake Erie
(200-250 W m~2), although latent heat fluxes (LHF) were similar over both lakes (240-270 W m~2;
Figure 12e). However, higher moisture (Figure 12f) and a low-level convergence zone (Figure 12a) over
Lake Ontario supported the resulting LLAP band, which produced snow over the Tug Hill Plateau
region [7,21,50]. A very weak band (<15 dBZ) of precipitation was also generated on the lee side of
Lake Erie (Figure 12b), which resulted from a notable convergence zone west of the snowfall area
that was lake-influenced, as the rest of the wind field remained uniformly westerly over the lake.
These convergent zones are common during LLAP events, resulting from mesolows originating from
strong surface thermal gradients between the land and lake [6]. Ultimately, these mesoscale conditions
resulted in more pronounced snowfall for Lake Ontario (Figure 12a), which suggested that Cluster 1’s
pattern is more suitable for Lake Ontario LES events. This suggests that Case 1’s pattern is more
suitable for LES events off Lake Ontario, despite weaker LES bands also occurring off Lake Erie at the
same time.

(e)

Figure 12. Composite reflectivity (dBZ) and surface winds (m s71) (a), KTYX radar data (dBZ) (b),
low-level lapse rate (°C km™1) (c), surface-based CAPE (J kg‘l) (d), sensible heat flux (W m™2) (e),
and specific humidity (g kg™"!) (f) as simulated by WREF for Case 1.

3.2.2. Case 2: 2 December 2010

The Cluster 2 representative case produced severe LES impacts for Erie County, with 42 inches of
snowfall and $50,000 in property damage [26]. Like Case 1, LES formed following a departing synoptic
system, which manifested in WRF simulations as a band of precipitation. In contrast to Cluster 1’s case,
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LES activity during this event was confined to Lake Erie’s impact region, as Oswego County did not
receive an LES report from this event. However, an extensive area of moderate snowfall was observed
in Lake Ontario’s lee (up to eight inches). The lack of LES off Lake Ontario was attributed to elevated
wind shear by the NOAA storm database.

The WRF simulation successfully depicted banded convection off Lake Erie, although it
also produced less banded precipitation over Lake Ontario’s impact region (Figure 13a). For the
WREF simulations, moderate precipitation was generated off both lakes, although more convective
organization was observed over Lake Erie, manifested as an LLAP band, while activity over Lake Ontario
was more discrete in nature, consistent with radar and observations (Figure 13a,b). The simulated
environmental conditions over both lakes showed similar instability and low-level wind fields, helping
to reinforce the similarities in simulated reflectivity. Specifically, low-level lapse rates up to 10 °C km™"
(Figure 13c) and surface-based CAPE values of up to 80 ] kg~! (Figure 13d) were observed over
both lakes. Surface sensible heat fluxes were similar across both lakes, with SHF and LHF ranging
from 100-150 W m~2 and 150-180 W m~2, respectively (Figure 13e). Moisture contents were also
similar, although it was slightly higher over Lake Ontario than Lake Erie (Figure 13f). PBL heights
ranged from 1.2 to 1.4 km over both lakes, and both lakes had west-southwesterly flow at roughly
10 m s~! at precipitation onset. This flow pattern likely led to more convective organization off Lake
Erie owing to its geographic orientation. Surface convergence in the lee of Lake Erie may have aided
LES organization farther inland (Figure 13a) as well.
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Figure 13. Composite reflectivity (dBZ) and surface winds (m s71) (a), KBUF radar data (dBZ) (b),
low-level lapse rate (°C km™) (c), surface-based CAPE (J kg~!) (d), sensible heat flux (W m™) (e),
and specific humidity (g kg™!) (f) as simulated by WREF for Case 2.
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3.2.3. Case 3: 31 January 2007

For this final representative case (valid for Cluster 3), LES activity was observed off both lakes,
beginning 06:00 EST-5 of 31 January 2007, with the heaviest activity initially limited to Lake Ontario’s
impact region. Over time, increased wind shear throughout the 1000-800 mb layer (55° based on
KBUF 00Z 01 February 2007 sounding) disrupted LES activity over Lake Ontario, while winds became
more southerly over Lake Erie producing an LLAP band. The WRF successfully captured this Lake
Erie snow band, but failed to capture the initial Lake Ontario activity for reasons described below.
This event produced local snowfall totals of up to 36 inches and $8000 in property damage [26].

Unlike the first two cases, WRF did not simulate significant amounts of LES over either of the
lakes as the underlying conditions were more statically stable, with low-level lapse rates peaking at
only 8 °C km~! (Figure 14c). These lapse rates were on average 2 °C km~! steeper over Lake Ontario,
but surface temperatures were 2 °C higher over Lake Erie, which may have played a role in more
precipitation being simulated over Lake Erie. The steeper lapse rates seen over Lake Ontario resulted
from colder 850 mb temperatures (roughly 4 °C). As a result, PBL heights were also appreciably lower
(0.3 km-1 km) and more variable, and surface-based CAPE were limited (0-30 J kg_l) (Figure 14d).
At the time the snow band formed, winds were southwesterly at 10 m s~!, which led to greater
fetch over Lake Erie than Lake Ontario and relatively larger values of sensible and latent heat fluxes
(300-350 W m~2) (Figure 14e). Moisture content was also notably less (1.5 g kg~! compared to
Cluster 1 and 2 g kg~ compared to Cluster 2) in this case than in the other simulated events (Figure 14f).
WREF produced a single LLAP band developing over Lake Erie, consistent with radar data, while limited
discrete activity was seen over Lake Ontario (Figure 14a).
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Figure 14. Composite reflectivity (dBZ) and surface winds (m s71) (a), KBUF radar data (dBZ) (b),
low-level lapse rate (°C km™1) (), surface-based CAPE (J kg_l) (d), sensible heat flux (W m™2) (e),
and specific humidity (g kg™!) (f) as simulated by WRF for Case 3.
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4. Conclusions

The goal of this project was to update the synoptic climatology of Lake Erie and Lake Ontario
LES events by implementing a case-centric clustering methodology (contrasting previous work [23,25]).
The climatology was constructed based on a set of 88 unique LES events that impacted near-shore regions
off Lake Erie, Lake Ontario, or both. Three LES clusters were derived from NARR reanalysis fields for
the LES events, based on the unrotated PCA methodology blended with a k-means cluster analysis.
To characterize the mesoscale environments underlying each synoptic-scale cluster, WRF simulations
were run on three representative cases (one per cluster). The synoptic-scale composites revealed
upper-level structures important for LES that aligned with previous studies [23-25]. There were
notable discrepancies between the environments when translating the results to surface fields,
as confirmed by correlations and direct assessment of the mesoscale conditions portrayed in the
representative simulations.

In general, each cluster’s differences can be summarized by noting unique surface level
synoptic-scale structures, despite the similarities in the upper levels.

e  Cluster 1—A dipole structure featuring a stationary low-pressure anomaly off the northeast U.S
coast and a high-pressure anomaly located over the south central/southeast U.S that originates
from the northern Great Plains. Both pressure systems strengthened throughout the study period.
The spatial setup of this dipole led to strong west-southwesterly winds that flowed across the
long axes of both lakes.

e  Cluster 2—A dynamic dipole featuring cyclogenesis over the Great Lakes following an Alberta
Clipper track, and a higher central pressure than any of other the low-pressure systems
identified [45]. The high-pressure anomaly features similar spatial structure and evolution
to other clusters but is weaker. The spatial structure of the dipole initially results in pure westerly
winds over the two lakes. Westerly flow over Lake Erie has been associated with widespread
coverage band structure, and events grouped in this cluster exhibited wide coverage characteristics
more frequently than any cluster. Although the dipole was weaker, the pressure gradient was of a
similar magnitude to Cluster 1, which resulted in similar wind speeds.

e  Cluster 3—A dipole structure similar to Cluster 1 with a few unique distinctions. The dipole
structure overall was weaker, consisting of higher central pressure for the low-pressure anomaly
and lower pressure for the high-pressure anomaly. The structure of each of the pressure systems
differed as well, as the high-pressure anomaly was more elongated and positioned closer to the
two lakes. These observations ultimately led to a less conducive LES environment featuring
higher surface pressure and slightly slower winds.

Numerical simulations revealed different mesoscale conditions unique to each case. Case 2 featured
the most conducive convective environment, with large amounts of instability and atmospheric water
vapor content that resulted in substantial LLAP bands over both lakes. The general mesoscale
environment was similar for Case 1 except that instability and moisture signals were slightly weaker,
particularly over Lake Erie, which manifested in a single LLAP band over Lake Ontario and a
widespread coverage band over Lake Erie Figure 14. The stable environment of Case 1 may reflect
the influence of the surface anticyclone present in the Cluster 1 composite. The higher surface
pressures and close proximity to Lake Erie may have played a role in the suppression of LES activity as
surface-based CAPE was near zero over most Lake Erie, surface pressure was 6-10 mb higher, and lapse
rates and surface temperatures were 1-3 °C km™! and 3-6 °C lower over both lakes, respectively
(Figures 6, 7, 12 and 13). The Case 3 simulation exhibited the least conducive mesoscale environment,
as precipitation fields showed much less coverage that Case 1 or 2, with only a narrow LLAP band
being generated over Lake Erie owing to the southwesterly wind profile and subsequent higher energy
and moisture fluxes.

Clusters 1 and 2 appeared to be the most conducive to LES for several reasons. Composites
and WRF simulations suggested that the underlying synoptic patterns have more of an influence for
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Cluster 1, while the mesoscale patterns, primarily the stability profile and atmospheric water vapor
content, appeared to have more of an influence on Cluster 2. The mesoscale analysis of Cluster 1’s
simulation revealed that LES activity was primarily limited to Lake Ontario while the opposite was true
for Cluster 2. This result was also seen in the constituent cases, as 60% of LES cases in Cluster 1 were
strictly Lake Ontario events and 56% of cases in Cluster 2 were Lake Erie events. This result suggests
that Lake Ontario heavy LES events are most influenced by the overlying synoptic scale characteristics,
while Lake Erie heavy LES events are primarily governed by underlying mesoscale conditions.
This result makes sense given that the smaller bathymetry of Lake Erie increases its susceptibility to
rapid changes (such as ice cover onset), which are critical factors governing LES production [5,34].
Minimal activity was observed for Cluster 3, which parallels what was observed in the synoptic
analysis, as instability was substantially lower, likely due to the proximity of the anticyclone to the
lakes. Interestingly, an analysis of snowfall totals reported from each event revealed that Cluster 3
cases on average produced higher snowfall totals (25.64 in) than those of Clusters 1 (20.81 in) and
2 (21.08 in). Given the impacts of the example case for Cluster 3 (which showed minimal snowfall
activity relative to the other two clusters), this result was surprising. However, this was attributed to
tremendous variability (IQR of 22.25 in) within the snowfall totals for Cluster 3’s cases (Figure 15),
as well as the large number of Lake Ontario cases (75%) that were included in Cluster 3’s case set.
This result suggests that Cluster 3’s example case, while best matching the composite based on the
silhouette coefficient, is one of several examples of Cluster 3 LES events and is not representative of
all of Cluster 3. That is, Cluster 3 appears to be a “catch-all” cluster that included LES events with
widely variable impacts. Unfortunately, the best way to categorize this cluster of cases further requires
a larger sample size, which may be possible in future work.

Boxplots of Total Snowfall for Recorded LES Cases
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Figure 15. Boxplots of recorded snowfall totals for all LES cases identified using the NOAA Storm
Database, divided by associated cluster.
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Overall, the results of this study allow for better comprehension of the large-scale atmospheric
conditions associated with impactful LES storms, which could improve the prediction of these features
and possibly reduce their impact. Additionally, these composites form a baseline for comparing
synoptic-scale LES events with their associated mesoscale environmental conditions, which could be
used in future studies specifically addressing the impacts of warming climate conditions (and warming
lakes) on the severity of future LES events. In future work, a similar approach will be used for the
remaining Laurentian Great Lakes to assess whether the synoptic set-ups are like those identified in
this study. An understanding of the synoptic-scale conditions associated with LES will allow local
meteorologists to forecast these events with a greater lead time and more certainty, which will aid in
preventing some of the common hazards observed with these storms.
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