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Climatology of Lake-Effect Snow Days Along the Southern Shore of Lake Michigan: What Is the Sensitivity to Environmental Factors and Snowband Morphology?
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The Laurentian Great Lakes have substantial influences on regional climatology, particularly with impactful lake-effect snow events. This study examines the snowfall, cloud-inferred snow band morphology, and environment of lake-effect snow days along the southern shore of Lake Michigan for the 1997–2017 period. Suitable days for study were identified based on the presence of lake-effect clouds assessed in a previous study and extended through 2017, combined with an independent classification of likely lake-effect snow days based on independent snowfall data and weather map assessments. The primary goals are to identify lake-effect snow days and evaluate the snowfall distribution and modes of variability, the sensitivity to thermodynamic and flow characteristics within the upstream sounding at Green Bay, WI, and the influences of snowband morphology. Over 300 lake-effect days are identified during the study period, with peak mean snowfall within the lake belt extending from southwest Michigan to northern Indiana. Although multiple lake-effect morphological types are often observed on the same day, the most common snow band morphology is wind parallel bands. Relative to days with wind parallel bands, the shoreline band morphology is more common with a reduced lower-tropospheric zonal wind component within the upstream sounding at Green Bay, WI, as well as higher sea-level pressure and 500-hPa geopotential height anomalies to the north of the Great Lakes. Snowfall is sensitive to band morphology, with higher snowfall for shoreline band structures than for wind parallel bands, especially due south of Lake Michigan. Snowfall is also sensitive to thermodynamic and flow properties, with a greater sensitivity to temperature in southwest Michigan and to flow properties in northwest Indiana.
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INTRODUCTION

The Great Lakes have a significant impact on the climatology of downwind locations, most notably through the presence of wintertime lake-effect snowfall. Many lake-effect events have modest snowfall, but multi-day, high impact events with substantial snowfall also occur (Niziol et al., 1995; Schmidlin and Kosarik, 1999; Kristovich et al., 2000, 2017). Large events bring greater societal costs, including dangerous road conditions, snow removal expenses, damage to trees and buildings, and power outages (Schmidlin, 1993; Schmidlin and Kosarik, 1999). These impacts have motivated a substantial body of research focused on lake-effect snow climatology (e.g., Braham and Dungey, 1995; Suriano and Leathers, 2017b), trend assessments (e.g., Burnett et al., 2003; Bard and Kristovich, 2012), field experiments (e.g., Kristovich et al., 2000, 2017), forecasting (e.g., Rothrock, 1969; Niziol, 1987), numerical simulations (e.g., Lavoie, 1972; Ballentine et al., 1998) and morphology (e.g., Hjelmfelt, 1990; Laird et al., 2017).

Some of the earliest papers provided a physical paradigm that continues to inform the present, often gleaned from case studies (e.g., Mitchell, 1921; Sheridan, 1941). This early paradigm is summarized nicely by Lavoie (1972) and highlighted the frictional difference between land and lake surfaces (Remick, 1942), as well as the role of instability and associated heat and moisture fluxes (e.g., Sheridan, 1941; Petterssen and Calabrese, 1959). Studies utilizing numerical simulations subsequently have illustrated the importance of boundary layer growth, latent heat release, topography, mesoscale circulations, and snow band morphology (e.g., Lavoie, 1972; Ballentine, 1982; Hjelmfelt, 1990; Laird et al., 2003).

Large turbulent fluxes are driven by strong vertical gradients in temperature and moisture and are common during lake-effect snow events (e.g., Agee and Hart, 1990), with additional diurnal modifications (Kristovich and Spinar, 2005) and reductions for lake ice exceeding 70% coverage (Gerbush et al., 2008). The surface sensible heat flux is critical for boundary layer growth over the lake, along with entrainment from the top of the layer (Kelly, 1982; Agee and Gilbert, 1989; Kristovich et al., 2000) and deepening associated with the mesoscale circulation (Niziol et al., 1995). The latent heat flux is critical for subsequent cloud development, latent heat release, and strengthening of the mesoscale circulation (e.g., Ballentine, 1982; Hjelmfelt and Braham, 1983).

Many forecasting parameters date back to some of the earliest research, as well as local event climatology and forecaster experience (Niziol et al., 1995), although these parameters have been reinforced and confirmed by recent studies (e.g., Baijnath-Rodino et al., 2018). These include horizontal and vertical temperature gradients, fetch over the lake and flow properties, inversion characteristics, and synoptic-scale considerations (e.g., Sheridan, 1941; Remick, 1942; Rothrock, 1969). Adding to the complexity, small-scale orographic features (Hjelmfelt, 1992; Niziol et al., 1995), substantial lake ice concentrations (e.g., Niziol et al., 1995; Cordeira and Laird, 2008), and multiple lake interactions (Sousounis and Mann, 2000; Mann et al., 2002) can affect snowfall. Based on published work and forecast experience, detailed methodologies have evolved for specific regions (e.g., Niziol, 1987).

Particularly pertinent to the present study, Rothrock (1969) presented forecasting guidelines for the Lake Michigan basin, largely determined from sounding-based parameters and based on cases from a 2-year period. Findings indicated that snowfall is primarily dependent on the lake to 850-hPa temperature difference and the fetch across the lake. The chief inhibiting factor was inversion base height, with snowfall reduced for heights below ~900 m. This inhibition has been supported by numerical simulations (Hjelmfelt, 1990), although an upstream inversion may be substantially altered as the boundary layer deepens across the lake (Agee and Gilbert, 1989; Chang and Braham, 1991; Niziol et al., 1995; Kristovich et al., 2003). Strong wind shear (Rothrock, 1969; Niziol, 1987) and low upstream relative humidity (Rothrock, 1969; Hjelmfelt, 1990) can also inhibit snowfall.

Climatological evaluations of lake-effect snowfall have been extensive in the literature, including satellite-based climatology (Laird et al., 2017), lake-effect contribution to seasonal snowfall (e.g., Chagnon, 1968; Braham and Dungey, 1995), trend assessments (e.g., Burnett et al., 2003; Kunkel et al., 2009; Bard and Kristovich, 2012; Clark et al., 2016), 21st century projections (Kunkel et al., 2002; Notaro et al., 2015; Suriano and Leathers, 2016), sensitivity to teleconnection patterns (Kluver and Leathers, 2015; Clark et al., 2016, 2018; Suriano and Leathers, 2017a), and seasonal prediction (Kluver and Leathers, 2015). For trend assessments and the influences of canonical teleconnections, a challenge is posed by the difficulty isolating the lake-effect contribution to seasonal snowfall, with estimates sensitive to methodology (Braham and Dungey, 1995). This uncertainty has been addressed by using transects to estimate the lake contribution to snowfall (Bard and Kristovich, 2012), or employing daily-scale classification to estimate synoptic patterns (Leathers and Ellis, 1996; Suriano and Leathers, 2017a) and snowfall (Clark et al., 2020) associated with lake-effect events.

The morphology of lake-effect snow bands has been explored through analyses of satellite data (Kristovich and Steve, 1995; Laird et al., 2017), field experiments (e.g., Kristovich et al., 2017; Mulholland et al., 2017) and numerical simulations (Hjelmfelt, 1990; Laird et al., 2003; Laird and Kristovich, 2004). Laird and Kristovich (2004) demonstrated that the ratio of wind speed (U) to maximum fetch distance (L) is useful in separating morphology, with a higher U/L exceeding ~0.09 m s−1 km−1 for wind-parallel events (Laird et al., 2003). These wind-parallel events are the most common in the western Great Lakes (Kristovich and Steve, 1995; Laird et al., 2017), with cross-lake winds generating multiple bands (Braham, 1983) associated with horizontal rolls and cellular structures (Kelly, 1984; Kristovich and Steve, 1995). While not as common in the western Great Lakes (e.g., Laird et al., 2017), mid-lake and shoreline bands are associated with a lower U/L (Laird et al., 2003), while mesoscale vortices occur with weak flow (Forbes and Merritt, 1984; Laird and Kristovich, 2004) and are comparatively rare (Hjelmfelt, 1990; Laird et al., 2017). In addition to these primary band types, smaller misovortices have been observed within other band structures (Kristovich and Steve, 1995; Mulholland et al., 2017). Herein, the sensitivity of snowfall to band morphology is examined.

The present study combines the satellite-inferred cloud data from Laird et al. (2017), an update to the cloud data set through December 2017, and the classification approach from Clark et al. (2020) in order to examine the lake-effect snow day climatology along the southern shore of Lake Michigan. Based on these lake-effect snowfall days from 1997 to 2017, the present study examines the climatology in order to address the following questions:

1. What is the sensitivity of lake-effect snowfall along the southern shore of Lake Michigan to lake band morphology?

2. What large-scale meteorological pattern across North America is associated with lake-effect days along the southern shore of Lake Michigan?

a. What is the sensitivity of lake band morphology to the large-scale pattern?

3. What is the sensitivity of snowfall to thermodynamic and wind characteristics from the upstream sounding at Green Bay, WI?

a. How does this sensitivity vary spatially within the region?

b. What is the sensitivity of lake band morphology to the sounding variables?



DATA AND METHODS


Snowfall Data

Precipitation data from the National Weather Service Cooperative Observer Program (COOP) sites were retrieved from the National Centers for Environmental Information (NCEI). The study region surrounds the southern shore of Lake Michigan, as defined by the southern sub-regions of the Clark et al. (2016, 2018) Lake Michigan basin snowfall climatology. As described in detail within Clark et al. (2016), stations were selected in order to represent six subregions surrounding the lake during a 1950–2013 study period and screened for missing data. In addition to the southern subregions within the previous study, LaPorte and Wanatah, IN, are included in the present study in order to better resolve the snowfall sensitivity to wind direction and morphology along the southern shore. The region for the present study is shown in Figure 1, with station information provided in Table 1.


[image: Figure 1]
FIGURE 1. Map of stations included in the analysis of lake-effect snowfall along the southern shore of Lake Michigan. Dots, pluses, and triangles denote stations in IL, IN, and MI, respectively.



Table 1. Information on snowfall locations, including the identification number, missing data indicator, and sub-region from Clark et al. (2016).
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Morphology

Lake-effect snow band morphology was obtained from the 17-cold season lake-effect cloud climatology described by Laird et al. (2017). This climatology was recently updated through the end of 2017, creating a nearly 21-cold season climatology of lake-effect cloud events used herein. In short, visible satellite imagery for each cold-season day spanning October through March was visually inspected using stepwise animation to identify the lake-effect snow band type present over each lake on each day. For a given day, each lake could feature wind-parallel bands (WPB), shoreline bands (SPB), mesoscale vorticies (MSV), or unclear lake-effect organization along with synoptic cloudiness. Each lake could receive multiple band-type characterizations on a single day as the cloud structure often evolved on a given day or multiple cloud types were routinely identified simultaneously. For more detail on the cloud-band climatology, see Laird et al. (2017) and Section Data and Methods.



Independent Identification of Likely Lake-Effect Snow Days

Since the cloud-inferred lake-effect days (LE_cloud) frequently have synoptic clouds observed on the same day, a complementary identification of likely lake-effect snowfall days (LE_envsnow) was completed following the approach within Clark et al. (2020) for the classification of November snow days in the Lake Michigan region. The process is summarized here, with examples and comparison with a cluster-based approach provided in Clark et al. (2020). For each of the October through March days within the October 1997 to December 2017 study period during which peak snowfall was at least 2 cm, the identification of likely lake-effect days was based on the snowfall distribution and visual inspection of the surface map depiction from the Daily Weather Map online archive [from the National Oceanic and Atmospheric Administration (NOAA) Central Library Data Imaging Project] and upper-level maps available through the online archive through the NOAA Storm Prediction Center and/or maps produced using NOAA/National Center for Environmental Prediction/National Center for Atmospheric Research Reanalysis 1 (Kalnay et al., 1996). Although this study is concerned with locations along the southern shore of Lake Michigan, the precipitation map within the Daily Weather Map and snowfall from the other four Clark et al. (2016) sub-regions was sometimes helpful in isolating lake-effect days (station information for these supplementary locations is provided in Supplementary Table 1).

Likely LE_envsnow days were indicated by a lack of a synoptic-scale disturbance as a probable forcing for precipitation in the region, as well as the spatial snowfall distribution. Since the timing of snowfall is important for interpretation and the reporting time of 24-h snowfall measurements varies among the stations, Monthly Record of Climatological Observations Form reports from COOP observers were consulted in many instances; these were especially helpful in cases for which the observer noted the time period over which the snowfall occurred. To minimize error, there were three independent sets of evaluations for each day. Two were completed by co-authors, with an additional evaluation from the lead author. Cases with disagreement between the evaluations were re-considered. For cases in November, the identified days within Clark et al. (2020) through 2012 were utilized.

LE_envsnow days herein are intended as “pure” lake-effect days, with significant (≥2 cm) snowfall entirely or primarily confined to downwind locations and a lack of substantial map-based, synoptic-scale forcing for precipitation. For days with a broad pattern of significant snowfall through the region, then LE_envsnow is not the deemed designation. Although lake enhancement can occur as synoptic-scale disturbances impact the region, the focus in this study is pure lake-effect days and their sensitivity to the environment.

Many of the days with snowfall in the region are not identified as LE_envsnow days; these are not the focus of the current study, but are briefly described here and with more detail in Clark et al. (2020). For most of these non-LE_envsnow days, denoted as system (SYS) snow days in Clark et al. (2020), there is map-based evidence of synoptic-scale forcing from migrating mid-latitude cyclones in the region. There is also typically a broad pattern of snowfall through the region, although the progression of synoptic disturbances through the region can result in snowfall in locations west or east of the lake. Other non-likely lake-effect days are delineated as Both (system snow days with substantial likely lake augmentation), Remnant (snowfall of at least 2 cm actually occurred the previous calendar day based on archived monthly observer reports of timing), Unclear (for days with unclear forcing and timing issues, if not error), and Insignificant (the peak snowfall report is <2 cm).



Evaluation of Upstream Sounding Characteristics and Large-Scale Environment

The days with both LE_cloud and LE_envsnow designations are evaluated in the present study and denoted as lake-effect (LE) days. For an assessment of the sensitivity of LE day snowfall to variables gleaned from the sounding at Green Bay, WI, sounding data were retrieved from online archives at the University of Wyoming. Thermodynamic and flow variables were extracted at mandatory levels in order to examine their correlations with snowfall. In order to create sounding composites, the radiosonde data were linearly interpolated to every millibar and analyzed using the MetPy library (May et al., 2021). For the assessment of inversion characteristics, the lowest non-surface-based temperature inversion through 700 hPa was examined, with the strength defined as the amount of warming from the base of the inversion to the top. Surface-based inversions weren't included, since these nocturnal near-surface inversions may be quickly obviated by the sensible heat flux from the warm lake. In order to examine the temperature difference between mandatory levels and Lake Michigan, the daily Lake Michigan temperature was provided through the Great Lakes Surface Environmental Analysis and acquired online through the Great Lakes Environmental Research Laboratory.

Sounding data at 00 and 12 UTC were evaluated; the sensitivity of snowfall to the 12 UTC sounding variables was stronger and is shown herein. An alternative “best time” approach was also considered, based on a comparison of 00 and 12 UTC conditions each day, but this introduces a bias regarding which thermodynamic or flow property is prioritized. The sensitivities of LE day snowfall to sounding variables were assessed using data visualization and Pearson correlation coefficients (with reported significance based on a 95% confidence interval). Since independent observations cannot be assumed with instances of neighboring lake-effect days, a bootstrapping approach was also used for these significance assessments. Specifically, 10,000 realizations of 100-member sub-samples were generated, with the correlation calculated for each; if the resulting 95% of the correlation distribution doesn't include zero, then the correlation is deemed significant.

For visualization of large-scale patterns associated with the LE snow days, maps of the NOAA/National Center for Environmental Information/National Center for Atmospheric Research Reanalysis 1 data were generated. Daily anomalies at 12 UTC were calculated for sea level pressure, 850-hPa temperature and 500-hPa geopotential height for each case, based on the 30-year climatology baseline from 1980 to 2010 for each of the days.




RESULTS AND DISCUSSION


Comparison of Daily Cloud Data With Identified Likely Lake-Effect Snow Days

System and lake-effect cloud structures were observed frequently during the study period, although many lacked accumulating snowfall along the southern shore of Lake Michigan (Table 2). Roughly 82% of the days identified as likely lake-effect days had lake-effect cloud structures observed, while ~89% of the days identified as likely system snow days had synoptic cloud structures. An evaluation of mismatches reveals the key role of snowfall timing; for most of these days, 24-h snowfall reports influenced the classification of likely precipitation forcing, while the cloud data is effectively “ground truth” for the daytime hours of the date in question. For example, a day may have observed lake-effect cloud structures and a clearly favorable environment for lake-effect processes, yet not be classified as a lake-effect snow day due to a broad region of synoptically-induced snowfall from the previous night (which is reported in the morning for multiple locations). The study herein utilizes the 331 days which have observed lake-effect cloud structures and were also identified as likely lake-effect snow days. These will subsequently be referred to as lake-effect snow (LES) days. Although it is not uncommon for LE days to occur sequentially, individual days are evaluated in this study in order to evaluate the sensitivity to cloud morphology and environmental factors.


Table 2. Comparison of classification and satellite-inferred cloud data.
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Climatology of LE Days

The peak snowfall varies substantially among LE days; the mean peak snowfall is a modest 9.7 cm, yet the top 5 days exceed 30 cm and the peak snowfall day was an impressive 66 cm (not shown). The highest mean snowfall occurs within the belt extending from southwest Michigan into adjacent northern Indiana, with a reduction in mean snowfall for western stations and the easternmost locations in Michigan (Figure 2). The peak snowfall region also has much more frequently observed LES, although there were ~10 days with LES west of Lake Michigan (not shown). Seasonally, the LE days span the October through March study season, with a peak of nearly one-third of the LE days in January.


[image: Figure 2]
FIGURE 2. Map of mean snowfall (cm day−1) for LE snow days. These days include the 331 days for which there is a combination of LE_cloud and LE_envsnow designations. These LE days occurred from October (7 days) to March (27 days), with 36 in November, 71 in December, 110 in January, and 80 in February.


On LE days, the most common lake-effect cloud type is WPB, followed by SPB, Unclear morphology, and MSV (Table 3). Although many of the WPB days lack other LE morphological types, a substantial fraction of days with other morphologies have multiple types observed. Nearly three-quarters of the SPB days have multiple cloud structures observed, while nearly half of the Unclear days have other structures observed and only one MSV day lacks another morphology (Table 3). Despite this notable amount of concurrent snowband morphologies, WPB and SPB days are of great interest herein, since they are the most common. Furthermore, the less common SPB days are associated with different snowfall patterns and environments.


Table 3. Number of LE days with each morphological cloud type during the study period.
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The mean snowfall on SPB days is higher for westernmost locations than on the more common WPB days, with a peak in northwest Indiana (Figure 3). In contrast, the far more plentiful WPB days have peak snowfall near the shoreline in southwest Michigan, and since these days are more common, they dominate the overall LE snowfall distribution (as in Figure 2). However, the impact of the less common SPB days is often substantial. In addition to the difference in spatial snowfall patterns (Figure 3), it is noteworthy that four of the top five LE day accumulations had SPB structures observed (although the WPB morphology was also documented). These four large SPB-associated snowfalls (all exceeding 30 cm) occurred at different locations within the region, including Eau Claire, Michigan, and Valparaiso, La Porte, and South Bend, Indiana.


[image: Figure 3]
FIGURE 3. Mean snowfall (cm day−1) associated with WPB (A) and SPB (B) lake-effect snow days.


During lake-effect snow days, negative 500-hPa geopotential height anomalies are present in the Great Lakes, with a trough axis in the eastern Great Lakes (Figure 4A). Cold anomalies at 850-hPa are also present over Lake Michigan, with northwest flow (Figure 4B). Higher than average sea-level pressure (SLP) is present over the Central United States, while lower SLP is found to the northeast (Figure 4C). Comparing the patterns per morphology, SPB days have higher 500-hPa geopotential heights and warmer 850-hPa temperatures northwest of the Great Lakes (Figures 5A,B). The difference in SLP anomalies reveals higher SLP within and to the north of the Great Lakes (Figure 5C). The wind direction over Lake Michigan on the surface and 850-hPa SPB day composites (Figures 5B,C) suggests a longer fetch than for the LE day composite (Figures 4B,C), which is consistent with Laird et al. (2003).


[image: Figure 4]
FIGURE 4. Composite 12 UTC anomaly maps of Reanalysis I (A) 500-hPa geopotential height, (B) 850-hPa temperature, and (C) sea-level pressure for LE days. Filled contours represent anomalies of geopotential height (upper), temperature (middle) and sea-level pressure (lower), while solid contours represent mean geopotential height (upper, middle) and sea-level pressure (lower). Wind barbs are also included. There are 331 days represented within the composite. NCEI reanalysis data provided by the NOAA Earth System Research Laboratory/Physical Sciences Division, Boulder, CO from their web site (http://www.esrl.noaa.gov/psd/).



[image: Figure 5]
FIGURE 5. Composite 12 UTC Reanalysis I (A) 500-hPa geopotential height (upper), (B) 850-hPa temperature (middle) and (C) sea-level pressure (lower) differences between days with SPB and WPB cloud classifications. Differences are indicated by filled and solid contours. Dots indicate regions for which the null hypothesis of equal mean SPB and WPB 500-hPa geopotential height, 850-hPa temperature and sea-level pressure can be rejected, respectively. This assessment is based on bootstrap simulations using 10,000 50-member sub-samples.


Consistent with this environment in the Great Lakes, the sounding composite from Green Bay, WI, indicates a cold lower troposphere with northwesterly flow (Figure 6). The lower tropospheric winds on SPB days are lighter and more northerly than on WPB days. Interestingly, the morphology is more sensitive to the zonal component of the wind than to the meridional component, with a much weaker zonal component at 850-hPa on SPB days (Table 4). The lower tropospheric temperature is also modestly warmer on SPB days, although the difference is not significant at 850-hPa. Other modest thermodynamic differences are also insignificant based on the bootstrap-based assessments, including differences in inversion characteristics and relative humidity.


[image: Figure 6]
FIGURE 6. Composite 12 UTC Green Bay, WI, sounding temperature for WPB (solid black) and SPB (dashed black) days. Composite dew point temperature is indicated by gray lines for WPB (solid) and SPB (dashed) days, and the wind profiles for WPB (black) and SPB (gray) days are also provided. Thirteen soundings were unavailable.



Table 4. Mean sounding variables per-lake band morphology.
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Sensitivity of Snowfall to Sounding Parameters

Based on the 12 UTC sounding data from Green Bay, WI, the peak daily snowfall per LE day is significantly anticorrelated with the 850-hPa zonal wind component, but not significantly correlated with the meridional component (Table 5). Spatially, the sensitivity to the 850-hPa zonal wind component peaks in northwest Indiana and is weaker in southwest Michigan (Figure 7A). This stronger sensitivity to the zonal wind component in northwest Indiana is consistent with the morphological results noted previously, with increased likelihood of SPB structure as the zonal wind becomes weaker. There is also a significant anticorrelation of snowfall with the 850-hPa meridional wind component in some locations, with the peak impact in north-central Indiana (Figure 7B). Other wind characteristics were considered as well. The sensitivity to the wind direction is consistent with the zonal and meridional wind results (not shown), while correlation of peak snowfall with wind speed is effectively non-existent (Table 5). Although there is some evidence of a non-linear snowfall reduction for very high wind speeds, the sample size encumbers this analysis (not shown).


Table 5. Correlation coefficients between peak snowfall and several variables from the upstream sounding at Green Bay, WI, during lake-effect snow days.
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[image: Figure 7]
FIGURE 7. Map of correlation coefficients of snowfall and variables from the upstream sounding at Green Bay, WI, during lake-effect snow days. Sounding variables include the 850-hPa zonal (u; A) and meridional (v; B) wind components and 700-hPa temperature (C). A bootstrap approach was used to infer the significance of correlations at the 95 and 90% confidence thresholds, respectively.


There is a significant dependence of peak LE day snowfall on lower tropospheric temperature, as well as the associated lake to 850 and 700-hPa temperature differences (Table 5). The relationship appears strongest with 700-hPa temperature and peaks in southwest Michigan, where the sensitivity to the wind is somewhat weaker (Figure 7C). Interestingly, other thermodynamic factors lack a meaningful linear relationship with peak snowfall; these include inversion base height and strength, as well as 850-hPa relative humidity (Table 5). The lack of a significant correlation with inversion characteristics is surprising, but may simply be indicative of the capacity of boundary layer growth across the lake to erode the inversion. Furthermore, as with high wind speeds, there is some visual evidence that very strong inversions tend to reduce peak snowfall; however, the sample size of this small subset does not foster robust hypothesis testing or related confidence.




CONCLUSIONS

The southern shore of Lake Michigan frequently experiences lake-effect snow events, some of which produce heavy snowfall in the region. The most common snow band morphology is WPB, which is fostered by a cold environment and relatively strong zonal wind component in the lower troposphere. The resulting snowfall typically has a peak in southwest Michigan, consistent with northwest flow. Since these LE days are most plentiful in the Lake Michigan region, this snowfall mode determines much of the spatial distribution of lake-effect snow.

A very different mode of snowfall occurs during SPB days, although WPB structures are often present during the same day. These SPB days are primarily fostered by a weaker zonal wind component and typically produce greater snowfall than WPB in northwest Indiana. Although not every SPB day produces prolific snowfall, they account for four of the five largest snowfalls (at four different locations- ranging geographically from Valparaiso, IN, to Eau Claire. Michigan). This makes SPB particularly impactful, especially when they occur in locations which experience less frequent lake-effect snowfall (e.g., Valparaiso, IN). These two modes of snowfall in the region are identifiable within the leading principal components of daily snowfall in the region, while other statistical modes are more localized (not shown).

In general, greater LE snowfall in the region is associated with colder conditions, weak zonal wind flow, and a northerly meridional wind component in the lower troposphere. Snowfall is not significantly correlated with inversion characteristics, likely due to the impacts of Lake Michigan on boundary layer growth across the lake. There is some visual evidence that very strong inversions and high wind speeds tend to reduce peak snowfall; however, the sample size of this subset is too small for a robust evaluation.

It is noteworthy that none of the relationships with snowfall herein explain a large fraction of the snowfall variance. The variance of snowfall is substantial, with a great deal of internal variability beyond the signal associated with environmental characteristics and snow band morphology. Additionally, the intraday changes to the environment may be substantial, yet this is not captured here; even if it were, the snowfall data represents 24-h totals. In any case, the sensitivity to 00 UTC sounding characteristics was also considered, but the sensitivity to the 12 UTC environment was greater. Although a “best time” approach was also considered, it leads to an unintentional bias as the role of flow properties and temperature are subjectively weighted. An alternative approach could also analyze multi-day events, rather than individual LE days. Although this option was explored, a daily data approach was ultimately used in order to better assess the sensitivity to the environment and snowband morphology.

The region of study was chosen to highlight the importance of snowband morphology and associated environmental factors along the southern shore. Northern regions of the Lake Michigan basin are also worthy of study (as are regions surrounding other Great Lakes), with likely different sensitivity to thermodynamic and flow characteristics. It may also be beneficial to evaluate the environments of LE_cloud days in which snowfall accumulation did not occur, although this is beyond the scope of the current study. Lastly, although the cloud data would not be available, the analysis could be extended to earlier years in order to increase the sample size for other aspects of the analysis.
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Cloud data are available for the months of October through March, from October 1997
through December 2017. Satelite estimates were not avaiable for 111 days during the
study period. Classifications were completed for days dluring this period in which the peak
snowfall in the region was =2 cm.





OPS/images/frwa-04-826293-g007.gif





OPS/images/frwa-04-826293-t001.jpg
Station D Missing data % Sub-region

Aurora, IL 110338 06 sw
De Kalb, IL 112223 0.0 sw
Midway, IL 14819 00 sw
O'Hare, IL 94846 0.0 sw
Peotone, IL 116725 54 sw
Rockford, IL 94822 0.0 sw
Battle Creek, M 14815 85 SE
Bloomingdale, MI 200864 36 SE
Coldwater, MI 201675 48 SE
Eau Claire, MI 202445 127 SE
Goshen, IN 123418 0.0 SE
LaPorte, IN 124837 03 SE
Niles, MI 206892 0.0 SE
South Bend, IN 14848 03 SE
Valparaiso, IN 128999/128992/US1INPT0063 33 SE
Wanatah, IN 129222 6.0 SE
Winamac, IN 129670 06 SE

For missing data, values refer to the percentages of missing snowfall during LE days of
the stucy period. Data are not available starting i the fal of 2014 for Eau Claire, MI. The
Valparaiso, IN, station change-overs occurred in the fall of 2005 and 2014, The latest is
from the Community Collaborative Rain, Hei, and Snow Network (CoCORAHS), which
was carefully selected among several COCORAHS based on data avaiabilty. Al station
data were acquired through the National Centers for Environmental Information (NCEJ).
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A bootstrap approach was used to infer the signiicance of corrlations, with ** and "
indicating significant correlations at the 95 and 90% confidence thresholds, respectively.
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A bootstrap approach was used to infer whether the null hypothesis of equal population
‘mean could be rejected, with " indicating significence at the 95% confidence threshold,
respectively. (Although the Welch t-test would also allow the rejection of the nul hypothesis
of equal population means for the 850-hPa wind speed and zonal wind component (i),
independent observations cannot be assumed in the present stucy) The wind direction
variable s adjusted for cases with an easterly wind component by adding 360 degrees,
such that NEwind of 45 degrees is converted to 405 degrees. Inversion strength is defined
as the amount of warming from the base of the inversion to the top.
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