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 Every late autumn and winter, lake-effect snow (LES) disrupts the livelihoods of 

those who reside in the lee of the Great Lakes.  This phenomenon often generates 

significant localized snowfalls that can cripple one section of a community while the 

remainder is spared.  Detrimental impacts on travel from snowfall rates of 1 inch hour
-1

 

or greater are not uncommon.  Storm-total snowfall gradients of 6 to 8 inches mile
-1

 have 

also been documented. 

 Twenty four-hour snowfall measurements taken by National Weather Service 

(NWS) observers during Lake Ontario LES events were collected.  Utilizing a geographic 

information system, snowfall was interpolated from spotter reports with the kriging 
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method.  Then, the area of warning-criteria snowfall was compared to the area of the 

corresponding county-based LES warning for calculation of percent of false alarm.  This 

warning performance evaluator identified the proportion of a county-based LES warning 

that received sub-warning-criteria snowfall and was therefore unnecessary. 

 A total of thirteen events from the 2009-2010 through 2011-2012 LES seasons 

were analyzed.  The average percent of false alarm was approximately 90%.  This 

suggests the NWS should consider smaller warning polygons.  Limited-size warnings 

would enable meteorologists to provide greater specificity regarding the location of 

anticipated significant snowfall, while simultaneously reducing the number of people 

who are unnecessarily warned.     
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I. INTRODUCTION 

 

 Lake-effect snow (LES) is a mesoscale phenomenon resulting from the 

destabilization of cold air as it crosses a large relatively warm lake.  As the cold air is 

warmed and moistened from beneath, it subsequently rises freely, expands, cools, and 

condenses into clouds, which may then deposit large quantities of snow downwind of the 

lake.  Snow accumulations often vary greatly over short distances, which can be inferred 

from Figure 1.1.  A single LES event may bury a portion of a county or a city in a foot or 

more of fresh snow, while the rest of the county or city experiences quiescent weather.  In 

early December 2010, an intense storm downwind of Lake Erie dumped 4 inches of 

snowfall at Buffalo’s city hall, while only 0.8 miles to the south-southeast, 12 inches fell 

at HSBC Arena.  The same storm generated snowfall totals that ranged from a dusting to 

24 inches over a short distance of 3 to 4 miles in metropolitan Buffalo (NWS Buffalo 

2013).   

 Buffalo, Cleveland, Erie, Rochester, Syracuse, and Watertown (NY) are large 

cities that typically receive LES downwind of the lower Great Lakes (i.e. Lakes Erie and 

Ontario).  Numerous locations to the lee of the Great Lakes exhibit average annual 

snowfall in excess of 60 inches (150 cm), while average annual snowfall exceeds 100 

inches in snow belts (i.e. favored areas for lake-effect snow; see Fig. 1.2).  Monthly 
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snowfalls can reach, or even exceed 40 to 80 inches (100 to 200 cm) in portions of the 

Great Lakes region (Schmidlin 1993) and have negative societal impacts, most notably 

on transportation (Call 2005).  Portions of Interstates 75, 81, and 90 reside in the Lake 

Superior, Erie, and Ontario snow belts.  These three interstates are important 

thoroughfares for commerce. 

 

Figure 1.1: Lake Erie lake-effect snowstorm impacting downtown Buffalo, NY 

(Wunderground 2012) 

 

 

Figure 1.2: Average annual snowfall (inches) throughout the Great Lakes Region 

(University of Illinois 2012) 
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 In order to account for the localized nature of particular hazardous weather 

phenomena, the National Weather Service (NWS) began nationwide implementation of 

storm-based warnings (SBWs) on 1 October 2007.  SBWs replaced the county-based 

warnings (CBWs) previously issued for severe thunderstorms, tornadoes, and flash 

floods.  NOAA (2008) states “SBWs are computer-drawn polygons outlined by NWS 

meteorologists and are defined by latitude and longitude coordinates that correspond to 

the vertices of a polygon.”  SBWs highlight those areas under greatest threat instead of 

encompassing entire counties during what are often microscale or mesoscale weather 

events (NOAA 2008).   

 Microscale phenomena are those less than 1.25 miles (2 km) wide/long and 

include most tornadoes and microbursts.  Such phenomena are also especially brief.  For 

example, most tornadoes last less than 10 minutes, while the typical lifespan of a 

microburst is 2 to 5 minutes.  Thunderstorms are mesoscale phenomena.  An individual 

thunderstorm is often on the order of 1.25 to 12.5 miles (2 to 20 km) wide/long and 

typically lasts 30 minutes to an hour; sometimes longer (Orlanski 1975).  The extent of 

severe hail occurrence, straight-line wind damage, or flash flooding can exhibit similar 

spatial dimensions to those of a single thunderstorm.  Lake-effect snowstorms are also 

mesoscale phenomena with variable size and duration.  These storms are often organized 

in bands that are typically 3 to 30 miles (5 to 50 km) wide and 12.5 to 125 miles (20 to 

200 km) long (Niziol et al. 1995).  An individual lake-effect snowstorm often lasts for 

approximately one day, if not longer (Orlanski 1975).  Unlike flash floods, severe 

thunderstorms, and tornadoes, the National Weather Service continues to warn entire 
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counties for LES.  This study will examine whether the NWS should consider SBWs for 

LES.  

 Boney and Christy (2012) demonstrated the use of ArcGIS (a brand of geographic 

information system) for mapping and analysis of lake-effect snowfall downwind of Lake 

Michigan.  This study also used ArcGIS to map and analyze 13 significant lake-effect 

snowfalls in upstate New York, downwind of Lake Ontario.  Twenty-four hour snowfall 

measurements from NWS snow spotters were used as data points in ArcMap, the 

mapping component of ArcGIS.  Then, LES accumulation was interpolated with kriging.  

Finally, warning-criteria snowfall area and the area of the corresponding county-based 

LES warning were used to calculate the percent of false alarm (PFA).  PFA is a warning 

performance evaluator that represents the percentage of a county-based warning that 

received fewer than 9 inches of new snow in 24 hours and was therefore unnecessary. 

 The purpose of this research was to measure the effectiveness of county-based 

LES warnings.  In the next chapter, previous literature regarding LES, storm-based 

warnings, and snowfall mapping will be reviewed.  Then, a methodology to map snowfall 

and gauge the performance of county-based LES warnings will be discussed.  Finally, 

results and conclusions will be provided in the last two chapters. 



II. LITERATURE REVIEW

 

 In North America, LES is prevalent downwind of the Great Lakes.  Additionally, 

the phenomenon can occur downwind of Lake Champlain (Laird et al. 2009a) and the 

Great Salt Lake (Alcott et al. 2012).  Knowledge of LES, including its several forms, 

dimensions, and prediction, is extensive (e.g. Niziol 1987; Niziol et al. 1995).  However, 

literature regarding lake-effect snowfall mapping is limited.  LES, flash floods, severe 

thunderstorms, and tornadoes are similar in the sense that these phenomena are all 

localized events.  The National Weather Service has utilized warning polygons in order to 

account for the localized nature of flash flooding, severe thunderstorms, and tornadoes.  

Conversely, entire counties are warned when significant LES is anticipated.  This chapter 

will highlight the existing understanding of LES and severe weather warnings.  It will 

also discuss literature that serves as the methodological basis for this research.       

2.1 Lake-Effect Snow 

 In order for cold air to trigger LES as it crosses any of the relatively warm Great 

Lakes, there must be a temperature difference of at least 13°C between the lake surface 

and 850 hPa (Niziol 1987).  The degree of lake-induced instability along with the height 

and strength of a capping inversion greatly influence the intensity of lake-effect snow 

(Niziol et al. 1995).  Byrd et al. (1991) conducted mobile soundings of LES in western
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and central New York and concluded the instability threshold of 13°C is valid for 

predicting the onset of lake-effect convection.  However, the correlation between the 

degree of instability and intensity of lake-effect precipitation is unclear.  Their soundings 

showcased a positive correlation between boundary layer depth (i.e. capping inversion 

height) and lake-effect precipitation intensity because a higher capping inversion permits 

the formation of deeper lake-effect clouds capable of producing heavier snow. 

 A fetch (distance air travels over open water) of at least 80 km (50 miles) is 

necessary for the formation of lake-effect flurries, while a minimum fetch of 160 km (100 

miles) is required for significant LES.  Thus, not all lakes are capable of producing lake-

effect precipitation (UCAR MetEd 2012).  However, the phenomenon is not exclusive to 

the Great Lakes.  LES can also occur off of the Great Salt Lake (Alcott et al. 2012), Lake 

Champlain (Laird et al. 2009a), and select Finger Lakes of New York (Laird et al. 

2009b).  Wind direction at a particular pressure level (e.g. 850 hPa) is used to determine 

fetch when directional wind shear is subtle or absent within the boundary layer (Niziol 

1987; UCAR MetEd 2012).  However, wind direction may vary within the lake-effect 

cloud layer, and directional wind shear > 30° is detrimental to a lake-effect storm due to 

entrainment.  As a result, Great Lakes forecasters often use mean wind direction between 

the surface and 700 hPa to predict the location and orientation of a snow band or snow 

bands (Niziol et al. 1987). 

 In the Great Lakes region, the LES season often extends from November through 

February.  During that time period, the average lake surface temperature is considerably 

warmer than the average temperature of overlying air, promoting cloud and snow 
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formation as the lake becomes a source of heat and moisture (i.e. instability) (Niziol et al. 

1995).  However, much shallower Lake Erie tends to freeze-over by late January, greatly 

reducing the LES potential (Niziol et al. 1995).  Average annual snowfall exceeds 152 cm 

(60 inches) in numerous locations downwind of the Great Lakes, while the snowiest 

locations (average annual snowfall > 400 cm (160 inches)) include Michigan’s 

Keweenaw Peninsula, which juts out into Lake Superior, and the higher elevations 

directly east of Lake Ontario, in New York state (Norton and Bolsenga 1993; University 

of Illinois 2012).  Typically, the largest lake-effect snowfalls occur where fetch is longest 

and topography enhances precipitation via orographic lift.  As a result, some locations 

east of Lake Ontario exhibit the greatest average annual snowfall in the entire Great 

Lakes region (Niziol et al. 1995).   

 According to Niziol et al. (1995), there are five types of lake-effect snowstorms.  

Type I LES is a single and often intense snow band resulting from cold air flowing 

parallel, or nearly parallel, to the major axis of a lake (e.g. westerly flow across Lake 

Ontario; see Fig. 2.1), resulting in a long fetch and greater lake-induced instability.  

Temperature contrasts between cold land and the warm lake can lead to the formation of 

land breezes that converge over the lake and focus the LES into a single band that is 

typically 20 to 50 km wide and 50 to 200 km long.  The mesoscale convergence also 

enhances ascent, promoting deeper cloud growth and heavier snow production.  These 

Type I lake-effect snowstorms, referred to as long lake axis-parallel lake-effect storms by 

Steiger and Ballentine (2008), can produce intense snowfall rates and substantial storm-
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total accumulations ( > 5 cm hr
-1

 ( > 2 inches hr
-1

) and > 130 cm ( > 52 inches), 

respectively) in addition to generating lightning (Steiger et al. 2009).   

 

Figure 2.1: Hypothetical Type I lake-effect snowstorm (outlined in blue) triggered by a 

west to east flow (bold arrow) parallel to the major axis of Lake Ontario.  These storms 

can also result from a west-southwesterly or west-northwesterly flow across the lake. 

  

 After completing their satellite-based 6-year climatology of Great Lake-effect 

cloud cover, Kristovich and Steve (1995) found that the fraction of Type I cloud bands 

(referred to as shore-parallel bands in their study) increased dramatically from west to 

east and ranged from 11% over Lake Superior to 40% over Lake Ontario.  The increase 

can be attributed to monthly average wind directions being oriented nearly parallel to the 

long axes of the eastern Great Lakes (Erie and Ontario) during the winter months. 

 As described by Niziol et al. (1995), Type II lake-effect snowstorms form when 

cold airflow has a shorter fetch (e.g. flow is perpendicular to the long lake axis, see Fig. 

2.2).  These multiband storms are often 5 to 20 km wide and 20 to 50 km long and are 
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less intense than Type I storms due to the lack of strong over-lake mesoscale convergence 

and shorter fetch.  Instead, these storms are wind-parallel roll convection and often affect 

a larger area downwind of a lake.  Type II lake-effect cloud bands are the most common 

type over and downwind of the Great Lakes (Kristovich and Steve 1995) and were called 

wind-parallel bands in their study. 

 

Figure 2.2: Same as Fig. 2.1 except for a hypothetical Type II lake-effect snowstorm 

generated by a north to south flow perpendicular to the major axis of Lake Ontario.  

These storms can also be triggered by northwesterly flow across the lake.  

  

 Type III lake-effect snowstorms are a combination of Type I and II storms, result 

from an upstream connection, and originate from the farthest upstream lake.  An 

upstream connection occurs when airflow transports moisture from one or more upwind 

lakes into a lake-effect storm over the downwind lake.  The additional moisture enhances 

lake-induced instability and therefore snow intensity.  Type III storms tend to penetrate 

hundreds of kilometers inland due to strong and well-aligned steering winds, but also 

exhibit little spatial and temporal persistence (Niziol et al. 1995).  Rodriguez et al. (2007) 
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analyzed visible satellite imagery from 2000 to 2004 in order to create a climatology of 

Type III lake-effect cloud bands (i.e. lake-to-lake (L2L) cloud bands in their study).  

They found that L2L cloud bands originate over all of the Great Lakes, but most often 

originate over the western lakes (Lakes Superior, Michigan, and Huron).  This should be 

expected due to the usual northwest to southeast flow that accompanies cold air outbreaks 

across the region.  The authors also noted cases where L2L clouds originated over Lake 

Superior and extended downwind over Lakes Huron and Ontario, in addition to events 

where L2L clouds originated over Lake Huron and extended downwind over Lake 

Ontario.      

 Type IV lake-effect storms (Niziol et al. 1995) are single snow bands generated 

by converging land breezes that accompany an Arctic high pressure system.  The light 

steering winds may cause these snowstorms to remain over the lake or hug the shoreline 

and penetrate only several kilometers inland.  Type IV storms are weaker than Type I 

storms due to limited lake-effect cloud growth caused by the strong subsidence inversions 

that accompany Arctic ridges and light winds resulting in less moisture fluxes from the 

lake surface.  Even so, these storms can still produce significant snow accumulations 

since they may remain stationary for a prolonged period of time and the frigid 

temperatures cause high snow to liquid water equivalent ratios.   

 Finally, Type V lake-effect snowstorms are mesoscale vortices that form under 

similar weather conditions as Type IV storms and are most common over a bowl-shaped 

lake basin, such as southern Lake Michigan (Forbes and Merritt 1984; Pease et al. 1988).  

According to Forbes and Merritt (1984), lake-effect vortices often exhibit diameters on 
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the order to 10
 
km to 100 km.  While many lake-effect vortices are nearly stationary due 

to converging land breezes, some translate inland with synoptic-scale flow when diurnal 

heating reduces the lake temperature excess with respect to land and causes land breezes 

to dissipate.  These vortices weaken rapidly and dissipate soon after making landfall due 

to a stable atmosphere above relatively cold land (Forbes and Merritt 1984). 

2.2 Snowfall Mapping in a Geographic Information System (GIS) 

 Previous peer-reviewed literature regarding snowfall mapping is limited and 

primarily pertains to average monthly/annual snowfall (e.g. Perry and Konrad 2006; 

Lopez-Moreno et al. 2007).  However, there are several manuscripts that are relevant to 

this study.  Spatiotemporal trends in lake-effect and continental snowfall were analyzed 

by Norton and Bolsenga (1993) using the software package Surface III, a type of GIS, 

and snowfall data from more than 1000 weather stations in Ontario, Canada and the eight 

Great Lakes states.  Their research area (94° to 74° W and 40° to 51° N) encompassed the 

Great Lakes and surrounding landmass.  The resulting grid of 198,000 cells had a cell 

size 2.6 km west to east by 3.7 km north to south.  The grid estimates of snowfall were 

calculated using a linear trend surface fit to weighted nearest-neighbor station data.  The 

eight closest stations were used within a 4° range and the weighting used the inverse of 

the distance squared, but was scaled so the most distant point received zero weight.  

Afterwards, cell values were averaged over a two-column and two-row span to smooth 

the data and create coherent monthly snowfall grids.  These smoothed grids were then 

summed to create annual snowfall grids.  Then, the annual grids were averaged to 
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produce multiple year averages.  Snowfall contours were then created using Surface III to 

produce various snowfall maps. 

 After creating three 10-year and one 30-year snowfall maps for the time period 

1951-1980, Norton and Bolsenga (1993) discovered non-spatially uniform decadal 

increases in regional snowfall.  By windowing (i.e. dividing) the database into the entire 

Great Lakes drainage basin, a continental climate zone over Wisconsin, and a lake-effect 

zone over northern New York, directly east of Lake Ontario, it was realized the increases 

in snowfall, as displayed by the maps, resulted from increases in lake-effect snowfall and 

not continental (i.e. non-lake-effect) snowfall.  The authors believe outbreaks of colder 

air across the lakes, not increases in available moisture (i.e. warming lakes), were 

responsible for the increase in snowfall from 1951 to 1980.   

 Similar to Norton and Bolsenga (1993), research undertaken by Burnett et al. 

(2003) also suggests Great Lakes-generated snowfall increased during the 20
th

 Century.  

However, this more recent research suggests the increase in lake-effect snowfall was a 

result of warming Great Lakes.  The authors noted an increase in composite cold season 

(Oct-April) snowfall in lake-effect locations during the 1931-2001 period and an increase 

in composite cold season Great Lakes surface water temperature from 1995-2000.  

Simultaneously, composite cold season snowfall exhibited little change at non-lake-effect 

locations and composite cold season temperature also changed very little at lake-effect 

and non-lake-effect locations.    

 Smith and Blough (2005) used a GIS to study the relationship between 

topography and lake-effect snow in northern Michigan.  Twelve USGS digital elevation 
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models (DEMs) of northern Michigan were combined to form one DEM.  The original 

grid spacing of the DEM was modified to a consistent interval of 2500 feet that allowed 

for results that were sufficiently detailed and more easily interpretable for weather 

forecasters.  In order to compute terrain-induced ascent, the authors used a simple vertical 

velocity equation in which the vertical wind component near the surface is the product of 

the horizontal surface wind speed and gradient of terrain.  A horizontal surface wind 

speed of 7 ms
-1

 was chosen for the calculations since it represents a value typically 

associated with lake-effect snowstorms in northern Michigan.  Although lake-effect snow 

is most commonly accompanied by airflow from the west and/or north, the authors chose 

to calculate vertical velocities accompanying 16 different airflow regimes.  The authors 

discussed the results of the vertical velocity maps corresponding to 8 out of 16 airflow 

regimes (N, NE, E, SE, S, SW, W, and NW).  

 The GIS-based maps highlighted terrain with elevation of at least 303 m (1000 ft) 

above sea level and upward vertical velocities of 3 cm s
-1 

or greater, using a contour 

interval of 2 cm s
-1

.  The results showcased that upward vertical velocity is a function of 

overall elevation change and the angle at which the surface wind strikes the slope.  More 

specifically, the greater the slope and/or the more perpendicular surface wind direction is 

to the slope face, the greater the resulting upward vertical velocity and perceived 

orographic enhancement of lake-effect snow.  Different surface wind directions also 

result in significant upward vertical velocities (> 7 cm s
-1

) having different spatial extents 

(e.g. more expansive for northwest wind than for north wind).  These results are useful 

for forecasters when predicting where strongest orographic lift and therefore greatest 
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lake-effect snow intensities are likely to occur in northern Michigan during different 

airflow patterns (Smith and Blough 2005). 

 Boney and Christy (2012) used GIS to map lake-effect snowfall downwind of 

Lake Michigan in northern Indiana and southwestern Michigan and to classify snowfall 

patterns associated with particular airflow regimes.  Thirteen surface weather stations 

with long-term climate records surrounding the southern basin of Lake Michigan acted as 

snowfall data points for each lake-effect event.  Using a peak snowfall threshold of 5 cm 

(2 inches) at one of the 13 stations yielded a total of approximately 250 cases.  Kriging 

was used to interpolate snowfall from each lake-effect event since the interpolation tool 

accounts for prevailing wind direction.  Two dominant lake-effect snowfall patterns were 

classified: northwest flow and north flow.  A cold northwest flow across Lake Michigan 

generates lake-effect snowfall across southwestern Michigan and northwestern Indiana, 

with the greatest snowfall near Benton Harbor, Michigan.  A northerly flow across Lake 

Michigan favors northwestern Indiana, with the greatest lake-effect snow accumulation in 

and around Valparaiso. 

2.3 Storm-Based Warnings 

 Multiple warning performance evaluation metrics have been devised by the 

National Weather Service for tornado and severe thunderstorm warnings.  According to 

Brooks (2004), two of these metrics are probability of detection (POD) and false alarm 

ratio (FAR).   
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Equation 2.1: Probability of detection (POD) = A / (A + C) 

  “A” represents the number of warned weather events and “C” is the number of 

 unwarned weather events in Equation 2.1.   

Equation 2.2: False alarm ratio (FAR) = B / (A + B) 

 In the above formula, “A” is once again the number of warned weather events, 

 while “B” is the number of false alarms (unverified warnings).  

 Several studies have been conducted to gauge the effectiveness of county-based 

warnings (CBWs) versus storm-based warnings (SBWs) and to create performance 

evaluation metrics for storm-based tornado and flash flood warnings.  As previously 

mentioned, SBWs are polygons that are often smaller than a county or group of counties 

and highlight the area under the greatest severe weather threat.  Regarding CBWs, such 

warnings verify if severe weather occurs within the warned area while the warning is 

valid.  Severe weather occurring outside these warnings (in both time and space) is an 

unwarned event, while unverified warnings are false alarms.  For CBWs that include 

multiple counties, each county requires independent verification (Browning and Mitchell 

2002).   

 Prior to the nationwide implementation of SBWs (i.e. warning polygons) for 

severe thunderstorms, tornadoes, and flash floods, the Pleasant Hill, MO National 

Weather Service Weather Forecast Office compared all CBWs to warning polygons 

issued for severe thunderstorms and tornadoes in April through July 2001.  Probability of 

detection was lower and false alarm ratio was actually higher for SBWs than for CBWs 
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(POD: 73% vs. 86%; FAR: 34% vs. 32%).  With many of these warnings, severe weather 

reports occurred outside the polygon but inside the county boundaries (Browning and 

Mitchell 2002).   

 Waters (2007) calculated single POD and FAR values for all tornado warnings 

(county-based and storm-based) issued in the United States during the year 2005.  POD 

for tornado SBWs was less than that for CBWs (57% vs. 76%), while little change in 

FAR was found after preliminary (i.e. incomplete) analysis.  County area ratio (CAR) for 

the first nine months of 2005 showed a 72% reduction in warned area with tornado 

SBWs.  According to the Storm-Based Warnings Team Report (NOAA 2007) CAR 

includes the ratio of the area of the warning polygon (PA) to the entire area of the county 

or counties included in the warning (Σ CA) and has the following formula: 

Equation 2.3: County area ratio (CAR) = 1 – (PA / Σ CA) 

 CAR measures the reduction in warned area with the use of a polygon rather than 

 an entire county or group of counties. 

 SBWs have their advantages and disadvantages.  Three advantages of warning 

polygons are: 1.) they allow the forecaster to focus on severe weather signatures for 

determining the warning area without concern for county boundaries, 2.) enable greater 

specificity with respect to the threat location, and 3.) result in fewer people who are 

unnecessarily warned.  One disadvantage is that storm-based warnings (SBWs) may 

encompass more portions of counties and fewer whole counties, making it difficult to 
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verbally describe the threat area.  Another disadvantage is SBWs can result in lower POD 

and higher FAR when compared to CBWs (Browning and Mitchell 2002; NOAA 2012).  

 MacAloney (2008) developed a verification metric known as percent of event 

warned (PEW) for tornado and flash flood SBWs.  With respect to tornadoes, storm data 

from the National Climatic Data Center (NCDC) display the beginning location/time and 

ending location/time of each tornado reported to the National Weather Service.  

Assuming the tornado moves in a straight line and at a constant speed from its beginning 

to ending point, the location of the tornado can be estimated at a one minute interval over 

the duration of the event.  PEW for storm-based tornado warnings is similar to POD in 

that for each point along a tornado’s path within the warning both spatially and 

temporally, a 1 is assigned to that point.  Conversely, a 0 is assigned to each point that is 

not in the storm-based warning both spatially and temporally.  Thus PEW is the sum of 

1s and 0s divided by the total number of points along the tornado’s path.  Stated another 

way, PEW for a storm-based tornado warning is the sum of warned points divided by the 

total number of points along the tornado’s path.   

 NCDC storm data also provide the latitude and longitude coordinates of flash 

flood reports.  The flash flood area is outlined using the latitude/longitude and time of the 

first flood report through the latitude/longitude and time of the last report associated with 

a particular flash flood event.  It is then assumed flooding occurred over the entire area 

during the entire time period.  Without going into great detail, MacAloney (2008) stated 

PEW is calculated after analyzing a flash flood both spatially and temporally.  The 

estimated area of the flash flood is compared to the area of its storm-based warning and 
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the temporal length of the flood is compared to the temporal length of the storm-based 

warning. 

2.4 Conclusion 

 LES is a mesoscale winter weather phenomenon that exhibits several different 

forms and can produce impressive snowfall rates and storm-total snowfalls.  While many 

are familiar with LES downwind of the Great Lakes, it can occur elsewhere, including 

Lake Champlain and the Great Salt Lake.  Lake-induced instability, boundary layer 

depth, mean boundary layer wind speed/direction, and fetch are all important predictors 

of LES.  Previous studies have demonstrated how to utilize a GIS in lake-effect snowfall 

mapping.  This study will employ GIS in order to map snowfall from previous warned 

lake-effect events. 

  The National Weather Service has been issuing SBWs for severe thunderstorms 

and tornadoes for several years.  Despite lower POD and higher FAR for smaller SBWs 

than for larger CBWs, storm-based tornado warnings have resulted in a significant 

reduction in warned area.  A metric, to be discussed in the following chapter, has been 

devised for this study in order to determine the effectiveness of county-based LES 

warnings and determine if these warnings should be replaced with SBWs.  Also, the 

methods for mapping and analysis of lake-effect snowfall in a geographic information 

system will be highlighted next. 



III. METHODOLOGY 

 

   This investigation examined the usefulness of county-based LES warnings issued 

by the NWS and determined whether such warnings are too large and should be replaced 

with SBWs.  Previous research has shown SBWs can greatly shrink the warned area for 

localized weather hazards, such as tornadoes (Waters 2007).  However, aforementioned 

studies have also identified a decrease in POD and an increase in FAR for storm-based 

severe thunderstorm and tornado warnings, resulting from the smaller size of such 

warnings (Browning and Mitchell 2002).  Archived snowfall and warning data were used 

in conjunction with ArcGIS in order to map the extent of snowfall from multiple lake-

effect events and analyze these storms.  Once snowfall maps were created, the area of 

each warning-criteria snowfall was compared to the area of the corresponding county-

based LES warning in order to evaluate warning performance. 

3.1 Focus Area and Study Period 

 The focus area for this study is Lake Ontario and the county warning area (i.e. 

forecast area of responsibility) of the National Weather Service Weather Forecast Office 

(WFO) in Buffalo, NY, in addition to the New York state portions of the county warning 

areas (CWAs) belonging to the WFOs in Binghamton and Albany, NY, and Burlington, 

VT (see Fig. 3.1).  Numerous counties in these NWS forecast areas are impacted by lake-
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effect snow downwind of Lake Ontario during a given winter season.  In addition, areas 

east and southeast of the lake reside in a favored region for snow due to westerly and 

northwesterly flows often accompanying cold air outbreaks (Kristovich and Steve 1995; 

Rodriguez et al. 2007).  Rochester, Syracuse, and Watertown, NY are cities that often 

experience Lake Ontario LES.  The aforementioned focus area was chosen because of all 

the forecast offices in the Great Lakes region, the Buffalo WFO is the only one that has a 

thorough archive of lake-effect snowstorms; in this case, downwind of Lakes Erie and 

Ontario.  In addition, the great depth of Lake Ontario prevents the lake from freezing-

over completely during the winter season (Niziol et al. 1995), resulting in a greater 

number of lake-effect snowstorms for analysis than from shallower Lake Erie. 

 

Figure 3.1: Focus area, WFO locations, and respective County Warning Areas (Albany 

(ALY): white; Binghamton (BGM): stippled; Burlington (BTV): crosshatched; Buffalo 

(BUF): hatched). 

 

A lake-effect snow warning is issued by the WFOs in Albany, Binghamton, and 

Buffalo when at least 7 inches (9 inches) of  new snow are expected within 12 hours (24 
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hours).  However, the Burlington WFO issues a lake-effect snow warning if at least 6 

inches (9 inches) of fresh snow are expected in 12 hours (24 hours) (NWS Eastern 

Region Headquarters 2013, personal communication; see Fig 3.2).  During a winter 

storm, a snow spotter measures 24-hour snowfall at their regularly scheduled observation 

time and submits their report to their local WFO.  Snow spotters are also encouraged to 

measure snow every six hours, beginning with their regularly scheduled observation time 

(NWS 1997).  The lake-effect storm archive kept by the Buffalo WFO was used to 

identify significant lake-effect snowstorms downwind of Lake Ontario during the 2009-

10, 2010-11, and 2011-12 snow seasons based on storm-total snowfall and storm 

duration. 

 

Figure 3.2: 12-hour snow warning thresholds (stippled: 6 inches; hatched: 7 inches).  24-

hour snow warning threshold is 9 inches throughout the focus area. 
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3.2 Warning and Snowfall Data 

 Once significant Lake Ontario lake-effect snowstorms were identified, archived 

NWS text products were used to collect warning and snowfall data from all events during 

the aforementioned snow seasons.  Warning statements explain the location and duration 

of a LES warning, while snowfall information statements display location, snow amount 

(inches), time and date of measurement, and comments.  A total of 16 warned storms 

occurred during the time period.  However, all multi-day lake-effect snowstorms were 

divided into 24-hour segments to account for most NWS snow spotters reporting once 

daily and the 24-hour snowfall threshold (9 inches) for a LES warning.  As a result, a 

database of 38 warned LES events was obtained.  However, only 13 of the 38 warned 

LES events were analyzed due to snowfall data issues.  These issues included not all 

snowfall reports being 24-hour measurements, including those from warned counties, and 

public information statements were never issued by the Burlington WFO when 

significant LES impacted its forecast area.  Public information statements issued by each 

affected WFO that displayed the greatest number of 24-hour snowfall measurements 

were used to gather reports for each of the 13 LES events (Table. 3.1). 
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LES Event

Maximum

Snowfall (in)

Feb-10 13.3

Nov-10 10.5

Dec-10A 13.8

Dec-10B 12.5

Dec-10C 17.8

Jan-11A 17.0

Jan-11B 19.2

Jan-11C 16.9

Feb-11A 23.0

Feb-11B 15.5

Nov-11 12.9

Dec-11 10.5

Jan-12 30.8  

Table 3.1: All 13 LES events and maximum 24-hour snowfall.  

 

 Twenty four-hour snowfall measurement time varies among spotters.  In order to 

obtain 24-hour snowfall reports that are temporally comparable, the mode of all available 

24-hour snowfall measurement times from each of the 13 significant LES events was 

found.  Once the mode (1200Z for all 13 events) was identified, only snowfall 

measurements taken within one hour of the mode (i.e. from 1100Z to 1300Z) were used 

as input for mapping lake-effect snowfall.  This convention accounts for differences in 

the regularly-scheduled daily observation time among snow spotters and the fact that 

snowfall rates can reach or exceed 1 inch hr
-1

 within an intense lake-effect snowstorm.  

Some temporally comparable 24-hour snowfall reports were useless because they had 

values of a trace (i.e. < 0.1 inches of snow). 
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 Two of the 13 events (Jan-11A and Jan-12) analyzed in this study exhibited snow 

spotter reports that were a combination of synoptic and LES accumulation.  In addition to 

determining where LES fell and where it did not during a given event, archived 

composite reflectivity was also used to identify which snow spotter reports featured 

synoptic and LES accumulation and which were solely synoptic snow accumulation.  For 

the January-11A LES event, the mean of all temporally comparable 24-hour synoptic 

snowfall measurements from the focus area (see Fig. 3.1) was calculated.  The mean was 

1.0 inch.  Temporally comparable synoptic snowfall measurements were those taken at or 

within one hour of 1200Z (i.e. from 1100Z to 1300Z) on a given date.  Finally, the mean 

of synoptic snow accumulation (1.0 inch) was subtracted from 24-hour snowfall 

measurements that were a combination of synoptic and LES accumulation in order to 

estimate lake-effect snowfall.  Several temporally comparable 24-hour snowfall reports 

were disregarded because estimated lake-effect snowfall values were < 0 inches.   

 The Jan-12 LES event impacted portions of the forecast areas of the WFOs in 

Binghamton and Buffalo.  NWS Binghamton snow spotters measured 24-hour snowfall 

on the mornings of 30 and 31 Jan 2012.  However, NWS Buffalo snow spotters measured 

48-hour storm-total snowfall on the morning of 31 Jan 2012.  During the aforementioned 

48-hour period spanning ~1200Z 29 Jan to ~1200Z 31 Jan 2012, periods of synoptic 

snow fell from ~1200Z 29 Jan to ~0900Z 30 Jan.  Then, LES fell from ~0900Z until 

~2200Z 30 Jan.  Finally, additional periods of primarily light synoptic snow began by 

~2300Z 30 Jan and continued until ~1100Z 31 Jan according to archived composite 

reflectivity.   
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 As mentioned before, NWS Binghamton snow spotters measured 24-hour 

snowfall on the morning of 30 Jan 2012, when LES had already formed downwind of 

Lake Ontario, on the heels of a synoptic snowfall.  The mean (1.7 inches) of all 

temporally comparable 24-hour synoptic snowfall measurements taken by snow spotters 

in counties not under a LES alert (i.e. outside of the lake-effect snowstorm) on the 

morning of 30 Jan 2012 was calculated.  Then, 1.7 inches were subtracted from each 

temporally comparable 48-hour storm-total snowfall measurement submitted by NWS 

Buffalo snow spotters who experienced synoptic snow and LES.  This allowed for the 

estimation of LES accumulation that occurred between ~1200Z 30 Jan and ~1200Z 31 

Jan.   

 The estimated temporally comparable 24-hour snowfall measurements from NWS 

Buffalo spotters were used in conjunction with reports from NWS Binghamton spotters 

taken on the morning of 31 Jan 2012 to map snowfall from the Jan-12 LES event.  

Unfortunately, temporally comparable 24-hour synoptic snowfall measurements spanning 

~1200Z 30 Jan to ~1200Z 31 Jan were unavailable for better estimation of accumulation 

from the Jan-12 LES event.  However, the majority of snowfall measured by spotters 

between ~1200Z 30 Jan and ~1200Z 31 Jan was from lake-effect (David Zaff, personal 

communication 2012).     

 Forty eight-hour storm-total snowfall was also measured by NWS Buffalo 

spotters during the Feb-11B LES event.  This event was part of a two-day transient lake-

effect snowstorm that impacted locations northeast through southeast of Lake Ontario.  In 

order to estimate 24-hour accumulation between ~1200Z 10 Feb and ~1200Z 11 Feb, 
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temporally comparable 24-hour snowfall measurements from the morning of 10 Feb and 

storm-total snowfall measurements from the morning of 11 Feb were identified.  Second, 

those temporally comparable 48-hour storm-total snowfall reports that did not have 

corresponding temporally comparable 24-hour snowfall measurements from the previous 

morning (10 Feb) were eliminated.  Finally, each temporally comparable 24-hour 

snowfall measurement was subtracted from its corresponding 48-hour storm-total 

snowfall measurement in order to estimate how much LES fell during the 24-hour period 

ending at ~1200Z 11 Feb 2011.   

 An NCDC archive of hydrologic reports (including NWS snow spotter reports) 

was used to obtain the latitude and longitude coordinates of each 24-hour snowfall 

measurement.  The WFOs in Albany and Binghamton routinely issued hydrologic reports 

during all 13 LES events, while the Buffalo WFO did not.  When hydrologic reports from 

the Buffalo WFO were unavailable, snow spotter locations were obtained from public 

information statements and then Google Earth was implemented to obtain the latitude and 

longitude coordinates of each snow spotter’s 24-hour measurements.  In some cases, 

public information statements displayed multiple temporally comparable 24-hour 

snowfall measurements from the same location when the corresponding hydrologic 

reports were unavailable.  The solution was to always use the 24-hour snowfall 

measurement with the greatest value.  If it were impossible to find the spotter’s 

coordinates using Google Earth, David Zaff, the Science and Operations Officer at the 

NWS WFO in Buffalo, was able to provide the author with latitude and longitude data.  
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3.3 Assessing the Effectiveness of County-Based LES Warnings 

  The metric created to gauge the effectiveness of county-based LES warnings in 

this study is PFA (percent of false alarm).  This warning evaluation metric is similar to 

percent of event warned (PEW) developed by MacAloney (2008) for storm-based flash 

flood warnings.  Here is the formula for PFA: 

Equation 3.1: Percent of false alarm (PFA). 

PFA = (1 – (WCS area/CBW area))*100 

 WCS area is the area of warning-criteria snowfall (> 9 inches 24-hr
-1) and CBW area 

 is the area of the corresponding county-based LES warning.  Thus, PFA measures 

 the percentage of a county-based LES warning that was a false alarm (i.e. 

 unnecessary). 

3.4 Lake-Effect Snowfall Mapping and Analysis in ArcGIS 

 In order to create the focus area (see Fig. 3.1) in ArcMap (the mapping and 

analysis component of ArcGIS), particular counties in New York State were manually 

selected from the counties layer found in the Ball State Geography Lab database.  Cayuga 

County, NY had to be divided in two because it is elongated from north to south.  The 

northern (southern) portion of the county resides in the Buffalo, NY WFO (Binghamton, 

NY WFO) CWA.  Oneida and Erie counties also had to be divided in two (north and 

south) because of their geometry.  In other words, the three aforementioned counties may 

only have their northern or southern portion included in a county-based LES warning 
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depending on the expected location of significant lake-effect snowfall.  The Cut Polygons 

tool in ArcMap allowed for the division of the three counties.   

 Then, the focus area counties layer had to be projected onto UTM Zone 18 in 

order to properly calculate the area of each county.  In order to calculate county area, the 

Calculate Areas tool in ArcGIS was run using the projected focus area counties layer as 

input.  The resulting output was the county areas layer.  Next, the Field Calculator was 

utilized to calculate county area in square miles in the attribute table of the county areas 

layer.  The Field Calculator was necessary because the original output from the calculate 

areas tool had units of m
2
.  Herkimer County, east of Lake Ontario, is another elongated 

county in the meridional direction.  However, a colleague at the Albany WFO was able to 

provide the author with the areas of northern and southern Herkimer County in mi
2
.  

 A temporal criterion was established in order to determine which counties should 

be included in the county-based LES warning area (CBW area) for each event.  CBW area is 

the cumulative area of the counties that were under a LES warning for at least eight hours 

of the 24-hour time period corresponding to the mode of all available 24-hour snowfall 

measurement times from a particular event.  As mentioned before, the mode of all 

available 24-hour snowfall measurement times was 1200Z for all 13 events.  This 

temporal criterion prevents inflation of CBW area.  It also accounts for the fact that snow 

does not always fall during an entire 24-hour period.     

 Once all temporally comparable 24-hour snowfall measurements and their latitude 

and longitude coordinates from each of the 13 LES events were obtained and organized, 

the latitude and longitude coordinates of locations that did not receive any LES 
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accumulation during a given event, including those that were upwind of Lake Ontario 

(e.g. Hamilton and Toronto, ON), were added to each of the 13 datasets.  This allowed 

for the creation of snowfall maps that essentially tapered to zero inches.  The skewness of 

24-hour snowfall measurements was calculated to determine the normality of each 

dataset.  All 13 LES event datasets were found to be positively skewed to some degree.  

Oliver and Webster (1990) state that skewed datasets, especially those that are strongly 

skewed, must be transformed logarithmically in order to stabilize the variance.  Indeed 

Boney and Christy (2012) added 0.1 cm to all snowfall reports in cm and then calculated 

the natural log of each snowfall measurement before using kriging to interpolate lake-

effect snowfall downwind of Lake Michigan in ArcGIS.   

 Unlike Boney and Christy (2012), this study did not convert snowfall from inches 

to centimeters because 24-hour snowfall measurements and warning criteria snowfall are 

expressed in inches.  Instead, 0.1 inch was added to each 24-hour snowfall report and 

then the natural log of each snowfall report was calculated.  Since the natural log of zero 

cannot be calculated and locations where no LES fell were included in all datasets, 0.1 

inch had to be added to all snowfall values in each of the 13 LES datasets.  For each 

event, snowfall reports were displayed in ArcMap via their latitude and longitude points 

using Display XY Data.  More specifically, the X Field was set to longitude, the Y Field 

was latitude, and the Z Field was set to the natural log of snowfall.  Once the snowfall 

reports displayed, they were projected onto UTM Zone 18, which includes the focus area 

of this study, in order to eventually calculate PFA.   
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 A snowfall map for each LES event was created with the kriging method and an 

exponential model.  An exponential model assumes autocorrelation disappears only at an 

infinite distance.  Autocorrelation is a spatial relationship based on the belief that 

measurements that are closer to one another are more alike than those that are far apart 

(ESRI 2012).  Since 24-hour snowfall measurements that share the same LES event were 

used as input to create each snowfall map, they are alike in that sense.  Thus, the use of 

an exponential model seemed appropriate.  In addition, Oliver and Webster (1990) state 

exponential models are commonly used in the Earth sciences.   

 Inverse distance weighting (IDW) and kriging were the two interpolation methods 

considered for this study.  Inverse distance weighting estimates snowfall at a particular 

location by considering its distance from snowfall data points.  The farther a particular 

snowfall data point is from a given location, the less influence it has on interpolated 

snowfall.  Kriging takes into account the distance between snowfall data points and their 

spatial distribution (ESRI 2012).  This allowed kriging to create snowfall maps that 

essentially emulated the location and orientation of each lake-effect event.  Thus, kriging-

generated snowfall maps were more accurate than those created with IDW. 

 ArcMap displays the root-mean square-error (RMSE) of an interpolated map in 

order for the user to assess the accuracy of their creation.  RMSE is the square root of the 

sum of squared residuals divided by the number of observations.  In this study, a residual 

is the difference between measured snowfall and interpolated snowfall at a particular 

spotter’s latitude and longitude coordinates.  The number of observations is the total 

number of spotter reports (i.e. the total number of temporally comparable 24-hour 
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snowfall measurements or all available 24-hour snowfall measurements) from a particular 

lake-effect event.  Thus, the closer the RMSE value is to zero, the more accurate the 

interpolated map.   

 Unfortunately, RMSE values were large for all 26 lake-effect snowfall maps 

created with kriging (Table 3.2).  Thirteen were interpolated from temporally comparable 

snowfall reports, while the other 13 were interpolated from all available snowfall reports 

(see section 4.4).  It is believed the relatively small number of 24-hour snowfall 

measurements used for lake-effect snowfall interpolation is the reason why RMSE values 

are large.  Inverse distance weighting yielded lake-effect snowfall maps that were even 

less accurate.  After selecting alternate LES events beginning with the Feb-10 event 

(Table 3.3), the Wilcoxon Rank Sum Test was used to statistically gauge the accuracy of 

the snowfall maps interpolated with kriging and those created with IDW.  After 

comparing the two sets of related RMSE samples and using a confidence interval of 0.95, 

a p-value of 0.018 was obtained.  Thus, it can be stated with 95% confidence that 

snowfall maps created with kriging are significantly more accurate than those created 

with IDW.    
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LES Event

(Temp Comp) 

RMSE

(All Reports) 

RMSE

Feb-10 0.56 0.85

Nov-10 0.74 0.77

Dec-10A 0.63 0.62

Dec-10B 0.67 0.65

Dec-10C 0.50 0.64

Jan-11A 0.72 0.70

Jan-11B 0.68 0.70

Jan-11C 1.14 0.98

Feb-11A 1.11 1.04

Feb-11B 1.18 1.12

Nov-11 0.58 0.54

Dec-11 0.66 0.64

Jan-12 0.76 0.70

Average 0.76 0.77  

Table 3.2: Root mean square errors (RMSE) for all 13 pairs of snowfall maps created 

with kriging from temporally comparable and all available 24-hour snowfall reports. 

 

            Temp Comp              All Reports

LES Event RMSE (K) RMSE (IDW) RMSE (K) RMSE (IDW)

Feb-10 0.56 1.10 0.85 1.28

Dec-10A 0.63 1.05 0.62 1.06

Dec-10C 0.50 0.87 0.64 0.87

Jan-11B 0.68 1.29 0.70 1.27

Feb-11A 1.11 1.35 1.04 1.50

Nov-11 0.58 0.99 0.54 0.89

Jan-12 0.76 1.19 0.70 1.29  

Table 3.3: Root mean square errors (RMSE) of related pairs of snowfall maps created 

with kriging (K) and inverse distance weighting (IDW) from temporally comparable and 

all available 24-hour snowfall reports. 

   

 Noticeable differences in snowfall maps interpolated from IDW and kriging are 

evident when related pairs of maps are compared visually.  Of all snowfall maps, the 

IDW-generated/kriging-generated pairs with the greatest and least difference in RMSE 
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were both interpolated from all available 24-hour snowfall measurements.  Figures 3.3A 

and 3.3B show the pair of interpolated snowfall maps with the greatest difference in 

RMSE.  The map created with IDW has a RMSE of 1.49 in Figure 3.3A, while the map 

in 3.3B was created with kriging and has a lower RMSE of 0.64.  Notice the snowfall 

maxima and minimum surrounding snowfall data points and the much broader extent of 

accumulation in the IDW-generated map.  The kriging-generated snowfall map has a 

more continuous, smoother, and thus more realistic appearance considering this LES 

event was a nearly stationary and predominantly Type I storm.   

The pair of interpolated snowfall maps with the smallest difference in RMSE is 

shown in Figures 3.4A and 3.4B.  Figure 3.4A shows the IDW-generated snowfall map 

with a RMSE of 0.87, while Figure 3.4B displays the kriging-generated snowfall map 

with a RMSE of 0.64.  The differences are more subtle among this pair of maps.  While 

both maps display maxima around snowfall data points in eastern New York State, the 

IDW-generated map also depicts two snowfall minima and one maximum around three 

snowfall data points in central New York (see Figs. 3.5A and 3.5B).  Once again, the 

extent of snowfall is greater in the IDW-generated map than in the kriging-generated 

map.  However, this LES event was predominantly a Type II storm.  In addition, the 

snowfall map interpolated with kriging has a more continuous, smoother, and therefore 

more realistic appearance.  

  

 



34 

 

 

Figures 3.3A (above) and 3.3B (below): IDW-generated snowfall map (above) and 

kriging-generated snowfall map (below) for the Dec-11 LES event. North is toward the 

top of the maps.  Warned counties are bolded and black dots are snowfall data points.    
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Figures 3.4A (above) and 3.4B (below): Same as Figures 3.3A and 3.3B except for the 

Dec-10C LES event. 
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Figures 3.5A (above) and 3.5B (below): Larger scale interpolated snowfall maps from 

IDW (above) and kriging (below) for the Dec-10C LES event.  North is toward the top of 

the maps.  Warned counties are bolded and black dots are snowfall data points.    

 

 

 Once each snowfall map was created in ArcMap, its properties were modified.  A 

manual classification method with five classes was used for this study.  Class #1 through 

class #4 were adjusted to 0.10, 1.13, 1.81, and 2.21, which are the values obtained after 

taking the natural log of 1.1, 3.1, 6.1, and 9.1 inches of snow.  This manual classification 
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scheme allowed each map to display where > 1, > 3, > 6, and > 9 inches of LES fell 

within 24 hours.   

 Each snowfall map was then converted into a raster (i.e. an array of data cells) 

using the default output cell size in meters.  Once each LES raster was created, its 

properties were modified with regards to the classification scheme.  For each of the LES 

rasters, the number of classes was changed to six and the method was changed to manual.  

The first five class breaks were modified to -2.30, 0.10, 1.13, 1.81, and 2.21, which are 

the values that correspond to the natural logs of 0.1, 1.1, 3.1, 6.1, and 9.1 inches of 

snowfall.  Thus, this manual classification scheme allowed each raster to display where > 

1, > 3, > 6, and > 9 inches of LES fell within 24 hours.  In all 26 snowfall maps, kriging 

interpolated snowfall over Lake Ontario.  Thus, the Clip Tool was used to create new 

LES rasters that display snowfall confined to land.    

 Finally, all of the new LES rasters were reclassified in order to obtain the number 

of warning-criteria snowfall cells (i.e. cells with a value > 9 inches of snow) with 

horizontal dimensions in meters.  Since each snowfall cell is a square, the cell size in 

meters was squared in order to obtain snowfall cell area in m
2
 for each of the 26 snowfall 

maps.  Then, snowfall cell area was converted to mi
2
 and finally multiplied by the 

number of warning-criteria snowfall cells in order to obtain the area of warning-criteria 

snowfall (WCS area) in mi
2
 for each LES event.  Finally, percent of false alarm (PFA) was 

calculated for each event.  

 



IV. RESULTS 

 

 Thirteen LES events downwind of Lake Ontario were mapped and analyzed from 

the 2009-10 through 2011-12 snow seasons.  Warning-criteria snowfall area and 

corresponding county-based LES warning area were compared in order to determine the 

effectiveness of warning entire counties for LES.  Average county-based LES warning 

area (CBW area) was much larger than average warning-criteria snowfall area (WCS area).  

Thus, the average percent of false alarm (PFA) was considerable.  In order to confirm 

that the use of temporally comparable 24-hour snowfall measurements did not inflate 

PFA, a second set of snowfall maps was interpolated from all available 24-hour snowfall 

reports associated with each event.  Very similar results were obtained. 

4.1 Warning-Criteria Snowfall Area 

 As mentioned previously, 1200Z (7 AM EST) was the mode of 24-hour snowfall 

measurement times from all 13 LES events (Table 4.1).  Temporally comparable 24-hour 

snowfall measurements were those taken within one hour of the mode of measurement 

times.  While more than 30 temporally comparable 24-hour snowfall measurements had 

been submitted during some LES events, there were four events during which fewer than 

ten temporally comparable 24-hour snowfall measurements were taken.  All four of these 

events were predominantly Type I storms.   
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LES Event

Mode of 24-hour 

Snowfall

Measurement Times

and Dates

Estimated

Area

Affected

(1000s mi
2
)

Range of 

Top 25%

Snow 

Amounts

Total

Reports

WCS

Reports

Predominant

Storm Type

Feb-10 1200Z, 02/01/2010 6.2 7.5 - 13.3 13 3 Type I

Nov-10 1200Z, 11/27/2010 2.2 5.5 - 10.5 5 1 Type I

Dec-10A 1200Z, 12/06/2010 19.3 5.7 - 13.8 63 5 Type II

Dec-10B 1200Z, 12/15/2010 18.7 5.9 - 12.5 43 4 Type II

Dec-10C 1200Z, 12/16/2010 16.2 6.3 - 17.8 69 7 Type II

Jan-11A 1200Z, 01/16/2011 17.7 4.0 - 9.5 57 2 Type I

Jan-11B 1200Z, 01/17/2011 6.1 6.2 - 19.2 17 1 Type II

Jan-11C 1200Z, 01/22/2011 6.6 7.2 - 16.9 13 3 Type I

Feb-11A 1200Z, 02/10/2011 3.8 5.2 - 11.0 9 1 Type I

Feb-11B 1200Z, 02/11/2011 3.3 7.8 - 15.5 7 2 Type I

Nov-11 1200Z, 11/18/2011 5.2 5.1 - 12.9 35 7 Type I

Dec-11 1200Z, 12/11/2011 1.6 10.0 -10.5 5 2 Type I

Jan-12 1200Z, 01/31/2012 2.4 5.5 - 30.3 17 4 Type I  

Table  4.1: Mode of 24-hour snowfall reports, estimated area affected, range of top 25% 

snow amounts, total number of temporally comparable reports, number of temporally 

comparable warning-criteria snowfall (WCS) reports, and predominant storm type for all 

13 LES events. 

 

 The variations in estimated area affected and the total number of snowfall reports 

appear to relate to the predominant lake-effect storm type (Table 4.1).  As the 

aforementioned table shows, three of the top four LES events with respect to the 

estimated area affected and total number of snowfall reports were predominantly Type II 

storms.  These three predominantly Type II storms deposited at least 1 inch of snow over 

an area exceeding 16,000 mi
2
 (estimated area affected) and generated more than 40 total 

snowfall reports each.  Composite reflectivity was used to determine predominant storm 

type, which is defined as the particular form exhibited by a storm during more than half 

of its lifespan coinciding with the time period of the mode of temporally comparable 24-

hour snowfall reports (e.g. from 1200Z 31 Jan to 1200Z 1 Feb 2010 for the Feb-10 LES 
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event).  Table 4.1 also shows the range of the top 25% snow amounts varied among the 

13 LES events. 

 Nine Lake Ontario LES events were predominantly Type I storms (i.e. single 

snow bands) and the remaining four were primarily Type II (i.e. multiband) storms.  

Kristovich and Steve (1995) found multiband lake-effect storms to be the most common 

type downwind of all five Great Lakes, while single band storms are most frequent 

downwind of Lake Ontario.  Warning-criteria snowfall area differed among the 13 LES 

events.  With regards to predominant storm type, the average area of warning-criteria 

snowfall from predominantly Type I storms (225.54 mi
2
; Table 4.2A) was less than that 

from LES events primarily in the form of a Type II storm (449.26 mi
2
; Table 4.2B).  

Type II LES often impacts a larger area than Type I LES due to its multiband structure 

(Niziol et al. 1995).  Therefore, multiple intense snow bands can deposit significant 

snowfall over a larger area than a single band of heavy LES.  The average warning-

criteria snowfall area from all 13 LES events was 294.38 mi
2 

(not shown). 
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LES Event WCS area CBW area

Counties

Warned PFA

Predominant

Storm Type

Feb-10 401.37 2534.84 2 84.2 Type I

Nov-10 5.78 3553.83 3 99.8 Type I

Jan-11A 105.32 5527.48 5 98.1 Type I

Jan-11C 1002.40 7399.79 11 86.5 Type I

Feb-11A 7.95 3553.83 3 99.8 Type I

Feb-11B 40.92 3553.83 3 98.8 Type I

Nov-11 291.77 1637.94 2 82.2 Type I

Dec-11 18.28 2305.75 2 99.2 Type I

Jan-12 156.11 1241.61 2 87.4 Type I

Average 225.54 3478.77 92.9  

Tables 4.2A (above) and 4.2B (below): Warning-criteria snowfall area (WCS area; mi
2
), 

county-based LES warning area (CBW area; mi
2
), number of counties warned, percent of 

false alarm (PFA), and predominant storm type for select LES events.  

LES Event WCS area CBW area

Counties

Warned PFA

Predominant

Storm Type

Dec-10A 851.74 6392.39 10 86.7 Type II

Dec-10B 188.97 5608.89 10 96.6 Type II

Dec-10C 598.21 4440.27 7 86.5 Type II

Jan-11B 158.10 5831.28 8 97.3 Type II

Average 449.26 5568.21 91.8  

 

4.2 County-Based Lake-Effect Snow Warning Area 

 The influence of predominant storm type on county-based LES warning area was 

similar to that involving warning-criteria snowfall area.  Table 4.2A displays county-

based warning area and the number of counties warned for the nine predominantly Type I 

storms, while Table 4.2B shows the same for LES events primarily in the form of Type II 

storms.  The number of warned counties includes one or more sub-county portions, when 

applicable (see section 3.4).  For example, three of the eight warned counties during the 

Jan-11B LES event (Table 4.2B) were northern Cayuga, northern Oneida, and southern 
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Oneida counties.  Type I storms prompted county-based warnings with an average area of 

3478.77 mi
2
 and most often encompassed two counties.  Due to the multiband structure 

of Type II LES, the average county-based warning area was 5568.21 mi
2
 for such storms.  

The average county-based warning area for all 13 LES events was 4121.67 mi
2
 (not 

shown).  Considering average warning-criteria snowfall area for all 13 LES events was 

294.38 mi
2
, it becomes apparent how considerably larger a county-based LES warning 

can be with respect to the area of significant snowfall from a storm. 

4.3 Percent of False Alarm 

 The values of PFA (percent of false alarm) were surprisingly large after 

comparing warning-criteria snowfall area obtained from temporally comparable 24-hour 

snowfall reports to the area of the corresponding county-based warning prompted by each 

LES event (see Equation 3.1 for description of PFA).  PFA is the percentage of a county-

based LES warning that received fewer than 9 inches of fresh snow in 24 hours and was 

therefore unnecessary.  In fact, the average PFA of all Type I storms was 92.9% (Table 

4.2A; page 41) and the average PFA was 91.8% for Type II storms (Table 4.2B; page 

41).  For all 13 LES events, the average PFA was 92.5% (not shown).  According to 

Tables 4.2A and 4.2B, the lowest PFA was 82.2% for the Nov-11 LES event.  The same 

tables show the highest PFA was 99.8% for the Nov-10 and Feb-11A LES events, 

respectively.  All three LES events were predominantly Type I storms. 
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4.4 Second Set of Percent of False Alarm Calculations 

 PFA values from the 13 LES events were larger than anticipated.  As a result, a 

second set of 13 lake-effect snowfall maps was created using all available 24-hour 

snowfall measurements in order to confirm the use of only temporally comparable 24-

hour snowfall measurements did not sway the PFA results.  All available 24-hour 

snowfall measurements were those reports that were available from a public information 

statement, regardless of measurement time.  The same methodology for gathering 

temporally comparable 24-hour snowfall measurements was followed while collecting all 

available 24-hour snowfall reports from each LES event.  Thus, the public information 

statements that contained the greatest number of spotter reports from each lake-effect 

event were used to obtain all available reports and the same processes were followed to 

estimate LES accumulation during the Jan-11A, Feb-11B, and Jan-12 events. 

 Hydrologic reports were used to gather the latitude and longitude coordinates of 

the additional snow spotter reports included in all available 24-hour snowfall 

measurements from each LES event.  As before, if a hydrologic report from a particular 

LES event was unavailable, Google Earth was used to obtain the latitude and longitude 

coordinates of 24-hour snowfall measurements based on each spotter’s location 

mentioned in the public information statement.  If it were impossible to find a spotter’s 

coordinates using Google Earth, David Zaff, the Science and Operations Officer at the 

WFO in Buffalo, was able to provide the author with latitude and longitude data.  

Additionally, the same methodology for determining CBW area was followed during the 

second set of PFA calculations.  Thus, CBW area from each LES event did not change. 
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 For most events, the number of all available 24-hour snowfall measurements did 

not outnumber temporally comparable 24-hour snowfall measurements by more than ten.  

Only one event was the exception.  While there were 69 temporally comparable 24-hour 

snowfall reports from the Dec-10C event, all available 24-hour snowfall measurements 

amounted to 92 (Table 4.3).  The use of temporally comparable 24-hour snowfall 

measurements did not greatly reduce the number of warning-criteria snowfall reports (> 9 

inches 24-hr
-1

) for most LES events.  For 12 of the 13 events, the number of warning-

criteria snowfall measurements either remained the same or increased by no more than 

three after collecting all available 24-hour snowfall measurements.  However, the number 

of warning-criteria snowfall reports grew by five after collecting all available 24-hour 

snowfall measurements from the Jan-11A lake-effect event (Table 4.3).  

      

LES Event

Temp

Comp 

Reports

All

Reports

Difference

in # of

Reports

Temp Comp

WCS 

Reports

All WCS

Reports

Difference

in # of

Reports

Feb-10 13 16 3 3 4 1

Nov-10 5 8 3 1 2 1

Dec-10A 63 70 7 5 8 3

Dec-10B 43 46 3 4 4 0

Dec-10C 69 92 23 7 8 1

Jan-11A 57 66 9 2 7 5

Jan-11B 17 20 3 1 1 0

Jan-11C 13 16 3 3 5 2

Feb-11A 9 14 5 1 3 2

Feb-11B 7 9 2 2 2 0

Nov-11 35 43 8 7 8 1

Dec-11 5 14 9 2 4 2

Jan-12 17 23 6 4 6 2  

Table 4.3: Side by side comparisons of the total number of temporally comparable 24-

hour snowfall reports to all available 24-hour snowfall reports and temporally 

comparable warning-criteria snowfall (WCS) reports to all available 24-hour WCS 

reports for the 13 LES events. 
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 According to Table 4.4, the use of all available 24-hour snowfall measurements 

caused an increase in the area of warning-criteria snowfall for 11 of the 13 LES events.  

For example, WCS area increased by 464.78 mi
2
 and 598.16 mi

2
, respectively, to 472.73 

mi
2
 and 703.48 mi

2
 for the Feb-11A and Jan-11A LES events.  On average, WCS area 

increased by 109.70 mi
2
.  However, WCS area actually decreased by 6.85 mi

2
 and 94.37 

mi
2
, respectively, to 182.12 mi

2
 and 307.00 mi

2
 for the Dec-10B and Feb-10 LES events 

with the use of all available 24-hour snowfall measurements.  Two sub-warning-criteria 

snowfall reports in close proximity to warning-criteria snowfall reports from the Dec-10B 

event caused WCS area to contract with the use of all available reports for snowfall 

interpolation.  These two sub-warning-criteria reports were taken approximately two 

hours after the mode of 24-hour snowfall measurement times, which was 1200Z, 15 Dec 

2010.  WCS area decreased for the Feb-10 event because of the inclusion of two sub-

warning-criteria snowfall reports between warning-criteria snowfall reports.  The two 

sub-warning-criteria reports were taken 9.5 hours before the mode of 24-hour snowfall 

measurement times, which was 1200Z, 1 Feb 2010.  It is important to note that snowfall 

cell size was conserved for each LES event when the second set of snowfall maps was 

created.  Therefore, the effect of using all available 24-hour snowfall measurements on 

WCS area from each event is definitive. 
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LES Event

(Temp Comp) 

WCS area

(All Reports) 

WCS area

Change in 

WCS area

Feb-10 401.37 307.00 -94.37

Nov-10 5.78 21.18 15.40

Dec-10A 851.74 1011.95 160.21

Dec-10B 188.97 182.12 -6.85

Dec-10C 598.21 612.42 14.21

Jan-11A 105.32 703.48 598.16

Jan-11B 158.10 158.10 0.00

Jan-11C 1002.40 1077.93 75.53

Feb-11A 7.95 472.73 464.78

Feb-11B 40.92 43.30 2.38

Nov-11 291.77 335.52 43.75

Dec-11 18.28 76.86 58.58

Jan-12 156.11 250.45 94.34

Average 294.38 404.08 109.70  

Table 4.4: The difference in WCS area (mi
2
) from temporally comparable and all available 

24-hour snowfall reports is shown. 

  

 Since the use of all available 24-hour snowfall measurements increased WCS area 

for 11 of the 13 LES events, PFA for those 11 LES events decreased accordingly.  The 

decrease in PFA was greatest for the Jan-11A and the Feb-11A LES events (Table 4.5).  

PFA decreased by 10.8% and 13.1%, respectively, to 87.3% and 86.7% for the Jan-11A 

and Feb-11A events with the use of all available 24-hour snowfall measurements.  As 

shown in Table 4.4, the use of all available 24-hour snowfall measurements actually 

caused WCS area to decrease for the Feb-10 and Dec-10B LES events.  Thus, PFA 

increased slightly for these two events (Table 4.5).  The same table shows the use of all 

available 24-hour snowfall reports from each LES event allowed the average PFA to 

decrease from 92.5% to 89.7%.  Therefore, whether temporally comparable 24-hour 

snowfall measurements or all available 24-hour snowfall measurements were used to 
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obtain WCS area, the percentage of each county-based LES warning that was a false alarm 

was considerable. 

 

LES Event

(Temp Comp) 

PFA

(All Reports) 

PFA

Change in 

PFA

Feb-10 84.2 87.9 3.7

Nov-10 99.8 99.4 -0.4

Dec-10A 86.7 84.2 -2.5

Dec-10B 96.6 96.8 0.2

Dec-10C 86.5 86.2 -0.3

Jan-11A 98.1 87.3 -10.8

Jan-11B 97.3 97.3 0.0

Jan-11C 86.5 85.4 -1.1

Feb-11A 99.8 86.7 -13.1

Feb-11B 98.8 98.8 0.0

Nov-11 82.2 79.5 -2.7

Dec-11 99.2 96.7 -2.5

Jan-12 87.4 79.8 -7.6

Average 92.5 89.7 -2.8  

Table 4.5: Same as in Table 4.4 except for percent of false alarm (PFA).  

 

4.5 Conclusion 

 The results of this study indicate county-based LES warnings were considerably 

larger than the extent of significant snowfall generated by 13 LES events downwind of 

Lake Ontario.  For that reason, storm-based LES warnings may be more appropriate.  

Kriging was found to be more useful than inverse distance weighting (IDW) for snowfall 

interpolation.  The accuracy difference between snowfall maps generated with IDW and 

those created with kriging was found to be statistically significant.  Thirteen pairs of 

snowfall maps were interpolated from temporally comparable 24-hour snowfall 
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measurements and all available 24-hour snowfall reports from each event.  The average 

percent of false alarm (PFA) for county-based LES warnings was ~90% whether snowfall 

was interpolated from temporally comparable or all available 24-hour snowfall reports 

with kriging. 



V. CONCLUSIONS 

 

 The purpose of this study was to examine the size of county-based LES warnings 

in relation to the size of warning-criteria snowfalls.  Since 2007, the National Weather 

Service has utilized polygons to specifically outline flash flood, severe thunderstorm, and 

tornado warnings.  In order to gauge the appropriateness of county-based warnings for 

LES, percent of false alarm (PFA) was calculated for 13 LES events.  This warning 

performance evaluation metric (see Equation 3.1) allows for calculation of the proportion 

of a county-based LES warning that was a false alarm (i.e. received 24-hour snowfall < 9 

inches).  For each of the 13 LES events, two snowfall maps were created in ArcMap 

using kriging.  One snowfall map was interpolated from temporally comparable 24-hour 

snowfall measurements, while the other was interpolated from all available 24-hour 

snowfall measurements. 

 In order to calculate PFA, two values of warning-criteria snowfall area in mi
2
 (one 

from temporally comparable 24-hour snowfall measurements; the other from all available 

24-hour snowfall measurements) were obtained from each LES event.  Then, warning 

criteria snowfall area was compared to the area of the corresponding county-based LES 

warning.  The average PFA from the use of temporally comparable 24-hour snowfall 

reports was 92.5%, while the average PFA from the use of all available 24-hour snowfall 
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reports was 89.7% for the 13 LES events in the state of New York, downwind of Lake 

Ontario.   

5.1 Discussion of Results 

 An average PFA of approximately 90% for the 13 LES events indicates the size of 

county-based warnings tremendously surpassed the area of warning-criteria snowfall.  

Thus, the National Weather Service should consider extending its use of storm-based 

warnings to LES.  The NWS issues flash flood watches, severe thunderstorm watches, 

and tornado watches for large geographic areas (i.e. counties in a portion of a state or 

group of states) when atmospheric conditions warrant.  Due to the localized and often 

brief nature of these phenomena, warning polygons (i.e. SBWs) for much smaller 

geographic areas are issued once severe weather is imminent or occurring.  County-based 

LES watches and warnings are issued by the National Weather Service despite the 

mesoscale aspect of lake-effect storms.   

 According to Waters (2007) CAR (county area ratio; see Equation 2.3) depicted a 

72% reduction in warned area with storm-based tornado warnings issued during the first 

nine months of 2005.  Thus, fewer people were needlessly warned with the use of 

polygons rather than entire counties.  Warning polygon definitions (i.e. latitude and 

longitude coordinates) were included in county-based warning statements for flash 

floods, severe thunderstorms, and tornadoes for several years before the national 

implementation of SBWs in October of 2007 (Waters 2007).  The Super Tuesday 

Tornado Outbreak of February 5-6, 2008 was the first major tornado outbreak to follow 

the national implementation of SBWs.  A warning assessment following the outbreak 
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concluded the average reduction in warned area (i.e. CAR; see Equation 2.3) from 

tornado warning polygons issued by six WFOs was 63.18% (NOAA 2009; see Table 

5.1). 

WFO

Polygon

Area (mi
2
)

County

Area (mi
2
) CAR (%)

Little Rock 8433.36 26077.90 67.70

Memphis 33788.45 81137.60 58.40

Nashville 10069.10 30412.70 66.90

Paducah 6799.10 15720.70 56.80

Louisville 12391.46 30044.30 58.80

Huntsville 3306.68 11209.50 70.50

Average 12464.69 32433.78 63.18  

Table 5.1: Comparison of cumulative tornado warning polygon size to the cumulative 

size of warned counties for each affected WFO during the February 5-6 2008 Super 

Tuesday Tornado Outbreak (NOAA 2009).  County area ratio (CAR) is the reduction in 

warned area resulting from warning polygons. 

 

 The use of storm-based tornado warnings has significantly reduced warned area.  

However, during the first full year of the nationwide implementation of storm-based 

tornado warnings, false alarm ratio (FAR) was approximately 75% (Brotzge et al. 2011).  

According to the same authors, all county-based tornado warnings issued by the National 

Weather Service from 2000-2004 had a FAR of 72%.  One likely reason for the higher 

FAR among storm-based warnings is their relatively small size.  Most tornadoes are 

microscale phenomena that are less than 2 km in diameter and last less than 10 minutes.  

Therefore, the trade-off of tornado warning polygons is that they reduce warned area, and 

thus the number of people who are needlessly warned, at the expense of a higher 

probability of a false alarm.  Another probable reason for the higher FAR is uncertainty 
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regarding exactly how and why tornadoes form because not all supercells (i.e. rotating 

thunderstorms) spawn tornadoes.  There is no conclusive way to compare the average 

PFA for the 13 LES events in this study to the FAR values for county-based and storm-

based tornado warnings.  PFA measures the proportion of a county-based LES warning 

that did not receive warning-criteria snowfall.  FAR measures the proportion of warnings 

that did not verify and were therefore unnecessary.   

 Even though a lake-effect snowstorm is larger than a tornado, LES generates 

significant snowfalls that are often considerably smaller than the warned county or 

counties.  LES warning polygons will reduce warned area and may therefore reduce PFA.  

Obviously, the ability of storm-based LES warnings to reduce PFA will depend on 

forecast accuracy, including warning placement versus the location and extent of 

significant snowfall.  Only a 10° difference in predicted versus observed mean boundary 

layer flow could result in complete displacement of significant snowfall from the original 

LES warning polygon when a narrow single snow band is anticipated.  According to 

Niziol (1987), when directional wind shear is weak or absent in the boundary layer, only 

a 30° variation in 850 hPa flow across Lake Ontario can greatly influence storm type and 

intensity.  For example, a 270° (west to east) 850 hPa flow maximizes fetch and often 

generates an intense Type I lake-effect snowstorm directly east of Lake Ontario.  

However, a 300° (WNW to ESE) 850 hPa flow reduces fetch and thus promotes a weaker 

Type II storm east-southeast of the lake.  Accurate forecasts of storm placement and 

intensity will ensure effective LES warning polygons.    
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5.2 Implications 

 Previous literature has outlined advantages and disadvantages of SBWs.  Three 

advantages are: 1.) they allow the forecaster to concentrate on severe weather signatures 

for determining the placement of a warning regardless of county boundaries, 2.) result in 

greater specificity regarding the threat location, and 3.) reduce the number of people who 

are needlessly warned.  Two disadvantages are: 1.) it is difficult to verbally describe the 

threat area when the warning polygon encompasses a portion of a county or group of 

counties and 2.) SBWs have resulted in greater FAR and lower POD compared to CBWs 

due to their smaller size (Browning and Mitchell 2002; NOAA 2012).   

 Storm-based LES warnings would allow NWS meteorologists to warn the public 

more effectively by highlighting where the probability of significant snowfall is greatest.  

These smaller warnings would also likely reduce the number of people who are 

unnecessarily warned.  LES warning polygons would also have the capability of 

displaying forecast confidence regarding storm placement.  A narrower warning would 

correspond to greater confidence, while a wider warning would indicate less confidence 

for a given anticipated snow band width or width of a multiband storm.  Narrower versus 

wider warning polygons could also complement the expectation of a stationary versus 

transient lake-effect storm.  Storm-based LES warnings would also be beneficial during 

early season events.  In such situations, significant snow accumulation is typically 

confined to locations farther inland from the considerably warm lake and/or at higher 

elevations (e.g. the Tug Hill Plateau directly east of Lake Ontario).  
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 While there are many probable advantages of LES warning polygons, potential 

issues exist as well.  As mentioned before, the smaller size of SBWs could decrease the 

amount of people who are unnecessarily warned.  However, the same attribute could also 

cause FAR to increase and POD to decrease if a SBW is offset from where significant 

snowfall actually occurs.  Storm-based LES warnings will visually highlight the threat 

area more clearly.  Even so, describing the threat area verbally on NOAA Weather Radio 

and AM/FM radio will prove to be a challenge.  The National Weather Service will also 

need to determine how to issue storm-based warnings for LES if they are to become a 

reality.        

 When significant LES is expected, NWS meteorologists will be able to decide 

where to place a storm-based LES warning and how to orient the warning based on 

multiple predictors.  For example, airflow at 850 hPa is commonly used by 

meteorologists in the Great Lakes region to determine fetch because the lakes are 

approximately 200 m (660 ft) above MSL and lake-effect cloud is often confined to the 

low-level atmosphere due to a stabilizing inversion that typically accompanies cold air 

outbreaks.  Thus, a lake-effect cloud layer is often bisected by 850 hPa or a similar 

pressure level.  The greater the fetch, the warmer and more humid (i.e. buoyant) lake-

modified air parcels will become, resulting in a greater risk of significant lake-effect 

snowfall.   

 There are other important variables that NWS meteorologists should consider 

when issuing a storm-based LES warning.  Mean boundary layer wind direction, in 

addition to fetch, dictate lake-effect snowstorm type.  In addition, the direction and 
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magnitude of mean boundary layer flow (e.g. mean wind direction and speed between the 

surface and 700 hPa) determine LES orientation and placement.  Lastly, mesoscale model 

quantitative precipitation forecast (QPF) output is also important for predicting the 

intensity, length, width, and placement of a lake-effect snowstorm.  However, deciding 

how large a LES warning polygon should be will likely be challenging due to the 

potentially transient nature of a storm and the spatial characteristics of different lake-

effect snowstorm types.  For example, Type II storms often impact a larger area than 

Type I storms due to their multiband structure.  Of course, placement of a storm-based 

LES warning could prove to be a challenge as well. 

5.3 Limitations and Future Work 

 The primary limitation of this study was the spatial resolution of snow spotter 

reports used for interpolation of lake-effect snowfall.  All interpolation tools in ArcMap, 

including kriging, are optimized when the number of data points is large, the data points 

have a higher spatial resolution, and they are evenly distributed.  Due to the localized 

nature of LES among other reasons, snow spotter reports from each of the 13 events were 

not necessarily numerous, did not exhibit a fine spatial resolution, and the snowfall data 

points were surely not evenly spaced with respect to one another.  Thus, the accuracy of 

each interpolated lake-effect snowfall map, including the accuracy of WCS area, was 

compromised. 

 For future work, other interpolation methods, including other forms of kriging, 

should be explored in order to improve the accuracy of snowfall maps.  In addition, a 

greater number of lake-effect snow seasons should be used for data collection and the 
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focus area should be expanded to the entire Great Lakes region.  Increasing the number of 

lake-effect snow seasons and the size of the study area will not only grow the number of 

analyzed LES events, but also potentially strengthen the argument of replacing CBWs 

with SBWs if similar average PFA values are calculated for events downwind of the 

other four lakes.  A county-based LES warning performance evaluator based on 

population should also be calculated for each event in order to identify the average 

number of people who were needlessly warned.         
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APPENDIX: ACRONYMS AND ABBREVIATIONS 

 

 This appendix contains a list of commonly used acronyms and abbreviations in 

this thesis. 

 

Abbreviation/

Acronym Name

CAR county area ratio

CBW(s) county-based warning(s)

CBW area county-based warning area

CWA county warning area

DEM(s) digital elevation model(s)

FAR false alarm ratio

GIS geographic information system

IDW inverse distance weighting

LES lake-effect snow

NCDC National Climatic Data Center

NOAA National Oceanic and Atmospheric Administration

NWS National Weather Service

PEW percent of event warned

PFA percent of false alarm

POD probability of detection

QPF quantitative precipitation forecast

SBW(s) storm-based warning(s)

USGS United States Geological Survey

UTM Universal Transverse Mercator

WCS area warning-criteria snowfall area

WFO weather forecast office

Z Zulu (time) = EST + 5 hours  
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