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 Determining the inland extent (IE) of lake effect snow (LES) is an ongoing operational forecasting challenge 
at the Albany and Binghamton National Weather Service (NWS) forecast offices, and several other NWS 
forecast offices in the Great Lakes region. Assuming favorable conditions for development of LES, determining 
how far inland snow bands will extend is critical to forecasters making decisions supporting the NWS watch/
warning/advisory program and resulting impact-based decision support services.
 This research sought to identify which atmospheric parameters commonly have the greatest influence on 
how far inland LES bands travel, and to develop forecasting techniques to assist meteorologists. Single band 
LES events for the 2006–2009 winter seasons were examined downwind of Lake Ontario. The IE of LES bands 
was measured over the duration of each event and broken into quartiles. The quartiles were used to create 
categories for IE (short, moderate, and long). Several parameters were analyzed, using statistical correlations 
at data points within, and just outside of, LES bands. Box-and-whiskers plots were constructed for individual 
parameters relative to each IE category.
 The most strongly correlated parameters to IE included existence of a multi-lake/upstream moisture source 
connection (MLC), mixed-layer (ML) stability (represented by lake–air temperature differentials), 0–1-km 
bulk shear, and mean ML wind speed. LES bands featuring an MLC showed a greater tendency to progress 
farther inland, compared to those without. A predictive equation for forecasting IE of LES downwind of Lake 
Ontario was developed from a statistical model using a stepwise and backwards selection algorithm. A cross-
validation method was used to determine skill.

ABSTRACT
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1. Introduction

 Lake effect snow (LES) is a frequent occurrence 
during winter seasons downwind of the Great Lakes. 
Wiggin (1950) first identified atmospheric conditions 
required for development of LES bands. LES is a 
mesoscale phenomenon (Peace and Sykes 1966), 
driven by the overall synoptic flow regime (Niziol 
1987). LES bands can be quite narrow (only a few km 
wide), making them difficult to forecast and represent 
in numerical simulations (Lavoie 1972; Ballentine et al. 
1998; Steiger et al. 2013). Also, LES bands can produce 
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prolific snowfall, sometimes >15-30 cm (6-12 in), with 
some multi-day events >150 cm (60 in) (Sykes 1966).
 LES is quite common in Upstate New York, 
downwind of Lake Ontario. LES is a ubiquitous forecast 
challenge for the Albany (ALY) and Binghamton 
(BGM) National Weather Service (NWS) forecast 
offices (WFOs). The county warning areas (CWA) for 
ALY and BGM are removed from the lake shore of 
Ontario, and require forecasters in these offices to not 
only forecast the existence of potential LES bands, but 
also how far inland (away from the lake shore) LES 
bands could extend. Figure 1 shows that the nearest 
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point from the Lake Ontario shore to the ALY CWA 
border is approximately 92 km (57 mi) and the farthest 
point is around 338 km (210 mi), while the nearest point 
from the Lake Ontario shore to the BGM CWA border 
is approximately 23 km (14 mi) and the farthest point is 
around 264 km (164 mi).
 Much research has been devoted to better 
understanding the physical processes that govern LES 
band development in the Great Lakes region over the 
last 40–50 yr. However, forecasting the inland extent 
(IE) of such features has received comparatively little, 
if any, attention. Favorable factors for the development, 
intensity, and persistence of LES bands have been 
heavily researched (Dockus 1985; Niziol et al. 1995), 
and are generally well understood. However, there is 
substantially less understanding about the processes 
that modulate the IE of LES bands.
 The impetus for this research is the need to be able 
to more accurately forecast IE of LES bands. Sometimes 
short distances of only 5–20 km can make the difference 
between a given location receiving 2.54–5.08 cm (1–2 
in) of snow accumulation, versus 8–15 cm (3–6 in) 
or even ≥30.48 cm (1 ft) of snowfall. This has critical 
implications for the NWS watch/warning/advisory 
program and impact-based decision support services 
(NWS 2015) that alert people of potentially hazardous 
weather, such as significant snowfalls. If the factors that 
determine the IE of LES were better understood, NWS 
meteorologists would be able to issue more accurate and 
timely watches, warnings, and advisories for locations 
farther removed from the lakeshore.

2. Background

 As mentioned in the introduction, there has 
been significant research devoted to identifying the 
physical processes and meteorological factors for 
the development, intensity, persistence, and general 
locations of LES bands. Niziol (1987) described 
how the synoptic environment—with regards to the 
existence of cyclonic vorticity advection at 850, 700, 
and 500 hPa—contributes to ascent aiding in LES band 
formation. Campbell et al. (2016) detailed how the 
greatest snowfall rates were produced by LES bands 
that were accompanied by the passage or approach of 
upper-level short-wave troughs. Hjelmfelt (1990) found 
that forced orographic ascent enhances LES intensity. 
 Holroyd (1971) detailed a requirement for a 
minimum 13ºC temperature difference between a lake 
surface and the ambient temperature at 850 hPa to 
initiate pure LES. Niziol (1987) specified instability 

classes—based on categories of lake–air temperature 
differences—to determine potential for LES band 
development. The conditional instability class is defined 
as lake–850-hPa temperature differences between 12 
and 17ºC and lake–700-hPa temperature differences 
between 17 and 24ºC. The moderate instability class 
is defined as lake–850-hPa temperature differences 
of ≥17ºC and lake–700-hPa temperature differences 
between 24 and 30ºC. Finally, the extreme instability 
class is defined as lake–850-hPa temperature differences 
of ≥17ºC and lake–700-hPa temperature differences of 
≥30ºC.
 Niziol (1987) indicated that wind directions from 
the boundary layer through 700 hPa (i.e., the steering 
layer) determine the general locations of LES bands. 
In addition, Niziol (1987) also explained how changes 
in wind direction with height through the steering layer 
(i.e., directional wind shear) determine the persistence 
of LES bands. If the directional shear is >30º, single 
LES bands tend to break apart into multiple bands. If 
the directional shear is >60º, LES bands tend to break 
down completely, resulting in just flurries. This was 
observed through empirical evidence within mesoscale 
environments of LES bands (Niziol 1987).
 Byrd et al. (1991), through a mobile sounding 
deployment study in LES storms, showed that mixed 
layer depths had a much better correlation to LES band 
intensity—as opposed to simply assessing the degree 
of instability (measured by the temperature difference 
between a lake surface and the ambient temperature). 
The height of a low-level capping inversion is used 
to denote the top of a mixed layer when determining 
mixed layer depths. Typical capping inversion heights 
for most LES bands were found to be in the range of 
1–2 km, whereas more intense LES bands had inversion 
heights of >3 km (Niziol 1987). Minder et al. (2015) 
found that the inland enhancement of snowfall totals 
was not due to orographic invigoration of convection, 
which is a potential crucial finding with regards to 
determining what parameters may or may not modulate 
IE.
 Niziol et al. (1995) classified different types of LES 
bands. Type I bands, otherwise known as single bands, 
form when the flow is parallel to the long lake axis, thus 
covering an extensive fetch over the lake. Single bands 
are typically 50–200-km long and 20–50-km wide. 
Type II bands, otherwise known as multi-bands, form 
when the flow is perpendicular to the long lake axis, 
with a much shorter fetch over the lake. Multi-bands 
are typically 20–50-km long and 5–20-km wide. Type 
III bands are a hybrid of Type I and II bands, exhibiting 
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a multi-lake connection (MLC). These Type III LES 
bands usually develop over upstream lakes, such as 
Lake Huron or Georgian Bay, and then propagate 
across Ontario, Canada, before redeveloping over 
Lakes Erie and Ontario. Steiger et al. (2013) developed 
a more descriptive term for Type I bands, labeling 
them long-lake-axis-parallel (LLAP) bands. Veals et 
al. (2015) developed an updated classification of LES 
morphology off Lake Ontario based on radar data, and 
categorized five main types of LES bands: (i) LLAP 
bands, (ii) broad coverage events that feature open-
cellular convection or multiple wind-parallel bands 
produced by horizontal roll convection, (iii) hybrid 
events that have characteristics of LLAP bands and 
broad coverage events, (iv) shoreline bands generated 
by land-breeze convergence during cold, relatively 
calm conditions near the center of anticyclones, and (v) 
mesoscale vortices that form during weak flow, often 
where the lakeshore has a bowl-shaped configuration.
 With regards to IE, Niziol et al. (1995) hypothesized 
that synoptic features—such as surface boundaries or 
700–500-hPa short-wave troughs—resulted in higher 
boundary layer moisture, thus helping sustain LES 
bands a farther distance inland. However, there have 
been many cases in which LES bands have extended 
well inland, despite the absence of such features. On 
other occasions, conditions appeared favorable (i.e., 
extreme instability class, high inversion height, little 
directional shear) for intense LES bands, but the 
bands remained much closer to the lake shore than 
expected. Evans and Wagenmaker (2000) examined 
LES events in Michigan that had an unusually lengthy 
IE. They found that these events had similarly favorable 
conditions (to those outlined earlier in this paragraph) 
for the development and maintenance of significant 
LES bands. However, features unique to the local area, 
including the orientation of Lake Michigan, may have 
contributed to the development of a strong west-to-east 
lower tropospheric convergence zone that could have 
influenced the IE.
 New operational high-resolution models—such as 
the High Resolution Rapid Refresh (HRRR; Alexander 
et al. 2010), the 4-km nest of the North American 
Mesoscale Model (NAM; Rogers et al. 2014), and the 
Weather and Research Forecasting (WRF; Skamarock 
et al. 2008), run locally at NWS forecast offices (e.g., 
WFO ALY) at similar convection-allowing resolutions 
(≤5 km)—indicate the potential for LLAP bands in the 
generally correct space and time, but with limitations. 
Ballentine and Zaff (2007) showed that the WRF had 
significant errors in forecasting band characteristics 

between 6 and 36 h after model initialization. Also, to 
this point, no research has been conducted on how well 
the IE of LES bands is represented by these models. 
Wright et al. (2013) ran WRF simulations to explore 
the sensitivity of Great Lakes LES to changes in lake-
ice cover and surface temperature, but did not explicitly 
mention the performance of the WRF with regards to 
IE.
 This paper discusses an evaluation of the 
meteorological factors that contribute most significantly 
to modulating the IE of LES bands downwind of Lake 
Ontario. Statistical correlations and box-and-whiskers 
plots for selected parameters will be presented, and 
environments conducive to LES bands with far-
reaching IE of ≥62 km (43 mi) (25th percentile IE 
lengths in the dataset) will be characterized. Last, a 
predictive equation (developed from a statistical model 
using stepwise and backwards selection algorithms) for 
forecasting IE of LES downwind of Lake Ontario will 
be presented.

3. Data and Methods

 The main objective of this research was to determine 
the atmospheric parameters that commonly have the 
greatest influence on the IE of LES bands. Twenty three 
single band (LLAP) LES events were studied from 2006 
to 2009 downwind of Lake Ontario (Table 1). An event 
was determined to be any time during the period of study 
that an LLAP band developed over, or propagated into, 
any part of the ALY or BGM CWAs. LES band location 
and IE were determined by using 0.5° reflectivity from the 
Montague (KTYX), Albany (KENX), and Binghamton 
(KBGM) Weather Surveillance Radar-1988 Doppler 
(WSR-88D) radars (Fig. 1). Six-hour time steps were 
investigated throughout the duration of each event, 
coinciding with the 12-km NAM initialization times of 
0000, 0600, 1200, and 1800 UTC. This resulted in a 
total of 95 separate time steps in which LLAP bands 
were examined. The 12-km NAM analysis soundings 
for selected points were investigated at 6-h time steps 
in order to correspond to the model initialization times 
outlined above. These soundings were generated at 
selected data points from 12-km NAM 0-hr forecast 
grids (60 vertical levels with model top at 2 hPa) utilizing 
the NWS Advanced Weather Information Processing 
System (AWIPS) sounding display tool. For purpose of 
sounding investigation, data points were strategically 
selected relative to observed LES band location based 
on radar reflectivity. There were 5–7 points per time 
step depending on the length of LES bands. Points were 
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chosen both inside and just outside (north and south) of 
a LES band (Fig. 2). End points were selected to be just 
east, northeast, or southeast of where the continuous 15-
dBZ reflectivity terminated. A minimum threshold of 
15 dBZ was used to determine a continuous LES band. 
The use of this 15-dBZ threshold allowed for consistent 
comparison for each LES event in the study, and also 
ensured a snowfall rate resulting in measurable snow 
(Super and Holroyd 1996). In addition, 0000 and 1200 
UTC Buffalo (BUF) and Albany, New York (ALB), 
observed soundings were utilized. Even though the 
observed soundings from BUF and ALB typically were 
not as proximal to LES band location as the selected 
NAM data points, observed sounding data were used so 
that actual observations were included in the study for 
comparison to the model-based results.
 The IE of LES bands was measured at each of the 
95 time steps in the dataset for purposes of recording 
values of selected parameters. Band length (measured 
from the Lake Ontario shore inland) and width were 
determined using 0.5° reflectivity from the KTYX, 
KENX, and KBGM WSR-88D radars with a distance 
measuring tool in AWIPS (Fig. 3). Given that LES 
bands are relatively shallow features with depths rarely 
exceeding 2 or 3 km, there is the potential for beam 
overshooting and underrepresentation of IE somewhat. 
Brown et al. (2007) discussed this problem specifically 
for the KTYX radar and found the radar beam can 

overshoot LES bands with depths of 1–2 km, depending 
on distance from the radar. The KTYX radar is situated 
0.52 km above the Lake Ontario surface, which can 
be problematic for beam overshooting (Brown et al. 
2007). An attempt was made to mitigate this limitation 
using ground truth observations; however, observations 
were determined to be too sparse to supplement when 
and where overshooting may have occurred. Beam 
overshooting tends to affect shallower bands and 
depends on band orientation. This could have an effect 
on the apparent sensitivity to factors such as inversion 
height, stability, and wind direction. Inspecting each 
6-h time step helped capture the changes in LES band 
length through the duration of every event. Once IE was 
determined for each time step in the dataset, categories 
for IE were developed based on quartiles. The minimum 
to the 25th percentile was considered short, the 25th 
to 75th percentile was labeled moderate, and the 75th 
percentile to the maximum was classified as long.
 The chief method involved selecting various 
parameters to investigate—based on prior LES research 
(Table 2). The parameters were evaluated at 6-h time 
intervals (0000, 0600, 1200, and 1800 UTC) for each 
event. Parameters 1–14 were calculated using the 12-km 
NAM analysis soundings at selected points. Capping 
inversion heights were qualitatively determined by 
observing the thermal profile of the soundings where 
temperature first ceased decreasing with height. 

Figure 1. Map of the eastern Great Lakes and Northeast. 
Blue contours represent NWS county warning areas 
(CWA). Yellow stars show locations of WSR-88D radar 
sites. Red lines indicate shortest and farthest distances 
from Lake Ontario to the edges of the ALY and BGM 
CWA borders (1 mi = 1.61 km).

Table 1. List of event dates and corresponding IE 
maxima of LES bands. Click image for an external 
version; this applies to all tables and figures hereafter.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_1.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Table_01.png
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Existence of an MLC (parameter 15) was determined 
by using satellite imagery (Fig. 4). Visible satellite 
imagery was used during the daytime, and infrared, 
along with 11µ–3.9µ satellite imagery, was used at 
night. LES band length (IE) and width (parameters 16 
and 17) were determined using 0.5° radar reflectivity. 
Sounding parameter calculations for each point were 
treated separately and not averaged.
 All data for parameter investigation were gathered 

from locally archived NWS AWIPS discs. The data 
were then loaded onto the Weather Event Simulator 
(Magsig et al. 2004) for investigation. Events examined 
were from the NWS ALY and BGM CWAs. Historical 
water surface temperature data for Lake Ontario were 
obtained from the Great Lakes Environmental Research 
Laboratory (coastwatch.glerl.noaa.gov).
 The approach for determining the most influential 
parameters on the IE of LES bands utilized the statistical 
correlation function in Microsoft Excel™ spreadsheets 
in order to compare each parameter’s value to the IE of 
a particular LES band. However, R software (version 
3.3.2, www.R-project.org) was used to compute a 
point biserial correlation for the existence of an MLC 
(yes=1, no=0) because it is a binary (or categorical) 
parameter. Box-and-whiskers plots using Microsoft 
Excel™ (Banacos 2011) were then constructed for each 
parameter based on the three categories of IE (short, 
moderate, long). The box-and-whiskers plots allow 
for quantifying and classifying parameter values and 
determining which values are important to the variation 
of IE. Scatter plots of each parameter versus IE were 
created using R software.
 A predictive equation for IE downwind of Lake 
Ontario was then developed with R software (version 
3.3.2, www.R-project.org) from a statistical model 
using stepwise and backwards algorithms. The equation 
was verified using a cross-validation (CV) method. 

Figure 2. An example of selected model output 
points relative to a LES band for sounding parameter 
calculations. LES band depicted by 0.5º reflectivity 
from KTYX radar.

Figure 3. An example of the distance measuring tool, 
as seen on the NWS AWIPS display, overlaid with 0.5º 
reflectivity from KTYX radar. For IE, distance was 
measured from the lake shore to the end of a continuous 
band of ≥15-dBZ reflectivity, which is 137 km (85 mi) 
in this case.

Table 2. List of parameters used in the study. The 
mixed layer (ML) is defined as the vertical layer from 
the surface to the capping inversion height. One kt = 
0.5144 m s–1.

https://coastwatch.glerl.noaa.gov/
https://www.r-project.org/
https://www.r-project.org/
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_2.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_3.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Table_02.png
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Additional information regarding development of the 
statistical model and validation will be discussed in 
much more detail in section 5.
 Composite plots of mean sea-level pressure 
(MSLP), as well as geopotential heights at 500, 700, 
and 850 hPa, were created from the North American 
Regional Reanalysis (NARR) dataset (Mesinger et al. 
2006), with composite plots obtained using NOAA’s 
Earth System Research Laboratory (ESRL) website 
(www.esrl.noaa.gov/psd/cgi-bin/data/narr/plothour.pl).

4. Results

a. Model sounding results

 A statistical analysis was performed to identify the 
parameters that have the greatest influence on the IE 
of LES bands. The 12-km NAM analysis soundings 
were used for these correlations based on selected 
points relative to band location. Sounding parameter 
calculations for each point were treated separately and 
not averaged. A two-tailed test was used to determine 
statistical significance (Wilks 2006). Values for the 
most strongly correlated parameters were statistically 
significant to the 99% level, while correlations for 
several other parameters were significant to at least the 
95% level. The number of independent data points was 
considered to be N = 95, corresponding to each time 
step in the study. Even though there were multiple data 
points for each time step, they were not included in the 
total number of data points (N) because these points 

were not independent of each other. These statistics 
are valid for two-tailed probabilities of correlation 
coefficient. For N = 90, correlation values (ρ) must be 
≥0.27 to be considered statistically significant to the 
0.01 (or 99%) level and ≥0.21 to the 0.05 (or 95%) level 
(Fisher 1925).
 Correlations were calculated for all data points, 
both within and on the periphery of LES bands. Table 3 
shows a complete listing of correlation values for all of 
the parameters. Figure 5 is a graphical representation of 
how each parameter correlates to IE (band length) and 
to each other using R software (CRAN.R-project.org/
package=corrplot). Three variables that corresponded 
to angle measurements (mean ML wind direction, wind 
direction at top of ML, and surface wind direction) were 
transformed using cosines. For example, the variable 
mean ML wind direction was transformed as cosine of 
the following: mean ML wind direction / (360 × 2π).
 The most strongly correlated parameter to IE was 
the existence of an MLC (ρ = 0.64, Table 3). A point 
biserial correlation was used to establish the relationship 
between IE and existence of MLC. The point biserial 
correlation coefficient is a measurement of the strength 
of association between a binary variable (taking values 
0 or 1) and a continuous-valued variable (Glass and 
Hopkins 1995; Rizopoulos 2006). The scatter plots of 
IE versus the other variables exhibit the interaction 
with the categorical variable MLC (Fig. 6). For each 
scatter plot, there is a clear difference of response in 
the presence of MLC = 1. These factors signify that a 
connection to an upstream moisture source is a key factor 
in influencing IE. Kristovich et al. (2016) described how 
the OWLeS (Ontario Winter Lake-effect Systems) field 
project examined the influences of upstream lakes on 
LES over Lake Ontario and found that snow particles 
from Georgian Bay LES and higher-level clouds 
overspread Lake Ontario lake effect clouds, possibly 
resulting in natural cloud seeding. Various techniques 
for forecasting MLC are discussed in section 5.
 The temperature difference between the air parcel 
at 850 hPa and the Lake Ontario water surface had a 
similarly strong, but negative correlation to IE (ρ = –0.65, 
Table 3). The strongly negative correlation implies an 
inverse relationship between the lake–air temperature 
difference and IE. In other words, greater IE is more 
effectively correlated with conditional or lower-end 
moderate instability, rather than extreme instability. For 
events where higher-end moderate or extreme instability 
is featured, it is hypothesized that stronger lake-induced 
instability yields significant snowfall relatively close to 
the lake shore. The drier environment associated with 

Figure 4. Visible satellite image from 1601 UTC 27 
November 2010 that shows a connected moisture plume 
from Georgian Bay to Lake Ontario.

https://www.esrl.noaa.gov/psd/cgi-bin/data/narr/plothour.pl
https://cran.r-project.org/web/packages/corrplot/index.html
https://cran.r-project.org/web/packages/corrplot/index.html
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_4.png
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Arctic air masses likely limits the downwind extent of 
such bands. Conversely, in conditional to lower-end 
moderate instability cases, LES bands tend to extend 
farther inland because these environments typically 
lack extreme cold, and thus feature more ambient 
moisture. The third most strongly correlated parameter 
was the temperature difference between the air parcel at 
700 hPa and the Lake Ontario water surface (ρ = –0.53). 
This reinforces the notion that an inverse relationship 
exists between the lake–air temperature difference and 
IE, up to 700 hPa (or ~3 km). The fourth most strongly 
correlated parameter was 0–1-km bulk shear (ρ = 0.48). 
This indicates that strong vertical wind shear within the 
layer from the surface to 1 km also promotes greater IE. 
A correlation of 0.38 resulted from the ML bulk shear. 
A very poor correlation with 0–3-km bulk shear (only 
–0.11) accentuates the point that the 0–1-km layer is the 
most critical for determining IE. The correlation of the 
mean ML wind speed with IE was 0.24. Although not 
one of the most strongly correlated parameters to IE, 

the correlation of mean ML wind speed was statistically 
significant to the 95% level (Fisher 1925).
 Correlations based on subsets of the data taken from 
entirely within, or on the periphery of LES bands, were 
not substantially different from each other—typically 
with values differing by <<0.10. The majority of the 
selected points from the NAM analysis soundings were 
taken around the periphery of the model-simulated LES 
band, with generally two or three points inside a band 
versus five or six points along the periphery (per 6-h 
time step). Strictly concerning IE, the implication from 
a forecasting perspective is the ability to use a model 
forecast sounding that may be proximate to a LES band 

Figure 5. Display of correlation coefficient values 
between each variable (except MLC). List of 
abbreviated variables in figure (1 kt = 0.5144 m s–1): 
Length = LES band length (mi); ML Wind = Mean 
mixed layer (ML) wind speed (kt); Sfc TdD = Surface 
dewpoint depression (°C); Max ML TdD = Maximum 
ML dewpoint depression (°C); Lake Air ΔT (850) = 
Lake T – air T at 850 hPa (ºC); Lake Air ΔT (700) = 
Lake T – air T at 700 hPa (ºC); Capping Inv = Capping 
inversion height [or ML depth] (km); Shear 0–1 = 0–1-
km bulk shear (kt); Shear 0–3 = 0–3-km bulk shear (kt); 
Sfc Wind = Surface wind speed (kt); ML Top Wind 
Speed = Wind speed at top of ML (kt); Speed Diff = 
ML bulk shear (kt); ML Wind Dir = Mean ML wind 
direction (°); ML Top Wind Dir = Wind direction at top 
of ML (°); Sfc Wind Dir = Surface wind direction (°).

Table 3. Values of correlation function to IE for 
model sounding points. Listing is in descending 
order from most strongly positive to most strongly 
negative correlation. Parameters in bold are statistically 
significant to the 99% level. Parameters in italics are 
statistically significant to at least the 95% level.

Figure 6. Scatter plots of IE (band length) versus 
variables in final statistical model, including interaction 
with MLC. Green points indicate presence of MLC; 
blue dots indicate MLC not present.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_5.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Table_03.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_6.png
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and possibly within the model-simulated band itself, 
yielding similar results.

b. Observed sounding results

 Correlations to IE were computed for observed 
sounding data at BUF and ALB at 0000 and 1200 UTC 
for the same LES events that were used for the model 
sounding correlations. Sounding parameter calculations 
for each point were treated separately and not averaged. 
Results were similar in terms of which parameters 
correlated most strongly to IE. Because the correlation 
to MLC is independent of any sounding data, the value 
for the point biserial correlation remained the same 
at 0.64. The strongest correlated parameter computed 
from the observed sounding data was the temperature 
difference between the air parcel at 850 hPa and the 
Lake Ontario water surface (ρ = –0.56). The second 
most strongly correlated parameter was the temperature 
difference between the air parcel at 700 hPa and the 
Lake Ontario water surface (ρ = –0.37). These results 
are consistent with the correlations from the model 
output, further supporting the inverse relationship 
between the lake–air temperature difference and the 
IE of LES bands. The third most strongly correlated 
parameter was the mean ML wind speed (ρ = 0.29). This 
suggests that propagation of a LES band by a relatively 
fast environmental flow is a key component to long IE.
 There were some notable differences between 
the model and observed sounding correlations (Table 
4) that help to explain some of the variations in near-
band environment versus the larger-scale environment. 
One notable discrepancy was the ML bulk shear. 
The correlation for the observed data was only 0.02, 
compared to ρ = 0.38 for the model output. It is 
hypothesized that this large difference could be the 
result of the BUF and ALB soundings generally not 
being in as close to band location. This implies that 
it is crucial to sample this parameter in or near a LES 
band when forecasting IE. This also could be related 
to the model simulation of the band itself having an 
impact on the near-band environment. Convergent low-
level flow near and in the band may locally enhance 
the bulk shear, which is not so much representative 
of the environment but a result of the strength of the 
band itself in the model. Therefore, this parameter may 
be somewhat tuned to how well the model represents 
the convergent flow in the band. Another parameter 
in which a significant difference existed between the 
model and observed correlations was the maximum ML 
dewpoint depression. The correlation for the observed 

data was –0.30, compared to ρ = 0.04 for the model 
output. It could be inferred from this discrepancy that 
farther away from a LES band the ambient dewpoint 
depression is inversely correlated to the IE. This 
suggests when model output is used near a model-
simulated band it is typically fairly moist regardless of 
the IE, thus yielding a low correlation between moisture 
and IE. However, when the observed data (which are 
usually further away from the band) are moist, then it 
is indicative of a larger-scale moist environment. One 
caveat is that there were a few occasions in the dataset 
in which LES bands were affecting BUF (Lake Erie 
bands) and ALB (Lake Ontario bands) around 0000 or 
1200 UTC. When assessing the moisture environment 
for LES IE, forecasters should consider whether model 
sounding moisture profiles are depicting the large-scale 
environment or any model-simulated LES. Similarly, 
if LES bands are observed in the area of an observed 
sounding, forecasters need to consider whether the 
radiosonde may have passed through the band and is 
therefore unrepresentative of the band environment. 
Refer to Table 4 for a full list of observed sounding 
correlation values.

c. Inland extent categories and box-and-whiskers 
 plots

Table 4. Values of correlation function to IE for the 
ALB and BUF soundings. Listing is in descending 
order from most strongly positive to most strongly 
negative correlation. Parameters in bold are statistically 
significant to the 99% level. Parameters in italics are 
statistically significant to at least the 95% level. Note 
that the LES band width and existence of an MLC are 
listed with the same correlation values as in Table 3 
because these parameters are independent of sounding 
data.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Table_04.png
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 Box-and-whiskers plots for the ML bulk shear 
(Fig. 11), the wind speed at the top of the ML (Fig. 12), 
and the mean ML wind speed (Fig. 13) all displayed 
similar results, with trends of increasing winds speeds 
for each IE category. Median values of wind speed 
generally increased by about 2.57 m s–1 (5 kt) from 
short, to moderate, to long IE. Median values of ML 
depth (Fig. 14) were generally similar between the 
three categories of IE, ranging from 1.9 km (short) to 
2.5 km (moderate). However, the maximum ML depth 
was much greater for long category (8.7 km) compared 
to the short (3.5 km). Also, the long whiskers on the 
moderate and long categories are indicative of positive 
skewness of those particular datasets, something not 
present in the short category. Differences in values 
between each IE category from box-and-whiskers plots 

 As mentioned in section 3, categories for IE were 
developed based on quartiles of all IE lengths in the 
dataset. Results show the short category (minimum to 
the 25th percentile) had IE lengths from 6 km (4 mi) 
to 68 km (42 mi), the moderate category (25th to 75th 
percentile) had IE lengths from 69 km (43 mi) to 204 
km (127 mi), and the long category (75th percentile to 
the maximum) had IE lengths from 206 km (128 mi) to 
385 km (239 mi).
 Box-and-whiskers plots (Banacos 2011) were 
created for each parameter based on the three categories 
of IE. These box-and-whiskers plots have been included 
to help quantify and classify which parameters are 
important to the variation of IE. The height of the box 
portion is given by the interquartile range of the dataset 
and extends from the 25th to 75th percentile. The 
horizontal bar within the box denotes the median value. 
The ends of the whiskers are drawn to the 10th and 90th 
percentile values. The extreme values are labeled with 
an “x” at the maximum and minimum points.
 The box-and-whiskers plots for the temperature 
differences between the air parcel at 850 hPa (Fig. 7) 
and 700 hPa (Fig. 8) and the Lake Ontario water surface 
show how dramatically IE increases for decreasing 
temperature differences. In other words, less instability 
equates to long IE. The box-and-whiskers plots support 
the high inverse correlation of the Niziol (1987) 
instability class. The conditional instability class results 
in long IE, whereas extreme instability class typically 
yields short IE. Looking at the box-and-whiskers plot 
for 0–1-km bulk shear, it can be seen that steadily 
greater values of shear result in progressively larger IE 
(Fig. 9). The median value of 0–1-km bulk shear for 
short IE was 7.72 m s–1 (15 kt), for moderate IE it was 
10.29 m s–1 (20 kt), and for long IE it was 12.86 m 
s–1 (25 kt). The box-and-whiskers plots substantiate the 
high correlation of 0–1-km bulk shear to IE.
 Figure 10 shows the box-and-whiskers plot for IE 
based on different scenarios of MLC for (i) when only 
Lake Ontario is involved (no MLC), (ii) when there 
is a moisture connection to one upstream lake, and 
(iii) when there is an MLC with two upstream lakes. 
The plot indicates that IE increases when an MLC is 
present, although values were similar for both one and 
two upstream lakes. This signifies that the number of 
upstream lakes is not as important as having at least 
one MLC. Median values for IE increased substantially 
from 69 km (43 mi) with no MLC to 200 km (125 mi) 
with one upstream lake. Trends in the box-and-whiskers 
plot for MLC reinforce the strong correlation of MLC 
to IE.

Figure 7. Box-and-whiskers plot of temperature 
difference between Lake Ontario water surface and the 
ambient temperature at 850 hPa for each IE category 
(short/moderate/long).

Figure 8. Same as in Fig. 7, except at 700 hPa.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_7.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_8.png
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for the remaining parameters were not as pronounced, 
and are considered to be of less operational value (not 
shown).

d. Favorable and non-favorable environments for 
 moderate to long inland extent

 Based on the most strongly correlated parameters 
and box-and-whiskers plots, certain environments 
were observed to promote moderate-to-long IE of LES 
bands. Such environments included (i) the existence 
of an MLC from upstream lakes such as Lake Huron 
and Georgian Bay, (ii) conditional instability class 
(occasionally moderate, but typically not extreme), 
(iii) larger magnitudes of 0–1-km bulk shear (weaker 
shear in 1–3-km layer, based on sounding data), and 

(iv) well-aligned, relatively strong mean flow within 
the ML (based on statistically significant correlations 
of wind speed at top of ML, ML bulk shear, and 
mean ML wind speed). Favorable environments were 
categorized as Type A, and were characterized by time 
steps that exhibited conditional instability and the 
existence of an MLC. Only the first two most strongly 
correlated parameters were used for simplification. 
Figure 15a shows an example of a Type A sounding 
with its respective radar image (Fig. 15b) and IE of the 
associated LES band (at the time of the sounding in Fig. 
15a).
 Environments that promoted short IE, with LES 
bands remaining closer to the lake shore, also were 
evaluated. Such environments typically included (i) no 
MLC from upstream lakes, (ii) moderate to extreme 

Figure 9. Box-and-whiskers plot of 0–1-km bulk shear 
for each IE category.

Figure 10. Box-and-whiskers plot of IE for various 
MLC scenarios (2 upstream lakes, 1 upstream lake, 
Lake Ontario only, and all events).

Figure 11. Box-and-whiskers plot of the ML bulk shear 
for each IE category.

Figure 12. Box-and-whiskers plot of the wind speed at 
top of the ML for each IE category.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_9.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_10.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_11.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_12.png
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instability class, (iii) relatively weak magnitudes of 
0–1-km bulk shear (stronger shear in 1–3-km layer, 
based on sounding data), and (iv) fairly weak mean 
ML flow. These environments were categorized as 
Type B and depicted by time steps that exhibited 
moderate to extreme instability and no MLC present. 
Figure 16a shows an example of a Type B sounding 
with its respective radar image (Fig. 16b) and IE of the 
associated LES band (at the time of the sounding in Fig. 
16a). Twenty-six Type A and 33 Type B time steps were 
identified in the dataset.
 Composites of MSLP, as well as geopotential 
heights at 500, 700, and 850 hPa, were created for Type 
A and B events. NARR composites from ESRL were 
plotted to include the 0000, 0600, 1200, and 1800 UTC 
time periods for applicable Type A and B events and 
times. Some differences are apparent in the Type A (Fig. 

17) and Type B (Fig. 18) composites. At 500 hPa, the 
trough located over Ontario and Quebec was negatively 
tilted in the Type A composite but positively tilted in the 
Type B composite. At 700 and 850 hPa, there is a deeper 
trough and multiple closed height contours located 
over Quebec for Type A events, compared to a weaker 
trough for Type B events. With regards to MSLP, for 
Type A events low pressure is centered near the mouth 
of the Saint Lawrence River in southeastern Quebec, 
whereas for the Type B events the low pressure center 
is positioned much farther north and high pressure 
is noticeably stronger across west-central Canada 
(extending through much of the central and eastern 
United States). With regards to seasonal trends, Type 
A events spanned each month from October to March, 
whereas Type B events only occurred in January and 
February in this study.

5. Forecasting Techniques 

a. A predictive equation for the inland extent of LES 
 bands

 Based on results from this research and prior 
techniques of forecasting LES, a predictive equation 
was developed to aid meteorologists at NWS ALY and 
BGM in forecasting the IE of LES bands downwind of 
Lake Ontario. The output from this predictive equation 
is the forecast of IE in miles (1 mi = 1.61 km), with the 
distance beginning from the shore of Lake Ontario and 
extending inland.
 The predictive equation was developed by selecting 
a statistical model. First, a full model with all variables, 
as well as their interactions with MLC, was considered. 
Classical regression models make strong assumptions 
on the distribution of the data. Preliminary analyses 
revealed that the response variable exhibited a degree 
of skewness to the right that also was reflected in the 
distribution of the error terms on the full model. Box-
Cox transformations (Box and Cox 1964; Kutner et 
al. 2004; Fox 2008) were considered to identify the 
transformation that stabilized the variance of the error 
terms and normalized their distribution. The maximum-
likelihood estimate for the normalizing power was 0.38, 
which is significantly different from 1 (corresponding to 
no transformation needed) and from 0 (corresponding 
to log transform). The response variable in our model 
was Y = (LES band length)0.38.
 Next, several methods of model selection were 
considered. Stepwise and backwards selection algorithms 
(Venables and Ripley 2002) were implemented that 

Figure 13. Box-and-whiskers plot of mean ML wind 
speed for each IE category.

Figure 14. Box-and-whiskers plot of ML depth for each 
IE category.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_13.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_14.png
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minimized Akaikes’s information criteria (AIC, Akaike 
1972), as well as the best-subsets algorithm (CRAN.R-
project.org/package=leaps) that identifies the best 
models with a fixed number of variables that minimizes 
AIC. For all models, the standard error (SE), adjusted 
R2, AIC, Bayesian information coefficient (BIC), 
Mallow’s Cp coefficient, and the predicted residual 
sum of squares (PRESS) statistic were computed 
following Kutner et al. (2004). The algorithms were 
based on the AIC performance measure rather than p 
values or adjusted R2, or even Mallow’s Cp, because 
models selected under those measures tend to be 
more biased, whereas models selected by minimizing 
AIC tend to perform better (Breiman 1988). In the 

selection of the best subset, models were selected that 
minimized AIC and at the same time achieved SE, 
BIC, and PRESS close to their minimum, high R2, 
and Cp close to its theoretical expected value. That is, 
models that performed reasonably well in all measures 
were selected. There is criticism in the literature that 
even models based on AIC are biased, and suggest 
to select models according to CV procedures (Picard 
and Cook 1984; Breiman 1988; Breiman and Spector 
1992). A sequence of CV variable selection algorithms 
were considered that include the above mentioned 
procedures (CRAN.R-project.org/package=bestglm), 
K-fold CV (Hastie et al. 2009), adjusted K-fold CV 
(Davison and Hinckley 1997), and delete-d CV with 

Figure 15. (a) Example of a Type A sounding (0-h NAM analysis sounding from near KUCA) featuring strong 0–1-
km bulk shear (much less in 1–3-km layer) and conditional instability. (b) Associated 0.5º reflectivity (dBZ) mosaic 
at the time of the sounding. Sounding and radar image from 1200 UTC 2 January 2012.

Figure 16. As in Fig. 15 except for a Type B event from 1200 UTC 8 January 2014.

https://cran.r-project.org/web/packages/leaps/index.html
https://cran.r-project.org/web/packages/leaps/index.html
https://cran.r-project.org/web/packages/bestglm/index.html
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_15.png
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_16.png
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random subsamples (Shao 1993, 1997).
 After all these algorithms were considered 
(backwards selection, stepwise selection, best subsets, 
and CV) and the models’ performance metrics were 
computed, a final collection of six models resulted, with 
a number of models that had from 10 to 12 variables plus 
interactions terms with the categorical variable MLC. 
To assess the predictive performance of models with the 
selected variables, 5-folds CV algorithms (CRAN.R-
project.org/package=cvTools) were run and repeated 
100 times. Finally, the model that performed best under 
all metrics and followed the parsimony principle was 
selected.
 The resulting predictive equations based on the 
statistical model for IE are as follows (where TdD = 
dewpoint depression):

 IE (or Band Length0.38) = 4.781378 – 0.041242  
 (mean ML wind speed) + 0.088804 (surface TdD) –  
 0.100086 (lake T – air T@850hPa) + 0.030905  
 (0–1-km bulk shear) + 0.010518 (0–3-km  
 bulk shear) + 0.085037 (top of ML wind speed)  
 – 0.048156 (ML bulk shear) + 1.746865 cos(mean  
 ML wind dir./360×2π) – 1.059166 cos(top of ML  
 wind dir./360×2π) + 3.193727 (MLC) + [0.050355  
 (mean ML wind speed) × MLC] – [0.081214 (lake  
 T –air T@850hPa) × MLC] + [0.023536 (lake T  
 – air T@700hPa) × MLC] – [0.051691 (ML depth)  
 × MLC] – [0.017483 (0–3-km bulk shear) × MLC]  
 + [0.399647 cos(surface wind dir./360×2π) ×  
 MLC] – [0.103989 (top of ML wind speed) × MLC]  
 + [0.080021 (ML bulk shear) × MLC];  (1a)

Figure 17. Composites of geopotential height (60-m contour interval) at (a) 500 hPa, (b) 700 hPa, and (c) 850 hPa, 
and (d) MSLP (2 hPa contour interval), for Type A events using the NARR dataset. Images generated using the 
NOAA/ESRL Physical Sciences Division website at www.esrl.noaa.gov/psd/cgi-bin/data/narr/plothour.pl.

https://cran.r-project.org/web/packages/cvTools/index.html
https://cran.r-project.org/web/packages/cvTools/index.html
http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_17.png
http://www.esrl.noaa.gov/psd/cgi-bin/data/narr/plothour.pl
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for MLC = 0 the equation becomes:

 IE (or Band Length0.38) = 4.781378 – 0.041242  
 (mean ML wind speed) + 0.088804 (surface TdD) –  
 0.100086 (lake T – air T@850hPa) + 0.030905  
 (0–1-km bulk shear) + 0.010518 (0–3-km  
 bulk shear) + 0.085037 (top of ML wind speed)  
 –0.048156 (ML bulk shear) + 1.746865 cos(mean  
 ML wind dir./360×2π) – 1.059166 cos(top of ML  
 wind dir./360×2π);   (1b)

and for MLC = 1 the equation becomes: 

 IE (or Band Length0.38) = 7.975105 + 0.009113  
 (mean ML wind speed) + 0.088804 (surface TdD)  
 – 0.1813 (lake T – air T@850hPa) + 0.023536 (lake  
 T – air T@700hPa) – 0.051691 (ML depth) +  
 0.030905 (0–1-km bulk shear) – 0.006965 (0–3- 

 km bulk shear) – 0.018952 (top of ML wind  
 speed) + 1.746865 cos(mean ML wind dir./360×2π)  
 – 1.059166 cos(top of ML wind dir./360×2π) +  
 0.399647 cos(surface wind dir./360×2π) + 0.031865  
 (ML bulk shear).   (1c)

 Model assessment measures were finally considered 
and found satisfactory. The residual SE was 0.6866 on 
733 degrees of freedom and the adjusted R2 was 0.731. 
The model yields a strong adjusted R2 and it explains 
73.1% of the variation of the response variable. The 
SE is low at 0.6866 (close to the minimum among all 
models) and the AIC is close to the minimum among all 
models. The CV results try to quantify the predictive 
ability of the model. What can be seen is that the 
predictive error (PE, similar to the SE but computed on 
the test set instead of the training set) has a minimum of 
0.6898, a maximum of 0.7096, and a mean of 0.6987. 

Figure 18. Same as Fig. 17 except for Type B events.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Fig_18.png
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This indicates that the PE is very close to the SE of 
the model, and thus the model is performing very well. 
The increase in error from the training set to the test set 
increases in a range from 0.46% to 3.2%, with a mean 
increase of 1.76%. These are very good performance 
numbers, indicating a stable model. Output from the 
selected statistical model is shown in Table 5.

b. Forecasting the existence of a multi-lake connection

 One of the more subjective and difficult aspects 
of determining IE is forecasting whether or not an 
MLC will be present. Existence of an MLC can be 
forecast using some of the techniques developed— 
based on positions of geopotential height and MSLP 
minimum centers, or within a general trough or closed 
low at the surface, 850 hPa, and 700 hPa. The most 
favorable position for these minimum centers and 
troughs associated with the presence of an MLC is 
generally over south-central Quebec, and tracking in 
a northeastward direction. Trajectories associated with 
these favorable trough positions depict a cyclonic flow 
regime, with connection to upstream moisture sources 
from Georgian Bay, Lake Huron, or even Lake Superior. 
Detecting the possible existence of an MLC can be done 
by using observational tools such as satellite and radar, 
but this limits the lead time because it requires upstream 
LES activity to have already developed. To achieve 
increased lead time, application of techniques using 
numerical weather prediction output to assess moisture 
pre-conditioning and wind trajectories is necessary, as 

well as using model-simulated reflectivity to check for 
the existence of an MLC.

6. Summary

 This research sought to (i) identify which 
atmospheric parameters commonly have the greatest 
influence on the IE of LES bands and (ii) develop 
forecasting techniques to assist meteorologists. This 
was accomplished by first defining three categories 
for IE (short, moderate, long) based on quartiles of IE 
lengths for each time step. Then several meteorological 
parameters (based on previous LES research) were 
analyzed using statistical correlations at data points 
within, and just outside of, LES bands—based on 12-
km NAM analysis soundings and observed soundings at 
ALB and BUF. Box-and-whiskers plots were created for 
each parameter, separated by IE category, to determine 
which values are important to variation in IE.
 The most strongly correlated parameters to IE 
included existence of an MLC, lake–air temperature 
differentials, 0–1-km bulk shear, and mean wind speed 
within the ML. Favorable environments for long IE 
were categorized as Type A, and were characterized 
by existence of an MLC and conditional instability. 
Favorable environments for short IE were categorized 
as Type B, and were characterized by the lack of an 
MLC and moderate to extreme instability. Composites 
for both Type A and B environments were constructed 
to show differences in the height fields at 500, 700, and 
850 hPa, as well as MSLP.

Table 5. Output from the selected statistical model, including coefficients, standard error, t value (coefficient/
standard error), and Pr(>|t|) (corresponding predictive value of that test). Significant codes for Pr(>|t|) values: 0 
‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1. One kt = 0.5144 m s–1.

http://nwafiles.nwas.org/jom/articles/2017/2017-JOM5-figs/Table_05.png
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 Finally, a predictive equation for forecasting IE 
of LES downwind of Lake Ontario was developed 
from a statistical model using stepwise and backwards 
selection algorithms. The skill of the equation was 
determined by CV methods. Based on the favorable CV 
results, this equation can be used operationally based 
on forecast soundings proximal to LES bands to predict 
eventual IE given favorable conditions for LES.

7. Future Work

 A real-time application using results from the IE 
predictive equation is in development to automate 
calculations in the equation based on the selected 
parameters. Data from forecast proximity soundings can 
be used to compute most of the terms in the equation, 
except for the MLC. Determining the existence of an 
MLC would need to be done by the forecaster using 
techniques discussed in this manuscript and would be 
a simple yes (1) or no (0) term in the equation. The 
addition of a graphical dimension from the output of 
the equation also is in development. The predicted 
IE would be shown on a map for a particular wind 
vector and would be helpful to operational forecasters 
in visualizing the output (versus simply seeing a raw 
distance in mileage).
 The equation and application also could, over time, 
be adapted to other portions of the Great Lakes region. 
As such, the results of this research could ultimately 
prove beneficial for WFOs affected by LES from Lakes 
Erie, Huron, Michigan, and Superior. Mann et al. 
(2002) determined that interactions from upstream Lake 
Superior had an influence on the translation, intensity, 
and morphology of LES bands over Lake Michigan. 
Investigating the effects of ice cover also would have 
potential implications for LES bands and MLC across 
the upper Great Lakes.
 A final area for future work that would be beneficial 
to forecasters would be to investigate how accurate 
various new high-resolution forecast models are in 
simulating IE of LES bands. Since this research was 
completed, new high-resolution models such as the 
3-km HRRR and local WRF models have become 
operational. These high-resolution models may be 
able to more realistically simulate LES bands. High-
resolution ensembles also may have some application 
in predicting IE and are another possible avenue 
for investigation. Comparing predicted IE from the 
equation developed in this paper versus IE predicted 
by high-resolution models (15-dBZ threshold from 
simulated reflectivity) could further test the utility of 

techniques developed in this paper.
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