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ABSTRACT
The relationship between low-level mesoscale boundaries and convective storm initiation was investigated
in southwestern Ontario, Canada. The influence of lake-breeze fronts, a type of boundary that frequently
affects this region of the Great Lakes watershed in summer, presented a particular interest.
Radar data were processed using thunderstorm cell identification and tracking algorithms. The distances
between the locations of storm cells reaching an intensity of 40 dBZ and the closest low-level mesoscale
boundary were measured. Considering only days not influenced by a warm front, more than 75% of cells
developed within 30 km of a low-level mesoscale boundary. Further examination by boundary type showed
that cell initiations associated with moving boundaries and storm gust fronts occurred most often 0–5 km
behind the boundaries. However, cell initiations associated with lake-breeze fronts most often occurred
0–5 km ahead of the boundaries. The analysis also suggested that lake-breeze fronts would often initiate
the first storms of the day, which in turn generated gust fronts that could initiate subsequent storms.
Overall, the results were similar to a previous study investigating storm initiation in the vicinity of low-level
mesoscale boundaries in eastern Colorado and include some new findings in relation to lake-breeze fronts.
The findings can be used by forecasters as well as automated nowcasting algorithms in order to improve
predictions of storm initiation.

1. Introduction
Convective storms occur frequently during the months of
June–August in southern Canada, with southwestern Ontario having the highest annual average cloud-to-ground
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lightning flash density (Burrows and Kochtubajda 2010).
Some of these storms can produce severe weather including damaging winds, large hail, flash flooding, and
tornadoes (King et al. 2003).
Studies in North America have shown that low-level
mesoscale boundaries (hereafter boundaries) can provide a
lifting mechanism that helps to initiate or intensify convective storms. Byers and Rodebush (1948) found that
frequent thunderstorms in the Florida peninsula, previously
thought to be caused by diurnal-heating-related instability,
were aided in their development by the combination of two
sea-breeze fronts (one from each shore) affecting the area.
Using GOES satellite imagery over various regions in the
United States, Purdom (1976) observed that storm development often occurred in locations where boundaries,
including gust fronts, interacted. He concluded that
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strengthening convective storms may be anticipated by
monitoring these boundaries for potential interactions.
More recent studies documented in detail the influence of
boundaries and boundary interactions on the development
of thunderstorms and severe weather (Kingsmill 1995;
Markowski et al. 1998; Ziegler and Rasmussen 1998; Sills
et al. 2004; Wakimoto and Murphey 2010).
Of particular relevance to the current investigation is a
comprehensive study by Wilson and Schreiber (1986,
hereafter WS86). They examined storm initiation in
proximity to low-level convergence lines occurring in
eastern Colorado, in the plains to the east of the Rocky
Mountains, over the summer of 1984. Convergence lines
were identified using clear-air echoes from Doppler radar
[generated mainly by insects; see Wilson et al. (1994)].
Each line (or boundary) was given a classification. The
classifications included ‘‘gust front, mountain outflow,
synoptic front, Denver convergence line, unknown stationary, and unknown moving.’’ WS86 found that many
storm cells (defined as radar reflectivity at 1-km altitude
of 30 dBZ or greater) formed in close proximity to these
boundaries. In fact, through manual examination of radar
films, they determined that 79% of the 30-dBZ or greater
cells that initiated in the study area were associated with
boundaries. This increased to 95% when looking at cells
that reached 60 dBZ or greater. They also found that the
proximity of storm initiations to boundaries depended on
whether the boundaries were moving, stationary, or colliding. Storms were found to initiate within 0–5 km of
colliding boundaries. For stationary boundaries, the
storms usually developed between 0 and 15 km on either
side. With moving boundaries, the storms generally
formed directly above or up to 20 km behind. The presence of these boundaries could also strengthen existing
storms. WS86 stated that ‘‘it is not known how transferable these results are to other geographic locations.’’
A study similar to WS86 was done by Koch and Ray
(1997) in North Carolina using data from the summer of
1994. This study included a wide variety of boundaries including sea-breeze fronts, gust fronts, horizontal convective
rolls, synoptic-scale fronts, and prefrontal troughs, to name a
few. Koch and Ray found that boundaries in North Carolina
were more likely to have associated convective storm development than in the WS86 Colorado study area, and
boundary collisions were much more frequent.
Presented here is an investigation, similar to that of
WS86, aimed at determining if boundaries in the Great
Lakes region have an equally important influence on the
development of convective storms. The region is ideal for
observing the effects of boundaries on storm initiation
given the high frequency of lake breezes and their ability
to penetrate well inland (over 100 km in some cases) and
interact with each other and other mesoscale boundaries

VOLUME 33

FIG. 1. Map of ELBOW 2001 instrumentation and aircraft flight
path. Locations are shown for rawinsonde systems [upper air (UA)]
stations, existing (other sfc) and special surface (ELBOW sfc) stations, X-band radar, and wind profilers. The Doppler range and
typical clear-air echo range for the Exeter radar are also shown. [This
figure has been adapted from Sills et al. (2002); see their Fig. 2.]

(Sills et al. 2011). Predicting the development of severe
storms in the vicinity of the Great Lakes continues to be a
challenge for forecasters, and this work is aimed at enhancing prediction abilities.
The paper is organized as follows. Section 2 covers the
data and methods, section 3 presents the study results,
section 4 provides a discussion of the results, and section 5
lists the study’s conclusions.

2. Data and methods
a. Data sources
The source of data for this study is the 2001 Effects of
Lake Breezes on Weather (ELBOW) field campaign
that ran from May to August 2001 in southwestern
Ontario (Sills et al. 2002; Alexander et al. 2003;
Alexander 2012). The ELBOW project domain was selected to be within the Doppler range of the Environment and Climate Change Canada (ECCC) weather
radar at Exeter, Ontario. Additionally, a number of data
collection platforms were installed specifically for the
project (see Fig. 1). For the present study, the most important of these is the mesoscale network of surface
weather stations, each sampling at WMO standard
heights. Operational radar and satellite datasets were also
obtained for the study period. [Alexander et al. (2003)
provide more detailed information on the ELBOW
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TABLE 1. Semiobjective criteria for identifying lake-breeze fronts. The criteria for other boundary types can be found in Alexander (2012).
Platform

Positive factors

Negative factors

Ambiguous

Satellite (visible)

Line of cumulus clouds or sharp
gradient in cumulus cloudiness
quasi parallel to shoreline
Gradual inland penetration of
above

Persistent thick cloudiness over
most or all of lake
Gradual change in the depth of
cumulus clouds inland from lake
(gradually deepening CBL)

No cloud visible
Thin cirrostratus or broken midlevel clouds prevents seeing
cumulus clouds

Radar (logZ, Vr)

Fine line or sharp gradient in
clear-air reflectivity quasi
parallel to the shoreline
Shift in radial velocity along
fine line
Gradual inland penetration of
above

Large area of persistent
precipitation over region

No clear-air echoes
Fine line or gradient in clear-air
echoes not well defined

Surface (station plots,
time series)

Rapid shift in wind direction to
onshore wind (may be accompanied
by rapid change in wind speed,
sharp decrease in temperature and
sharp change in dewpoint within
;20 km of shore)
Gradual inland penetration of
onshore winds
Elongated area of convergence
quasi parallel to the shoreline
Note that an area of broad
divergence over the lake and
the adjacent lakeshore indicates
a lake-breeze circulation is
present and may be used to
support the presence of a
lake-breeze front

instrumentation and datasets.] This study used data
obtained between 1 June and 31 August, inclusive.

Offshore winds

d

b. Boundary identification
The Aurora research workstation (Greaves et al. 2001)
was used to combine the various datasets and perform the
boundary and storm initiation analysis. Boundaries were
identified for each hour of the study period using a
combination of satellite, radar, and mesonet station data.
This was done using semiobjective criteria developed for
the ELBOW project. The boundary analysis domain was
given an approximate range of 150 km from the Exeter
radar (about 40 km outside the Doppler range) in order to
have good boundary-related coverage over the study
area. The criteria included positive and negative factors
contributing to boundary identification, as well as ambiguous factors. Table 1 shows the criteria used for the
identification of lake-breeze fronts [the criteria for other
boundary types can be found in Alexander (2012)]. The
following boundary types were included:
d
d

lake-breeze front (the leading edge of the lake breeze),
gust front (the leading edge of storm outflow),

d

d

d

Often very subtle surface gradients
at boundaries in moderate/high
low-level wind regimes

merged boundary (the result of lake-breeze fronts
combining to become a single, quasi-stationary
boundary/updraft region; once a merged boundary is
identified, it replaces the previously identified lakebreeze front segments),
hybrid boundary (the result of a lake-breeze front
combining with another boundary type, typically a
storm gust front; once a hybrid boundary is identified, it
replaces the previously identified boundary segments),
joined boundary (the ends of two different types of
boundaries are linked together), and
other boundary (synoptic-scale fronts, well-developed
horizontal convective rolls, or boundaries having an
unknown origin).

An example of a depiction with multiple boundary types
is shown in Fig. 2. The same criteria for boundary
identification have since been used by Sills et al. (2011)
and Curry et al. (2017).

c. Boundary classification
Boundaries were also ‘‘classified,’’ as had been done by
WS86. The classifications included moving, stationary,
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FIG. 2. An example depiction showing the mesoscale boundaries identified at 2000 UTC
29 Aug 2001. The results are displayed along with the valid satellite, radar, and mesonet data at
that time. The lake-breeze fronts have merged between Lakes Erie and St. Clair and Lakes Erie
and Ontario. The red ring indicates a radius of 110 km centered on the Exeter radar. Red dots
indicate air quality stations used during ELBOW 2001.

merger, intersection, collision, and synoptic. Moving or
stationary boundaries had to show consistent motion or a
lack of motion, respectively, over the lifetime of the
boundary. Synoptic boundaries included those other than
warm fronts, since days with warm fronts were excluded
from our analysis, as discussed later.
Merger, intersection, and collision classifications involved
interacting boundaries. To determine the boundary classification, it was necessary to consider depiction times previous to the boundary interactions. The relative boundary
orientations at the beginning of the interaction were examined using satellite, radar, and mesonet data between the
hours, focusing on the closest location to the cell initiation in
question. If the boundaries were moving in a similar direction when they came together (less than 908 difference),
the classification was considered to be a merger. If they were
moving toward each other, they could be one of two classifications. If there was interaction at an angle of greater
than 308, then the classification was deemed an intersection.
However, a classification of collision was used if the angle of
interaction was less than 308. Figure 3 shows how the
boundaries were typically oriented previous to a merger,
intersection, or collision.

d. Boundary location accuracy
A number of different factors determined the accuracy of the boundary location. This included slight shifts

and/or parallax effects in satellite images, cloud development offset by vertical wind shear, vertical structure
of the boundary (e.g., slope of the frontal surface),
density of the data used for identification, resolution
of the Aurora research workstation used to draw
the boundaries (60.7 km), and image time offset (e.g.,
the closest image in time is presented in Aurora for the
depiction time, if the image did not exist for that exact
time). Location accuracy was often increased by the
analyst subjectively correcting obvious problems and
compensating for missing or ambiguous data. The
availability of data from multiple platforms aided this
procedure. Considering all of these factors, boundary
locations were assigned a nominal error of approximately 62.0 km, when all data were available.

e. Cell identification and tracking
As mentioned previously, WS86 studied storm cells
initiating by viewing reflectivity data at a 1-km altitude.
To facilitate comparison, 1-km constant-altitude plan
position indicator (CAPPI) radar data products from
ECCC’s Unified Radar Processor [URP, known as the
Canadian Radar Decision Support (CARDS) system
outside of Canada; Joe and Lapczak 2002] were obtained and ingested by Aurora. Another URP product,
known as MAXR, uses the maximum reflectivity in the
column above each radar bin (a 1-km floor was chosen to
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FIG. 3. Examples of how two boundaries may be oriented before they interact, resulting in classifications of merger, intersection, or
collision. The lines represent the mesoscale boundaries and the arrows represent their motion. [This figure has appeared previously as
Fig. 6.9 in Alexander (2012).]

eliminate low-level radar clutter).1 It was posited that
this 1-km MAXR product might be better suited to
represent storm initiation, since radar echoes often appear aloft before precipitation begins to reach the surface. Therefore, 1-km MAXR data were also obtained
and ingested by Aurora.
Both the CAPPI and MAXR radar data were also
processed by URP’s cell identification and tracking algorithms. Many of these algorithms were based on the
concepts and methods employed in the Thunderstorm
Identification, Tracking, Analysis, and Nowcasting
(TITAN) algorithm (Dixon and Wiener 1993). The
URP cell identification algorithm searches radar data, in
polar coordinates, for bins (or elements) that have a
value equal to or greater than the threshold value set
for identification. The bins then form ‘‘pattern vectors’’
or a number of consecutive bins along the trajectory
in question (there must be at least two to be considered a pattern vector). The algorithm has an adjustable
consecutive pattern vector number, required for cell
identification.
Figure 4 is an illustration of a pattern vector example
with the dark gray bins of the cell representing a reflectivity of 30–39 dBZ and the light gray bins representing a reflectivity of 40 dBZ and greater. The white
arrows highlight the pattern vectors identified for
a threshold of 30 dBZ; in other words, two or more
consecutive bins along a set trajectory from the radar
show a value of 30 dBZ or higher. The black arrows
highlight the pattern vectors for a threshold of 40 dBZ.
In the identification algorithm, if a reflectivity threshold

1
The MAXR radar product is similar to the NEXRAD composite reflectivity product used operationally in the United States.

of 30 dBZ and four consecutive pattern vectors were
used to identify cells, the cell in Fig. 4 would be identified as there are more consecutive pattern vectors
detected than are required (five pattern vectors).
However, if a reflectivity threshold of 40 dBZ and four
pattern vectors were used, the cell in Fig. 4 would not be
identified since there are only three consecutive pattern
vectors at this higher reflectivity threshold.
Because of the fact that WS86 used a reflectivity
threshold of 30 dBZ to identify storm cells, URP cell
identification thresholds for both the CAPPI and MAXR

FIG. 4. A simplified example of a cell as depicted by radar (shown
in grayscale ranges representing radar reflectivity). The dark gray
area depicts a reflectivity of 30–39 dBZ, and the light gray area depicts a reflectivity of 40 dBZ and greater. The white arrows show the
pattern vectors corresponding to a 30-dBZ threshold. The black
arrows show the pattern vectors corresponding to a 40-dBZ threshold. The grid represents an area of radar bins in polar coordinates
(radial versus azimuthal distance).

Unauthenticated | Downloaded 01/09/23 06:06 AM UTC

588

WEATHER AND FORECASTING

VOLUME 33

FIG. 5. As in Fig. 2, but at 2000 UTC 20 Jul 2001. Storm cells developed along a portion of the
Lake Huron lake-breeze front (between the two orange lake-breeze front segments on either
side of Lake Huron). The resulting gust front from these cells combines with the Lake Huron
lake-breeze front to form a hybrid front (blue line). The red ring indicates a radius of 110 km
centered on the Exeter radar.

were initially set at 30 dBZ. However, on days with
widespread convection, there were identifications of large
areas of 30 dBZ (which may have actually contained
more than one cell since they may have been connected
by 30-dBZ reflectivity) that made tracking difficult. There
were also cases in which a large number of cells were
clustered around the radar. A minimum of six pattern
vectors was used to try to minimize this problem, but in
some cases it also caused the identification algorithm to
miss some cells farther from the radar, as the bins, and
therefore the pattern vectors, covered a wider distance
with range.
It was found that a threshold of 40-dBZ reflectivity
and four pattern vectors resulted in considerably better
cell identifications and improved tracking and was
therefore used to represent storm initiation in this study.
Figure 5 shows an example of cells that initiated along a
lake-breeze front and generated outflow that moved
toward the west. The edge of this outflow combined with
the lake-breeze front to form a merged boundary.
Figure 6 highlights the 40-dBZ and higher areas and
includes the cell labels.

f. Cell–boundary matching
In this step, identified boundaries were matched to
identified cells using data during the afternoon and
evening [1600–2400 UTC or 1200–2000 eastern daylight
time (EDT)] when both boundaries and storms are most

frequently observed. This process was undertaken for
both the CAPPI and MAXR cells and therefore generated two unique datasets.
To ensure robust cell–boundary relationships, only the
cells identified within a distance of 80 km from the radar
were considered. Since boundaries were only identified
for each hour and had valid times at the top of the hour,
only those cells reaching 40 dBZ at the top of the hour or
10 min after were retained. These nominal times were
used because Exeter radar scans valid at the top of the
hour start 5 min before the hour and scans valid 10 min
past the hour start 5 min past the hour. The inclusion of
both scans increased the size of the radar dataset considerably, allowing for a more complete analysis. Only a
third of each hour was used for identifying storm cells,
and therefore a cell initiation may on occasion not always
be detected using both CAPPI and MAXR for this reason. Despite these limitations, we believe that the cell
data are representative given the stochastic temporal
nature of the storm development. Cell identification data
outside of those scan times were also used to ensure that
correct initiation times were identified.
When a cell first reached the 40-dBZ threshold, the
minimum distance from the cell to the closest boundary
was measured. Aurora allowed for the measurement of
the distance to the nearest kilometer (as well as direction). Specifically, distances were measured from the
location of the cell’s highest reflectivity to the closest
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FIG. 6. The MAXR reflectivity areas greater than or equal to 40 dBZ (in blue) and cell
identification numbers at 2000 UTC 20 Jul 2001. Note that the rings are shown in 50-km
intervals from the Exeter radar. [Adapted from Alexander (2012).]

boundary. However, if the closest boundary was a gust
front, the previous identification times were observed to
make sure the gust front did not originate from this cell.
If the gust front did appear to originate from the cell in
question, then the cell distance was measured to the
second closest boundary. This was done because the
purpose of this study was to look at cell development
caused by preexisting boundaries.
Automated URP cell identifications appeared to be
robust and were therefore used without modification.
However, automated URP cell tracking often had errors, particularly when numerous small, transient cells
were present. Therefore, URP cell tracks were used as
guidance but, in general, cells were manually tracked by
the analyst. Note that for a cell to be considered ‘‘new,’’
it must have reached 40 dBZ or more on the hour and/or
at 10 min past, but not in the previous 10-min interval. It
may be possible for a storm to reach 40 dBZ or more,
drop below this threshold for a time, and then reintensify to reach 40 dBZ or more again. In such a case,
two initiations to 40 dBZ would be correctly identified.
Days with a warm front present in the region were
removed because the storm cells on these days were often
elevated in nature and therefore unlikely to be associated
with boundaries such as lake-breeze fronts and gust
fronts. Meteorological Service of Canada surface analysis
charts valid for 0000, 0600, 1200, and 1800 UTC were

used to determine the presence of a warm front. Employing
this criterion, 10 days in June, 11 days in July, and 10 days
in August were removed from the analysis. This was a
conservative estimate of warm front occurrence and, as
such, removed a large number of days.
For identified cells and their matched boundaries, the
following information was collected: month, day, cell
number, time (UTC), whether there was more than one
consecutive identification of the cell, the distance to
the closest boundary (to the nearest kilometer), the direction from the cell to the boundary, the boundary
type, the boundary classification, and whether the cell
was behind, ahead, or to the side of the boundary
(if applicable). Some aspects of the collected data require additional explanation, given below.

g. Cell–boundary proximity analysis
Upon initiation, the cell position relative to the
boundary was noted: behind, ahead, or to the side of
the boundary. Figure 7 depicts an idealized example of a
boundary (in this case, a gust front). Here, we can see the
region around the boundary has been split into four areas.
At the end of the boundary, two solid gray lines have
been drawn at 458 to the perpendicular orientation of the
boundary (dashed). The areas at the end of the boundary,
outlined by these lines (in dark gray), are where cells were
considered to be to the side of the boundary. If the cell
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FIG. 7. Diagram showing the areas where cell locations would be considered to be behind,
ahead, or to the side of a boundary. The curved black line is the boundary, and the arrows show
its motion. [Adapted from Alexander (2012).]

occurred in the white area, it was considered to be behind
the boundary. If the cell occurred in the light gray area, it
was considered to be ahead of the boundary. The to-theside category was created to handle cases where storm
development obscures clear-air echoes and low-level
cumuli in radar and satellite imagery, respectively, making the identification of boundaries into those areas difficult and therefore the distances between cells and
associated boundaries too large.
The definitions of behind and ahead were dependent
upon the boundary type. Gust fronts move outward from
the originating storm, so the side toward the storm was
considered to be behind the boundary. Lake-breeze fronts
were always considered to have the lake side behind the
boundary (even with the occasional lake-breeze front that is
observed to ‘‘retreat’’ toward the lake). For other boundaries, the motion was considered: ahead is the side the
boundary is moving toward. Behind and ahead are not defined for merged, hybrid, and stationary boundaries. However, it was noted if the cells occurred to the side of these
boundaries.

3. Results
Using the data over the summer of 2001 (excluding
days under the influence of a warm front), analysis of the
CAPPI data identified a total of 169 cell initiations of
40 dBZ (Fig. 8) while analysis of the MAXR data
identified considerably more 40-dBZ cell initiations
with a total of 260 (Fig. 9). Figures 8 and 9 demonstrate
that cell initiation locations plotted over a period of
several months exhibit a random nature, though there
were noticeably fewer cell initiations identified over
lake areas and more identified closer to the radar.
Results of the cell initiation–boundary proximity
analysis for both CAPPI and MAXR are shown in

Fig. 10. Using the CAPPI data, 78.4% of cell initiations were located within 30 km of a boundary, while
with MAXR data that value was 75.8%. In both
cases, the number of cell initiations increased with
decreasing distance from a boundary. In fact, cells
reached 40 dBZ most frequently within 0–5 km of a
boundary.
Table 2 shows the number and percentage of cell
initiations for each boundary type. For both CAPPI and
MAXR, gust fronts initiated the majority of cells, with
lake-breeze fronts coming in a distant second [this was
also found in a previous study by Koch and Ray (1997)
with gust fronts and sea-breeze fronts]. For the CAPPI
results, the merged boundaries had the fewest cell initiations while for MAXR the merged and joined
boundaries had the fewest cell initiations. This is most
likely due to the fact that these boundary types were
observed infrequently. The number and percentage of
cell initiations for each boundary classification is provided in Table 3. Moving boundaries were observed
most often and are therefore associated with the greatest
number of cell initiations: 78.1% for CAPPI cells and
79.6% for MAXR cells.
Tables 4 and 5 provide the results of the CAPPI
40-dBZ cell initiation–boundary proximity analysis by
boundary type and boundary classification, respectively,
while Tables 6 and 7 provide the same for the MAXR
initiations. Although sample sizes are small for some
boundary types and boundary classifications, the CAPPI
and MAXR results are generally consistent and show
that a significant majority of cell initiations (78.4%
and 75.8%, respectively) occurred within 30 km of a
boundary. It is expected that there is likely no causal
relationship between boundaries and cell initiations at
distances greater than approximately 30 km, based on
the results here and in WS86.
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FIG. 8. Image showing the 40-dBZ cell initiation locations for the 1-km CAPPI data within
80 km of the Exeter radar (red dot). [Adapted from Alexander (2012).]

As shown earlier, boundary types and boundary
classifications with adequately large datasets can be
graphed by cell distance from the boundary. They can
also be categorized, based on where the cells occurred
in relation to them (behind or ahead of the boundary).
Figure 11 shows the CAPPI and MAXR results for
the gust front boundary type. Note that the cells occurring to the side of gust fronts are not included in

these graphs. For both datasets, the greatest number
of 40-dBZ cell initiations occurs just behind the gust
fronts (from 0 to 25 km). With the CAPPI cell initiations, most occurred between 15 km behind and
10 km ahead of the gust front. MAXR cell initiations
also showed a tendency to occur behind the gust
front, with most occurring between 20 km behind and
10 km ahead.

FIG. 9. As in Fig. 8, but for 1-km MAXR data. [Adapted from Alexander (2012).]
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fronts (note that all recorded gust fronts were classified
as moving boundaries and approximately 70% of
moving boundaries were gust fronts). Again, cells occurring to the side of the boundaries are not included.
For both the CAPPI and MAXR datasets, the greatest
number of 40-dBZ cell initiations occurred just behind
the moving boundary (from 0 to 25 km). Most CAPPI
cell initiations occurred between 15 km behind and
15 km ahead of the moving boundary while most
MAXR cell initiations occurred between 20 km behind
and 15 km ahead.

4. Discussion

FIG. 10. Bar graph showing the distance from cells (reaching
a 40-dBZ level or more) to the closest boundary, for both CAPPI
(dark) and MAXR (light) on days without a warm front present. Note
that distance bin sizes increase toward the right, and only cells that
were paired with a boundary are included. Note that values between
bins (5, 10, 15 km, etc.) are split between bins as in Table 4.

For lake-breeze fronts, Fig. 12 shows results using
both the CAPPI and MAXR data. The greatest number
of MAXR cell initiations occurred just ahead of the
boundary (0–5 km), with most initiations found between
10 km behind and 15 km ahead. Six initiations occur
beyond 70 km ahead of the boundary and are not expected to have any cell–boundary relationship. The
CAPPI results are somewhat similar to the MAXR results, but the sample size is too small to derive any definitive outcome, and the results are included only for
completeness.
Finally, Fig. 13 shows results for the moving boundary
classification that are very similar to those for gust

The storm cell initiation analysis clearly demonstrates
that a large fraction of cells reaching 40 dBZ or more do
so in close proximity to a boundary, with 78.4% of
CAPPI and 75.8% of MAXR 40-dBZ cell initiations
occurring within 30 km of a boundary. Approximately
90% of the cell initiations identified by WS86 in their
study area occurred within 30 km of a boundary. To
compare with WS86, we find that 86.6% of CAPPI and
88.9% of MAXR 40-dBZ cell initiations in this study
occurred within 30 km of a boundary using a range of
only 60 km (as cell initiations in WS86 were only included out to this distance, as demonstrated in our
Fig. 13). Overall, the results are similar to those reported
by WS86. WS86 found that boundaries play a major role
in determining when and where storms will form in eastern
Colorado. This can be extended to the Great Lakes region
and is likely generally applicable. The distribution of cell
initiations over a period of months shown in Figs. 8 and 9
may appear to be random; however, on individual days, the
distribution will be largely determined by the locations and
interactions of boundaries, making storm formation regions potentially predictable. The results of this study also
demonstrate that many surface-based storm cell initiations
in this area occur in the presence of mesoscale boundaries,

TABLE 2. CAPPI and MAXR results by boundary type showing the number and percentage of cells (reaching 40 dBZ) measured closest
to each boundary.
CAPPI

Total No. of cells
Lake-breeze front
Gust front
Merged
Hybrid
Joined
Other
No boundary to measure to

MAXR

No. of cells (initially
reaching 40 dBZ)

Percentage
of total

No. of cells (initially
reaching 40 dBZ)

Percentage
of total

169
22
99
3
18
5
16
6

13.0
58.6
1.8
10.7
3.0
9.5
3.6

260
53
142
4
21
4
24
12

20.4
54.6
1.5
8.1
1.5
9.2
4.6
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TABLE 3. As in Table 2, but for boundary classification.
CAPPI

Total No. of cells
Moving
Colliding
Intersecting
Merger
Stationary
Synoptic
No boundary to measure to

MAXR

No. of cells (initially
reaching 40 dBZ)

Percentage
of total

No. of cells (initially
reaching 40 dBZ)

Percentage
of total

169
132
11
3
12
2
3
6

78.1
6.5
1.8
7.1
1.2
1.8
3.6

260
207
15
5
8
5
8
12

79.6
5.8
1.9
3.1
1.9
3.1
4.6

and synoptic-scale cold fronts are often not required to
provide a lifting mechanism (as mentioned previously,
days under the influence of a warm front were removed
from the analysis).
The CAPPI and MAXR moving boundary results are
interesting when compared to those from WS86. The
presented results for southwestern Ontario indicate
most CAPPI cell initiations occurred between 15 km
behind and 15 km ahead of a moving boundary, and
most MAXR cell initiations occurred between 20 km
behind and 15 km ahead. Both the CAPPI and MAXR
cell initiations 0–5 km behind the boundary were the
most frequently observed. Figure 13 shows WS86 data
superimposed onto the CAPPI and MAXR data. WS86
found that cells in eastern Colorado generally initiated
0–20 km behind a moving boundary and suggested that
this was due to air being forced up and over the
boundary. While WS86 used a 30-dBZ threshold, our
analysis used a 40-dBZ threshold, and it would have

taken longer for a cell to reach that intensity. Given
WS86’s suggestion above, this should have resulted in
initiations even farther behind a moving boundary. The
fact that this is not the case suggests that another factor
(or factors) is involved. A possible explanation is
that thunderstorms in Colorado and other parts of
the western United States tend to have high bases
(large LCLs) and rain into quite dry boundary layers.
This is rarely the case in southwestern Ontario. The
result is that storm outflows in Colorado tend to be
much cooler with greater negative buoyancy, resulting in faster-moving gust fronts (Markowski and
Richardson 2010). Thus, the location of new convection would be located farther behind the initiating boundary since the boundary will have moved a
greater distance before the cell reached the threshold
reflectivity.
The large number of 40-dBZ cell initiations that were
closest to a gust front is significant, suggesting frequent

TABLE 4. Distribution of 1-km CAPPI 40-dBZ results for each boundary type. Note that the grand total of 169 includes 6 cell initiations
that occurred with no boundary present. Note also that the bin limitation values (5, 10, 15 km, etc.) are split between bins. For example, the
number of cells occurring at 5 km has been split between the 0–5-km and 5–10-km bins. Finally, note that bin sizes in the first column
increase with distance from the boundary. Specifically, bin sizes increase from 5 to 10 km at the 30-km distance.
No. of CAPPI 40-dBZ cell initiations pertaining to boundary type
Distance to closest boundary (km)
0–5
5–10
10–15
15–20
20–25
25–30
30–40
40–50
50–60
60–70
$70
Total
Percentage of cells within
30 km of boundary

Lake-breeze front

Gust front

3
8.5
5.5
0
0
2
1
1
0
0
1

25
18.5
12.5
6.5
6.5
3.5
5.5
3
11
3
4

22
86.4

99
73.2

Merged
1.5
1.5
0
0
0
0
0
0
0
0
0
3
100

Hybrid
7.5
6
2.5
1
1
0
0
0
0
0
0
18
100

Joined

Other

Total

2
2
0
1
0
0
0
0
0
0
0

6.5
3.5
3
1
1
0
0
0
0
1
0

45.5
40
23.5
9.5
8.5
5.5
6.5
4
11
4
5

5
100

16
93.8

169
78.4
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TABLE 5. As in Table 4, but for boundary classification.
No. of CAPPI 40-dBZ cell initiations pertaining to boundary classification
Distance to closest boundary (km)
0–5
5–10
10–15
15–20
20–25
25–30
30–40
40–50
50–60
60–70
$70
Total
Percentage of cells within
30 km of boundary

Moving

Colliding

Intersecting

34
28
20
7.5
7.5
5.5
6.5
4
11
3
5

7
3
0
1
0
0
0
0
0
0
0

1
1
0
1
0
0
0
0
0
0
0

132
77.7

11
100

3
100

secondary convection that results from primary convection
in this region. Ten days had 40-dBZ CAPPI cell initiations closest to gust fronts or boundaries with gust fronts
involved (such as hybrid boundaries). Of these 10 days, 6
had the first detected cell initiation of the 8-h analysis
period closest to a lake-breeze front. Considering
40-dBZ MAXR cell initiations, 6 of 11 days had the first
detected cell initiation of the analysis period closest to a
lake-breeze front. Though the sample size is small, this
suggests that lake-breeze fronts may often initiate the
first storms of the day, which in turn generate gust fronts
that can initiate subsequent storms. This relationship
may have been clearer if data every 10 min over the full
day were studied. Koch and Ray (1997) also noted that
during data collection of their North Carolina study, it

Merger

Stationary

3
5.5
2.5
0
1
0
0
0
0
0
0

0.5
1.5
0
0
0
0
0
0
0
0
0

12
100

2
100

Synoptic

Total

0
1
1
0
0
0
0
0
0
1
0

45.5
40
23.5
9.5
8.5
5.5
6.5
4
11
4
5

3
66.7

169
78.4

was apparent that the first thunderstorms of the day
formed in association with the sea-breeze front, and
these storms subsequently formed gust fronts.
Overall, considering all boundary types identified in this
analysis on days without a warm front influence, 19.7% of
days had CAPPI cell initiations related to these boundaries, and 27.9% of days had MAXR cell initiations related to these boundaries. This included cells that initiated
at a distance of 30 km or less from these boundaries.
The MAXR analysis resulted in a much larger
number of cell detections (260 vs 169 for CAPPI). Also,
Figs. 11–13 show that the initiation distribution relative
to the boundaries was considerably sharper than that
for CAPPI, with larger peaks. This suggests that
MAXR cells were often detected sooner, before they

TABLE 6. Distribution of 1-km MAXR 40-dBZ results for each boundary type. Note that the grand total of 260 includes 12 cell
initiations that occurred with no boundary present. Note also that the bin limitation values (5, 10, 15 km, etc.) are split between bins as in
Table 4. Bin sizes increase with distance from the boundary.
No. of MAXR 40-dBZ cell initiations pertaining to boundary type
Distance to closest boundary (km)

Lake-breeze front

Gust front

0–5
5–10
10–15
15–20
20–25
25–30
30–40
40–50
50–60
60–70
$70

18
11.5
8
2.5
3
1
1
0
0.5
0.5
7

42
24.5
12.5
12.5
9.5
4
4.5
10
10
4.5
8

Total
Percentage of cells within
30 km of boundary

53
83.0

142
73.9

Merged
3.5
0.5
0
0
0
0
0
0
0
0
0
4
100

Hybrid

Joined

Other

Total

9
5
6
0
1
0
0
0
0
0
0

1
2
0
1
0
0
0
0
0
0
0

11.5
3.5
1
1
0
2
3
0
0
1
1

85
47
27.5
17
13.5
7
8.5
10
10.5
6
16

21
100

4
100

24
79.2

260
75.8
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TABLE 7. As in Table 6, but for boundary classification.
No. of MAXR 40-dBZ cell initiations pertaining to boundary classification

Distance to closest boundary (km)
0–5
5–10
10–15
15–20
20–25
25–30
30–40
40–50
50–60
60–70
$70

Moving
67
37
20.5
16
11.5
6
8.5
10
10.5
5
15

Total
Percentage of cells within
30 km of boundary

207
76.3

Colliding
8.5
2
4.5
0
0
0
0
0
0
0
0
15
100

had a chance to move away from the boundary. In
general, the performance of MAXR radar products
appears to be better than that for CAPPI radar products
when detecting/analyzing convective development along
mesoscale boundaries. In other words, cell initiations
are often first and better detected using data above the
CAPPI 1-km level.
Finally, it is important that boundary information be
used to detect and nowcast the initiation of convective

Intersecting
2
1.5
0.5
1
0
0
0
0
0
0
0
5
100

Merger

Synoptic

Total

3
3
1
0
1
0
0
0
0
0
0

Stationary
2
1
1
0
1
0
0
0
0
0
0

2.5
2.5
0
0
0
1
0
0
0
1
1

85
47
27.5
17
13.5
7
8.5
10
10.5
6
16

8
100

5
100

8
75.0

260
75.8

storms. A semiobjective, manual approach was used in
this study for boundary identification, though it is recognized that this is too labor intensive for operational
use by forecasters. High-resolution NWP can predict the
location of lake-breeze fronts with some accuracy (Sills
et al. 2011; Kehler et al. 2016), but model output is often
not available at nowcasting time scales. It is much more
difficult for NWP to accurately predict the development
and movement of gust fronts and the initiation of

FIG. 11. The 1-km CAPPI (dark) and MAXR (light) results for cells (initially reaching
40 dBZ) that occurred behind or ahead of a gust front. The negative values (km) are distances
behind the boundary, and the positive values are distances ahead. Note that distance bin sizes
increase toward the top and bottom. No cells occurring to the side of the boundaries have been
included in this graph. Note that values between bins (210, 25, 0, 5, 10 km, etc.) are split
between bins. For example, half of the cells that were 0 km from the boundary are split between
the bin with values from 0 to 25 km and the bin with values from 0 to 5 km.
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FIG. 12. As in Fig. 11, but for lake-breeze fronts.

secondary convection. To fill this gap, automated
boundary detection and tracking methods are needed. A
method based mainly on clear-air radar returns was used
with NCAR’s AutoNowcaster system with limited success (Roberts et al. 2012). Future approaches will need
to automate the manual approach taken here, integrating various observational datasets (radar clear-air
echoes, satellite imagery, and surface observations) and
even NWP data in order to achieve robust boundary

detection and tracking results. Such boundary information can then be combined with environmental
information (such as the presence of cumulus, atmospheric stability, boundary-relative cell speed, convergence strength, the degree of updraft tilt) to better
determine the likelihood of cell initiation and/or storm
development (Mueller et al. 2003; Wilson et al. 2000;
Wilson et al. 1998; Rotunno et al. 1988; Weisman and
Klemp 1986; Wilson and Megenhardt 1997).

FIG. 13. As in Fig. 11, but for moving boundaries. Moving boundary results from WS86 are
superimposed (black circles, values along the right axis).
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5. Conclusions
To investigate where storm cell initiation occurs in
relation to low-level mesoscale boundaries in southwestern Ontario, analyses similar to those for a Colorado study by Wilson and Schreiber (1986) were carried
out using CAPPI radar data at 1 km, MAXR radar data
at and above 1 km, and URP cell tracking and cell
identification. When a cell initially reached 40 dBZ, the
minimum distance from the cell to the closest boundary
was measured. The analysis considered only data within
80 km of the Exeter, Ontario, radar and days during
June–August not under the influence of a warm front.
The findings were as follows:
d

d

d

d
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For CAPPI and MAXR, 78.4% and 75.8%, respectively, of the 40-dBZ cell initiations occurred within
30 km of a boundary.
Cell initiations occur most frequently 0–5 km behind
gust fronts and moving boundaries, and 0–5 km
ahead of lake-breeze fronts. Lake-breeze fronts
prove to be unique, in comparison to other lowlevel mesoscale boundaries, since they most frequently initiate cells just ahead of them. This could
prove to be important from a forecasting standpoint
when anticipating convective development associated
with these boundaries.
While it appears that lake-breeze fronts may provide
the lifting mechanism necessary for the first convective
storms on many days, gust fronts generated by these
and other cells initiate the most convective storms.
MAXR radar products appear to perform better than
CAPPI radar products when detecting storm initiation
along mesoscale boundaries, with a greater number of
cells and a sharper boundary-relative distance distribution. This indicates that cell initiations are often
first and better detected using data above the CAPPI
1-km level.

As Wilson and Schreiber (1986) found for eastern
Colorado, these results show that storms occur far less
‘‘randomly’’ in the Great Lakes region than may have
been previously thought, and that knowledge of
boundaries and their interactions is critical for convective storm nowcasting. Automated boundary detection
and tracking, along with nowcasting techniques assessing the convective development potential, are suggested
in order to enable such nowcasts.
Finally, results from the Wilson and Schreiber (1986)
study in eastern Colorado have been found to apply in
the Great Lakes region. It appears that the general results of their study (as well as this one) may be applicable
to any location where low-level mesoscale boundaries
regularly occur.
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