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Abstract:

A radar-based hail climatology, with broad coverage and high resolution, is possible
using the Next-Generation Weather Radar Reanalysis through application of the multi-
radar multi-sensor (MRMS) algorithm, maximum expected size of hail (MESH). Using

12-years of MESH data we define a “severe hail outbreak day” and analyze the
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characteristics and frequency of severe hail and severe hail outbreaks, including an
analysis of hail swaths. Thresholds are set to signify severe hail in terms of MESH, and
automated quality control measures are implemented. When comparing severe hail
days in MESH to reports, we find a linear relationship between MESH and reports.
Several case studies are also included to highlight the utility of MESH when studying
outbreaks of severe hail, specifically regarding outbreak events that occur in low
population areas. With the caveat that this is a relatively short time period, we find that
severe hail days decrease while severe hail outbreak days increase over the period
2000-2011. The increase in outbreaks is happening primarily in the month of June,
where the number of severe hail days stays fairly constant over the 12-years. This
suggests that the increase in outbreaks is mainly taking place on days when severe hail
already occurs. When examining hail swath characteristics we find that there are a
greater number of hail swaths (with a major-axis-length (MAL) of at least 15km) on
outbreak versus non-outbreak days. Additionally, hail swaths with the largest MALs

occur on outbreak days.

1. Introduction

Herein we seek to better understand single-day, widespread occurrences of large or

“severe” hail (hereinafter, diameter = 0.75 inches), as exemplified by the events shown
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in Figures. 1a and 2a-b. By virtue of their large geographical influence alone, these types
of “hail outbreak” events have the potential to be relatively more impactful to society
than localized events, even though localized hail events can still lead to significant
damages and subsequent losses (Changnon et al., 2009). Outbreaks of severe hail can be
observed in tandem with outbreaks of tornadoes (e.g., Shafer and Doswell 2010). For
example, very large numbers of tornadoes (>60) were reported during the events in
Figs. 1a and 2a. In contrast, the event shown in Fig. 2b was dominated by reports of hail,
but also included numerous (80) non-tornadic wind reports and 25 tornado reports.
Although there have been some efforts to develop flexible methods to define and
characterize mixed-hazard, “severe thunderstorm” outbreaks (e.g., Shafer and Doswell

2010), these will ultimately be limited by the underlying data source.

Indeed, previous studies of the characteristics and frequency of severe hail over the
United States have utilized national report-based databases that are subject to well-
documented biases (Changnon, 1977; Changnon, 1999; Changnon and Changnon, 2000;
Changnon, 2008; Changnon et al, 2009; Kelly et al, 1985; Schaefer and Edwards, 1999;
Schaefer et al, 2004; Doswell et al, 2005; Allen and Tippett, 2015; Blair et al, 2017;
Barrett and Henley, 2015). A similar statement can be made for hail climatology efforts
elsewhere in the world (e.g. Cao 2008; Shuester et al., 2005; Tuovinen et al., 2009). Such

databases likely underestimate hail size, with the largest hailstones often going
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unreported, in part because eyewitness storm reports tend to be localized to heavily
populated areas (Blair et al,, 2017). Hail size descriptions may also be exaggerated or
reported in relation to some object, such as a pea or baseball, which creates categories of
size ranges rather than direct measurements (e.g. Allen et al., 2017; Doswell et al.,, 2005;
Schaefer et al.,, 2004; Sammler, 1993). These types of biases are being exacerbated by
reporting via social media and storm chasers (Allen and Tippett, 2015). In addition,
spatial differences between actual events and reports can also be biased. Doswell et al.
(2005) noted that reports are “point based” whereas the actual event covers a larger

area and for a longer time.

Satellite remote sensing offers one possible substitute to reports. Several studies
provide methods to detect hail-producing storms utilizing satellite measurements (Cecil
etal., 2012; Ferraro et al., 2015). However, the study by Cecil et al. (2012) presents
other limitations, such as detection not being possible during the mid-afternoon to
evening, due to the sampling times of the satellite used. Additionally, this method tends
to over-detect over the tropics, as noted by Ferraro et al. (2015). Ferraro et al. (2015)
provide an alternative to the methods of hail detection used by Cecil et al. (2012),
allowing for diurnal sampling. However, the probability of detection for this method is
around 40% compared to reports. Nonetheless, satellite-based hail detection is a useful

tool for regions where radar coverage and reliable reporting are sparse.
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Due to the well documented biases within storm report databases, and the
spatiotemporal limitations of reports, severe hail outbreaks are especially challenging to
identify and difficult to study. Shafer and Doswell (2010) developed a ranking method
for all types of severe weather outbreaks from 1960-2006. However, they did not seek
to define an outbreak in terms of a particular hazard type, but to rank the most
significant of outbreaks. An objective, automated method of analyzing severe hail
outbreaks, based on spatially consistent data, is required to remove subjectivity and
provide a more consistent record when determining trends and identifying other

characteristics of severe hail outbreaks. Herein we propose such a method.

We also propose a method to objectively quantify hail swaths, which have been defined
in various ways, typically with hail report data (e.g., Changnon et al. 2009). Alternatives
to hail reports have recently been used to gain insight about the size and path of hail
swaths. Basara et al. (2007) utilized the hail detection algorithm, outlined in Witt et al.
(1998), and geographical information systems (GIS) tools. Their region of interest was
limited geographically to the Southern Great Plains of the United States, and temporally
to 2001-2003. Additionally, their method of swath detection required input from storm
reports to identify hail days and manual contouring of hail swaths. Thus, no fully

automated method of analyzing hail swaths in the United States currently exists.
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Because the type of storms (i.e., supercells) that produce large amounts of hail tend to be
long lived, with the ability to cover a considerable area (Bunkers et al., 2006), we
hypothesize that hail swaths on outbreak days would be longer and more frequent than

those occurring on non-outbreak days.

Herein we show that multi-radar composites of Next-Generation Weather Radar
(NEXRAD) data can be used to obtain information regarding hail swaths, severe hail and
severe hail outbreaks over the United States. Our basic approach builds on that of
Cintineo et al. (2012), who used the Multiyear Reanalysis of Remotely Sensed Storms
dataset, and multi-radar multi-sensory (MRMS) algorithms, such as maximum expected
size of hail (MESH) (Witt et al,, 1998), to examine the presence and severity of hail over
a 42-month period. The use of MRMS data mitigates single radar issues such as the
“cone-of-silence”, beam broadening at far ranges, and terrain blockage (Cintineo et al,
2012; Smith et al, 2016). While MESH was not found by Cintineo et al. (2012), or a
recent study by Ortega (2018), to be an effective direct predictor of the maximum size of
hail, it is a useful tool to verify the presence of severe hail. It also provides better spatial
and temporal coverage than reports and less human effort to gain such advantages. Nisi
etal (2016) also demonstrated the international applicability of radar-based hail
proxies, such as Maximum Expected Severe Hail Size (MESHS) and Probability of Hail,

using damage reports from insurance companies for verification. The variable MESHS
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differs slightly from that used in Cintineo et al. (2012), as the echo top height at 50 dBZ
and the freezing level height are used, rather than the entire reflectivity profile. Their
successful use of MESHS, along with other studies such as Soderholm et al. (2016),
shows the international importance of such radar-based hail proxies in areas where
reporting networks are sparse. Studies by both Cintineo et al. (2012) and Ortega (2018)
perform verification of MESH by utilizing data from the Severe Hazards Analysis and
Verification Experiment (Ortega et al., 2009). The more recent study by Ortega (2018)
utilizes a longer time period for verification, from 2006-2012. Both studies show MESH

as a useful option when studying historical severe hail events.

The main objectives of this study are as follows: 1) create a 12-year severe hail dataset,
using the hail proxy MESH, with fully automated quality control; 2) define and analyze
severe hail days and severe hail outbreak days using the 12-year MESH dataset; 3)
define a hail swath and analyze hail swath characteristics on both outbreak and non-

outbreak days.

The remainder of the paper is organized as follows. Section 2 outlines data and methods
used, including the implementation of automated quality control. Section 3 covers the
definition of a severe hail outbreak and outlines several case studies that highlight the

utility of the MESH dataset. Section 4 defines a hail swath. Section 5 provides analysis of
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outbreak days in terms of MESH and subsequent hail swath characteristics. Section 6

summarizes the findings and resulting conclusions.

2. Data and Methods

Data used in this study are from NOAA’s NEXRAD reanalysis for the time period 2000-
2011. While Cintineo et al. (2012) analyzed 42-months of MESH data, focusing mainly
on showing the successful utility of MESH as a verification tool, this is the first study to
analyze severe hail outbreaks. We utilize a much longer period of data, 12-years of the
MRMS hail proxy data. Two variables are employed from the MRMS data set: MESH and
Composite Reflectivity (CREF), which provides the maximum radar reflectivity in the
column. MESH is derived from a thermally weighted vertical integration of radar
reflectivity, from the melting level to the storm top, utilizing environmental temperature
information. More information on the derivation and quality control of MESH can be
found in Witt et al. (1998), and Lakshmanan et al. (2006). Additional information
regarding the development and application of the MRMS severe weather products can
be found in Smith et al. (2016) and Ortega (2018). Both MESH and CREF use multi-radar
data that have been interpolated from the native radar-based (spherical) coordinate
system to a uniform 0.01 x 0.01-degree latitude/longitude grid (3501 by 7001 grid

points total). While MRMS MESH and CREF are now available operationally at 2-minute
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intervals, the reanalysis utilized here was produced at 5-minute time intervals. Hail
reports, utilized to further highlight the utility of MESH, are taken from the National
Oceanic and Atmospheric Administration/National Climatic Data Center (NOAA/NCDC)

Storm Events database. All daily data cover a period from 12 UTC to 12 UTC.

At each 5-min interval and for each grid point within our contiguous United States
domain, we consider a point to be experiencing severe hail when MESH is at least 29 mm
but less than 100 mm. Our minimum threshold is based on Cintineo et al. (2012), who
found that MESH values = 21 mm correspond best to “any hail”, and that MESH values >
29 mm correspond best to “severe hail” based on reports. To remove unrealistically
high hail estimates, we set a maximum threshold of MESH < 100 mm. While it is not
unrealistic to expect hail greater than 100 mm, setting a conservative threshold aided in
eliminating erroneous hail signatures while still allowing for adequate detection of
severe hail. The sum of all occurrences of severe hail over our domain (i.e. grid points),
even if one grid point is “activated” more than once, for a given time period, is referred to
as MESH counts. Additionally, the number of unique points with at least one MESH-
based indication of severe hail for each day is referred to as “MESH area.” This provides

an estimate of the areal extent of severe hail over the time period.

While there are basic quality control measures in place during the generation of the

MESH product (Lakshmanan et al,, 2006, 2007a, 2007b, 2010), some erroneous hail
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signatures still appear in the data (Figure 3a). Such signatures are typically short-lived
and appear for less than a day, and are possibly a result of a malfunctioning radar. Some of
these MESH error signatures correspond to unrealistically high composite reflectivity
values, not surprising as both are radar-reflectivity-based products. Thus, by setting a
maximum CREF threshold of 80 dBZ, which exceeds the approximate reflectivity
associated with “softball”-sized hail in a hail storm (Rinehart 2010), we are able to
remove a large number of these errors while still retaining severe hail signatures.
Specifically, if CREF exceeds this threshold, a grid point is removed for the day. Through
examination of several error signatures, it was determined that additionally removing all
points within approximately 40-kms, in any direction, of an erroneous data point, was

necessary to remove the entire error signature associated with a single radar.

However, very apparent errors remained in the MESH dataset, even with the CREF
constraint applied. Numerous five-minute time periods were found to indicate
unrealistically high MESH area (e.g. 67000 grid points of MESH area). Further
investigation of several of these specific events suggests that severe hail indications of
more than 3000 unique points for one 5-minute interval are erroneous. Only two
instances of 5-minute files with MESH area between 2000 and 5000 grid points
happened on days with no very apparent error signature. Thus, five-minute periods with

MESH area > 3000 grid points were removed from the dataset, 3000 grid points being
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chosen as a conservative threshold. Figure 3b demonstrates that application of these
additional quality control measures successfully removes apparent error signatures,

while keeping real signatures intact.

Even with the additional quality control measures described herein, there are still
several caveats associated with utilizing a radar-based proxy. While the issue of beam
broadening is minimized in many areas due to the use of multiple radars, there are still
some areas in the US where there is only single radar coverage. One implication is that at
large radar ranges, where the resolution volume of the radar is large, the area of hail
could be spatially overestimated (e.g., Cintineo et al, 2012). Some of this can be
effectively filtered out utilizing the quality control measures described in this section,
however, it is possible for some false hail detection to remain. Cintineo et al. (2012) also
noted that overestimation of hail size is also possible in areas of single radar coverage,
when beam-filling occurs for an elevated beam height, filling the resolution volume with
high reflectivity values. Finally, Bunkers and Smith (2013) suggest that an
underestimation of hail size, and perhaps an overestimation of hail coverage, are

possible if the melting level is below the lowest radar beam.

3. Defining a severe hail outbreak with MESH

11
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To employ MESH as a tool for identifying severe hail outbreaks, we first compare it
against reports of severe hail. In general, when considering all severe hail, not just
outbreaks, there is a strong relationship between the spatial extent of the MESH product
and the number of storm reports that are received on a given day. Figure 4 shows the
paired relationship between MESH area and the number of severe hail reports received
for each day in the 12-year dataset, on which there was at least one indication of severe
hail in the radar-based dataset. While outliers exist due to reasons that we will
demonstrate next, there is a clear linear relationship between these values, with an R2

value of 0.60.

[t is instructive to examine two pairs of days from the dataset to illustrate the advantage
of an objective measure of hail occurrence and highlight examples that would largely be
accepted as an outbreak either based on storm reports or MESH. Table 1 lists these
event dates along with the associated MESH area for that day and the number of severe

hail reports in the Storm Events Database.

Looking at Figure 1 we show an example of two days that, according to the MESH-based
analysis, were very similar in areal extent of hail (bottom two rows of Table 1). The 12
March 2006 event (MESH area = 15537 grid points) occurred in the central US, and

covered several large metropolitan areas, including Kansas City, MO. The result is a
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higher concentration of people witnessing the event and reporting it (594 reports
received). In contrast, the 22 July 2011 event (MESH area = 15458 grid points) appears
to have occurred almost entirely over rural areas, which we argue can explain why only
93 reports were received, nearly five times fewer than that of the 12 March case (e.g.,

see Trapp et al. 2006).

A second pair of days illustrates a similar scenario (Figure 2, top two rows of Table 1).
On both 10 April 2009 and 15 June 2009, a similar number of hail reports were received
(387 and 386, respectively). However, on the former, we find a MESH area of only 4947
grid points, a relatively small event. The event spanned several cities including Atlanta,
GA, and major highways such as Interstates 20 and 85 through Georgia, resulting in a
much higher number of reports. On the latter, a MESH area of over 23000 grid points
indicates a much larger, widespread event. However, as before, this event occurred
mostly in rural areas, resulting in a lower number of reports than may be expected from
an event of such magnitude. In fact, the 15 June case showed a radar-indicated hail
extent of about 1.5 times larger that of the 12 March case from the previous pair, yet
resulted in in around 200 fewer reports. This further highlights the effect population

density has on hail reports.
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These cases illustrate the benefits of a radar-based analysis of severe hail when studying
outbreaks, namely, that it removes the population dependency of subjective reports and
provides a consistent estimate of hail regardless of where it falls. Encouraged by these
benefits, our next task is to define a severe-hail outbreak criterion using MESH. We
assume that an outbreak is a relatively rare, widespread event, and thus quantify
outbreaks using a MESH area that represents a comparably low occurrence frequency.
Specifically, we use a MESH area threshold of 6000 grid points, which is the 90th
percentile of the distribution of all MESH area values in the 12-year period. These points
are not required to be continuous, implying that the MESH area can contain gaps. This
does result in some uncertainty in terms of whether all points comprising the outbreak
were caused by the same synoptic/mesoscale forcing, but such a requirement would
result in the loss of significant events. Note that if the threshold is increased to 10000 grid
points (the ~95th percentile value), the number of outbreaks per year decreases, but nearly
identical trends are found. Thus, in section 5, we will use the 90th percentile criterion to

quantify the occurrence frequency and other characteristics of severe hail outbreaks.

4. Defining a hail swath with MESH

As alluded to in section 1, one of our hypotheses is that severe-hail outbreaks comprise
relatively long hail swaths. Note that a hail swath is generally considered to be a large

area of relatively contiguous hail fall. Previous studies have proposed objective criteria
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for identifying a hail swath (Changnon et al, 1967; Schleusener, 1966). These studies
were forced to rely on storm reports in the absence of a remote sensing-based method
of locating hail. Here, contiguous areas of hail fall can be easily identified within the

MESH data due to its high spatial and temporal resolution.

A hail swath is defined here as a contiguous area of hail fall, occurring within the same
day (24-hour period). To identify hail swaths within the MESH data we employ a Python
toolkit called scikit-image, which employs connected component labeling to find
continuous “objects” within the daily severe MESH dataset. Objects are grid points
grouped together using “8-connectivity”, meaning grid points are connected by both
their faces and edges. As we are concerned with storms that produce hail over a broad
area, we consider only those objects with a major-axis-length (MAL) of at least 15 km;
recalling that the MESH data are on a 0.01-degree grid, which equates to approximately
1-km spacing, any reference to length or distance of hail swaths in km are approximated
to the nearest 1 km. Figure 5 shows examples of some of the hail swath objects for the
outbreak case of 18 April 2002. In section 5, we will quantify MAL along with several

other hail swath variables, and then relate these to severe hail outbreaks.
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5. Objectively defined severe hail outbreaks and hail swaths

during 2000-2011

We consider a day to be a “severe hail day” when MESH area 2= 100 (i.e. 100-km?).
Applying this threshold helps to minimize any potential remaining erroneous MESH
data. Itis notlogical to assume that severe hail would be isolated to one single 1-km?
grid point, for an entire day, so simply requiring MESH area to be greater than zero was
not an acceptable threshold in this scenario. However, there is approximately an 89%
chance of at least one eye-witness severe hail report on days when MESH area = 100
grid points, when considering the entire 12-years of data. Table 2 shows average severe
hail days based on MESH, severe hail outbreak days based on MESH, and severe hail days
based on SPC reports, by month. There is very good agreement, for every month, between
average severe hail days in terms of MESH area = 100 grid points and reports > 1.
However, this relationship weakens as values of MESH area and/or reports increase
(Figure 4). The case studies presented in Figures 1 and 2 highlight potential examples of
why MESH and reports might become less correlated as values increase, and why MESH

has potential advantages over utilizing reports to study outbreak events.

Figure 6 shows maps of total severe hail counts, in terms of MESH, accumulated for each

year. The most notable feature of Figure 6 is the clear boundary separating the western
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US from the eastern US in terms of severe hail. The majority of severe hail is located in
the Central Plains region, centered roughly on Kansas and Oklahoma. Additionally, there
are a few remaining error signatures, specifically in the western US, where radar
coverage is sparser, and for example, unsuppressed clutter from terrain can result in

radar errors. The most notable of these error features occurs regularly in Nevada.

While there are at least some severe hail days per month throughout each year, in terms
of both MESH and reports, we find that outbreaks are rare to non-existent in the fall and
winter months (Table 2). The spring and summer months are the most active period for
outbreaks, with over one third of June days indicating outbreaks. This is consistent with
the results of Doswell et al. (2005), who found that non-tornadic severe thunderstorm

frequency peaks in the late spring.

Figure 7 shows an annual time series (2000-2011) for outbreak days and all severe hail
days, for the entire contiguous United States. This is presented with the caveat that the
data record is relatively short and thus that any apparent trends (and statistical tests
thereof) are sensitive to outliers. This includes the positive trend in the number of
outbreak days, which have nearly doubled over the 2000-2011 period; for reference,
linear regression yields an R-value of 0.65, a P-value of 0.022, and the 95% confidence

interval of the slope is 0.32 to 3.33. However, as previously mentioned, short time series
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are more sensitive to outliers, such as the year 2011, which was a particularly active
year for hail events. As a point of reference, if we remove 2011 from the time series the
P-value increases to 0.102 and the R-value decreases to 0.518. An apparent decrease in
the number of days with severe hail is shown, specifically in the last few years of the time
series. There is a dip in severe hail days in 2004, which is due to a lack of MESH data for
October and November of that year. The data for those months in 2004 were missing.
This did not impact outbreaks, as outbreaks are rare to non-existent during these
months, based on other years. Figures 8 and 9 show the outbreak and severe hail day
time series (2000-2011) for the warm (April - September) and cold (October - March)
seasons respectively. The increase in outbreak days is isolated to the warm season, with
an R-value of 0.66, a P-value of 0.018, and the 95% confidence interval of the slope is

0.39 to 3.28. The less apparent decrease in severe hail days is isolated to the cold season.

While this is based on a relatively short period, these time series suggest that over the
last decade, days when severe hail occurs are decreasing while there is an increase in
the number of outbreak days. However, the increase in outbreak days is isolated to the
warm season, where the overall number of severe hail days show no apparent trend.
The increase in severe hail outbreak days during the warm season is similar to the
results from Brooks et al. (2014), who found a positive trend in tornado outbreak days.

However, total number of tornado days shows no overall change, while severe hail days
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do show a slight decrease during the cold season. Finding increases in both tornado and
severe hail outbreak days is not unexpected given the similarity in storm morphology

between tornado and severe hail producing storms.

When we break down the same two variables from Figure 7 by month (Figure 10) we
see that while there are a considerable number of outbreak days in May and July, and a
spike in April at the end of the time series, the increase is mainly occurring in June.
There is no concurrent increase in overall severe hail days in June; that line remains
fairly constant. This is also consistent with Brooks et al. (2014), and suggests days that
already produce severe hail are increasingly becoming outbreak days. Again, it is
important to remember the dip in severe hail days during October and November of

2004 is due to the missing MESH data from that year for those months.

We also examine outbreaks in terms of the characteristics of the hail swaths that
comprise them, and then compare these hail-swath characteristics with those occurring
on non-outbreak days. Figure 11 shows histograms of the number of hail swaths
occurring on outbreak and non-outbreak days for the entire 12-year period. Hail swaths
on outbreak days have a fairly Gaussian distribution with most days having somewhere
between 20 and 35 hail swaths, with as many as 87 hail swaths on a single day. Days

without outbreaks most frequently only contain between 0 to 5 swaths. It is quite
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apparent that hail swaths with a MAL of at least 15-km are far more frequent on
outbreak days than on non-outbreak days when severe hail occurred. It should be noted
that the number of hail swaths per day is somewhat dependent on the choice of the
minimum MAL in the definition of a hail swath. Additionally, Figure 12 shows an
apparent positive trend in the number of hail swaths per year on outbreak days. There is
also a negative trend in number of total hail swaths per year on non-outbreak days,
although it is less apparent. These trends mirror what is shown in the annual time series
of outbreak and severe hail days (Figure 7). It is logical to expect that if the overall
number of outbreak days per year is increasing that hail swaths would become more

numerous on those days.

Figure 13 shows that the most frequently occurring MAL of hail swaths is around 15 km,
regardless of outbreak day status. It is somewhat expected to get the smallest allowed MAL
as the most frequently occurring. However, MAL can reach into the 500 km to 600 km
range on outbreak days, although those occurrences are quite rare. These more extreme
MALs are nonexistent on non-outbreak days. Based on Figure 13b, an increase in the
minimum MAL, in the definition of a hail swath, would result in fewer hail swaths per day
overall, and exaggerate the difference in magnitude of hail swaths per day between outbreak
and non-outbreak days. Regardless of outbreak or non-outbreak day, total area of hail

swaths is most often between 50 to 100 grid points (km?).
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The main difference in hail swath characteristics between an outbreak day and non-
outbreak is the number of hail swaths and their MAL. Far more hail swaths occur on
outbreak days, and the occurrence of swaths with the largest MALs is limited to
outbreak days. This suggests that the largest long track storms that consistently
produce large amounts of severe hail generally occur on outbreak days, which is to be

expected.

6. Conclusions

This study highlights the overall utility of a radar-based hail proxy to quantify
occurrences of severe hail outbreaks. A 12-year (2000-2011) severe hail dataset was
developed using the maximum estimated size of hail (MESH) radar product, with
automated quality control measures applied to eliminate erroneous severe hail
signatures. Additionally, definitions were provided of a severe hail outbreak and hail

swath in terms of MESH.

While results show that the linear relationship between MESH area and reports weakens
with increasing MESH area and reports, selected cases show MESH more consistently

captures severe hail outbreaks compared to reports, regardless of the population of the
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region affected by an outbreak. Additionally, the relationship between MESH and
reports, for smaller hail days, could potentially be utilized when interpreting severe hail

reports and subsequent biases in reports.

While precautions should be taken when interpreting the results of a short timeseries
with potential outliers, there is an apparent increase (R-value of 0.65, a P-value of 0.022)
in the number of severe hail outbreak days occurring over the contiguous United States,
between the years 2000-2011, in terms of MESH area. This increase is limited to the
warm season. There is also a decrease in the number of overall severe hail days, though
not during the peak severe hail months, and the decrease is less apparent. These
findings are similar to the results of Brooks et al. (2014) where an increase in tornado
outbreaks was observed but no concurrent increase in overall tornado days was found.
The increase in severe hail outbreaks is mainly occurring during the month of June and
there is no concurrent increase in overall severe hail days during that month. This
suggests that the added outbreak days are happening on days, in the warm season,
where severe hail already generally occurred. The authors speculate that this could
point to an increase in environmental conditions supportive of severe hail outbreaks,
perhaps through an increase in the spatial extent of environmental conditions conducive

to severe hail.
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There are two main differences between outbreak days and non-outbreak days in terms
of hail swath characteristics. The number of hail swaths that generally occur on an
outbreak day is around five times larger than the number of hail swaths commonly
occurring on non-outbreak days. Additionally, outbreak days contain the longest hail
swaths, based on MAL, suggesting that long-track, severe hail producing storms tend to

favor outbreak days.

Further analyses will be generated using this dataset, especially as more years of data
become available. The authors are currently working on linking the MESH outbreaks to
their meteorological environments using the North American Regional Reanalysis in

order to analyze longer term historical trends in severe hail outbreaks.
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Captions

Table 1: Daily MESH area and official severe hail reports for 4 case studies. Top two
show cases with similar number of reports and very different MESH area. Bottom two

cases show similar MESH areas and very different total number of reports.

Table 2: Average annual number of days with severe hail based on MESH, severe hail
based on reports, and severe hail outbreaks based on MESH (2000-2011). October and
November of 2004 were omitted from the average due to corrupt data during that year.

The R value for days with severe hail based on MESH versus reports is 0.974.

Figure 1. a) Severe hail reports for 12 March 2006, b) Severe hail reports for 22 July 22
2011, c) MESH occurrences for 12 March 2006, d) MESH occurrences for 22 July 22
2011.

Figure 2. As in Fig. 1, except for (a)-(c) 10 April 2009, and (b)-(d) 15 June 2009.

Figure 3. a) A composite of all MESH counts for 2005 with no additional quality control.
Red boxes highlight the regions where erroneous MESH signatures appear. b) A
composite of all MESH counts for 2005 with the additional quality control measures

applied.
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Figure 4. Daily number of severe hail reports (2000-2011) and the corresponding MESH
area for days when MESH area > 0. The blue line is a fit from a linear regression with an

R2 value of 0.60.

Figure 5. Hail swaths, with a major-axis-length = 15 km, for outbreak day, 18 April
2002. Each color shade is a separate hail swath. Note that more swaths occurred on this

day than are indicated in the map area.

Figure 6. Total accumulated MESH counts for each year in the 12-year time period. Each

map is a separate year.

Figure 7. Severe hail day (top-green) and outbreak day (bottom-blue dashed) time
series for the period 2000-2011. The red lines are linear trend lines fit to the data. P and

R-values given for each time series in red text.

Figure 8. Severe hail day (top-green) and outbreak day (bottom-dashed blue) time
series for the warm season (April - September) for the period 2000-2011. The red lines

are linear trend lines fit to the data. P and R-values given for each time series in red text.

Figure 9. Severe hail day (top-green) and outbreak day (bottom-dashed blue) time
series for the cold season (October-March) for the period 2000-2011. The red lines are

linear trend lines fit to the data. P and R-values given for each time series in red text.

Figure 10. The blue lines (bottom - dashed lines) are outbreak days and the green lines
(top lines) are severe hail days. Shown by month for all 12 months of the year between

the years 2000-2011.
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Figure 11. a) The number of hail swaths between 2000-2011, during outbreak days. Bin
values for 15-20 and 20-25 are 52 and 99, respectively. b) The number of hail swaths

occurring between 2000-2011 on non-outbreak days when severe hail occurred.

Figure 12. Blue line is the total number of hail swaths per year on outbreak days for the
time period. The red line is a linear trend line fit to the data. R and P values are 0.683

and 0.014 respectively.

Figure 13. a) A cumulative distribution function of the Major-axis-length of hail swaths

from 2000-2011 for hail swaths occurring on both outbreak (blue dashed line) and non-
outbreak (solid green line) days. b) Line graph showing the frequency of the MAL of hail
swaths from 2000-2011, for outbreak days (blue dashed line) and non-outbreak (green

solid line) days.
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A severe hail and severe hail outbreak day are defined in terms of the hail proxy Maximum
Expected Size of Hail (MESH). This figure shows all severe hail MESH occurrences for 2005. We
analyze characteristics and trends in severe hail, outbreaks, and hail swaths. We find a linear
relationship between MESH and reports. Case studies are included to highlight the utility of
MESH when studying outbreaks. We find that severe hail days decrease, while outbreak days
increase from 2000-2011.
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Date MESH Area | Reports MESH/Reports
04-10-2009 4947 387 12.8
06-15-2009 23644 386 61.3
03-12-2006 15537 594 26.2
07-22-2011 15458 93 166.2

Table 1: Daily MESH area and official severe hail reports for 4 case studies. Top two show
cases with similar number of reports and very different MESH area. Bottom two cases show
similar MESH areas and very different total number of reports.
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Month Days with Severe Report based | MESH based
Hail Based on severe hail outbreak days
MESH area = 100 days (MESH area = 6000
grid points grid points)

January 8.7 5.1 0.0

February 9.5 10 0.0

March 16.7 20.8 1.3

April 22.3 26.7 4.0

May 28.8 30.5 8.8

June 29.9 30.0 11.6

July 30.8 30.9 7.5

August 30.4 30.8 3.8

September | 21.7 24.3 1.0

October 13.8 17.8 0.2

November | 6.7 8.1 0.0

December | 6.6 4.8 0.0

Table 2: Average annual number of days with severe hail based on MESH, severe hail
based on reports, and severe hail outbreaks based on MESH (2000-2011). October and
November of 2004 were omitted from the average due to corrupt data during that year.
The R value for days with severe hail based on MESH versus reports is 0.974.
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