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ABSTRACT
Many studies have been done on synoptically forced systems and heavy rainfall, but little research has gone
into the forecasting of training convective storms specifically in a synoptically forced environment. Training
convective storms are recognized as the propagation of convective cells repeatedly over the same location.
The research in this paper examines 38 separate synoptically forced convective extreme precipitation training
(SCEPT) events to find trends and consistencies in their synoptic environments. Three separate cases were
found in which a SCEPT event occurred: closed upper-level trough (CULL), upper-level trough (ULT), and
850-hPa trough–low (850TL). Each event occurred in areas of precipitable water greater than 36.42 mm (1.43
in.), near maximums of 850-hPa moisture convergence and 700-hPa upward vertical velocities, under the 850hPa jet, and in the warm sector of a midlatitude cyclone. CULL and ULT events occurred in strongly forced
synoptic environments where 500- and 300-hPa troughs were evident and generally positively tilted. Little
upper-level forcing, above 700 hPa, was found in 850TL events.

1. Introduction
Extreme rainfall events often lead to flash flooding
and pose a threat to both life and property (Brooks and
Stensrud 2000). Increased urbanization has amplified
the risk of flash flooding by decreasing infiltration rates
through the increase of nonporous ground cover (i.e.,
asphalt, concrete). This results in greater runoff over a
shorter time period, leading to an increased flood risk.
Agriculture is also threatened by extreme rainfall, as the
rains can wash away soils and destroy plants during a
flooding event. Thus, it is important that extreme rainfall events be better investigated to help in forecasting,
resulting in saved lives and reduced property damage.
Extreme rain events can be separated into five general
types: mesoscale convective systems (MCSs), tropical, terrain forced, high-precipitation supercells, and synoptic
(Schumacher and Johnson 2005). Of these five categories,
synoptically forced extreme rainfall has been most frequently investigated (Newton 1950; Branick et al. 1988;
Rotunno et al. 1988). However, the dynamics resulting
in synoptically forced training convective rainfall have
not been studied in as much detail (Moore et al. 2003;
Junker et al. 1999). This research gap indicates that
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further study is needed to investigate synoptically forced
convective extreme precipitation training (SCEPT) events
in order to better forecast such occurrences in the future.
High rainfall totals often occur when convective cells
organize into an ‘‘echo training’’ event recognized as the
movement of convective echo returns on radar over
the same location (Doswell et al. 1996; Davis 2001). As
the storm motion becomes tangent to the line of storms,
an increase in the total rainfall occurs. A training convective system is a ‘‘process of subprocesses (convective
cells)’’ where the negative propagation or stationary
movement of the convective cells can negate the forward
motion of the entire convective system (Doswell et al.
1996). The propagation of convective cells over the same
location describes a training event; however, a precise
definition of a training event, in regard to duration and
precipitation amount, is not stated in the previous literature. Rather, past research has used 50-yr recurrence
intervals (Schumacher and Johnson 2005, 2006) and/or
24- to 48-h total rainfall amounts (Konrad 2001; Moore
et al. 2003) to define an extreme precipitation event. This
methodology does not specify a length of time of the event
itself or how much precipitation fell during the period of
heaviest rainfall.
This study will first define a SCEPT event in regard to
duration, convective precipitation rate, and total precipitation. Doswell et al. (1996) states that the total storm
precipitation is proportional to both the rainfall rate and
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duration at any point; therefore, it is important to examine how storm characteristics (i.e., moisture availability, precipitation efficiency, etc.) differ from one storm
system to another. To accomplish this, events will be
found that satisfy the established definition based on
multisensor precipitation estimates. Select atmospheric
variables will then be examined in and around each
SCEPT event location using the National Centers for
Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) North American Regional Reanalysis (NARR) dataset. Variables include
precipitable water, lower- and upper-level winds, temperature advection, upper-level vertical velocities, and
the locations of jet streaks, as these can all affect storm
strength, movement, and precipitation rate in a synoptically forced environment.
The goal of this research is to define the synoptic conditions necessary for the generation of a SCEPT event
and to establish a definition of an extreme precipitation
training event in terms of its duration and precipitation
rate. With this information, forecasters will be able to
recognize that a life-threatening SCEPT event could potentially occur in their forecast region. As stated earlier,
SCEPT events have been greatly underresearched in
the literature despite the abundance of research done on
synoptically forced systems in general and the training
of convective cells by mesoscale convective systems.
This paper will expand on past training research to
broaden our understanding of the development of
SCEPT events.

2. Synoptically forced systems
Synoptically forced systems have been proven to produce extreme rainfall (Maddox et al. 1979; Heideman and
Fritsch 1988; Bradley and Smith 1994; Branick et al. 1988).
Organized convective systems, with embedded severe
weather and associated heavy rainfall, are often linked
with frontal boundaries that help focus convection
(Maddox et al. 1979: Newton 1963; Rhea 1966; Branick
et al. 1988). Deep convection develops in a strongly
sheared baroclinic environment where differential cyclonic vorticity advection in the middle and upper troposphere, in advance of a short-wave trough or jet streak, is
involved in organizing large-scale ascent (Riehl et al. 1952;
Beebe and Bates 1955; Miller 1967; Branick et al. 1988).
Maddox et al. (1979) defined two heavy rainfall types
specific to this research, synoptic and frontal, during research of heavy rainfall events in the eastern United
States. A synoptic event develops primarily in the transitional seasons and is composed of a strong 500-hPa
trough moving slowly eastward. Heavy rainfall during a
synoptic-type event occurs in the warm sector out ahead
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of a slow-moving or stalled frontal boundary. A frontal
event occurs when a warm front stalls in an east–west
fashion and warm-air advection, generally from the south,
overruns the front resulting in heavy rainfall on the cool
side of the boundary. These events are most common
during the night in the summer months.
Heideman and Fritsch (1988) found 50% of extreme
rainfall events, though not necessarily training events,
were synoptically forced (non–mesoscale convective systems) while 80% of the synoptically forced events were
produced through convection in the eastern United States
during the warm season. Synoptically forced events in
their study were defined as events that occurred near
a frontal boundary. Schumacher and Johnson (2006)
found 93% of synoptic events were convective, but only
25% of the heavy-rain events in their study were primarily of synoptic forcing and normally occurred during
the cool season in the eastern United States.
A pronounced seasonal difference in atmospheric
conditions exists between the warm (summer) and cool
(winter) seasons across the globe (White 1982). White
(1982) stated that standing Rosby waves are smaller in
scale during the summer than in the winter, or less amplified. This has a direct impact on this study considering
that midlatitude cyclones are commonly associated with
upper-level troughs. Additionally, the total solar radiation increases in the Northern Hemisphere during the
summer months, resulting in increased heat (White 1982)
at the surface and aloft, which leads to the strongest
westerly tropospheric winds shifting north toward greater
thermal gradients.
A statistically significant increase in the number of
500-hPa cyclones (synoptically driven) occurred from
1958 to 1997 (Key and Chan 1999). This again indicates
the increasing importance of studying SCEPT events,
as these types of events are becoming more common.
Konrad (2001) found the vast majority of 500-hPa lows
were primarily 500–1500 km northwest of a heavy rain
event in the eastern United States. The study also found
the low to track east-southeasterly while deepening.
Maddox et al. (1979) found the 500-hPa trough to be
nearly stationary as the heavy rainfall event occurred.
Moore et al. (2003), during a study of heavy precipitation events from elevated thunderstorms during the
warm season in the central United States, found areas
of near-neutral to weakly positive differential vorticity
advection were most common near areas of heavy precipitation. A previous study by Maddox and Doswell
(1982) in which three case studies were examined during
the spring months in the central United States agreed
with these findings, indicating that regions of 500-hPa
differential vorticity advection are not good indicators
of extreme precipitation.
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The influence of the low-level jet is considered to be a
good indicator of when heavy rainfall will occur (Moore
et al. 2003; Junker et al. 1999; Roebber and Eise 2001).
Buoyancy can be provided by a warm, moist airstream
(the low-level jet), which can ascend over a cold boundary layer, resulting in elevated thunderstorms (Colman
1984). The low-level jet has been found to help initiate
convection, which can be enhanced by warm-air advection (WAA; Maddox and Doswell 1982), normally
oriented south-southwesterly during heavy-rain events
(Moore et al. 2003). Junker et al. (1999), in a study of
heavy rainfall from June through September in the Upper
Midwest during the Great Midwest Flood of 1993, found
that a wide low-level jet can lead to a stretched region of
moisture convergence, enhancing the potential of merging or training cells, which is backed up by Moore et al.
(2003). Both studies also show that the axis of moisture
convergence parallels the midlevel flow in training situations. This paper will look at the jet at 850 hPa for
consistency in geopotential height since the actual lowlevel jet can migrate from one vertical level to another
depending on the environment.
There are differing results on the location of maximum 850-hPa convergence. Junker et al. (1999) found
the maximum convergence occurred approximately 28
(;220 km) north of the heavy rainfall location, while
Moore et al. (2003) found the maximum 850-hPa moisture convergence 200 km south of a mesoscale convective system centroid. This research paper will establish
which conclusion, or other possibility, best describes a
SCEPT event.
Precipitable water is a measure of the depth of liquid
water in a column of the atmosphere if it were completely condensed to the surface (NWS 2008). Precipitable water was at a local maximum at the location of
heaviest rainfall during strongly forced synoptic events
in which a long-wave trough was present with an intense
synoptic-scale frontal system in the south-central plains
throughout the year (Bradley and Smith 1994). Further studies have found precipitable water greater than
43.2 mm (1.70 in.) accompanying severe weather and
heavy rainfall events in the warm season in northeast
Colorado (Schultz 1989) and in the Midwest (Roebber
and Eise 2001), while Maddox et al. (1979) found precipitable water values of 37.1 mm (1.46 in.) during synoptically forced heavy rainfall events in the spring and
fall east of the Rocky Mountains.

3. Data
a. Multisensor precipitation estimates
Precipitation estimation via radar begins by processing the raw precipitation reflectivity data using a Z–R
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relationship, which relates the reflectivity (Z) to the precipitation rate (R; mm h21). The data are integrated to
produce hourly precipitation estimates and are output as
a digital precipitation array (DPA). At this point, the
data are referred to as stage I data. Considerable error
can occur due to inherent problems with radar precipitation observations, including beam overshoot and attenuation (Hildebrand 1978), ground clutter (Collier 1996),
and range-dependent bias (Fabry et al. 1994). Further,
Z–R relationships are strongly dependent on precipitation type, requiring different Z–R relationships for convective, stratiform, and frozen precipitation (Chumchean
et al. 2004). Thus, the choice in Z–R relationship can be
a major influence on later precipitation estimates.
Each radar site is effective to a radius of 230 km, referred to as the radar umbrella. Within this field, a calculated mean field gauge–radar bias, using a Kalman
filtering approach, is fit to all grid cell values (Smith and
Krajewski 1991), and other corrective local adjustments
are made to the radar data. When finished, the radar
data are called stage II and provide a multisensor precipitation field that includes both the corrective mean
bias and the local gauge-derived biases (NWS 2007).
Before 2003, National Weather Service (NWS) River
Forecasting Centers further analyzed the data to create
the stage III product, which was a mosaic of all sage II
data for the forecasting center’s specific region. In 2003,
the stage III algorithm was replaced with the multisensor
precipitation estimator (MPE). Within the MPE, a mosaic of stage II data is created, but an additional weighted
adjustment is included, based on the surface gauge distance from the precipitation event (Westcott et al. 2005).
More weight is given to the radar estimate as the precipitation event occurs farther from a rain gauge, allowing for
adjustment based on within-storm variability (Fulton et al.
1998; Seo 1998). Currently, MPE data are archived back
to 2003 and come in a nominal 4 km 3 4 km resolution.

b. NCEP–NCAR North American Regional
Reanalysis
The National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric Research (NCAR) began the NCEP–NCAR Global Reanalysis Program in 1991 (Kalnay et al. 1996). The project’s
beginnings originated as an outgrowth of the National
Meteorological Center’s (NMC, now known as NCEP)
Climate Data Assimilation System project and the program was designed to help correct for apparent ‘‘climate
changes’’ resulting from adjustments introduced in the
NMC operational Global Data Assimilation System in
the mid-1980s. The reanalysis program involves the recovery of surface, ship, rawinsonde, aircraft, satellite, and
other data sources.
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FIG. 1. The study region is shaded.

Data are currently available from 1957 to the present
and include comprehensive analysis and diagnostic fields
presented in synoptic form (every 6 h, at 0000, 0600,
1200, and 1800 UTC) on a 2.58 latitude 3 2.58 longitude
grid. An offshoot of this program is the North American
Region Reanalysis (NARR) project, with data currently
available from 1979 to the present for the North American realm. Comprehensive analysis and diagnostic fields
are presented in synoptic- and mesoscale forms at a finer
time scale (every 3 h) and resolution (32 km). The diagnostic fields included in this study are height fields
(300, 500, and 850 hPa), 300-hPa jet streaks, 500-hPa
differential vorticity, 700-hPa vertical velocity, 850-hPa
temperature, surface moisture convergence, and precipitable water.

4. Methodology
The study area for this research project is shown in
Fig. 1. This region was chosen because of its high population density and thus its high flash flooding casualty
potential. The states bordering the Gulf of Mexico were
excluded because of the increase in tropical influences,
which is outside the scope of this study. The Ohio Valley
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FIG. 2. Multisensor precipitation estimates from radar rainfall
data for the data range 1–31 mm h21. (top) Histogram of all hourly
rainfall rates for all good data in the study area. Any data points
with hourly rainfall rates greater than 31 mm h21 have been removed. (bottom) Cumulative total of all hourly rainfall rates,
showing that the 99th percentile occurs at 16 mm h21.

and mid-Atlantic have a good balance of tropical moisture and midlatitude cyclone influences that can facilitate
extreme precipitation events. Events in the Ohio Valley
are often associated with nocturnal mesoscale convective systems while events along the mid-Atlantic occur
primarily in the afternoon and evening during frontal
passages (Schumacher and Johnson 2006). MPE algorithm rainfall data are fully archived back to the year
2004; therefore, the time frame for the study was restricted to between 2004 and 2006.
Before beginning the synoptic analysis, it was necessary to obtain a definition of a SCEPT event. To do this,
multisensor precipitation estimate radar data were utilized by creating a histogram of each hourly rainfall
total for every data point during the 3-yr study period
(Fig. 2). The bins were designated at 1 mm h21 intervals. As can be expected, rainfall rates were most common near 1–2 mm h21, with instances of higher rainfall
decreasing exponentially.
It was found that 99% of all rainfall rates occur between 1 and 16 mm h21 (Fig. 2). This signifies rainfall
rates of 17 mm h21 and greater were in the 99th percentile
of all of the quality controlled multisensor precipitation
estimate radar data. By using the 99th percentile, we

Unauthenticated | Downloaded 01/09/23 07:25 AM UTC

450

WEATHER AND FORECASTING

TABLE 1. Total synoptically forced, tropical, MCS (nonsynoptically forced), and airmass extreme rainfall events of greater than
17 mm h21 for three consecutive hours by year.
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TABLE 2. CULL event dates, longitudes, latitudes, time of day, and
total rainfall amounts [mm (in.)].
CULL events

Extreme rain event types
Year

Synoptic

Tropical

MCS

Airmass

Date

Lat (8N)

Lon (8W)

Time (UTC)

Rainfall
[mm (in.)]

2004
2005
2006
Total

12
5
19
36

17
14
5
35

8
0
2
10

23
13
11
47

5 Feb 2004
11 Jun 2004
2 Apr 2005
15 Nov 2005
21 Nov 2005
12 Mar 2006
6 Apr 2006
21 Apr 2006
10 May 2006
26 Jun 2006
27 Jun 2006
12 Sep 2006
22 Sep 2006
23 Sep 2006
6 Oct 2006
7 Oct 2006
27 Oct 2006

36.4
40.4
39.1
37.7
32.9
38.4
40.3
36.7
36.8
34.9
41.5
38.9
36.9
36.5
37.3
37.8
37.2

85.2
87.2
77.9
89.4
79.7
88.8
90.6
88.6
88.4
82.8
75.5
86.4
88.2
89.1
76.0
78.5
88.1

0600–0800
1100–1300
0800–1000
1200–1400
1100–1400
1500–1700
1000–1200
0800–1000
1200–1400
0900–1200
1000–1300
0800–1000
1100–1300
1400–1600
0600–0800
1900–2100
1300–1500

56.38 (2.22)
68.01 (2.68)
65.01 (2.56)
66.01 (2.60)
93.51 (3.68)
61.13 (2.41)
69.38 (2.73)
61.76 (2.43)
65.13 (2.56)
86.38 (3.40)
77.76 (3.06)
61.38 (2.41)
62.39 (2.46)
59.13 (2.33)
72.88 (2.87)
70.39 (2.77)
70.00 (2.76)

ensured the event is anomalous, characterized as having
an extreme rainfall rate. Past research found that stratiform precipitation events rarely exceeded 10 mm h21
[0.4 in h21; Short et al. (1990); Rosenfeld et al. (1990)].
Thus, using 17 mm h21 also ensured that convective
precipitation processes were responsible for the extreme
precipitation events used in this study.
To be certain that training was occurring, it was important that high rates of precipitation continued for a
sustained period of time. This required that convective cells continued to propagate over a single location.
A single-cell thunderstorm’s lifespan averages 75 min
(1.25 h; Byers and Braham 1949). To make certain that
multiple convective cells propagated over the location,
a 3-h time span was used. Thus, if rainfall rates exceeded
17 mm h21 for at least three consecutive hours, the event
was considered an extreme precipitation training event.
Using these criteria, all of the grid points in which
rainfall rates were greater than 17 mm h21 for three
consecutive hours were found. All event dates were recorded and then analyzed to determine the type of
weather event that caused training to occur. Using archived surface and radar maps (Colorado State University 2009), each event was subjectively determined,
similarly to the methodology used by Heideman and
Fritsch (1988), to be either synoptic (influenced by a
midlatitude cyclone, warm front, cold front, or stationary front), tropical (origination from tropical waters;
usually a hurricane, tropical storm, or depression), an
MCS not dominated by synoptic processes (no midlatitude cyclone or frontal boundaries present near the
MCS), or of airmass (not in any other category) origin
(Table 1). If an extreme rainfall event occurred near
a frontal system and no tropical influences were noted, it
was considered a synoptically forced event and was included in the study. All tropical, MCS, and airmass
events were removed from the dataset. Once this manual analysis was completed, 36 SCEPT events were
found in the study region from 2004 to 2006.
A central location for each event was then determined. If the event only occurred at one grid point on a
particular day, then that grid point was the event location.

If multiple grid points on a single day contained a
SCEPT event, a central location was determined by
examining all gridpoint locations for that day, finding
the greatest cluster of data points through visual interpretation, and choosing one grid point to represent that
event from the cluster. If two separate areas, or clusters,
were found on a single day, the largest cluster was used
in this dataset.
To analyze the synoptic conditions of each event date
and location, NARR data were utilized. The comprehensive analysis and diagnostic fields presented in synoptic form are available every 3 h during the study period.
Each event required at least two time periods to establish trends in the data. It was noted that the closest field
to the event time would be required to determine the
synoptic conditions at the time of the event. The second
field utilized was the previous 3-h diagnostic field.
NARR data for geopotential height (300, 500, and
850 hPa), 500-hPa differential vorticity, 300-hPa jet
streaks, upward vertical velocity (UVV) at 700 hPa,
850-hPa temperature fields, and precipitable water were
retrieved for each event. For each height field, the
trough axis was found and determined to be deepening,
weakening, or neutral and either tilted positively, negatively, or neutrally. A deepening (weakening) trough
was defined in this study as the geopotential height of the
trough decreasing (increasing) [become lower (higher)]
and/or the magnitude of the trough increasing (decreasing) [generally driving the trough toward the south
(north)]. A positively (negatively) tilted trough was defined as the axis of the trough’s base tilted toward the west
(east). A short-wave trough was defined as less than
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FIG. 3. Example CULL SCEPT event from 2 Apr 2005, with event location marked with an x. Geopotential height from the NARR dataset
for (a) 300, (b) 500, and (c) 850 hPa, and (d) the surface analysis provided by the Colorado State University DIFAX archive.

800 km in amplitude and wavelength, while a long-wave
trough was greater than 800 km in amplitude and/or
wavelength. Any closed lows at the pressure levels were
recorded. Additionally, the axis of greatest precipitable
water from the event location to a moisture source (Gulf
of Mexico or Atlantic Ocean) was noted, described as
the moisture tongue in this paper.

5. Results
Three distinct synoptic situations were found that produced SCEPT events: 1) closed upper-level low (CULL),
2) upper-level trough (ULT), and 3) 850-hPa trough–
low (850TL). Each case has its own specific characteristics that normally occur within the synoptic environment;
however, a few characteristics were common in all cases
that included strong upward vertical velocities found
at the 700-hPa level, warm-air advection (WAA), and precipitable water averaging greater than 36 mm (1.4 in.).
Each case will be described in detail in this section.

Forty-seven percent of all SCEPT events (17 events;
Table 2) were found to have a closed 500-hPa low
(CULL) present to the west of the SCEPT event location. An additional nine cases were found where a longwave 500-hPa trough (ULT) was present but lacked
a closed 500-hPa low. This means 72% of all SCEPT
events from 2004 to 2006 were of the strong synoptically
forced variety with a long-wave trough. The final 28%
fell within the 850TL category, indicating a weaker synoptically forced environment without the presence of
a long-wave 500-hPa trough.

a. Closed upper-level low (CULL)
Nearly half of the events (47%) found in this study
contained a 500-hPa closed low (when using 10 gpm
height contour increments) to the west of the event location (Table 2). An example CULL event from 2 April
2005 is depicted in Fig. 3 for data at 300, 500, and
850 hPa, and at the surface. The clear-closed 500-hPa
low is centered over southern Illinois–Indiana with a
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TABLE 3. Percentages of occurrence during 3-month periods for
each of the three cases. The majority of the events for the CULL
case occurred during the cool season, and in the warm season for
the ULT and 850TL cases.
Time of year
Event type

Jan–Apr

May–Aug

Sep–Dec

CULL (%)
ULT (%)
850TL (%)

29
11
0

24
78
90

47
11
10

midlatitude cyclone depicted at the surface centered
over West Virginia. The SCEPT event on this date developed in far northern Virginia north of the warm front.
This specific event could be considered a hybrid of the
synoptic and front types described by Maddox et al.
(1979). Most of these events (76%) occurred during the
fall to spring period from September through April, when
the strongest synoptic forcing exists (Table 3). Sixty-five
percent of the CULL events occurred in Kentucky, Indiana, and Illinois (Fig. 4).
With regard to time of day, all events except for one
occurred between 0700 and 1600 UTC with the majority
of events occurring in the morning hours. This was different from what past research had found where the peak of
heavy rainfall was from 0300 to 0500 UTC (Schumacher
and Johnson 2005; Fig. 5). Crook et al. (1990) found that
a delayed second maximum in vertical motion occurred
6 h after the initial vertical motion during afternoon
heating. However, this would still only place the secondary maximum near 0600 UTC if convection initiated
in the afternoon near 0000 UTC.
In the upper levels of the atmosphere, the 500-hPa
closed low was to the northwest of the CULL SCEPT
event with a mean distance of approximately 960 km
(600 mi, r 5 0.04; Table 4) to the west-northwest (Fig. 6a;
note the scale differences between variables, which will
remain consistent throughout the paper), similar to findings in Konrad (2001). Seventy-six percent of the 500-hPa
troughs were positively to neutrally tilted. This deviates
from normal observations during severe weather outbreaks, when the trough becomes negatively tilted, thus
enhancing vertical uplift by positive differential vorticity
advection (Riehl et al. 1952; Beebe and Bates 1955;
Miller 1967; Branick et al. 1988). As was stated in section 2, differential vorticity advection has little influence
on heavy-rain events (Moore et al. 2003). This research
concurs with these findings where 71% of the events
had little to no positive differential vorticity advection.
The 500-hPa trough was deepening, or near neutral, in
82% of the events. This again indicates that the trough
was still strengthening as the CULL SCEPT event occurred.

FIG. 4. CULL event locations.

The 300- and 500-hPa lows were nearly vertically
stacked at the time of the events with the 300-hPa low to
the west-northwest, approximately 70 km (40 mi) more
than the 500-hPa low, or 1030-km event (640 mi, r 5 0.01;
Fig. 6b, Table 4), from the CULL SCEPT event. The
CULL SCEPT events were located on the right side of a
jet streak during 76% of the events; however, no preference in entrance or exit regions was found. The presence of a jet streak indicated an increased ability of the
upper levels to help evacuate mass, assisting in sustaining the convection. The lack of a consistent quadrant,
preferably the right-entrance region, where increased
lift has been found to occur (Rose et al. 2004), indicates
that a jet streak itself is enough to enhance convection
rather than the specific quadrant. The trough tilt at
300 hPa was difficult to determine with only 53% of the
events having a positive to near neutrally tilted trough
when training occurred. However, the trough was
deepening three-fourths of the time, enhancing the jet
streak.
The center of the 850-hPa low had a moderately
strong linear pattern (r 5 20.34, p , 0.10; Table 4) toward the northwest of the CULL SCEPT event location,
with an average distance of approximately 665 km (410
mi; Fig. 6c). This position normally placed the 850-hPa
jet over the site in which training occurred. WAA was
found in most cases (88%). The tilt of the 850-hPa trough
was primarily positive or near neutral in 82% of the
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FIG. 5. Median times during which training occurred for all CULL, ULT, and 850TL events.

events. Seventy percent of the CULL SCEPT events occurred when the 850-hPa low–trough deepened or held
steady. The combination of a deepening, positively tilted
trough indicated a strengthening storm system at the time
of the event.
Frontal boundaries were the foci of convergence
and convective initiation in past research (Ross 1987;
Schumacher and Johnson 2005) and this was found to be
the case in this study as well. On average, the cold front
was 405 km (250 miles; Table 5) west along a line of
equal latitude not influencing the event. However, the
warm front was only 95 km (60 mi; Table 5) south along
a line of equal longitude from the CULL SCEPT event
location on average. This placed the CULL SCEPT event
very near the warm front, similar to the frontal type
described by Maddox et al. (1979). The midlatitude low
location averaged 490 km (305 mi, r 5 20.07; Table 4)
to the west of the CULL SCEPT event location (Fig. 6d).
Past research provided differing results concerning
surface moisture convergence. Junker et al. (1999) found
moisture convergence to be greatest 28 north of the heavy
rainfall location while Moore et al. (2003) concluded that
the greatest convergence was 175 km (120 mi) south of a
mesoscale convective system centroid. This study found
the greatest surface moisture convergence to be in a
linear pattern from the southwest to northeast of the

event location, which is the average flow pattern of the
850-hPa jet (Fig. 7a). Instead of being centered north
or south of the training event, the maximum surface
moisture convergence was along the 850-hPa flow just
upstream, over, or downstream of the CULL SCEPT
event location in a moderately strong linear pattern (r 5
0.45, p , 0.05; Table 4). This indicated that the location
of the CULL SCEPT event was not always in the same
direction from the greatest surface moisture convergence,
but rather that training will occur along the flow near
the greatest moisture convergence. The one event that
had a maximum surface moisture convergence to the
TABLE 4. Standard distance, Pearson’s R value, and correlation
significance for CULL events.
CULL events
Variable

Std distance

r value

300 hPa
500 hPa
850 hPa
700-hPa UVV
Surface MC
Precipitable water
Surface

675
657
596
274
233
471
693

0.01
0.03
20.34*
0.25
0.45**
0.30
20.07

* Significance to the 0.10 level.
** Significance to the 0.05 level.
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FIG. 6. CULL events indicating the (a) location of the 500-hPa low, (b) location of the 300-hPa low, (c) location of the 850-hPa low, and
(d) location of the surface low in relation to the location where the SCEPT event occurred. The squares indicate the average locations for
the respective variables.

southeast of the CULL SCEPT event, and also one that
had a maximum far to the northwest, occurred under
a southeasterly 850-hPa flow regime. Half of the maximum locations of moisture convergence had a long axis
along the flow and half were perpendicular to the flow,
indicating that axis orientation did not specify training
was about to occur.
The 850-hPa jet traversed over the CULL SCEPT
location during 82% of the events oriented from southsouthwest to north-northeast. This orientation brought
abundant moisture from the Gulf of Mexico to most of
the study region, except along the eastern seaboard due
to blocking from the Appalachian Mountains. This likely
explains why a maximum of events occurred in the midwestern United States (Fig. 4).
Considerable moisture was in the atmospheric column
above the CULL SCEPT event, with precipitable water
values averaging 36.2 mm (1.42 in.; Table 5). Recent
research found that values of 43.2 mm (1.70 in.) of precipitable water resulted in heavy-rain events, which were
often associated with warm season events in the central
United States (Schultz 1989; Roebber and Eise 2001).
However, the values found for the CULL SCEPT type

are very close to the values found in Maddox et al. (1979)
for synoptic-forced heavy rainfall in the spring and fall,
which resembles the time period in which CULL SCEPT
events occurred. These values indicate that heavy rainfall
is possible, but additional variables such as the positioning of the upper-level trough, warm front, and surface
moisture convergence are needed in order to locate an
area in which training extreme rainfall will occur. The
moisture tongue of high precipitable water values had a
linear pattern (r 5 0.31; Table 4) to the northeast, extending 550 km (340 miles) from the CULL SCEPT
event (Fig. 7b), while advected from the south-southwest.
At the 700-hPa level, upward vertical velocities (UVVs)
averaged 20.54 Pa s21 at the CULL SCEPT event
TABLE 5. CULL event statistics for average precipitable water
(mm), cold front distance west (km), and warm front distance
north (km).
CULL events

Avg
Std dev

Cold front

Warm front

Precipitable water

406
336

294
265

36.17
8.78

Unauthenticated | Downloaded 01/09/23 07:25 AM UTC

APRIL 2010

455

AYLWARD AND DYER

FIG. 7. CULL events indicating the (a) location of the maximum surface moisture convergence, (b) greatest extent of the precipitable
water moisture tongue, and (c) location of the maximum UVV in relation to the location where the SCEPT event occurred. The squares
indicate the average locations for the respective variables.

location. In three-fourths of the events, the highest UVV
values were found within 300 km (185 mi) of the site of
training at the time of the event. As shown in Fig. 7c,
almost all of the greatest UVV values were located either to the west-southwest or the east-northeast of the
CULL SCEPT event, producing a linear pattern (r 5
0.25). A west-southwest to east-northeast orientation
aligned with the flow at 700 hPa.
In summary, a CULL event is defined by a positively
tilted, strengthening trough at 850 and 500 hPa. The
300- and 500-hPa lows were nearly vertically stacked,
with the 300-hPa low lagging 70 km (40 mi) behind, on
average. In the lower levels, the 850-hPa low had a
moderately strong linear pattern (r 5 20.34, p , 0.10)
toward the northwest, averaging approximately 665 km
(410 mi) from the event location. The 850-hPa jet traversed over the CULL SCEPT event in most of the cases,
helping to advect moisture from the south-southwest.
Precipitable water averaged 36.2 mm (1.42 in.), with the
maximum extent of the moisture tongue 550 km (340 mi)
to the northeast. Surface moisture convergence occurred

along the flow of the 850-hPa jet in a moderately linear
pattern (r 5 0.45, p , 0.05) from southwest to northeast.
The 700-hPa UVVs occurred along the flow at 700 hPa
as well as from the west-southwest to east-northeast in
a linear pattern (r 5 0.25). The CULL SCEPT event was
located along the warm front of a midlatitude cyclone
TABLE 6. ULT event dates, latitudes, longitudes, times of day, and
total rainfall amounts [mm (in.)].
ULT events
Date

Lat (8N)

Lon (8W)

Time (UTC)

Rainfall
[mm (in.)]

2 May 2004
3 May 2004
30 May 2004
12 Jun 2004
31 July 2004
9 Dec 2004
30 Jan 2005
18 Jun 2006
28 Jul 2006

35.9
41.4
41.5
41.2
36.7
36.2
35.6
35.8
36.3

77.2
75.6
90.5
85.6
85.0
84.8
76.4
88.7
89.5

0300–0500
2100–2300
0900–1100
1200–1400
0700–0900
0900–1100
0900–1100
0200–0500
1100–1300

55.51 (2.18)
55.75 (2.19)
69.88 (2.75)
64.01 (2.52)
68.26 (2.69)
64.88 (2.55)
56.13 (2.21)
81.01 (3.19)
65.88 (2.60)
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FIG. 8. Example ULT SCEPT event from 2 May 2004, with event location marked with an x. Geopotential height from the NARR dataset
for (a) 300, (b) 500, and (c) 850 hPa, and (d) the surface analysis provided by the Colorado State University DIFAX archive.

under warm-air advection during most events. The midlatitude low pressure center was 490 km (305 mi) to the
west-northwest (r 5 20.07). CULL events occurred between 0700 and 1600 UTC, primarily in the midwestern
states during the cool season months.

b. Upper-level trough (ULT)
A quarter of the SCEPT events (nine events) had a
500-hPa trough without a closed low (Table 6). The lack
of a closed low indicates the event was not as strongly
synoptically forced as the CULL events, which the data in
this section support. However, the reduction in the dynamics does not indicate a reduction in rainfall potential.
An example of an ULT event from 2 May 2004 is shown
in Fig. 8 with geopotential height values for the 300-, 500-,
and 850-hPa levels as well as the surface chart. A deep
500-hPa trough can be seen from Minnesota to Oklahoma with multiple areas of low pressure stretching along
a frontal zone down the spine of the Appalachian
Mountains. The SCEPT event on this date occurred in

northeastern North Carolina ahead of the advancing cold
front similarly to the synoptic type described by Maddox
et al. (1979).
Most (78%) of the ULT cases occurred during the
warm season, from May to August (Table 3), when more
moisture and thermal instability were available for convective development. Thus, the strongest synoptic dynamics were not required for a ULT SCEPT event to
develop during the warm season. With weaker synoptic
dynamics, the events occurred closer to a moisture source,
such as the Gulf of Mexico or Atlantic Ocean (Fig. 9).
Most (66%) of the events developed south of 378N.
Little information was derived from the time of day with
events scattered throughout the 24-h period (Fig. 5).
Most (89%) of the ULT SCEPT events occurred under weak to no positive differential vorticity advection,
similar to past research (Moore et al. 2003). A 500-hPa
long-wave trough was always evident on the synoptic
charts, averaging 820 km (510 mi; Table 7) to the west
along a line of equal latitude. Two-thirds of the time the
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TABLE 7. ULT event statistics for average precipitable water
(mm), cold front distance west (km), warm front distance north
(km), and 300- and 500-hPa trough distance west (km).
ULT events

Avg
Std dev

FIG. 9. ULT event locations.

trough was either slightly positively or neutrally tilted
and was also strengthening at the time of the ULT
SCEPT event.
Pertaining to the 300-hPa level, 89% of the events
occurred when a trough was located to the west, averaging 915 km (565 miles; Table 7), along a line of equal
latitude. Much like at 500 hPa, the trough was slightly
positively or neutrally tilted and was also strengthening
in two-thirds of the events.
The ULT cases only had a closed 850-hPa low in 22%
of the events. However, the region of lowest height at
850 hPa was consistently to the northwest at an average
distance of 760 km (470 mi; Fig. 10a). This placed
the ULT SCEPT events under WAA during 70% of the
situations, increasing instability and lift. Much like the
CULL cases the 850-hPa jet was oriented south-southwest
to north-northeast, traversing directly over the training
site in most events (89%). The tilt of the 850-hPa trough
was positive in a majority of the ULT SCEPT events
(67%), but no relationship was determined with regard
to whether the trough was strengthening or weakening.
At the surface, the cold front was a comparable distance away from the ULT SCEPT event as with the
CULL case, averaging 460 km (285 mi; Table 7) to the
west along a line of equal latitude. The warm front was
less defined with SCEPT events occurring well north and
well south of the boundary. On average, the warm front
location was 190 km (120 mi; Table 7) to the north of the

300 hPa

500 hPa

Cold
front

Warm
front

Precipitable
water

912
610

822
667

460
403

192
510

37.11
11.89

ULT SCEPT event along a line of equal longitude. The
surface low averaged 530 km (330 mi; Fig. 10b) to the
northwest. This usually placed the ULT SCEPT events
in the warm sector, or along the warm front, of a midlatitude cyclone.
The greatest surface moisture convergence was clustered within 200 km (125 mi) and had little linear relationship (r 5 20.07; Table 8). On average, the greatest
surface moisture convergence was 65 km (40 mi) southeast of the ULT SCEPT event location. With slightly
reduced synoptic dynamics, higher precipitable water
values were needed to compensate. Precipitable water averaged 37.1 mm (1.46 in.; Table 7). Again, these
values were slightly less than what recent research has
found for warm season events (Schultz 1989; Roebber
and Eise 2001) but exactly the same as was found in
Maddox et al. (1979) for synoptically forced systems.
The precipitable water tongue extended 710 km (440 mi)
to the northeast of the training events (Fig. 11b), advecting from the south-southwest.
UVV values at 700 hPa were less than in the CULL
events, averaging 20.37 Pa s21. The reduction in UVVs
was likely due to the slightly weaker dynamics compared
to the CULL cases. A strong linear west-southwest to
east-northeast relationship was found (r 5 0.73, p ,
0.05) in the location of the maximum UVV at 700 hPa
nearest the ULT SCEPT event. Again, just like in the
CULL events, the UVV maximum was found to be
along the flow at 700 hPa intersecting with the SCEPT
event location. The maximum UVVs averaged 180 km
(110 mi) southwest of the ULT event.
In summary, ULT SCEPT events were defined by a
500-hPa trough without a closed low. Because of the lack
of events meeting the ULT requirements, only 700-hPa
maximum UVVs had a strong linear patter from westsouthwest to east-northeast (r 5 0.73, p , 0.05), indicating maximum UVVs at 700 hPa occurred along the
flow at 700 hPa, which intersected with the ULT SCEPT
event. Most of the events had an 850-hPa jet, helping to
advect moisture from the south-southwest, resulting in
precipitable water values averaging 37.1 mm (1.46 in).
UVVs were weaker than in the CULL cases, but warmair advection was still occurring in a majority of the
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FIG. 10. ULT events indicating the (a) location of the 850-hPa low and (b) surface low in relation to the location where the SCEPT event
occurred. The squares indicate the average locations for the respective variables.

events. The ULT SCEPT events occurred in the warm
sector of a midlatitude cyclone or along the warm front
with the cold front 460 km (285 mi) to the west. Strong
troughs in the upper levels at 300 and 500 hPa were
positively or negatively tilted and were also strengthening at the time of the ULT SCEPT event two-thirds
of the time.

c. 850-hPa trough–low
Unlike the first two cases where long-wave 500-hPa
troughs were present, the 850-hPa trough–low (850TL)
case has fewer upper-level influences (above 700 hPa)
on the environment of the SCEPT event (Table 9). Typically, a short-wave trough at 500 hPa helped to influence
the event, but never was a long-wave trough present.
However, a moderate 850-hPa low or trough was always
present. Figure 12 includes geopotential height fields for
500, 300, and 850 hPa, and a surface chart for an 850TL
event on 12 July 2004. A short-wave trough at 500 hPa
can be seen in the northeast with a more substantial
850-hPa low centered in southern Ontario. The surface
low pressure is indicated over Lake Michigan with a warm
front or stationary boundary through central Pennsylvania. The SCEPT event occurred in south-central Pennsylvania along this boundary, which is close to, but not
exactly like, the frontal type described by Maddox et al.
(1979).
850TL SCEPT events occurred primarily (90%) during
the warm season (May–August; Table 3) when abundant
moisture was present. Like the CULL cases, many of the
events (70%) occurred in the Midwest (Fig. 13). During
the warm season, the Midwest is more susceptible to
incursions of frontal boundaries and influences from the
upper levels than is the South due to a building ridge in
the Southeast; therefore, a short-wave trough at 500 hPa

could influence an event in the Midwest, but not in the
Southeast. This might indicate why most of the events
occurred farther north even though more thermal instability and moisture were located closer to the Gulf
of Mexico. The maximum number of events occurred
during the 0800–1600 UTC time frame, the time of least
thermal instability (Fig. 5).
The primary difference between the 850TL cases and
the previous two cases was weaker upper-level synoptic
flow at 500 hPa and above with no long-wave troughs
present. Little information was obtained from these levels
as a 500-hPa trough was only present in 40% of the events,
which was further reduced to 20% at the 300-hPa level.
On average, the location of the lowest height at the
850-hPa level was 565 km (350 mi) to the west of the
850TL SCEPT events (Fig. 14a). A moderately strong
linear pattern (r 5 0.50, p , 0.10; Table 10) was found
in the location of the 850-hPa low pressure system.
WAA occurred in a majority of the cases (60%), while
little or no advection was present in 40% of the events.
Thermal instability was likely a greater contributor to
lift rather than the dynamics in the region. No relationship could be identified in regard to whether the
TABLE 8. Standard distance, Pearson’s R value, and correlation
significance for ULT events.
ULT events
Variable

Std distance

r value

850 hPa
700-hPa UVV
Surface MC
Precipitable water
Surface

775
238
139
760
727

20.10
0.74*
20.07
0.24
20.20

* Significance to the 0.05 level.
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FIG. 11. ULT events indicating the (a) location of the maximum surface moisture convergence, (b) greatest extent of the precipitable
water moisture tongue, and (c) the location of the maximum UVV in relation to the location where the SCEPT event occurred. The
squares indicate the average locations for the respective variables.

trough was positively or negatively tilted. However, the
850-hPa trough was either strengthening or remaining
steady 90% of the time.
At the surface, cold and warm fronts were commonly
associated with 850TL cases. The cold front averaged
300 km (185 mi; Table 11) west of the 850TL SCEPT
event locations along a line of equal latitude, while the
warm front averaged 85 km (55 mi; Table 11) to the north
along a line of equal longitude. This positioned the event
either along the warm front or in the warm sector of a
midlatitude cyclone. Without the strong 500-hPa trough,
850TL SCEPT events do not specifically match either of
the Maddox et al. (1979) heavy-rain types. The surface
low was oriented from the west to the northeast of the
850TL SCEPT events in a strong linear pattern (r 5 0.80,
p , 0.05), averaging 560 km (350 mi) to the westnorthwest of the 850TL SCEPT events (Fig. 14b).
The same general trend with the CULL and ULT cases
continued with the 850TL cases concerning surface moisture convergence. The greatest moisture convergence

occurred along the flow of the 850-hPa jet either upstream, over, or downstream of the 850TL SCEPT event
locations 70% of the time (Fig. 15a). This again disagrees with past research (Junker et al. 1999; Moore
TABLE 9. 850TL event dates, latitudes, longitudes, times of day,
and total rainfall amounts [mm (in.)].
850TL events
Date

Lat (8N)

Lon (8W)

Time (UTC)

Rainfall
[mm (in.)]

27 May 2004
25 Jun 2004
12 Jul 2004
18 Oct 2004
19 Aug 2005
12 Jul 2006
20 Jul 2006
27 Jul 2006
9 Aug 2006
22 Aug 2006

41.2
35.3
40.1
38.9
39.1
38.0
41.8
40.2
39.0
33.6

75.9
87.5
77.5
86.7
85.4
87.4
89.5
90.7
89.3
80.5

2000–2200
0900–1100
1500–1700
0900–1100
0900–1100
0700–0900
1100–1300
1500–1700
1400–1600
2100–2300

68.38 (2.69)
68.88 (2.71)
61.63 (2.43)
69.88 (2.75)
67.01 (2.64)
73.38 (2.89)
55.63 (2.19)
74.26 (2.92)
75.64 (2.98)
77.01 (3.03)
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FIG. 12. Example 850TL SCEPT event from 12 Jul 2004, with event location marked with an x. Geopotential height from the NARR
dataset for (a) 300, (b) 500, and (c) 850 hPa, and (d) at the surface analysis provided by the Colorado State University DIFAX archive.

et al. 2003). A linear pattern (r 5 20.31, Table 10) was
found; however, it was not significant ( p , 0.10). This
was the only variable that did not have a significant linear pattern in the 850TL cases.
Precipitable water was considerably higher during
an 850TL SCEPT event, averaging 42.2 mm (1.66 in.;
Table 11), nearing the value found in past research for
warm season events (Schultz 1989; Roebber and Eise
2001). With most of the events occurring during the warm
season, moisture was readily available, overcoming the
lack of a strongly forced synoptic environment. However,
there were still similarities to the previous two cases with
the apex of the moisture tongue located on average
290 km (180 mi) to the northeast of the 850TL SCEPT
events (Fig. 15b) with a moderately strong linear pattern
from southwest to northeast. In addition, moisture was
advected on average from the south-southwest.
With the lack of a strongly forced synoptic environment, UVVs averaged only 20.39 Pa s21. However, a
moderately strong linear pattern (r 5 20.43, p , 0.05;

Table 10), from west-northwest to east-southeast, was
found in proximity of the maximum UVVs compared
to the 850TL SCEPT event locations (Fig. 15c).
In summary, an 850TL case was defined by weak upperlevel flow and an 850-hPa trough or low present, on average, 565 km (350 mi) to the west of the 850TL SCEPT
event location. All variables examined in this study had
a moderately strong linear pattern from southwest–
west-northwest to northeast–east-southeast of the 850TL
SCEPT events, except for surface moisture convergence.
A linear pattern was still found with surface moisture
convergence, but it was not significant ( p , 0.10). Surface moisture convergence was greatest along the flow of
the 850-hPa jet. The maximum location of the UVVs at
700 hPa occurred along the same latitude as the 850TL
event. Precipitable water averaged 42.2 mm (1.66 in.),
near values found in past research for heavy-rain events
in the warm season. The moisture was advected from the
south-southwest with a maximum extent of the moisture
tongue 290 km (180 mi) north-northeast of the events.
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FIG. 13. 850TL event locations.

Upper-level forcing was weak and no relationships could
be found with 500- and 300-hPa flows.

6. Conclusions
Forecasting when synoptically forced extreme precipitation training convection will occur is important
because of its enhanced risk of flash flooding. Little research has been done on indicating the locations in
which training convection occurs in a synoptically forced
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environment (Moore et al. 2003; Junker et al. 1999) even
though a statistical increase in 500-hPa cyclones has
been found in the last 50 yr (Key and Chan 1999). This
paper established three separate cases in which extreme
precipitation occurred because of training convection
during a synoptically forced event (SCEPT). The three
cases identified were the closed upper-level low (CULL),
the upper-level trough (ULT), and the 850-hPa trough–
low (850TL). The first two cases were defined by a longwave trough at 500 hPa; however, a CULL event was the
only type in which a closed upper-level low was present at
500 hPa or above. Long-wave troughs were not present
during 850TL events.
Many of the variables investigated in this study confirmed past findings regarding heavy rainfall. High precipitable water content was required in every event type
ranging from 36.2 mm (1.42 in.) for CULL events to
42.2 mm (1.66 in.) for 850TL events. This is consistent
with past research, particularly Maddox et al. (1979).
Midlatitude low pressure systems and upper-level lows
were often positioned to the west or northwest of the
SCEPT event locations, with events generally occurring
near frontal boundaries, in particular the warm front.
Additionally, strong surface moisture convergence and
upward vertical velocities at 700 hPa were found. Little
differential vorticity advection influenced the extreme
rainfall events in this study.
All of the variables in the previous paragraph are consistent from past research described in section 2 and would
only help to locate a broad area in which heavy rainfall
will occur. However, heavy rainfall does not necessarily
mean that training convection or extreme rainfall is imminent. Thus, additional research was done to help decipher when, and where, a training extreme precipitation
event was possible.

FIG. 14. 850TL events indicating the (a) location of the 850-hPa low and (b) surface low in relation to the location where the SCEPT event
occurred. The squares indicate the average locations for the respective variables.
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TABLE 11. 850TL event statistics for average precipitable water
(mm), cold front distance (km), and warm front distance (km).

850TL events

850TL events

Variable

Std distance

r value

850 hPa
700-hPa UVV
Surface MC
Precipitable water
Surface

639
184
218
488
1036

0.50*
0.43*
0.31
0.74**
0.80**

* Significance to the 0.10 level.
** Significance to the 0.05 level.

Maddox et al. (1979) found that during a heavy rainfall event the 500-hPa trough was nearly stationary. In
this research project it was found that often the 500-hPa
trough for CULL and ULT events (not 850TL events
due to the lack of a long-wave trough at 500 hPa) was
slightly positively to neutrally tilted. Often when this
occurs, the trough is in a transition mode, resulting in
little movement, or nearly stationary. However, the transition mode does not mean the trough was weakening;

Avg
Std dev

Cold front

Warm front

Precipitable water

298
334

86
313

42.21
15.92

rather it was found to be strengthening or deepening at
the time of the SCEPT event. This again confirms the
heavy rainfall research conducted in the past, but this is
often vital to the existence of a training convection situation in a synoptically forced environment. Additionally, SCEPT events were found to develop on the right
side of a 300-hPa jet streak with no preference toward
a quadrant determined.
As stated earlier, the existence of strong surface moisture convergence and 700-hPa upward vertical velocities
in the vicinity of heavy rainfall is well known. However,
the positioning of these variables in relation to the location of training convection had not yet been determined.

FIG. 15. 850TL events indicating the (a) location of the maximum surface moisture convergence, (b) greatest extent of the precipitable
water moisture tongue, and (c) location of the maximum UVV in relation to the location where the SCEPT event occurred. The squares
indicate the average locations for the respective variables.
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It was found that the local maximum of surface moisture
convergence was generally within 230 km of the SCEPT
event location either upstream, downstream, or over the
area of training parallel to the 850-hPa flow in a linear
pattern. Additionally, maximums in 700-hPa upward
vertical velocities were generally within 270 km of the
SCEPT event parallel to the flow again upstream, downstream, or over the area of training at 700 hPa from westsouthwest to east-northeast again in a linear pattern. The
linear patterns are important because they allow the forecaster to outlook for an area in which a SCEPT event is
possible around 700-hPa upward vertical velocities and
local maximums of surface moisture convergence. Looking in these regions will help locate an area of training
convection within a heavy-rain event, which would become extreme should precipitable water values be in accordance with our above-described findings, resulting in
a dangerous flash flooding situation.
Future research is needed to determine why many of
the SCEPT events occurred during the period of least
thermal instability in the early morning hours. It is possible that a weakening low-level jet during the morning
hours leads to a reduction in the forward speed of the
convective system and, thus, an increase in the potential
rainfall over a specific point, as described by Doswell
et al. (1996). A longer research period would be helpful
in the future to increase the significance of the linearity
of many of the variables in this study. Additionally, a
finer look into the magnitudes of surface moisture convergence and upward vertical velocities could reduce the
potential for false positives.
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