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ABSTRACT

This study examines the radar-indicated structures and other features of extreme rain events in the
United States over a 3-yr period. A rainfall event is defined as “extreme” when the 24-h precipitation total
at one or more stations surpasses the 50-yr recurrence interval amount for that location. This definition
yields 116 such cases from 1999 to 2001 in the area east of the Rocky Mountains, excluding Florida.
Two-kilometer national composite radar reflectivity data are then used to examine the structure and
evolution of each extreme rain event. Sixty-five percent of the total number of events are associated with
mesoscale convective systems (MCSs). While a wide variety of organizational structures (as indicated by
radar reflectivity data) are seen among the MCS cases, two patterns of organization are observed most
frequently. The first type has a line, often oriented east-west, with “training” convective elements. It also
has a region of adjoining stratiform rain that is displaced to the north of the line. The second type has a
back-building or quasi-stationary area of convection that produces a region of stratiform rain downstream.
Surface observations and composite analysis of Rapid Update Cycle Version 2 (RUC-2) model data reveal
that training line/adjoining stratiform (TL/AS) systems typically form in a very moist, unstable environment
on the cool side of a preexisting slow-moving surface boundary. On the other hand, back-building/quasi-
stationary (BB) MCSs are more dependent on mesoscale and storm-scale processes, particularly lifting

provided by storm-generated cold pools, than on preexisting synoptic boundaries.

1. Introduction

Flash flooding, defined as flooding that occurs within
6 h of its causative rainfall, is responsible for more fa-
talities in the United States each year than any other
convective storm-related phenomenon, including tor-
nadoes, hurricanes, and lightning [the National Oce-
anic and Atmospheric Administration (NOAA 2004a)].
This flooding usually occurs when a large amount of
rain falls at a given location in a relatively short period
of time. For such extreme rainfall to occur, certain at-
mospheric ingredients must be in place, regardless of
location. Doswell et al. (1996, hereafter DBM96) note
that the total precipitation at any point is directly pro-
portional to the rate and duration of rainfall. The pre-
cipitation rate depends on the available moisture in the
air, vertical motion, and precipitation efficiency, while
the rainfall duration is related to the size and speed of
the system as well as within-storm variations in rainfall
intensity.

The synoptic and mesoscale atmospheric conditions
most often responsible for bringing these ingredients
together have been well documented in the literature.
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Maddox et al. (1979, hereafter MCH79) examined 151
flash flood events and determined that one of four pat-
terns described each event: synoptic, frontal, mesohigh,
or western. Glass et al. (1995), Junker et al. (1999), and
Moore et al. (2003) used composite analysis to further
elucidate the synoptic and mesoscale conditions associ-
ated with extreme precipitation, especially in Midwest
events resulting from mesoscale convective systems
(MCSs). These papers emphasized the importance of
strong low-level winds (often in the form of a low-level
jet) advecting warm, moist air into the region where the
heavy rain falls. In addition, they found that extreme
rainfall can be tied to the orientation of fronts and out-
flow boundaries, and that it often occurs in or near
regions of low-level positive equivalent potential tem-
perature (6,) advection and moisture convergence.
Large local rainfall totals often occur when deep con-
vective cells (which typically produce large rainfall
rates) are organized such that they move repeatedly
over a given area, a process commonly called “echo
training” (DBMY96; Davis 2001). When the motion of
the convective system is slow, the duration is increased
even further. Since MCSs are quite common in the cen-
tral part of the United States (e.g., Maddox 1980;
Fritsch et al. 1986; Carbone et al. 2002), but extreme
precipitation events are rare, it is obvious that the size,
organization, and motion characteristics of MCSs are
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F1G. 1. Schematic reflectivity drawing of idealized life cycles for
three linear MCS archetypes: (a) TS, (b) LS, and (c) PS. Approxi-
mate time intervals between phases: for TS 3—4 h; for LS 2-3 h; for
PS 2-3 h. Levels of shading roughly correspond to 20, 40, and 50
dBZ. From Parker and Johnson (2000).

the key factors that determine whether they produce
heavy rainfall.

DBMDY6 state that “virtually all flash floods are pro-
duced by MCSs,” at least in terms of characteristics that
can be observed by satellite. They also speculate that a
radar depiction of flash-flood-producing MCSs “would
probably show a linear organization in many cases.” It
is clear that MCSs are important producers of extreme
rainfall, though these particular assertions have not
been thoroughly tested in the literature.

In addition to MCSs, high-precipitation supercells
have been observed to produce flash floods (Moore et
al. 1995; Smith et al. 2001). Others have shown that
extreme precipitation can result from both strongly and
weakly forced synoptic systems (MCH?79; Heideman
and Fritsch 1988; Bradley and Smith 1994), from tropi-
cal storms and hurricanes (Davis 2001), and from ter-
rain-forced convection (Petersen et al. 1999; Pontrelli et
al. 1999).

Houze et al. (1990) found that linear MCSs are more
likely to produce flash flooding than nonlinear ones in
Oklahoma. Parker and Johnson (2000, 2004) identified
and described the governing dynamics of three modes
of linear MCSs that are common in the central plains—
those with trailing stratiform (TS) precipitation, those
with leading stratiform (LS), and those with parallel
stratiform (PS; Fig. 1). They found that LS MCSs typi-
cally move more slowly than the other modes, and thus
may be more conducive to extreme rainfall and flash
flooding.

In this study, a Weather Surveillance Radar-1988
Doppler (WSR-88D)-based analysis of a large sample
of extreme rain events over the eastern two-thirds of
the United States is undertaken to document the types
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of weather systems responsible for extreme precipita-
tion and determine their convective organization. De-
tailed climatological aspects of these events, such as
their monthly and diurnal distributions, have also been
analyzed and will be presented in a forthcoming paper.

In section 2, the data and methods used in the study
are presented. Rain gauge data from a 3-yr period are
then used to select extreme rain events across the
United States. Composite radar reflectivity data are
analyzed to observe the type of weather system respon-
sible for the extreme rainfall in each case. This analysis
shows that over 65% of the events are associated with
MCSs, and two patterns of convective organization are
most frequently observed. These patterns are described
in section 3, and the synoptic and mesoscale conditions
in which they typically occur are presented in section 4.

2. Data and methods

a. Selection of cases

Two sets of rain gauge data are readily available for
use in selecting appropriate cases: observations from
the National Weather Service (NWS) cooperative high-
resolution 24-h network, and the hourly precipitation
dataset (HPD). The benefit of the HPD for this type of
study is that it can resolve the characteristics of convec-
tive rainfall on short time scales. However, since it
would be advantageous to pinpoint a large number of
events and neglect as few as possible, the NWS dataset
will be used for case selection because it has far supe-
rior spatial resolution. To quantify the difference in
spatial resolution, in the month of May 2001 the NWS
network had 7923 active stations in the United States,
while the HPD had 2707. [See Brooks and Stensrud
(2000) for a climatology of heavy rain events using the
hourly observations.] The region of study will be the
part of the country east of the Rocky Mountains, ex-
cluding Florida. This region has generally good data
coverage and is presumably where most MCS-related
extreme rain events occur.

The objective in selecting cases for this study was to
find a sample of events large enough that conclusions or
generalizations about them may be meaningful, while
ensuring that the events are truly significant for their
location. To accomplish this, events were deemed “ex-
treme rain events” when one or more gauges reported
a 24-h rainfall total greater than the 50-yr recurrence
interval amount (Hershfield 1961) for that location
(Fig. 2). While these data may be outdated, at the time
of the submission of this manuscript they still represent
the current valid NWS data for rainfall frequency in the
area of study (NOAA 2004b). In addition, we have cho-
sen to use meteorological data for selecting cases and to
focus on the meteorological aspects of these events, with-
out regard for the hydrology of whether they caused flash
flooding.

This threshold was applied over a 3-yr period (1999-
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2001), and after eliminating bad rainfall data, it yielded
116 extreme rain events. Rainfall data were eliminated
when there were no radar echoes in the area during the
24-h reporting period, or when radar and rain gauge
data did not seem to match and no other documenta-
tion could be found to confirm that a large amount of
rain actually fell in that area. For the purpose of this
study, an “event” refers to a weather system that pro-
duces one or more rainfall observations over the given
threshold. This typically represents all or part of the
24-h period in which the rainfall was reported. How-
ever, a single event can include multiple 24-h periods if
the same weather system is responsible for the precipi-
tation (e.g., a tropical cyclone that produces heavy rain-
fall over several states in a 2- or 3-day period).

b. National composite radar reflectivity data

Each extreme rain event’s life cycle was observed
using composite radar reflectivity data from the WSI
Corporation NOWrad product. Data from the WSR-
88Ds are used to generate this dataset, which has pixel
resolution of 2 km X 2 km and temporal resolution of
15 min.

Each event was then classified as either an MCS, a
synoptic system, or a tropical system, based on the ra-
dar observations. Convective systems (those with re-
flectivity greater than 40 dBZ) with areal extents
greater than 100 km and with durations between 3 and
24 h were classified as MCSs, consistent with the crite-
ria of Orlanski (1975) and Parker and Johnson (2000).
Events characterized by the strong large-scale ascent

commonly associated with synoptic-scale features (i.e.,
extratropical cyclones) and/or lasting longer than 24 h
were classified as synoptic. Thus, long prefrontal squall
lines and other convective systems that persisted for
longer than 24 h were classified as synoptic systems
rather than MCSs, though mesoscale aspects (and
sometimes even individual MCSs) clearly played an im-
portant role in the heavy rainfall. The key distinction,
when classification was difficult, was between systems
that were clearly strongly forced on the synoptic scale
and those that were not. Events were classified as tropi-
cal if they were the direct result of a tropical cyclone or
its remnants. Synoptic and MCS events were then ar-
ranged into subclassifications based on their organiza-
tional structures and system evolutions, which will be
discussed in section 3. Additionally, the times of peak
rainfall at the location(s) reporting extreme rainfall to-
tals were noted, using the radar reflectivity and cross-
checking with hourly precipitation data where avail-
able.

¢. RUC analysis data

To determine the synoptic and mesoscale atmo-
spheric conditions in which the different types of ex-
treme-rain-producing storms occur, composite analysis
of 0-h Rapid Update Cycle Version 2 (RUC-2; Ben-
jamin et al. 2004) model analyses was used. For the
1999-2001 time period, hourly RUC-2 analyses with
horizontal grid spacing of 40 km are available. The
composite analysis was performed using a 31 X 31 grid-
point domain (approximately 1240 km X 1240 km) cen-
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TABLE 1. Weather systems responsible for extreme rain events
in the eastern two-thirds of the United States, excluding Florida.
Numbers in parentheses represent the percentage of all extreme
rain events associated with that storm type.

System Total
MCS 76 (65.5%)
Synoptic 31(26.7%)
Tropical 9(7.8%)
Total 116 (100%)

tered at the grid point nearest the location of highest
reported total rainfall. While most of the events that
will be described herein were oriented approximately
west—east, a few were oriented closer to north-south.
For these few events, the composite domain was ro-
tated 90° so that, for example, a north-south-oriented
front would appear as a west—east-oriented front when
averaged. The variables from the peak rainfall time (as
described above) were averaged to create the compos-
ite maps shown in section 4.

While many atmospheric variables are included in
the RUC-2 analyses, a few fields need to be calculated.
To calculate 6, on a constant pressure surface, the
method of Bolton (1980) was used. Standard finite-
difference methods were used to calculate the advec-
tion or divergence of certain variables. In the composite
analysis, advection and convergence fields were calcu-
lated for each case, and then averaged (rather than
calculated from the composite values of the wind and
other variables).

3. Extreme-rain-producing storm types

As explained in the previous section, national com-
posite radar data were used to classify each extreme
rain event as synoptic, MCS, or tropical. In this sample
of 116 extreme rain events, there were no cases that had
a time or length scale shorter than that of an MCS. This
analysis shows that over 65% of all extreme rain events
considered were associated with MCSs, and that just
over 25%were caused by synoptic weather systems
(Table 1). These results help support the speculation of
DBMY96 and others that most extreme rain events and
flash floods are caused by MCSs. Furthermore, several
patterns of storm structure and organization were ob-
served within these broad categories and will be dis-
cussed in greater detail below.

a. Tropical systems

While the overall percentage of tropical events was
relatively low, there were two events that led to the
most widespread and destructive flooding of the entire
sample: Hurricane Floyd (1999) along the east coast,
and Tropical Storm Allison (2001) in the Gulf Coast
states. So while there may be relatively few extreme
rain events associated with tropical cyclones, the poten-
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TABLE 2. Number of extreme rain events associated with the
subclassifications of synoptic systems and MCSs.

% of % of all
Synoptic systems Events synoptic events
Convective 28 90.3% 24.1%
Nonconvective 3 9.7% 2.6%
Total 31 100% 26.7%
% of % of all
MCSs Events MCSs events
Training Line/Adjoining 24 31.6% 20.7%
Strat. (TL/AS)
Backbuilding/Quasi- 15 19.7% 12.9%
stationary (BB)
Trailing Stratiform (TS) 13 17.1% 11.2%
Other MCS 12 15.8% 10.3%
Parallel Stratiform (PS) 7 9.2% 6.0%
Multiple MCSs 3 3.9% 2.6%
Leading Stratiform (LS) 2 2.6% 1.7%
Total 76 100% 65.5%

tial for damage and injury is much greater when they do
occur.

b. Synoptic systems

While a thorough investigation of the precipitation
features of extratropical cyclones and other synoptic
systems that produce extreme precipitation is beyond
the scope of this study, a description of some of the
basic structures of these systems (as observed by radar)
is warranted. Of the 31 extreme rain events classified as
“synoptic,” 28 (90%) were caused by deep convection
that had strong synoptic forcing and was organized on
the synoptic scale. These events often resulted in sev-
eral states (Table 2). Some of these events were caused
by long-lived, slow-moving squall lines, while others
were associated with the repeated passage of convec-
tive systems for more than 24 h. The remaining three
events were characterized not by widespread convec-
tion but by long-duration stratiform (i.e., radar reflec-
tivity <40-45 dBZ) rain. Embedded convective rainfall
sometimes contributed to the extreme rainfall totals in
these events, but the persistent stratiform precipitation
provided nearly all of the rainfall. Most of the convec-
tive synoptic events occurred in the warm sector of an
extratropical cyclone ahead of a synoptic-scale cold
front, while the nonconvective events occurred in the
cool sector north of the warm front or the “wrap
around” region to the north and west of the surface low
pressure center.

c¢. Extreme-rain-producing MCSs

As previously discussed, one of the main purposes of
this study is to determine how many extreme rain
events are caused by MCSs and what types of MCSs are
most often responsible for producing extreme rainfall.
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After observing the radar data for all of the extreme-
rain-producing MCSs, it was found that, as with all con-
vective systems, their structures and evolutions were
quite varied. However, several patterns of convective
organization repeatedly emerged, which are summa-
rized in Table 2.

When classifying the organizational structures of
these MCSs, the main concern was the character of the
system during the time period when it was producing the
extreme rainfall. It is well documented that MCSs often
transition between different modes of convective orga-
nization over the course of their lifetimes (e.g., Parker
and Johnson 2000), and while other MCS classification
studies have focused on the dominant organizational
mode of the MCS (or the longest-lasting pattern), this
study aims to determine the organization characteristics
that make certain MCSs capable of producing abnor-
mally large amounts of rain. If a system had a given
structure for 3 or 4 h during which the extreme rainfall
occurred, then persisted for 8 h more with a different
organization (without extreme rain production), its
structure would be classified as the former. Addition-
ally, the evolution of the system (as seen from animat-
ing the radar images) is key to classifying and under-
standing these systems. As discussed in the introduc-
tion, it is not only the organization but also the motion
of the system that determines whether a large amount
of rain will fall at a given location.

Before describing the most common patterns of con-
vective organization, some description can be made of
the extreme-rain-producing MCSs that fit previously
published MCS classification schemes. Many of the ex-
treme rain events were caused by linear MCSs with the
structures identified by Parker and Johnson (2000; Fig.
1), namely the TS, PS, and LS archetypes, which rep-
resented 17.1%, 9.2%, and 2.6%, respectively, of the
MCS population (Table 2). The extreme-rain-
producing TS MCSs usually had anomalous motion
characteristics (rather than the more common line-
perpendicular motion) that allowed them to produce
extreme rainfall totals. For instance, some had bowed
segments that allowed for periods where cell motion
was parallel to the convective line. Similarly, PS MCSs
are organized so that, given cell motion parallel to the
line, a “training” line of convection will develop (Fig.
1). A few (3.9% of the MCS cases) were the result of
multiple distinct systems (usually two) in the same 24-h
period, where neither MCS alone would have produced
enough rainfall to achieve the extreme rainfall thresh-
old, but the combination of them did. Several (15.8% of
the MCS cases) were associated with a convective sys-
tem that met the definition of an MCS but did not
conform to other MCS classifications in the literature.
These were deemed “other MCSs.” In these systems,
the echo training or other behavior leading to the ex-
treme rainfall often appeared to be fortuitous rather
than well organized.

The two most frequently observed patterns, however,
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F1G. 3. Schematic diagram of the radar-observed features of the
(a) TL/AS and (b) BB patterns of extreme-rain-producing MCSs.
Contours (and shading) represent approximate radar reflectivity
values of 20, 40, and 50 dBZ. In (a), the low-level and midlevel
shear arrows refer to the shear in the surface-to-925-hPa and 925-
500-hPa layers, respectively, as discussed in section 4. The dash—
dot line in (b) represents an outflow boundary; such boundaries
were observed in many of the BB MCS cases. The length scale at
the bottom is approximate and can vary substantially, especially
for BB systems, depending on the number of mature convective
cells present at a given time.

do not exactly fit any of the MCS archetypes appearing
in the literature. The patterns have been classified and
named in a manner consistent with the archetypes for
linear MCSs presented by Parker and Johnson (2000)
to minimize confusion over acronyms and abbrevia-
tions, and so that they can be compared and contrasted
with systems fitting those archetypes.

The first, which will be termed “training line, adjoin-
ing stratiform,” and abbreviated “TL/AS,” is a linear
MCS with cell motion approximately parallel to the
convective line (Fig. 3a). These accounted for 31.6% of
the MCS cases (Table 2). As the cells move in a line-
parallel direction, there is very little motion in the line-
perpendicular direction, which distinguishes them from
the TS and LS archetypes. This combination of motion
characteristics leads to prolonged heavy convective
rainfall at locations along the line of convective cells
(i.e., a training line). The convective elements within
the line are often slightly canted with respect to the
line-perpendicular direction, a characteristic that was
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F1G. 4. Approximate locations of highest rainfall totals for (a) TL/AS and (b) BB MCS extreme rain events analyzed in this study.

also observed in MCSs by Houze et al. (1990) and
Pettet and Johnson (2003) but has not been thoroughly
explained.

As these MCSs develop, an area of stratiform pre-
cipitation typically forms adjacent to the convective line
and moves in approximately the same direction as the
line. TL/AS MCSs almost always form on the cool side
of and approximately parallel to a slow-moving bound-
ary, such as a warm front, stationary front, or remnant
outflow boundary. The stratiform precipitation forms
farther toward the cool side of this boundary. The over-
all structure of these MCSs is influenced by the direc-
tions of the low- and midlevel wind shears, which are
typically at large angles to one another. This will be
discussed in greater detail in the next section. The ten-
dency for TL/AS systems to form in environments with
largely line-parallel midlevel shear further differenti-
ates them from the TS and LS archetypes, which Parker
and Johnson (2000, 2004) have shown to occur in situ-
ations with strong line-perpendicular shear.

The second most common extreme-rain-producing
MCS pattern is characterized by a line or cluster of
quasi-stationary or back-building convection and will
be abbreviated “BB” (Fig. 3b). BB MCSs, representing
20.0% of the MCS cases (Table 2), occur when convec-
tive cells repeatedly form upstream of their predeces-
sors and pass over a particular area, leading to large
local rainfall totals. Decaying cells move downstream
and are replaced by cells reaching their mature stage,
behavior that sometimes appears in radar data as an
unmoving area of high reflectivity. This slow system
motion can be explained by a “cancellation” or near-
cancellation of the cell motion and propagation vectors,
as described by Chappell (1986). BB MCSs tend to
cover a smaller area than their TL/AS counterparts, but
their potential for producing exceptionally high point
rainfall totals is greater. The rainfall characteristics of
each type will be discussed in a forthcoming paper on
the climatological characteristics of these systems.

In some cases, a region of stratiform precipitation
will develop downstream (similar to the PS archetype),

but in others there is very little stratiform rain. Some
BB systems form on the cool side of a preexisting
boundary, which is sometimes a front but more fre-
quently an outflow boundary left behind by previous
convection. Others appear (in the datasets used for this
study) to form without a discernible boundary nearby
and are maintained by their own storm-generated out-
flow boundaries/cold pools. The environmental condi-
tions associated with these MCSs will be discussed in
more detail in section 4. While some of the features
described above vary from case to case, the radar sig-
natures of persistent back-building or quasi-stationary
convection are common to all MCSs classified as “BB.”

Of course, not all of the MCSs classified as “TL/AS”
or “BB” (or as any other storm type, for that matter)
correspond perfectly to the conceptual models shown in
Fig. 3, and they sometimes take on different patterns
through their lifetimes. For instance, several of the TL/
AS MCSs transitioned into the TS mode after produc-
ing the locally heavy rain. When classifying leading-
line, trailing-stratiform MCSs, Houze et al. (1990)
noted whether each system was strongly, moderately,
weakly, or not classifiable into this archetype. While
these particular distinctions have not been made in the
classification of extreme-rain-producing MCSs in this
study, the reason for making such a distinction has not
been ignored. As mentioned above, the key factor in
making classification decisions was the structure of the
system at the time when the heavy rain was occurring.
If the organizational structure of an MCS at and around
this time did not closely resemble the TL/AS, BB, or
any of the other classifications, it was put into the
“other MCS” category.

The approximate locations of the TL/AS and BB ex-
treme rain events identified in this study are shown in
Fig. 4. These maps show that both TL/AS and BB
events were fairly well distributed throughout the cen-
tral part of the country (where MCSs in general are
more common), while events farther east were rare.
(Most extreme rain events in the eastern United States
were associated with synoptic or tropical systems.)
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FiG. 5. Composite radar reflectivity (dBZ) from the TL/AS
MCS extreme rain event at (a) 0230, (b) 0500, and (c) 0730 UTC
20 Jul 1999. Map boundary is the same for all panels. Position of
stationary front is shown in (a).
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FIG. 6. As in Fig. 5, except for (a) 0200, (b) 0430, and (c) 0700
UTC 1 Jun 2000. Reflectivity scale is the same as in Fig. 5.
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Back-building or quasi-stationary events were less
prevalent in the south than were TL/AS events in this
3-yr period.

Radar data from examples of three TL/AS MCSs are
shown in Figs. 5-7 . In each case, an area of convection
began to form that eventually organized into a quasi-
linear system with a region of stratiform precipitation
moving in approximately the same direction as the con-
vective cells, with the position of the line itself remain-
ing nearly stationary. The stations reporting extreme
rainfall totals were along the convective line and were
therefore in an area conducive to echo training.

The 19-20 July 1999 MCS formed to the north of a
stationary front that extended approximately from west
to east across Nebraska. A line of convection, oriented
parallel to the front, developed around 0200 UTC and
intensified through 0500 UTC (Fig. 5b). By 0500 UTC,
an area of stratiform precipitation had also formed to
the north and west of the convective line. The convec-
tive and stratiform precipitation continued to parallel
the front as it moved to the east-northeast, producing
“training” behavior in northeast Nebraska. This re-
sulted in up to 142 mm (5.58 in.) of rainfall and many
reports of flash flooding in that area. One interesting
aspect of this MCS, though unrelated to the extreme
rainfall, is the development of convection perpendicu-
lar to the existing convective line, as seen in Fig. Sc.
These bands developed briefly and then weakened
while the TL/AS structure continued to progress east-
northeastward. These structures are similar to those de-
scribed by Smull and Augustine (1993).

The 31 May-1 June 2000 system (Fig. 6) produced six
reports of extreme rainfall in Minnesota, Wisconsin,
and Iowa, with an unofficial report of 184 mm (7.25 in.)
in 3 h at Victory, Wisconsin. Flash floods that followed
the rainfall caused over $10 million in property damage,
and several counties in Minnesota and Wisconsin were
declared federal disaster areas. This MCS formed well
to the north of a surface stationary front, along a band
of strong low-level positive 6, advection (not shown).
Deep convection began to form around 0200 UTC (Fig.
6a) with two areas having the greatest development,
one in extreme northeast Iowa/southwest Wisconsin
and one farther west along the Minnesota/lowa border.
The cells moved to the east and more convection de-
veloped to fill in the line, setting up a training effect all
across this area. By 0700 UTC (Fig. 6¢), a large area of
stratiform rain was in place to the north of the line.
Around 1000 UTC (not shown), after most of the heavy
rain production was over, the eastern part of the MCS
took on a north-south orientation and moved quickly
to the east with a TS structure. This scenario was similar

«—

F1G. 7. As in Fig. 5, except for (a) 0400, (b) 0630, and (c) 0900
UTC 15 May 2001. Surface stationary front is to the west of the
map boundary for this case.
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to the concurrent downwind- and upwind-propagating
MCS examples shown by Corfidi (2003).

On 15 May 2001, a low pressure center was located in
western Minnesota, with a stationary front extending
southeast through western Wisconsin. The TL/AS MCS
that produced the extreme rainfall in this event oc-
curred in western Michigan, several hundred kilome-
ters ahead of the surface front. Surface temperatures in
Wisconsin and western Michigan were mainly in the
50°F range, indicating that the convection likely needed
to be elevated well above the sloping frontal surface to
release the instability required for the intense storms
that formed. Convection initiated along a line parallel
to the front and moved south-southeastward, training
across extreme western Michigan and producing up to
118 mm (4.65 in.) of rain in 24 h, which is nearly a
100-yr event for the area. Resultant flash flooding
caused well over $1 million in damage to property and
Crops.

Three BB MCSs are shown in Figs. 8-10 . In the 6-7
May 2000 case (Fig. 8), a small area of quasi-stationary
convection produced a remarkable amount of rain over
several counties just to the southwest of the St. Louis,
Missouri, metropolitan area. Three stations reported
24-h rainfall totals over the extreme rainfall threshold,
including the highest 24-h total of all nontropical events
in the entire population (309 mm, or 12.15 in., at Union,
Missouri). Nearly all of the creeks in the area flooded as
a result of the rainfall, and this flash flooding caused
two fatalities and over $100 million in property damage.
The convection developed upstream of weak precipita-
tion associated with a mesoscale convective vortex, and
remained quasi-stationary for almost 6 h. There were
no surface boundaries preceding the deep convection,
but a weak, slow-moving outflow boundary generated
by this system provided a focus for the continued de-
velopment. For a more complete analysis of the meso-
scale and storm-scale features of this event, see Glass et
al. (2001).

The 19-20 June 2001 BB event formed upstream of a
decaying convective system. At 1830 UTC (Fig. 9a), a
cluster of intense convection had developed behind this
earlier convection that had weakened. As the station-
ary front located across northeast Kansas began to
move southward as a cold front, new cells formed up-
stream along the previous system’s outflow boundary
(positioned based on surface observations), which fur-
ther strengthened the boundary and provided the focus
for continued development in this area. More cells
formed upstream and moved eastward, resulting in an
area of quasi-stationary convection for several hours.
One station reported 209 mm (8.25 in.) of rain from this
system, and there were unofficial reports of over 250
mm (9.8 in.).

While the 25-26 July 1999 system barely reached
MCS dimensions, it persisted for well over 3 h as a
back-building area of heavy rainfall. Isolated convec-
tion developed along a surface pressure trough in
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northwest Kansas around 2100 UTC 25 July (Fig. 10a)
and continued to intensify through 0000 UTC (Fig.
10c), with the entire system actually moving slightly
westward over this 3-h period. Eventually this particu-
lar convective cluster weakened and merged with other
storms in the area to form a larger but not especially
well organized MCS. The system caused flash flooding
in the small town of Quinter, Kansas, which reported a
24-h rainfall total of 176 mm (6.92 in.). Yet another
example of an extreme-rain-producing BB MCS can be
found in Chappell (1986, his Fig. 13.11).

4. Environmental conditions associated with
TL/AS and BB MCSs

One way to better understand the processes at work
in the extreme-rain-producing MCS patterns intro-
duced in section 3 is to observe the prevailing atmo-
spheric conditions before and during these events.
Here, data from observations and hourly RUC-2 model
analyses will be used to demonstrate the conditions as-
sociated with TL/AS and BB extreme rain events. The
analyses presented in this section will be compared with
the findings of past studies and will attempt to show, for
example, the conditions in which a TL/AS MCS is likely
to form.

Certainly, some aspects of the composite maps pre-
sented in this section should be approached with cau-
tion. The RUC-2 analyses, as with any model output,
are highly dependent on the quality of the data in-
gested, as well as of the model itself. (For a discussion
of the quality of RUC-2 analysis data compared with
observed data, see Thompson et al. 2003.) Since the
conditions have been averaged over many cases, the
fields will often be smoother than those observed for
any one case by itself. In the following discussion, ref-
erences to “surface” fields are in actuality the lowest
level represented in the model (2 m for temperature,
dewpoint, etc., and 10 m for winds.) Since the environ-
ments in which the more established MCS types (i.e.,
TS, LS, PS, etc.) are fairly well known, the discussion to
follow will focus on the two most common extreme-
rain-producing MCS types presented above, TL/AS
and BB.

a. Training line/adjoining stratiform MCSs

1) SURFACE

Many of the prevailing features at the surface during
TL/AS MCSs can be observed using standard surface
observations and the analyses performed by the Na-
tional Centers for Environmental Prediction (NCEP).
The NCEP analyses show that 17 out of 24 (over 70%)
of the extreme-rain-producing TL/AS MCSs in this
sample occurred during surface conditions consistent
with MCH79’s “frontal” pattern (Table 3). In other
words, they formed on the cool side of a synoptic-scale
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a) Radar reflectivity 07 May 2000 0300 UTC

b) Radar reflectivity 07 May 2000 0600 UTC

c) Radar reflectivity 07 May 2000 0900 UTC

FiG. 8. As in Fig. 5, except for BB MCS extreme rain event at
(a) 0300, (b) 0600, and (c) 0900 UTC 7 May 2000. Dash-dot lines
in (b) and (c) indicate position of outflow boundary.
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a) Radar reflectivity 19 June 2001 1830 UTC

b) Radar reflectivity

19 June 2001

19 June 2001 2230

F1G. 9. As in Fig. 5, except for BB MCS extreme rain event at
(a) 1830, (b) 2030, and (c) 2230 UTC 19 Jun 2001. The extreme
rainfall totals were associated with the area of quasi-stationary
convection in northeastern Kansas. Location of the front and out-
flow boundary (dash—dot line) is shown in (a)-(c).
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warm front or stationary front. Others formed on the
cool side of a long, preexisting outflow boundary, which
can be conducive to similar linear development. A few
TL/AS MCSs formed where no boundaries were ana-
lyzed on the NCEP charts.

Consistent with the observations, the RUC-2 com-
posite maps for the 24 TL/AS cases also show the pres-
ence of a boundary to the south of the extreme rainfall
location (Fig. 11). There is a tight north-to-south gra-
dient in 6,, as well as a shift from southerly winds south
of the extreme rainfall center to weak winds from the
east and southeast to the north of the center.

2) UPPER LEVELS

A north-to-south vertical cross section through the
extreme rainfall center shows higher-0, air being lifted
over the boundary, indicating that the convection in
TL/AS MCSs is typically elevated (Fig. 12). This com-
posite cross section is very similar to the schematic
shown by Moore et al. (2003, their Fig. 14) for heavy-
rain-producing, elevated MCSs. The region of high 6,
(and the associated convective instability illustrated by
the decrease in 6, with height) coincides with a maxi-
mum in low-level convergence. Corfidi (2003) suggests
that such regions where maxima in instability and con-
vergence coincide are the most favorable for new cell
development. There is also an upper-level divergence
maximum just to the north of the heavy rainfall center,
consistent with the northward shift of the precipitation
pattern. The values of relative humidity (RH; with re-
spect to water) are high throughout the troposphere,
which creates a favorable environment for heavy rain-
fall by inhibiting the entrainment of dry air into the
updrafts. The composite precipitable water (PW; not
shown) also shows a strong increase from approxi-
mately 35 mm to over 40 mm during the 12-h period
preceding the peak rainfall. Furthermore, the compos-
ite appears to reflect the convective/stratiform structure
of the TL/AS pattern, with the axis of highest RH “tilt-
ing” to the north with height.

The composite winds for TL/AS MCSs show veering
winds at low levels, and an approximately unidirec-
tional profile at mid- and upper levels (Fig. 13). While
the boundary near the surface clearly determines the
initial orientation of the convective line in TL/AS
MCSs, the wind shear associated with this profile influ-
ences their structure and evolution.

The midlevel (925-500-hPa) wind shear vector has a
large component parallel to the convective line (Fig.
14). This result may be related to the fact that TL/AS
MCS:s typically occur in regions of strong baroclinicity.

«—

Fi1G. 10. As in Fig. 5, except for BB MCS extreme rain event at
(a) 2100 UTC 25 Jul 1999, (b) 2230 UTC 25 Jul 1999, and (c) 0000
UTC 26 Jul 1999. Dashed lines denote a surface pressure trough.



972 MONTHLY WEATHER REVIEW VOLUME 133

TABLE 3. Boundaries associated with each extreme-rain-producing MCS type, as determined from NCEP surface analyses. The
distinction is made between events where there was a preexisting outflow boundary in the analyses, and those where an outflow
boundary was analyzed later, presumably as a result of the extreme-rain-producing convection. “TROF” represents systems that formed
along surface pressure troughs. Events with no boundaries in the NCEP analyses were classified as undetermined, though more detailed

analyses may show boundaries to be present in these cases.

Fronts Outflows
MCS type Stationary Warm Cold Preexisting Not preexisting TROF Undetermined
TL/AS 12 5 0 4 0 0 3
BB 3 1 0 3 4 1 3
TS 4 0 7 0 0 1 1
LS 1 0 0 0 0 1 0
PS 3 1 0 0 2 1 0
Total 23 7 7 7 6 4 7

Assuming approximate thermal wind balance, it could
be expected that the shear would be largely boundary
parallel (and subsequently line parallel). The direction
of both the low- and midlevel shear may also help to
explain the development of the adjoining stratiform re-
gion. While the shear above 925 hPa is approximately
parallel to the convective line, the shear from the sur-
face to 925 hPa (the approximate depth of the cool air
beneath the frontal surface, and where thermal wind
balance is not valid) has a large component perpendicu-
lar to the line (Fig. 14). In the theory of Rotunno et al.
(1988), this scenario would favor updrafts that lean
over the cold pool/frontal surface. Such leaning up-
drafts could contribute to the movement of hydromete-
ors aloft that end up as stratiform precipitation farther

MSLP, 2—m theta—e, 10—m winds

<

TL/AS, t=0

~ 7

wi
VY.V

FiG. 11. Composite of 2-m equivalent potential temperature
(thick contours every 4 K), 10-m winds, and mean sea level pres-
sure (thin contours every 4 hPa) for TL/AS MCS extreme rain
events at the peak rainfall time. Maximum wind vector is shown in
the lower right. For visual reference, the composite has been pro-
jected onto a map of the central United States, centered near
Kansas City, MO. The square at the center of the figure indicates
the approximate location of the highest rainfall report.

—
5ms!

to the cool side of the boundary. Fritsch and Forbes
(2001, their Fig. 9.18) showed a similar situation with a
low-level jet impinging on a front, where the horizontal
vorticity associated with the shear and the front are in
the same direction. Additionally, the line-parallel shear
at midlevels can also create an asymmetric region of
adjoining stratiform rain, similar to the MCSs described
by Hilgendorf and Johnson (1998). Such asymmetric
features are seen in Figs. 6 and 7. While the convection
itself in these systems certainly modifies its environ-
ment (which may or may not be reflected in the RUC-2
analyses), these results provide a starting point for ex-
plaining the organization of the convective and strati-
form regions of extreme-rain-producing TL/AS MCSs.

The vertical wind profile to the south of the rainfall
center (i.e., in the inflow region; Fig. 13b) shows a maxi-
mum in wind speed near 850 hPa, consistent with the
presence of a low-level jet (LLJ). This wind maximum
is also evident in the wind field to the south and west of
the center in Fig. 15. The important role that the LLJ

100

theta—e, divergence, RH — TL/AS
—————

200

250
300

500

700

850
925

South

F16. 12. Composite north—south vertical cross section of equiva-
lent potential temperature (K; thick lines), horizontal divergence
(shaded contours), and relative humidity (percent; with respect to
water; dashed lines) through the grid center. Composite is for
TL/AS MCS extreme rain events at the peak rainfall time. Diver-
gence contour interval is 1 X 107> s7'; scale is at right. Extreme
rainfall location is denoted by the black rectangle below the hori-
zontal axis.
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a) Grid center b) 160 km south of center
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Fi1G. 13. Composite wind profile at (a) the grid center and (b)
four grid points (~160 km) south of the center for TL/AS and BB
MCS extreme rain events at the peak rainfall time. Wind barbs are
plotted conventionally in kt. Recall that the grid has been rotated
for some cases, so 160 km south of the center may physically
represent a distance east or west of the center, but still reflects the
inflowing air.

plays in heavy rainfall events has been well documented
by past investigators. Another feature in the TL/AS
composites that is consistent with previous findings
(e.g., Glass et al. 1995; Junker et al. 1999) is a maximum
of 0, advection to the north and northeast of the heavy
rainfall location (Fig. 15).

b. BB MCSs

1) SURFACE

While it was shown that most TL/AS MCSs form on
the cool side of well-defined fronts or outflow bound-
aries, the surface patterns in which BB-type MCSs oc-

Convective line orientation vs. shear direction
—

60

300

240

180

120

Wind shear direction (degrees)
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© 925-500 hPa

0 1 1 1 1 1
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Orientation of convective line (degrees)

EENE RSN FEEEE FEEEE NN PR SRR

360

F1G. 14. Relationship between the convective line orientation
and the direction of the low- and midlevel wind shear for TL/AS
MCSs. Shear is calculated at the RUC-2 grid point nearest the
highest rainfall. A line or shear vector pointed from west to east
is shown with a direction of 270°. The lines y = x (i.e., shear
parallel to the convective line) and y = x — 90 (i.e., shear per-
pendicular to the convective line) are also shown for reference.
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F1G. 15. Composite of 850-hPa equivalent potential tempera-
ture (K; thick lines), equivalent potential temperature advection
(thin gray lines) 7, and winds (kt; conventional plotting) at the
peak rainfall time for TL/AS MCS extreme rain events. Advec-
tion contour interval is 0.5 K h™!, and values greater than 1.0 K
h™! are shaded. Map projection is the same as in Fig. 11.

cur are less clear (Table 3). These results show that BB
MCSs can occur in a variety of surface weather pat-
terns, including those without any well-defined fea-
tures. There are concerns with classifying events in this
manner, because the NCEP analyses often do not in-
clude mesoscale features such as subtle convergence
lines. For instance, NCEP did not analyze an outflow
boundary in any of the events shown in Figs. 8-10,
though they were evident in two of the cases upon
closer examination of surface data. Since there must be
some “trigger” that initiates the convection in these
cases, what Table 3 effectively illustrates is that the
initiation and maintenance of BB MCSs often occurs on
the mesoscale and storm scale. As such, the BB type of
extreme-rain-producing MCS is likely even less predict-
able than the TL/AS type.

The surface composite fields for the 15 BB MCSs are,
to first order, quite similar to those for the TL/AS MCS
extreme rain events (Fig. 16). The expanse of the wind
shift, however, is substantially smaller in the BB com-
posites. In the TL/AS composites, nearly the entire do-
main displays the shift from southerly to easterly winds
across the temperature gradient, while here the shift is
only apparent in the vicinity of the centerpoint. Simi-
larly, there is again a sharp gradient in 6,, but the tight-
est part of the gradient only exists near the centerpoint,
while it occurs over a larger west-to-east area in the
TL/AS composites. These characteristics in the thermal
and wind fields near the surface suggest that any
boundaries that help to focus the convection in BB
events may be smaller-scale features (i.e., outflow
boundaries) than those associated with TL/AS MCSs.
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FiG. 16. As in Fig. 11, except for BB MCS extreme rain events.

As shown above, such outflow boundaries were appar-
ent in surface observations (and in the RUC data) for
the several of the individual cases, but they do not ap-
pear especially clearly in the composites.

2) UPPER LEVELS

The north-to-south vertical cross section (Fig. 17a) is
also similar to the TL/AS cross section, showing a re-
gion of high-6, air being lifted over a sloping boundary
near the surface. A cross section taken from west to
east (Fig. 17b) shows that the maximum low-level con-
vergence is located to the west of the grid center. This
is consistent with the upstream convective development
that these systems typically exhibit. Rather than being
displaced to the north of the maximum rainfall, the
upper-level divergence maximum is directly above the
center point in the BB composite. If much of the RUC-
2’s upper-level divergence is a result of convective out-
flow, this suggests that the updrafts in BB MCSs may be
more upright, instead of tilting to the north over the
front/cold pool as TL/AS systems do. Furthermore, the
axis of highest RH does not “tilt” to the north as it did
in the TL/AS; instead, the east-west cross section re-
veals that it tilts to the east, consistent with the area of
stratiform precipitation that is often observed down-
stream of the convection. Values of PW for BB MCSs
are somewhat higher than for TL/AS systems, averag-
ing over 45 mm near the center point and also showing
a strong increase in the hours preceding the MCS (not
shown).

The composite wind fields for BB events are also
very similar to those for TL/AS MCSs, with slightly
weaker upper-level winds (Fig. 13). There does not ap-
pear to be a strong relationship between the direction
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a) theta—e, divergence, RH — BB (south—north)

b) theta—e, divergence, RH — BB (west—east)
100 = - : : oy

East

FiG. 17. As in Fig. 12, except for BB MCS extreme rain events:
(a) north-south cross section and (b) west—east cross section
through the composite grid center.

of the wind shear and the orientation of the convection
for these systems, most likely because BB MCSs are
typically small in size and because they do not form
along strong fronts as often as TL/AS MCSs. There is
once again strong positive 6, advection associated with
a low-level jet, though the maximum is at a slightly
lower level (not shown).

c. Synthesis

The information presented above shows that the en-
vironments in which TL/AS and BB MCSs typically
develop are generally quite similar. The key differences
appear to be in the low-level features that are present
for each type of system. Extreme-rain-producing TL/
AS MCSs are most likely to form on the cool side of a
well-defined, synoptic-to-meso-a-scale boundary,
which is usually a front. The cells within the convective
line that develops do not necessarily move slowly, but a
“training” process sets up, whereby deep convective
cells repeatedly pass over the areas along the line.
Back-building or quasi-stationary systems, on the other
hand, are less dependent on preexisting large-scale
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boundaries. They often initiate along mesoscale bound-
aries (preexisting outflow boundaries, pressure troughs,
etc.) and then appear to be maintained by storm-
generated outflows, resulting in areas of back-building
or quasi-stationary convection. This behavior is well
illustrated by DBM96 (their Fig. 7).

As mentioned above and shown in Table 3, the con-
ditions conducive to heavy rainfall that have been dis-
covered in the past (and confirmed in this study) are
capable of producing a variety of MCS types. However,
perhaps one conclusion that can be reached from this
work is that when an MCS takes on the TL/AS or BB
organizational pattern (and maintains it for several
hours), it may be somewhat more likely to produce
extreme rainfall amounts than another MCS forming in
the same conditions. This type of information may be
helpful from an operational standpoint as well, as a
forecaster could be on alert for these patterns of orga-
nization, while keeping in mind that heavy rain can
come from many different types of storms.

5. Conclusions

Using rain gauge observations from the part of the
United States east of the Rocky Mountains (excluding
Florida) in 1999-2001, it was found that 116 events ex-
ceeded the 50-yr recurrence interval amount for 24-h
precipitation accumulation. National composite radar
reflectivity data were used to make a quantitative de-
termination about what types of weather systems are
most often responsible for producing the extreme rain-
fall totals in such events. The radar analysis showed that
over 65% of all extreme rain events were associated
with MCSs, and 27% resulted from synoptic weather
systems. Since this analysis showed that MCSs produce
many of the extreme rainfall events in the area of study,
the radar data from each MCS event were analyzed
further to determine the most common modes of con-
vective organization.

Not surprisingly, there was great variability in the
radar-indicated structures of extreme-rain-producing
MCSs. Many of these systems corresponded to previ-
ously established patterns for MCS organization, and
many others were not organized into discernible pat-
terns. However, two previously unidentified patterns of
convective organization were observed most fre-
quently. The first is a convective line, often oriented
east-west, with “training” convective elements (TL/AS;
Fig. 3a). This MCS type also has a region of adjoining
stratiform rain that is displaced to the north of the line.
The second pattern is a back-building or quasi-
stationary area of convection that produces a region of
stratiform rain downstream (BB; Fig. 3b).

Surface observations and composite analysis of
RUC-2 model analyses were then utilized to determine
the atmospheric conditions in which TL/AS and BB
MCSs typically form and to compare these results to
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previous findings on the environments of extreme pre-
cipitation systems. The composite analysis showed that
extreme-rain-producing TL/AS MCSs usually form in
conditions described by the “frontal” flash flood type of
Maddox et al. (1979) and others. In this pattern, the
convective line forms on the cool side of and parallel to
a preexisting slow-moving synoptic boundary. The con-
vective line is also oriented approximately parallel to
the midlevel shear vector, which is consistent (from a
thermal wind perspective) with the temperature gradi-
ent across the front. The conditions in place for BB
MCSs were similar, but not as well defined, and they
show that these systems are more dependent on meso-
scale and storm-scale processes and forcings (such as
outflow boundaries) than on larger-scale features.

Several ideas for future work are suggested by these
results. In addition to the climatological characteristics
of extreme rain events that will be presented in a forth-
coming paper, more detailed observations of extreme-
rain-producing MCSs would lead to a better under-
standing of how they operate. Higher-resolution radar
data, dual-Doppler techniques, and observations of
flash floods from various field campaigns would be ben-
eficial, as would numerical simulations of these systems.
Finally, while the composite analysis utilized herein is
helpful for determining the environments in which ex-
treme-rain-producing MCSs develop, the question of
how often such conditions exist without MCS (or ex-
treme-rain-producing MCS) formation remains unan-
swered.
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