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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.

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 (�e) 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” (DBM96; 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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the key factors that determine whether they produce
heavy rainfall.

DBM96 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 (MCH79; 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

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–

FIG. 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).
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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 � 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.

c. 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 � 31 grid-
point domain (approximately 1240 km � 1240 km) cen-

FIG. 2. Fifty-year frequency for 24-h rainfall (in.) in the United States. Adapted from
Hershfield (1961); figure courtesy of the Natural Resources Conservation Service of the U.S.
Department of Agriculture.
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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 �e 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
DBM96 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-

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.

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%)

TABLE 2. Number of extreme rain events associated with the
subclassifications of synoptic systems and MCSs.

Synoptic systems Events
% of

synoptic
% of all
events

Convective 28 90.3% 24.1%
Nonconvective 3 9.7% 2.6%

Total 31 100% 26.7%

MCSs Events
% of
MCSs

% of all
events

Training Line/Adjoining
Strat. (TL/AS)

24 31.6% 20.7%

Backbuilding/Quasi-
stationary (BB)

15 19.7% 12.9%

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%
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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,

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

FIG. 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.
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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.)

FIG. 4. Approximate locations of highest rainfall totals for (a) TL/AS and (b) BB MCS extreme rain events analyzed in this study.
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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).

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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