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ABSTRACT
This study identifies the common large-scale environments associated with the development of derechoproducing convective systems (DCSs) from a large number of events. Patterns are identified using statistical
clustering of the 500-mb geopotential heights as guidance. The majority of the events (72%) fall into three main
patterns that include a well-defined upstream trough (40%), a ridge (20%), and a zonal, low-amplitude flow
(12%), which is identified as an additional warm-season pattern. Consequently, the environmental large-scale
patterns idealized in past studies only depict a portion of the full spectrum of the possibilities associated with
the development of DCSs.
In addition, statistics of derecho proximity-sounding parameters are presented relative to the derecho life cycle
as well as relative to the forcing for upward motion. It is found that the environments ahead of maturing derechos
tend to moisten at low levels while remaining relatively dry aloft. In addition, derechos tend to decay as they
move into environments with less instability and smaller deep-layer shear. Low-level shear (instability) is found
to be significantly higher (lower) for the more strongly forced events, while the low-level storm-relative inflow
tends to be much deeper for the more weakly forced events. Furthermore, discrepancies are found in both lowlevel and deep-tropospheric shear parameters between observations and the shear profiles considered favorable
for strong, long-lived convective systems in idealized simulations. This study highlights the need to examine
DCS simulations within more realistic environments to help reconcile these disparities in observations and
idealized models and to provide improved information to forecasters.

1. Introduction
A derecho-producing convective system (DCS) is a
type of mesoscale convective system (MCS; Zipser
1982) that produces large swaths of severe ‘‘straightline’’ winds at the earth’s surface. Straight-line winds
attributed to convection are typically grouped into those
generated by ‘‘mesohighs’’ (Johnson and Hamilton
1988), ‘‘gust fronts’’ (Goff 1976; Wakimoto 1982), or
‘‘downbursts’’ (Fujita and Wakimoto 1981). Much of
the damage owing to nontornadic convective winds has
been attributed to derechos (Wakimoto 2001). Although
derechos appear to occur most frequently during the
summer months across the midwestern United States,
they have been observed during all months of the year
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and in most locales east of the Rocky Mountains (Johns
and Hirt 1987; Bentley and Mote 1998).
Johns and Hirt (1987; JH87 hereafter) define a derecho1 as a family of downburst clusters (Fujita and
Wakimoto 1981) across an area whose major axis is at
least 400 km (see JH87 for a more complete definition).
Many types of extratropical MCSs (Maddox 1980; Zipser 1982; Parker and Johnson 2000) can produce derechos. Through a study of 70 warm-season (May–August) cases, JH87 show that the downbursts and strong
surface winds are usually associated with ‘‘line echo
wave patterns’’ (Nolan 1959) and/or ‘‘bow echoes’’ (Fujita 1978) in the leading convection. Bow echoes are
often observed on a variety of length scales within a
1
The term derecho (pronounced day-ray’-cho) was originally defined by Hinrichs (1888) with the intent of distinguishing wind damage produced by ordinary thunderstorm winds from those produced
by tornadoes.
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DCS (10–300 km) and can be present simultaneously
during a single event (JH87; Johns and Doswell 1992;
Przybylinski 1995; Weisman 2001). MCSs that contain
a small number (one–three) of bow echoes oriented at
a large angle to the mean wind direction produce progressive derechos, as defined by JH87. More elongated
squall lines, sometimes with several individual bowshaped convective elements that move rapidly along the
line generally in the direction of the mean wind, produce
serial derechos (JH87). Additionally, smaller-scale cyclonic vorticies are often embedded within the main
system that may not be associated with identifiable bowecho circulations. In some cases, these vorticies are directly associated with the most severe wind damage
(Schmidt and Cotton 1989; Spoden et al. 1998; Funk et
al. 1999; Martinelli et al. 2000; Miller and Johns 2000).
Much of our current knowledge on DCS environments stems from the study of JH87, whose work was
restricted to warm-season (and mostly progressive) derechos. West to northwesterly midlevel flow usually
overlays a low-level quasi-stationary thermal boundary
that is either tied to synoptic flows or to cold outflows
from prior convection. The DCSs that occur with relatively weak short-wave troughs generally move at a
small angle to this boundary from the cold side to the
warm side. The strong trough cases tend to initiate north
of a quasi-stationary boundary then develop southward
along or just ahead of a traveling cold front. In either
case, significant low-level warm advection is usually
present near the initiation of convection. Large amounts
of conditional and convective instability, related to abnormally moist low levels and relatively dry midlevels,
are also found along the derecho track.
Depictions of the large-scale flow patterns associated
with DCSs are mostly limited to the severe, long-track
variety [Johns et al. (1990) examine 14 such cases].
Upon a synthesis with the results of JH87, this depiction
is idealized into a ‘‘warm season’’ progressive pattern
by Johns (1993) (Fig. 1a). Johns (1993) also idealizes
a ‘‘dynamic’’ pattern that is thought to occur primarily
in association with serial derechos (Fig. 1b). In general,
the dynamic pattern consists of a strong, migrating low
pressure system and is similar to the more ‘‘classic’’
pattern associated with general severe weather outbreaks, in which tornadoes and severe wind outbreaks
often occur simultaneously (JH87; Johns and Doswell
1992).
Evans and Doswell (2001) extend the work on derecho environments by examining proximity soundings
from 67 DCSs from all times of the year. This work
illustrates that derechos occur under a wide range of
environmental low-level shear and instability conditions. In addition, they suggest that the strength of the
mean flow, and its effect of the motion of MCSs, enhance the potential for sustained severe wind gusts.
They also recognize many cases that display features of
both the warm-season and dynamic patterns, which sug-
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FIG. 1. (a) Idealized sketch of a midlatitude warm-season synopticscale pattern favorable for the development of especially severe and
long-lived progressive derechos. The line B–M–E represents the track
of the derecho. (b) As in (a) except for situations favorable for the
development of squall lines with extensive bow-echo-induced damaging winds (serial derechos). The thin lines denote sea level isobars
in the vicinity of a quasi-stationary frontal boundary. Broad arrows
represent the low-level jet stream (LJ), the polar jet (PJ), and the
subtropical jet (SJ) (after Johns 1993).

gests that derechos could be classified into additional
patterns based on characteristics of these ‘‘hybrids.’’
While the above-mentioned studies reveal many aspects of DCS environments, there has yet to be a comprehensive study documenting the spectrum of largescale environmental flow patterns associated with DCSs.
Therefore, the first goal of this study is to examine this
spectrum and to identify, if any, the preferred largescale patterns from a large dataset of DCS events from
all times of the year. Emphasis is placed on more clearly
defining and expanding upon the dynamic and warmseason patterns identified in the past literature, primarily
for the benefit of those who may use pattern recognition
as a part of the forecasting process.

Unauthenticated | Downloaded 01/09/23 06:11 AM UTC

322

WEATHER AND FORECASTING

VOLUME 19

The second goal of this study is to examine DCS
environments with the use of proximity soundings for
the benefit of ingredients-based forecasting techniques.
Section 2 describes the derecho dataset. Section 3 outlines the method used to examine the environmental
flow patterns and presents the results. In section 4, the
selection of proximity soundings is given and an analysis of the convective available potential energy
(CAPE), vertical shear, and moisture profiles is presented. A comparison of these results to past idealized
numerical simulations is presented at the end of section
4. The results are summarized in section 5.
2. Derecho dataset
Storm Data, provided by the National Climatic Data
Center (NCDC), and the convective wind database complied by the Storm Prediction Center (SPC) are examined for the years of 1980–2001 to identify derecho
events. A convectively induced windstorm is considered
a derecho if 1) successive severe wind gust ($26 m
s 21 ) or wind damage reports exhibit a major axis $400
km in length, 2) the wind reports show a near-continuous
progression in a single or series of swaths with no more
than 2.5 h or 200 km between successive concentrations
of wind reports, and 3) the parent convection is organized into an extratropical system of convective cells
and exhibits a distinct linear or bowed radar reflectivity
structure.
Like Bentley and Mote (1998), this study does not
require the occurrence of at least three reports of wind
gusts $33 m s 21 (or wind damage reports rated F1 or
greater on the Fujita scale) along the derecho path, as
used in JH87. Therefore, this study includes systems
that are somewhat more benign than those defined as
derechos by JH87. Bentley and Mote (1998) removed
this restriction, in part, because of the potential to unnecessarily overlook long-lived severe-wind-producing
MCSs (Bentley and Mote 2000). Furthermore, JH87
only consider wind reports during the bow-echo stages
of the DCS. In this study, wind reports that occur during
the developing or decaying stages of the DCSs are considered part of the derecho paths so that bow echoes
and squall lines with shorter lifetimes than those considered in JH87 are included.
Unlike Bentley and Mote (1998), this study retains
the requirement from JH87 to examine radar reflectivity
structures. This helps to preserve the original intent of
JH87 to discriminate windstorms produced by an organized MCS from those produced by more isolated
cells (Johns and Evans 2000). The available Weather
Surveillance Radar-1988 Doppler (WSR-88D) level II
reflectivity data, the WSR-88D mosaic reflectivity images at 2- or 4-km resolution (obtained from SPC and
NCDC), or the archived hourly radar summary charts
produced by the National Centers for Environmental
Prediction (NCEP) are used to examine this criterion.
The time and location of the first severe wind report

FIG. 2. The relative frequency distribution of the month of
occurrence for the 270 derecho events.

associated with the convection that becomes the DCS
defines the origin of each event. Similarly, the time and
location of the last severe wind report or wind damage
report associated with the main wind damage path defines the termination of each event. The derecho major
axis is obtained by connecting the position of the first
and last wind reports through the center of the swath
of wind reports. For the cases that have multiple swaths
produced by distinct features along the main squall line
or MCS (mostly serial derechos), the longest path defines the major axis of the derecho. In most cases, the
longest swath is the only swath that satisfies the major
axis length criteria given above.
The above procedure identifies 270 derecho events.
The monthly frequency distribution confirms that derechos occur year-round, but are primarily a warmseason phenomenon (70% of the cases occur in the
months of May–August; Fig. 2). The geographical distribution for all months of the year includes two activity corridors that are separately identified by JH87
and Bentley and Mote (1998). These corridors stretch
from the upper Midwest to the Ohio valley and from
the southern Great Plains to the lower Mississippi valley2 (Fig. 3a). Two maximum frequency axes also exist
for the May–June derecho distribution across the
southern plains and across the Midwest (Fig. 3b). The
primary axis shifts to the northern plains and the upper
Midwest in July and August (Fig. 3c). The distribution
for the remaining months (September–April) shows a
shift of the primary axis to the south and east across
the Gulf coast states (Fig. 3d) and a secondary axis
from the western Ohio valley through eastern Pennsylvania (Fig. 3d).
2
This distribution should not be interpreted as a formal climatology
because of the limitations of using Storm Data (Johns and Evans
2000) and the difficulty in identifying events near the U.S. border or
near ‘‘peninsular’’ areas (New England and Florida). Instead, the
primary purpose of Figs. 2 and 3 is to show that this dataset represents
derecho events from all months of the year and most locales east of
the Rocky Mountains.

Unauthenticated | Downloaded 01/09/23 06:11 AM UTC

APRIL 2004

CONIGLIO ET AL.

323

2001). The time of the analysis that is closest to the
time of the first wind report is used to represent each
case.
Since there is a wide range of durations observed
among the events (5–30 h), the environments relative
to the life cycle of each event are preserved by defining
a normalized observation time, t (if the derecho begins
at 0600 UTC and terminates at 1800 UTC, then t 5 0.5
for the 1200 UTC analysis). The value of t must be
estimated for the cases in which the derecho appears to
begin (or end) over Canada or over oceanic waters. The
dataset is further restricted to include only those cases
with | t | # 0.25. This restriction removes some of the
shorter-lived events from the dataset but ensures that
environments associated with the initiation and early
mature stages of the DCSs are examined. This procedure
identifies 225 cases for further analysis.
a. Analysis method

FIG. 3. The total number of derechos in 200 km 3 200 km squares
for (a) all 270 events, (b) the 114 events during the months of May
and Jun, (c) the 73 events during the months of Jul and Aug, and (d)
the 83 events during the months of Sep–Apr. Contours are drawn
every four events in (a) and every three events in (b)–(d).

3. Large-scale analyses
The goal of identifying typical large-scale flow patterns will be met through the examination of constant
pressure analyses that represent the environment during
the development of DCSs. This study uses the four times
daily analyses (valid at 0000, 0600, 1200, and 1800
UTC) from the NCEP–National Center for Atmospheric
Research (NCAR) reanalysis dataset (Kistler et al.

The first goal of this study is to determine if there
are preferred large-scale flow patterns associated with
the development of DCSs and, if so, the structure of the
patterns. In this study, the patterns are first defined by
the subjective recognition of the primary synoptic-scale
feature that influences each DCS. To supplement the
subjective approach, a method based on cluster analysis
to the 500-mb geopotential height field (f) is used as
guidance. The basic benefit of using a semiobjective
technique, such as cluster analysis, is to provide an element of objectivity to determining a meaningful stratification of the data that might otherwise be overlooked
in an entirely subjective technique, especially when
dealing with a large dataset (Wilks 1995).
In this application, gridpoint values of 500-mb geopotential heights (f) from the representative analysis
are interpolated to a Cartesian grid with its origin located
at the intersection between the DCS leading edge (or
initial convective cluster) and the derecho major axis.
Each grid has 27 points in the east–west direction and
25 points in the north–south direction (675 total) spaced
100 km apart. An n 3 p data matrix, X, is formed with
the 225 cases as the n columns and the 675 gridpoint
values of f as the p rows.
Past DCS literature emphasizes the subjective recognition of flow patterns in terms of the shape and orientation of the geopotential heights (JH87; Bentley et
al. 2000; Evans and Doswell 2001). A reasonable choice
to quantitatively relate the 225 cases in this manner is
the Pearson correlation coefficient (Gong and Richman
1995). Application of this measure to X results in an n
3 n symmetric matrix composed of the correlation coefficient among all of the columns of X.
Various hierarchical agglomerative clustering algorithms are then used to define groupings (clusters) of
the cases based on X. This study uses several algorithms
that are frequently applied to geophysical data (Gong
and Richman 1995), including three variations of the
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‘‘average linkage’’ technique and the ‘‘minimum variance’’ method (Ward’s method) (DeGaetano 1996).
There are many objective rules that can help the user
in determining the number of clusters (see DeGaetano
1996). Despite that, none is accepted as follproof or
superior under a range of applications; hence, some subjectivity is required. In this study, the algorithm is
stopped before it combines clusters that have clear distinctions based upon a visual inspection of the associated members. This is justified since the field of f and
its spatial variability tends to be smooth, and thus, it is
unlikely that any true number of clusters exists (DeGaetano 1996). Accordingly, there are a number of potentially meaningful solutions that depend on the level
of detail desired in the solution (Fovell and Fovell
1993).
Among the set of analyses, clustering is first performed using the correlation measure to help identify
the distinct patterns. This measure removes the mean
and variance of each case, which allows cases from
different seasons to be classified into the same pattern.
Hence, the composite maps based on this output represent significantly smoothed patterns with an unnecessarily large variance among the members of each composite. In order to improve the illustration of the patterns
through composite maps, it is desirable to find analyses
that are similar in terms of both their mean and variance.
In order to reduce the variance, and thus to create a
more meaningful composite, clustering using the Euclidean distance measure is then applied to the analyses
in each pattern. Euclidean distance is frequently used
as a dissimilarity measure (Gong and Richman 1995),
which results in an n 3 n symmetric matrix composed
of the root of the sum of squared differences among all
of the columns of X. This helps to better identify the
cases with similar grid-averaged f and variance across
the grid, which are then separated into clusters within
each pattern. In this application, this two-tiered approach ultimately improves the ability to visualize the
patterns, and the variability within them, over what is
possible from a single stratification of the dataset.
b. Analysis results
Results suggest that a wide spectrum of flow patterns
is associated with the development and early evolution
of DCSs. However, the majority of the events (72%)
fall into three main patterns that include a well-defined
upstream trough (40%), a ridge (20%), and a zonal, lowamplitude flow (12%). Each pattern is visualized
through the composite maps generated from averaging
the analyses within the clusters (Figs. 6–8). The remaining cases (28%) exhibit either large-scale hybrid
patterns that are combinations of the three main patterns
or unclassifiable patterns. The section below focuses on
the characteristics of the three main patterns.

VOLUME 19

FIG. 4. The total number of derechos in 200 km 3 200 km squares
for (a) the 91 cases in the upstream-trough pattern, (b) the 46 cases
in the ridge pattern, and (c) the 28 cases in the zonal pattern. Contours
are drawn every three events in (a), every two events in (b), and
every one event in (c).

1) UPSTREAM-TROUGH

PATTERN

The upstream-trough pattern is formed from 91 cases
(40.4%) that have a well-defined mobile upstream
trough as the primary influence on the development of
the DCS. The mean midlevel differential vorticity advection (estimated from the reanalysis data) is found to
be 4–6 times larger for the upstream-trough events than
for the ridge and zonal-flow events. Accordingly, these
events best match Johns’s (1993) strong-forcing/dynamic pattern and mostly exhibit characteristics of serial
derechos. The upstream-trough events occur most frequently along the Gulf coast states, with a secondary
activity corridor from the mid-Mississippi valley region
through the lower Ohio valley (Fig. 4a). The upstreamtrough events occur throughout the year (Fig. 5), with
the majority of the events residing in the colder months.
Notice that while many events occur in May, many of
these events occur in the first half of May under ‘‘cold
season’’–like conditions. This shows that while the dy-
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FIG. 5. The relative frequency distributions of the derecho month of
occurrence among the upstream-trough, ridge, and zonal patterns.

namic pattern (and the serial derecho) is not rare during
the warm season (20% occur in June–August), it is typically a cold-season pattern.
Four main clusters are identified that include 70 out
of the 91 events (77%) from the upstream-trough pattern. The first upstream-trough cluster illustrates a very
high-amplitude trough west of the DCS location (cluster
1 in Fig. 6a). Clusters 2 and 3 in Fig. 6a illustrate two
additional upstream-trough clusters that are distinguished by progressively higher mean heights, a lessening of the mean trough amplitude, and a decrease in
the 500-mb wind speed. These two clusters illustrate
the most common type of upstream-trough event (see
Duke and Rogash 1992; Funk et al. 1999 for examples).
The remaining cluster is formed from seven warm-season upstream-trough events, with a seasonally strong,
positively tilted trough propagating through a mean
westerly flow. Notice that within each cluster, the mean
500-mb winds are strongest near the DCS location, indicating that the DCS often develops in the vicinity of
a midlevel jet propagating around the base of the trough.
A southerly wind maximum is found ahead of a largescale thermal boundary at 850 mb in the upstreamtrough pattern (Fig. 6b). Low-level cyclogenesis is well
under way in many of the colder-season events (mostly
clusters 1 and 2), as the warm advection is maximized
to the north and east of the DCS location. A well-defined
850-mb moisture axis lies along the axis of maximum
wind ahead of the thermal boundary, which suggests
that large-scale moisture transport occurs for many
hours prior to the development of these cases. In addition, the mean low-level jet axis is oriented at a relatively small angle to the mean mid- and upper-level
jet, which is characteristic of a pattern that may differentiate derecho occurrences from tornado outbreaks
(Johns 1993). A thermal ridge becomes more evident
to the southwest of the DCS location as the mean trough
decreases in amplitude. This is especially apparent in
cluster 4 in which the thermal boundary appears to now
be oriented from west-northwest to east-southeast, with

the maximum of warm advection returning to the location of DCS development. Cluster 4 shows a moisture
axis extending from the south, as in clusters 1–3, but
also shows a secondary axis extending east along the
thermal boundary.
The left-exit region of a strong upper-level jet, and
the associated divergence, are often located near the
DCS location in cluster 1 (Fig. 6c). This also is found
for cluster 2, with a broad region of upper-level divergence near the DCS location that can be associated with
either the polar jet or the subtropical jet. Combined with
the strong south-southwesterly flow and the mean frontal position at 850 mb (Fig. 6), this provides a favorable
environment for the coupling of upper-level and lowerlevel jets, which has long been identified as a contributor
to severe weather outbreaks (Uccellini and Johnson
1979). The increasing influence of the polar jet is seen
for cluster 3 as the mean jet has shifted to the northeast,
although the subtropical jet is still present in a few of
these cases. The 250-mb jet is considerably weaker for
the cases in cluster 4 and does not show a preferred
location, although the mean pattern still displays a broad
region of divergence just upstream of the DCS development region.
2) RIDGE

PATTERN

The ridge pattern is formed from 46 events (20.4%)
that are influenced by the anticyclonic flow around a
ridge at 500 mb. These cases best match Johns’s (1993)
warm-season pattern and all exhibit characteristics of
progressive derechos. The ridge pattern events occur in
three distinguishable regions: one stretching northwest
to southeast across the southern Great Plains, one
stretching west-northwest to east-southeast from Iowa
to Kentucky, and another stretching west to east from
the northern plains to the western Great Lakes region
(Fig. 4b). The 46 ridge events all occur during the warm
season (Fig. 5).
Three main clusters are identified in the ridge pattern
that include 31 out of the 46 cases (67%). The first
cluster contains nine events that develop upstream of
the ridge axis. The mean pattern displays a short-wave
trough in the process of breaking down the northern
extent of the strong ridge. This produces a mean 20–
25 m s 21 500-mb jet just to the north of the DCS location
(Fig. 7a). All of the cases in this cluster develop in the
northern plains region (not shown) and are long-lived
events. An example is the particularly destructive derecho event on 4–5 July 1999 that developed in South
Dakota and decayed many hours later off the coast of
Maine (Miller and Johns 2000). The second cluster identifies 10 events that develop near the axis of a flat ridge
with a weakly confluent zonal flow to the north (cluster
2 in Fig. 7a) (see Evans and Corfidi 2000 for an example). The mean 500-mb wind speed is weakest for
this cluster, with values of 15–18 m s 21 near the location
of DCS development. The third cluster identifies 12
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FIG. 6. (a) The mean 500-mb geopotential height ( f, contours every 60 m) and wind (flag, 25 m s 21 ; full barb, 5 m s 21 ) for four clusters
within the upstream-trough pattern. (b) As in (a) except for the 850-mb temperature (T, solid contours every 2 K) and specific humidity (q,
dashed contours every 1 g kg 21 starting at 8 g kg 21 ). (c) As in (a) except for the 250-mb wind speed [ | V | , solid contours every 5 m s 21 ,
starting at 25 m s 21 and divergence of the wind Div (V ), dashed contours every 0.25 3 10 25 s 21 ]. The horizontal and vertical dimensions
of each grid are 2600 km by 2400 km, respectively. The X denotes the mean position of the DCS at the analysis time. The number in the
upper-right corner of each grid denotes the number of analyses in each composite (cluster).

events that develop downstream of a high-amplitude
ridge within mean 500-mb northwesterly flow of 16–20
m s 21 (see Miller et al. 2002 for an example). Many of
these cases display a weak, short-wave trough digging
southeast downstream of the ridge, which produces
stronger flow in the vicinity of and to the northeast of
the DCS location.
The patterns of 850-mb temperature for the ridge pattern (Fig. 7b) qualitatively resemble their associated patterns of 500-mb heights, with a thermal boundary oriented parallel to the mean midlevel flow. This is a sign
that the midlevel large-scale flow is often equivalent
barotropic (Bluestein 1993) and is a sign that the large-

scale forcing is often provided through low-level warm
advection. As identified by Johns et al. (1990), a common
thread to these events is that the warm advection becomes
progressively weaker downstream. An axis of 850-mb
moisture along the thermal boundary near and downstream (relative to the midlevel flow) of the DCS location
is clearly evident in this pattern, which is another important feature originally identified by JH87 and Johns
et al. (1990).
An interesting finding is that the right-entrance region
of a strong polar jet is usually located near the DCS for
the cases within this pattern. In addition, a comparison
of Figs. 8a and 8c shows that the mean wind speed in-
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FIG. 7. As in Fig. 6 except for the ridge pattern.

creases by as much as 20–25 m s 21 from 500 to 250 mb
near the location of DCS development. Although the mesoscale details are beyond the scope of this paper, these
two factors produce a favorable scenario for the development of ageostrophic, thermally direct circulations related to jet stream disturbances (Bluestein 1993). It is
likely that these jet stream circulations augment the forcing provided by low-level warm advection in many of
the events. The jet is strongest for the cases in cluster 1,
with 250-mb wind speeds as high as 40–45 m s 21 just
to the north of the DCS location. The prevalence of the
right-entrance region of the jet is also evident in clusters

2 and 3, with the maximum of divergence almost exactly
collocated with the location of DCS development.
3) ZONAL

PATTERN

The zonal pattern contains 28 events (12.4%), mostly
progressive derechos, that identify an additional warmseason pattern that has not been emphasized in previous
literature (Fig. 5; see Spoden et al. 1996 for an example).
The zonal flow events tend to occur most frequently
from the upper Midwest through the lower Great Lakes
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and to the north of the DCS location, with a zone of
warm advection and an axis of moisture that stretches
near and downstream of the DCS location. As in many
of the ridge cases, an unseasonably strong 250-mb jet
(shown with a mean speed .50 m s 21 ) lies to the north
of the DCS location and places the development region
in its associated divergence. This indicates the frequent
existence of jet streaks propagating through the mean
flow and the possibility of thermally direct circulations
that aid in the development of the systems.
c. Discussion

FIG. 8. As in Fig. 6 except for the zonal pattern.

region, but also occur in the eastern plains and the Gulf
coast states (Fig. 4c).
The composite maps from a cluster of 13 events
show a strong mean midlevel flow of 25–30 m s 21 just
to the north of the DCS location (Fig. 8a). Despite the
lack of an identifiable midlevel trough in the mean
flow, a trough axis is evident at 850 mb, which extends
southwest to northeast upstream of the DCS location
(Fig. 8b). A mean southwesterly 850-mb flow of approximately 10 m s 21 extends ahead of this trough and
lies along a thermal ridge axis to the south and west.
A strong east–west-oriented thermal boundary lies near

It should be emphasized that the individual cases within each cluster necessarily display a degree of variability
on scales resolved by the reanalysis data that is inherent
in the choice of detail allowed in the clusters. As an
example, the individual analyses that compose cluster 1
of the upstream-trough pattern are shown in Fig. 9. These
analyses display similarities in terms of the direction and
speed of the midlevel flow, as well as the mean pattern
and magnitude of the heights, but show some variability
in the shape and position of the trough. This large-scale
variability is in addition to important mesoscale details
that are often superimposed on the main flow pattern
(Pryzbylinski 1995; Bosart et al. 1998; Klimowski et al.
2000), but are not considered in this analysis.
Forecasters should also be made aware that large-scale
hybrid patterns and some unclassifiable patterns account
for the remaining 28% of the events. The hybrids combine various characteristics of the three main patterns and
mainly occur in the warm season (three examples are
shown in Fig. 10). The existence of these other patterns
and the variability within each pattern shows that the
idealized dynamic and warm-season patterns discussed
by Johns (1993) only depict a portion of the full spectrum
of the possibilities of large-scale flow patterns associated
with the development of DCSs. Despite these complicating factors, since 72% of the cases tend to show characteristics of only three broad, large-scale flow regimes,
it is believed that the composite maps can assist forecasters through the improved visualization of the most
common patterns and the potential physical mechanisms
responsible for the development of DCSs. While knowledge of the typical large-scale patterns is important in
terms of pattern recognition techniques, the vertical structure of the atmosphere also is crucial in the application
of ingredients-based forecasting techniques (Johns and
Doswell 1992). Thus, we now explore the vertical structures of DCS environments using soundings.
4. Proximity soundings
In this section, the environments of DCSs are examined
with the use of proximity soundings. While we recognize
the problems of utilizing the operational sounding data
in this manner (Brooks et al. 1994), these data still provide the best and most widely available source of si-
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FIG. 9. The 500-mb geopotential height and wind (as in Fig. 6) for
the eight cases that compose cluster 1 in the upstream-trough pattern.
The X denotes the approximate location of the DCS at the analysis time
and the arrow depicts the approximate track of the derecho major axis.
The time of each analysis (UTC in YYMMDDHH format) is displayed
in the lower right of each panel.

multaneous wind and thermodynamic information. This
study focuses on CAPE and the vertical distributions of
wind shear and moisture, which have all been emphasized
as important contributors to severe-wind-producing convection (JH87; Atkins and Wakimoto 1991; Bentley et
al. 2000; Evans and Doswell 2001).
a. Definition and classification of the dataset
Soundings that are within 300 km of the DCS leading
edge in the downshear environment are considered can-

didates for proximity soundings. The candidates are further restricted to those that are no more than 80 km
‘‘north’’ of the derecho major axis and no more than
200 km ‘‘south’’ of the derecho major axis plotted in a
coordinate system relative to the DCS motion. Using
hourly radar and surface data as guidance, soundings
that are either too close to the convection or are obviously contaminated by the convection are removed.
Soundings that sample convective outflows or drylines
in low levels, but appear uncontaminated otherwise, also
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are discarded. Finally, only soundings that have mandatory and significant level wind data up to at least 10
km are retained. This procedure identifies 168 proximity
soundings.
Sounding parameters are first examined relative to
the life cycle of the DCS. Similar to the methodology
outlined in section 3 for the normalization of the flow
patterns, the observation time for each sounding is normalized and grouped into 38 ‘‘beginning’’ (t # 0), 52
‘‘mature’’ (0 , t , 0.5), and 78 ‘‘decay’’ (t $ 0.5)
soundings.
The sounding parameters also are examined relative
to the synoptic-scale forcing for upward motion as a
means to stratify the parameters among the different
regimes. The stratification is defined empirically using
the maximum 500-mb Q-vector divergence (=· Q) (in
the reanalysis data) within 500 km of the DCS location
as guidance. The soundings for which t , 0.5 are categorized into 27 ‘‘strong forcing’’ (=· Q # 210 3 10 216
kPa m 22 s 21 ), 27 ‘‘moderate forcing’’ (210 3 10 216
kPa m 22 s 21 , =· Q , 25 3 10 216 kPa m 22 s 21 ), and
37 ‘‘weak forcing’’ soundings (=· Q $ 25 3 10 216 kPa
m 22 s 21 ). As a consequence of these thresholds for =· Q,
all of the 37 weak-forcing soundings are confined to the
months of May–August while only 9 of the 27 strongforcing soundings occur during these months (Fig. 11).
All but three of the moderate-forcing soundings occur
in the warm season. This helps to illustrate that the
strong-forcing soundings generally represent the upstream-trough pattern identified in the previous section,
while the weak-forcing soundings generally represent
the ridge and zonal-flow patterns. Over half of the moderate forcing soundings represent various hybrid patterns.
b. Proximity sounding results
1) LIFE

CYCLE STRATIFICATION

The most significant difference3 in the CAPE distributions is between the beginning and decay soundings
(Fig. 12). The mean CAPE drops from 2742 J kg 21 for
the beginning soundings to 1451 J kg 21 for the decay
soundings. Also notice that 90% of the beginning sound3
Differences between the various subsets are tested for statistical
significance using a two-tailed Student’s t test based on the sample
means and standard deviations (Wilks 1995). When possible (sample
sizes $ 25), differences are considered significant if the chance that
the two sample means originate from different distributions is $95%.

←
FIG. 10. Examples of 500-mb geopotential heights and winds from
hybrid patterns. (a) An example of an upstream-trough–zonal pattern
hybrid. (b) An example of an upstream-trough–ridge pattern hybrid.
(c) An example of an unclassifiable hybrid pattern. The approximate
track of the derecho major axis is depicted by the arrow. The time
of each analysis (UTC in YYMMDDHH format) is displayed in the
lower right of each panel.
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FIG. 11. The distribution of the mean 500-mb Q-vector divergence
(scaled by 1016 kPa m 22 s 21 ) vs day associated with the 91 beginning
and mature proximity soundings. The thresholds for defining the forcing stratification are shown by the dashed lines.

ings have CAPE above 1000 J kg 21 , whereas 40% of
the decay soundings have CAPE below 1000 J kg 21
(Fig. 12). Large amounts of instability are frequently
found in the initial environments as nearly 50% of the
beginning soundings have CAPE above 2500 J kg 21 .
This suggests that a decrease in instability is potentially
a significant factor in the demise of DCSs.
Past studies identify the environmental relative humidity (RH) profile as a potentially significant factor in
the development and maintenance of strong downdrafts
within thunderstorms. Low environmental RH in midlevels aids the initiation of downdrafts by precipitation
phase changes (Hookings 1965; Gilmore and Wicker
1998). However, Srivastava (1985) and Proctor (1989)
suggest that higher environmental RH in the underlying
layer of parcel descent supports the maintenance of
strong downdrafts. Given a sufficiently steep lapse rate,
the higher moisture content increases the virtual temperature of the environment, which leads to larger vir-

FIG. 13. Vertical profiles of (a) median RH and (b) u e for the
beginning, mature, and decay sondings. The beginning and mature
RH profiles are statistically different at the 95% confidence level
between 1 and 2.5 km. There are no statistically significant differences
in the u e profiles.

FIG. 12. The cumulative frequency distribution of CAPE (J kg 21 )
for the beginning, mature, and decay soundings. The sample means
for the beginning (m B ), mature (m M ), and decay (m D ) soundings are
shown in the upper left-hand corner. Note that m D is significantly
different than both m B and m M at the 95% confidence level.

tual temperature differences between the environment
and the parcel.
The RH varies considerably during all stages of the
DCS life cycle, but insight is gained by examining the
median profiles. The largest differences are between the
beginning and mature soundings and are statistically
significant in the 1.0–2.5-km layer. The vertical difference in median RH is largest for the mature soundings
with median values near 85% at 1 km that drop to 42%
near 3.5 km (Fig. 13a). This suggests that DCSs tend
to mature as they move into moister low-level environ-
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TABLE 1. Mean 0–1-, 0–2.5-, 0–5-, and 5–10-km shear vector magnitudes (m s21 ) for the life cycle stratification (beginning, mature,
decay) and the forcing stratification (strong, moderate, weak). Italic
valued cells in the life cycle stratification indicate that the sample
mean is statistically different than the sample mean for the decay
soundings at the 95% confidence level. Italic valued cells in the
forcing stratification indicate that the sample mean is statistically
different than the sample mean for the weak-forcing soundings at the
95% confidence level.

FIG. 14. Mean hodographs for the beginning, mature, and decay
soundings. Prior to averaging, the wind components (u, y) in each
sounding are represented in a coordinate system with the tip of the
mean MCS motion vector (u s , y s ) at the origin. The mean winds are
calculated every 0.5 km AGL, are plotted every 1 km AGL, and are
labeled every 3 km AGL. Mean shear values related to the mean
hodographs are given in Table 1.

ments, while still maintaining relatively dry conditions
above 3 km. This result is in general agreement with
those of Srivastava (1985) and Proctor (1989) and suggests that relatively dry midlevels combined with lowlevel moistening ahead of a developing MCS signals
the increasing potential for downdraft and strong surface
wind production.
The low levels tend to dry somewhat toward decay,
which reduces the vertical RH gradient and is likely a
factor in the reduced CAPE for the decay soundings
(Fig. 12). However, this difference is not statistically
significant, which implies that a relatively drier lowlevel environment ahead of a mature DCS often does
not signal its decay.
The beginning and mature soundings both display a
vertical decrease in the median equivalent potential temperature (u e ) of .20 K (Fig. 13b). Overall, the vertical
decreases in u e appear to be even larger for DCSs than
for those reported for strong downdrafts within more
isolated convective cells by Atkins and Wakimoto
(1991) (the next section shows that the more weakly
forced events are largely responsible for this large convective instability). The tendency for DCSs to develop
north of a low-level thermal boundary (JH87) is indicated by the low-level inversion in the median u e profile
for the beginning soundings (Fig. 13b). The fact that
this inversion is not evident for the mature soundings
(Fig. 13b) indicates that the systems tend to move toward the warm sector as they mature (JH87). The lowlevel u e decreases slightly toward decay (Fig. 13b), but
this difference is not statistically significant. This suggests that low-level u e , along with the low-level RH, is
not necessarily a useful indicator of DCS decay, which
appears to be the case for MCSs in general (Gale et al.
2002).
The mean hodographs display a unidirectional shear
profile (‘‘straight line’’) and significantly weaker deeper-

State

0–1 km

0–2.5 km

0–5 km

5–10 km

Beginning
Mature
Decay

8.7
10.6
9.9

14.1
15.0
13.2

20.4
20.3
16.6

14.3
13.6
11.6

Strong
Moderate
Weak

15.3
8.4
6.8

18.3
15.1
11.4

23.8
19.0
18.8

15.6
11.3
14.4

layer shear for the decay soundings (Fig. 14). In many
events, this decrease in deep shear is the result of the
propagation away from the mid- to upper-level jet. The
mean 0–5-km shear drops from over 20 m s 21 for the
beginning and mature soundings to 16.6 m s 21 for the
decay soundings (Table 1). Likewise, the mean 5–10km shear drops from 14.3 m s 21 for the beginning
soundings to 11.6 m s 21 for the decay soundings (Table
1). The mean low-level shear (0–1 and 0–2.5 km) shows
no significant differences in the DCS life cycles (Table
1). Gale et al. (2002) found similar results for general
warm-season MCSs. This adds observational support to
the conclusions of Coniglio and Stensrud (2001) that
DCSs can be maintained by system-scale circulations
that are favored by deep-tropospheric shear and convergence along the gust front (Moncrieff 1992; Shapiro
1992; Moncrieff and Liu 1999).
It should be noted that some of the more weakly
forced events do show a decrease in the low-level shear
toward decay, and thus the persistence of the overall
mean low-level shear toward decay is ascribed to the
strong low-level shear observed for the strongly forced
soundings (shown later). Similarly, examination of Fig.
14 suggests that the low-level storm-relative inflow appears to persist toward decay. However, the length of
the hodograph for the beginning and mature soundings
is ascribed to the strong low-level winds observed in
the strongly forced soundings (shown later). The stormrelative inflow does show a decrease toward decay for
the more weakly forced events (not shown). However,
the sample sizes are insufficient to break down each life
cycle classification by forcing regime, and thus the significance of these details cannot be determined.
2) FORCING

STRATIFICATION

The cumulative frequency distributions of CAPE
(Fig. 15) show a distinct separation between the strongforcing (SF) soundings and the moderate-forcing (MF)
and weak-forcing (WF) soundings (again, only the
soundings with t , 0.5 are included). All but two of
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FIG. 15. The cumulative frequency distribution of CAPE (J kg 21 )
for the strong-, moderate-, and weak-forcing soundings. The sample
means for the strong- (m S ), moderate- (m M ), and weak- (m W ) forcing
soundings are shown in the upper-right corner. Note that m S is significantly different than both m M and m W at the 95% confidence level.

the WF soundings have CAPE above 1000 J kg 21 , while
almost 50% of the SF soundings have CAPE below this
amount. Extreme instability also is noted for the WF
and MF soundings with almost 50% having CAPE
above 2700 J kg 21 . Soundings with extreme instability
appear to be very rare under strong forcing, which appears to be largely due to their prevalence during the
cold season, but also could be due to the tendency for
high-CAPE–strong-shear environments to support supercells (Johns and Doswell 1992).
As for the examination of RH among the various DCS
life cycles, significant differences are found in the median profiles. For the SF soundings, the median RH
reaches a maximum near 90% at 0.75 km and drops to
a local minimum of 38% at 4 km. As discussed previously, this large vertical RH gradient translates into a
significant potential for downdraft production. It also
has been recognized that a reduction in the environmental lapse rates within the downdraft layer lessens
the potential for maintaining downdrafts (Hookings
1965; Srivastava 1985; Proctor 1989). Relatively modest environmental lapse rates are observed for the SF
soundings, which is apparent in the relatively small
CAPE values (Fig. 15) and the relatively small vertical
decrease in median u e for the SF soundings (Fig. 16b).
This suggests that the dramatic vertical RH gradient
observed for the SF soundings, and the associated increased potential for downdraft production (Proctor
1989), perhaps counter a decreased potential for downdraft production associated with rather modest lapse
rates. A dramatic vertical RH gradient is, therefore, a
possible reason for why derechos can occur with low
CAPE.
While the vertical decrease in median RH becomes
progressively smaller for the MF and WF soundings
(Fig. 16a), the vertical decrease in u e becomes progressively larger, with the median profile showing a vertical
decrease of ;24 K from the low to midlevels (Fig. 16b).

FIG. 16. As in Fig. 13 except for the strong-, moderate-, and weakforcing soundings. The strong- and weak-forcing profiles are statistically different at the 95% confidence level between the surface and
1.25 km. The strong forcing u e profile is significantly different from
the moderate- and weak-forcing u e profiles at the 95% confidence
level at all vertical levels (0–6 km).

This affirms that WF events tend to have large values
of convective instability in the environment.
Unlike the life cycle stratification, the most significant
differences in shear are found in the low-level shear
parameters (Fig. 17 and Table 1). For example, the mean
0–2.5-km shear drops from 18.3 m s 21 for the SF soundings to 11.4 m s 21 for the WF soundings (Table 1). The
shear component normal to the DCS motion vector in
the lowest 2 km (Fig. 17) contributes a significant
amount to this large mean low-level shear for the SF
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FIG. 17. As in Fig. 14 except for the strong-, moderate-, and weakforcing soundings. Mean shear values are given in Table 1.

soundings (Table 1) and is likely produced by the strong
low-level jets that frequently occur in this forcing regime (Fig. 6). Mean 5–10-km shear values of 11–16 m
s 21 with a large range of values (3–40 m s 21 ) show that
the shear very often extends throughout the depth of the
troposphere, regardless of the forcing regime.
Strong near-surface inflow is noted among all three
forcing regimes, but the variations in vertical shear result in differences in the depth and orientation of the
inflow layer. For the SF soundings, the mean top of the
inflow layer (u s 5 0) is found near 5 km. A positive u s
above 5 km combined with a strong mean wind component normal to the DCS motion vector likely contributes to the parallel or leading stratiform precipitation
(Parker and Johnson 2000) that is usually observed
among these events. This also shows that the majority
of the low-level inflow originates normal to, and to the
right of, the mean DCS motion vector (which is usually
from the south and southeast of the DCS).
For the MF and WF soundings, the mean top of the
inflow layer increases to between 8 and 9 km. The rearward flow in midlevels likely contributes to the frequent
appearance of these events as asymmetric, trailing-stratiform MCSs (Houze et al. 1989; Parker and Johnson
2000). In addition, the relative low-level inflow originates from a direction that is at a large angle (1408–
1608) to the mean DCS motion vector. This allows the
system to ingest the high-u e low-level air in the downshear environment (Figs. 8b, 9b, and 17b). This also
contributes to very strong storm-relative inflow integrated over the lowest 3 km. The existence of mean 0–
5-km shear of 18–20 m s 21 produces considerably weaker midlevel (5–7 km) storm-relative flow (Fig. 18). This
supports one of the key findings of Evans and Doswell
(2001) that DCSs with weak synoptic-scale forcing tend
to form in such environments that support the fast-forward propagation of the cold pool.
3) COMPARISON TO SIMULATIONS
Using a horizontally homogeneous cloud-scale numerical model, Weisman (1993) produces a compre-

FIG. 18. Scatterplots of (a) 0–2.5-, (b) 0–5-, and (c) 5–10-km shear
vector magnitudes (m s 21 ) vs CAPE (J kg 21 ) for those soundings in
which the convective structure of the DCS is identified (see legend
at top of figure). Results from Weisman’s (1993) numerical simulations of convective systems also are shown in (a) and (b) (see his
Fig. 24). The letters represent the convective structures of the simulated systems as defined by Weisman (1993).

hensive set of simulations of convective systems that
include structures resembling observed DCSs. One of
the goals of Weisman (1993) was to identify the minimum thresholds of CAPE and shear within the idealized
simulations that produce these structures and to compare
them to environmental conditions associated with observed severe long-lived bow echoes. The present comprehensive observational dataset affords a detailed comparison of this type and is presented in light of its relevance to forecasting severe, long-lived bow echoes.
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Weisman (1993) subjectively defines the structure of
the simulated convective systems into three main categories. The first category includes systems with weak
cells tens of kilometers behind the leading edge of the
gust front (W), in which structures resembling strong,
long-lived bow echoes do not develop. The second category includes strong, long-lived bow-echo structures
with a pronounced rear-inflow jet and cyclonic vorticies
along the ends of the bow (B). The third category includes strong, isolated cells, some supercells, scattered
along the gust front (S), with no indications of largerscale rear inflow that composes the bow-echo cases. A
fourth intermediate category (I) is defined that contains
attributes of both the W and B cases. Weisman finds that
the well-defined bow-echo simulations are generally restricted to environments with shear greater than 20 m
s 21 and are favored if this shear is entirely confined to
the lowest 2.5 km.
To compare the present observations to these simulations, WSR-88D mosaics at 2- or 4-km resolution or,
when available, the level II WSR-88D data, are used to
define a typical convective structure for each event that
has a beginning or mature proximity sounding. Due to
the lack of sufficient radar data for the majority of the
events, it is possible to adequately define a convective
structure for only 53 of these events. DCSs that contain
well-defined bow echoes for at least a 1-h period and
resemble the B simulations in Weisman (1993) are identified. In addition, DCSs that show either short-lived
bow echoes, or none at all, and resemble the W simulations from W93 also are identified. Each case also is
defined as having either elongated squall-line characteristics with parallel or leading stratiform precipitation
or as having characteristics more typical of trailing-stratiform MCSs.
The results show that the vast majority of the soundings that sample bow-echo squall lines or bow-echo
MCSs have 0–2.5-km shear outside the range of values
that produce the B simulations from Weisman (1993)
(Fig. 18a). In fact, 14 out of the 20 soundings that sample bow-echo MCS environments (70%) have 0–2.5-km
shear below 15 m s 21 . Most of the values from the
observed bow-echo MCSs cluster around the shear environments that produce the W simulations (Fig. 18a),
which typically do not represent the DCS structures observed in this study. This confirms the implication of
Evans and Doswell (2001) that long-lived bow echoes
can and often do occur in environments with low-level
shear magnitudes that are less than those suggested by
the Weisman (1993) simulations and that the low-level
shear may not be useful in forecasting long-lived bowecho structures in many situations. The results from
section 4a that show no significant changes in low-level
shear among the three phases of the DCS life cycle add
weight to this conclusion. It should be noted that more
of the observed soundings have shear values that support at least some bow-echo structures in the simulations
(the I simulations) when the shear layer is extended to
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5 km above ground (Fig. 18b). Only 4 out of the 20
bow-echo MCSs have 0–5-km shear less than 15 m s 21 .
Therefore, the presence of moderate to strong unidirectional shear in the 0–5-km layer appears to be a better
predictor of the potential for severe MCS structures than
the low-level shear.
It should also be noted that the simulations do not
represent the several observed bow-echo squall lines
that occur with strong low-level shear and CAPE ,
1000 J kg 21 . These cases appear to be supported more
from stronger synoptic-scale forcing that is not well
represented in the idealized simulations.
Weisman and Rotunno (2002) update their results to
include simulations with shear in a layer up to 10 km
deep [the Weisman (1993) simulations only included
shear in the lowest 5 km]. The simulations that include
shear above 5 km do not develop long-lived bow-echo
structures (they are described as either upshear-tilted
multicellular systems or systems composed of isolated
cells and/or embedded supercells). However, the mean
5–10-km shear observed among the well-defined bowecho events is approximately 14 m s 21 , and is as large
as 30 m s 21 (Fig. 18c). This shows that the idealized
numerical simulations appear to have difficulty reproducing DCS events within deep-shear environments and
further emphasizes some disparities between observations and the idealized models. Simulations using the
CAPE, shear, and moisture values of observed DCSs
and the associated nonhomogeneous large-scale flow
patterns identified in this study need to be produced to
help reconcile these disparities in observations and idealized models and to provide improved information to
forecasters.
5. Summary
This study shows that there are many types of flow
patterns associated with DCSs. However, from a set of
225 analyses of 500-mb geopotential heights associated
with the development and early evolution of DCSs, the
majority (72%) of the events can be categorized into
three main patterns. The most prominent pattern consists
of an upstream trough of varying amplitude (40% of
the cases) that contains events from all times of the year
and shows a qualitative resemblance to the dynamic
pattern defined by Johns (1993). A ridge is defined as
the primary large-scale feature in 20% of the cases, all
of which are confined to the months of May–August.
A zonal-flow pattern is defined in 12% of the cases,
which defines an additional warm-season pattern than
has not been emphasized in past literature. The remaining 28% of the cases form large-scale hybrid or unclassifiable patterns that contain various characteristics
of the three main patterns. These results should make
forecasters aware that derechos can develop under a
variety of large-scale flow patterns during all months of
the year and that the idealized dynamic and warm-season patterns discussed by Johns (1993) only depict a

Unauthenticated | Downloaded 01/09/23 06:11 AM UTC

336

WEATHER AND FORECASTING

portion of the full spectrum of the possibilities of largescale flow patterns associated with the development of
DCSs.
An analysis of a large set of proximity soundings
shows that DCSs tend to mature as they move into an
increasingly moist low-level environment while maintaining relatively dry conditions at midlevels. In addition, the DCSs tend to decay as they move into an environment with less CAPE and decreasing 0–5- and 5–
10 km shear, but no significant differences in the 0–1and 0-2.5–km shear (although some of the more weakly
forced events show weaker low-level shear toward decay). Overall, this suggests that mature DCSs can be
maintained by the larger-scale circulations that depend
on the shear throughout the depth of the troposphere
(see Coniglio and Stensrud 2001 for a detailed discussion).
The strong-forcing events that typify the upstreamtrough pattern show the largest vertical decrease in RH,
despite only a modest CAPE and convective instability.
The enhancement of downdraft production from this
strong vertical RH gradient perhaps explains why derechos can persist within environments of relatively low
instability.
A mean, nearly ‘‘straight-line’’ hodograph with shear
throughout the depth of the troposphere is common to
DCSs that form within all large-scale forcing regimes.
The low-level shear is found to be significantly larger
for the strong-forcing events (tied to strong low-level
jets) than for the more weakly forced events that typify
the ridge and zonal-flow patterns. Accordingly, stormrelative hodographs show relative inflow up to about 5
km for the strong-forcing soundings and relative inflow
up to almost 9 km for the weak-forcing soundings.
These findings add support to Evans and Doswell (2001)
who suggest that strong low-level storm-relative inflow
may largely impact the strength, mode, and duration of
the more weakly forced DCSs.
A comparison of the results to past idealized simulations suggests a discrepancy between observations of
severe, long-lived convective systems and the environments required to simulate them in some idealized numerical models. This information is pertinent to forecasters who have real-time proximity sounding information and use results from the idealized numerical simulations as guidance. Even for the well-defined
bow-echo MCSs, the observed low-level shear is usually
weaker than what is required to simulate them in idealized models. These results suggest that minimum lowlevel shear thresholds are not useful for forecasting severe MCS-type structures, including well-defined bow
echoes. The observations are more in agreement with
the simulations of Weisman (1993) when the 0–5-km
shear is considered, suggesting that the deep-layer shear
parameters have more utility in forecasting DCSs. This
is supported by the fact that substantial shear is often
observed in the 5–10-km layer. Overall, this highlights
the need to examine DCS simulations within more re-
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alistic environments to help reconcile these disparities
in observations and idealized models and to provide
improved information to forecasters.
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