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ABSTRACT

Mesoscale convective systems (MCSs) have a large influence on the weather over the central United
States during the warm season by generating essential rainfall and severe weather. To gain insight into the
predictability of these systems, the precursor environments of several hundred MCSs across the United
States were reviewed during the warm seasons of 1996–98. Surface analyses were used to identify initiating
mechanisms for each system, and North American Regional Reanalysis (NARR) data were used to examine
the environment prior to MCS development. Similarly, environments unable to support organized convec-
tive systems were also investigated for comparison with MCS precursor environments. Significant differ-
ences were found between environments that support MCS development and those that do not support
convective organization. MCSs were most commonly initiated by frontal boundaries; however, features that
enhance convective initiation are often not sufficient for MCS development, as the environment needs also
to be supportive for the development and organization of long-lived convective systems. Low-level warm air
advection, low-level vertical wind shear, and convective instability were found to be the most important
parameters in determining whether concentrated convection would undergo upscale growth into an MCS.
Based on these results, an index was developed for use in forecasting MCSs. The MCS index assigns a
likelihood of MCS development based on three terms: 700-hPa temperature advection, 0–3-km vertical
wind shear, and the lifted index. An evaluation of the MCS index revealed that it exhibits features consistent
with common MCS characteristics and is reasonably accurate in forecasting MCSs, especially given that
convective initiation has occurred, offering the possibility of usefulness in operational forecasting.

1. Introduction

Mesoscale convective systems (MCSs) frequently de-
velop and traverse the central United States during the
warm season. The prediction of these common, large
thunderstorm complexes is important for two contrast-
ing reasons. On the positive side, they generate essen-
tial rainfall for this agricultural region (Fritsch et al.
1986; Jirak et al. 2003; Ashley et al. 2003) while, on the
negative side, they devastate property and possessions
by producing severe weather (e.g., hail, damaging
winds, flash floods, and tornadoes) over a large area
(Maddox 1980; Houze et al. 1990; Jirak et al. 2003).
Regardless of whether the impact of MCSs is primarily
beneficial or harmful, advance knowledge of their de-
velopment is desirable.

Unfortunately, forecasting MCSs is not only very
challenging, but it is also an area with an overall lack of
knowledge and specific prediction methods (Ziegler
2000). MCSs develop from individual thunderstorm
cells that interact and subsequently merge into a large,
long-lived organized convective system (Cotton and
Anthes 1989). Thus, forecasting MCSs requires knowl-
edge of areas favorable for convective initiation, orga-
nization, and sustenance over a range of spatial and
time scales. Even though pinpointing the location of
convective initiation is unlikely in most cases, consid-
erable information pertinent to forecasting can still be
learned about environments that are conducive for con-
vective organization and sustenance. In fact, mesoscale
convective complexes (MCCs), a specific type of MCS
(Maddox 1980), tend to form frequently only in certain
regions of the world with preferred geographical set-
tings (e.g., leeward side of the Rocky Mountains in the
United States, leeward side of the Andes Mountains in
South America, leeward side of the Himalayas in
China, and tropical western Africa) that repeatedly
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produce favorable meteorological conditions for these
systems (Laing and Fritsch 1997, 2000), lending support
to the possibility of improving forecasts of MCSs.

The objective of the current study is to exploit this
notion of MCS predictability by identifying important
MCS precursors through a detailed observational
analysis of the environment prior to the development of
hundreds of MCSs over the United States. This study
builds on previous studies regarding the precursor en-
vironment of MCCs (Maddox 1983; Augustine and
Howard 1988; Cotton et al. 1989; Laing and Fritsch
2000) and other MCSs (Augustine and Caracena 1994;
Anderson and Arritt 1998) by using data of higher tem-
poral and spatial resolution to analyze many more and
varied types of MCSs with the purpose of investigating
MCS predictability. To address the issue of MCS pre-
dictability in a comprehensive manner, the MCS pre-
cursor environments are compared with environments
that do not support long-lived, organized convection.
From the analysis of these different conditions, param-
eters that accurately distinguish environments favor-
able for MCS development are identified as possible
aids in forecasting MCSs. The ultimate goal of this
study is to develop an MCS index based on these pa-
rameters that can forecast accurately the likelihood of
MCS development in the next few hours at a given
location.

2. Background

a. Forecasting convective storms

One of the greatest forecasting challenges involves
deciding if, when, and where convective initiation will
occur. Even when there is a large amount of convective
available potential energy (CAPE), thunderstorm de-
velopment is not guaranteed. Often times, there is
enough convective inhibition (CIN) to prevent thun-
derstorms from forming. Daytime heating, large-scale
ascent, and lifting along surface boundaries are all ca-
pable of overcoming CIN, leading to thunderstorm de-
velopment. Since mesoscale boundaries can provide
enough lift to initiate storms, the ability to locate these
features is vital in order to correctly forecast the timing
and location of convective initiation. Unfortunately, the
current density of the observational network is not suf-
ficient to resolve many of the mesoscale features im-
portant to convective initiation (Stensrud and Fritsch
1994). Therefore, the issue of convective initiation is
not addressed here.

However, the difficulty in forecasting thunderstorms
does not end with the issue of convective initiation.
Once thunderstorms develop, they can take on many
different characteristics and appearances depending on

the local environment. Widely recognized modes of
convection include ordinary thunderstorms, multicell
thunderstorms, supercell thunderstorms, and MCSs (in-
cluding convective lines and clusters of all shapes and
sizes). Vertical wind shear is one parameter that plays
an important role in determining the mode of convec-
tion. Weisman and Klemp (1982, 1984) found that for
similar values of CAPE, ordinary, multicell, and super-
cell thunderstorms are likely for small, intermediate,
and large values of low-level shear, respectively. In ac-
cordance with this finding, thunderstorms that develop
in an area with large values of shear have a high like-
lihood of producing severe weather (Johns and Doswell
1992; McNulty 1995). Although vertical wind shear is
useful in discerning the type of convective cells that will
form, it typically does not provide sufficient informa-
tion in determining whether these thunderstorms will
undergo upscale growth into MCSs. In fact, Doswell
and Flueck (1989) and Jincai et al. (1992) reported that
even though experimental forecasters were able to pro-
vide reasonably accurate forecasts of deep convection,
they showed only marginal skill in determining the de-
gree to which thunderstorms would experience meso-
scale organization. Therefore, given the difficulty of
forecasting MCSs combined with the scarcity of specific
forecasting methods, the issue of forecasting MCSs re-
quires more attention.

b. Precursor environment of MCSs

For just over a quarter-century, research on MCSs
has significantly increased our awareness and under-
standing of these massive convective storms. Several
studies (e.g., Maddox 1983; Augustine and Howard
1988; Cotton et al. 1989; Augustine and Caracena 1994;
Anderson and Arritt 1998; Laing and Fritsch 2000)
have examined the large-scale environment prior to
MCS development in order to identify recurrent fea-
tures of the MCS precursor environment, focusing pri-
marily on MCCs. These studies form the current basis
of MCS forecasting, and their results are summarized
below.

The upper and middle levels are generally character-
ized by relatively weak flow prior to MCS development
with systems typically developing just upstream of a
broad ridge (Maddox 1983; Cotton et al. 1989; Ander-
son and Arritt 1998; Laing and Fritsch 2000). MCSs
generally form in the right entrance region of a jet
streak (Cotton et al. 1989; Anderson and Arritt 1998),
where there tends to be ascent, favoring thunderstorm
development (Uccellini and Johnson 1979). In the
lower troposphere, more-pronounced features are
found prior to MCS development, including strong
warm air advection at 700 hPa (Fig. 1). As several stud-
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ies have noted (e.g., Maddox and Doswell 1982; Mad-
dox 1983; Cotton et al. 1989; Laing and Fritsch 2000),
warm air advection is often collocated with the area
where MCS development occurs, suggesting that ascent
associated with warm advection is helpful for the de-
velopment and sustenance of MCSs. A strong, south-
erly low-level jet (LLJ) exists at 850 hPa advecting
warm, moist air into the region of MCS development
(Fig. 2) (Maddox 1983; Cotton et al. 1989; Anderson
and Arritt 1998; Laing and Fritsch 2000). At the sur-
face, convergence is commonly found along an east–
west-oriented front stretching through the moist, un-
stable region of MCS development (Fig. 3) (Maddox
1983; Cotton et al. 1989; Anderson and Arritt 1998;
Laing and Fritsch 2000). In fact, the intersection of this
front and the LLJ can be a preferred region for MCS
genesis, as is illustrated in Fig. 4 where the late after-
noon surface geostrophic wind maximum serves as a
proxy for the location of the nocturnal LLJ (Augustine
and Caracena 1994).

As discussed previously, low-level vertical wind shear
has an important influence on the type and severity of
the thunderstorm that develops. Rotunno et al. (1988),
Weisman (1992), and Weisman and Rotunno (2004)
also postulate that low-level vertical wind shear is criti-
cal to sustaining long-lived squall lines through its in-
teraction with the convectively generated cold pool.
When the horizontal vorticity of the ambient shear in-
teracts with the horizontal vorticity associated with the
cold pool, deep lifting is facilitated at the leading edge

of the cold pool, creating strong convective cells. Thus,
the effect of low-level shear is to enhance vertical lifting
at the leading edge of the storm’s outflow, promoting
the development of an MCS. Laing and Fritsch (2000)
found that MCCs around the globe typically form near
a maximum in low-level shear (see Fig. 5), lending sup-
port to the idea that low-level shear may be important
for the development of long-lived MCSs.

3. Data and methodology

For this study, the geographical area under consider-
ation is the central United States excluding only areas
west of the Rocky Mountains and east of the Appala-
chian Mountains. The dependent study period includes
the warm seasons (April–August) of 1996–98 during
which 387 MCSs of all shapes and sizes were objectively
identified using infrared (IR) satellite data (see Jirak et
al. 2003). An independent convective period from 20
May to 6 July 2003 during the Bow Echo and Mesoscale
Convective Vortex (MCV) Experiment (BAMEX)
(Davis et al. 2004) was also examined for verification
purposes, and an additional 50 MCSs were similarly
identified.

The environment during these periods was also ex-
amined for the condition of “widespread convection.”
This condition is defined as a highly concentrated group
of thunderstorms that does not undergo upscale growth
and organization into an MCS, meaning that the objec-
tive satellite-based definition of an MCS is not met.
Two examples of widespread convection are shown in
Figs. 6 and 7 to provide an idea of how this condition
evolves in radar and satellite imagery. During the warm
seasons of 1996–98, there were 300 instances of wide-
spread convection identified, while 33 cases were docu-
mented during BAMEX. Please note that widespread
convection can exist at the same time that an MCS is
present somewhere else over the central United States.
Several different methods, described below, were used
to analyze the precursor environments of MCSs and
widespread convection.

One type of data used in the analysis was surface
analyses produced by the Hydrometeorological Predic-
tion Center (HPC) of the National Centers for Envi-
ronmental Prediction (NCEP). These surface analyses
are subjectively analyzed by HPC forecasters every 3 h
(i.e., 0000, 0300, 0600 UTC, etc.) for surface pressure,
fronts, troughs, outflow boundaries, and drylines (see
Fig. 8). These surface analyses were used as a starting
point in the identification of any detectable initiating
mechanism that generated the initial convection for
each MCS during the dependent study period. Radar
data were used to locate the original convective cells
that underwent upscale growth into a mature MCS. The

FIG. 1. Composite of 700-hPa temperature advection and wind
vectors at the initial stage of MCC development. The center grid
point (plus sign) denotes the average MCC position at initiation
(from Cotton et al. 1989).
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surface observations were then examined, paying par-
ticular attention to the temperature gradient (see Sand-
ers and Doswell 1995) and keeping the position and
orientation of the convection in mind to locate and
identify initiating features. If the convection began near
a feature that likely influenced its development, then
that feature was recorded to be associated with the ini-
tial convection of the MCS. In the same manner, the
initiating mechanisms for the cases of widespread con-
vection were identified for comparison with the MCS
triggers. The results of this subjective analysis are pre-
sented in section 4a.

Data from the NCEP North American Regional Re-
analysis (NARR) were also used to examine the pre-
cursor environments of MCSs (data missing for 4 of 387
MCSs) and widespread convection in this study. Re-
analysis data are generated by a slightly modified ver-
sion of the 2003 operational Eta Model and 3DVAR
Data Assimilation System (EDAS) (Mesinger et al.
2006). These analyses are of relatively high resolution
with 32-km horizontal grid spacing, 45 vertical layers,

and 3-h intervals. The NARR improves upon the
NCEP Global Reanalysis in resolution and accuracy
owing to modeling and data assimilation improve-
ments, as well as the incorporation of more data (e.g.,
precipitation, profiler winds, and surface winds and
moisture) (Mesinger et al. 2006). The NARR provides
a long-term, consistent, high-resolution dataset to ex-
amine the environment prior to the development of
MCSs over the United States. During BAMEX, analy-
ses and forecasts generated by the operational Eta
Model and EDAS were used to examine the environ-
mental conditions.

Numerous basic (e.g., height, wind, moisture, and
temperature) and derived (e.g., divergence, vorticity,
and advection) fields were examined from these
datasets to identify features important to MCS devel-
opment. One method used in this analysis involved sim-
ply taking a single value of a given field for each event
at a specific point. For MCSs, the data were extracted at
6 h prior to development from the location of the
�52°C cloud shield centroid of the MCS at initia-

FIG. 2. Analysis of the 850-hPa level prior to MCC development. The thick solid lines are
height contours (m), the dashed lines are isotherms (°C), and the thin solid lines are mixing
ratios (g kg�1). Full wind barbs represent 5 m s�1, and a flag represents 25 m s�1. The dark
arrow indicates the axis of maximum winds. The genesis region is indicated by the solid
quadrilateral. The hatched region indicates surface elevations above 850 hPa (from Maddox
1983).
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tion. For widespread convection, data were taken from
the approximate center of the group of thunderstorms
at the time of the maximum number of convective cells.
Once all of the point-value data were collected, typical
parameter ranges and values were compared for the
different conditions, allowing for a statistical analysis of
the data discussed in section 4b.

Storm-relative composites were created for the pre-
cursor environment of MCSs and for the cases of wide-
spread convection. A 20° � 15° movable grid centered
on each storm was used to create composites of numer-
ous parameters. For a given parameter, the deviation
from the grid mean was averaged at each grid point
over every storm to get a composite of the deviation
values. The average of the grid means was then added
to the composited deviation values to get meaningful
meteorological quantities. This method of compositing
the deviation values helps reduce the uncertainty that
arises from parameters with seasonally varying means
(Anderson and Arritt 1998). Finally, the data were fil-
tered with a one-pass Barnes filter (Barnes 1964;
Doswell 1977) using a response function similar to that
of Anderson and Arritt (1998) to remove the small-
scale noise that results from compositing. The compos-

ite maps were also checked against the distribution of
parameter values to ensure that they resembled the ma-
jority of their ensemble members. For example, if more
than three-fourths of the MCSs in the sample revealed
a certain trait (e.g., 700-hPa warm air advection, 850-
hPa southerly flow, etc.), then that feature was ex-
pected to be evident in the composite maps. The storm-
relative composites, which allow for the retention of
some of the mesoscale features important to MCS de-
velopment (Maddox 1983; Cotton et al. 1989), are re-
vealed in section 4c.

An objective method was also implemented to test
the skill and accuracy of the various parameters in fore-
casting MCSs. This method involved making a dichoto-
mous forecast, where a forecast was given (i.e., yes or
no) based on a varying threshold value and whether or
not an MCS was observed. From the resulting contin-
gency table, numerous measurements of accuracy and
skill [e.g., probability of detection (POD), false alarm
ratio (FAR), bias (B), threat score (TS), and Heidke
skill score (HSS); Wilks (1995)] can be calculated to
evaluate objectively the value of different environmen-
tal parameters in forecasting MCSs. The results of this
analysis are conveyed in section 4d.

FIG. 3. Analysis of surface features prior to MCC development, including fronts and
troughs. The solid lines represent mean sea level pressure, the dashed lines represent diver-
gence (10�5 s�1), and full wind barbs represent 5 m s�1 (from Maddox 1983).
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4. Analysis of environmental conditions

a. Initiating mechanisms

The distribution of the initiating mechanisms for
MCSs and widespread convection is shown in Table 1.
MCS convection was most frequently initiated by sta-
tionary fronts (27% of sample), cold fronts (21%), and
troughs (18%). For the condition of widespread con-
vection, troughs (27%), stationary fronts (15%), cold
fronts (13%), and orographic influences (13%) were
the most common initiating mechanisms. Additionally,
one-third of the cases of widespread convection did not
have an identifiable initiating mechanism. MCSs have
been documented in previous studies to develop in the
vicinity of fronts (Maddox 1983; McAnelly and Cotton
1986; Smull and Augustine 1993; Trier and Parsons
1993), so it is not surprising that stationary fronts and
cold fronts were most commonly associated with MCS
initiation. However, convection that develops along a
frontal boundary is not guaranteed to develop into an
MCS with more than one-fourth of the widespread con-
vection cases being initiated along a frontal boundary.
This suggests that strong low-level ascent (e.g., along a
frontal boundary) and instability, which favor convec-

tive development, are often not sufficient conditions to
support long-lived MCSs. Hence, there must be other
features present in the ambient environment that aid
MCS development.

Drylines are also common zones of thunderstorm
formation (Rhea 1966); however, they apparently are
not very favorable locations for MCS development as
less than 5% of the MCSs in this sample developed
along a dryline. In agreement with this result, Parker
and Johnson (2000) found that the dryline was associ-
ated with only 8% of the MCSs they studied. Addition-
ally, only 1% of the widespread convection cases in this
study were initiated by drylines, indicating that thun-
derstorms do not often develop in high concentrations
along a dryline. Thus, the overall isolated nature of the
convection in the vicinity of the dryline limits the pos-
sibility of interaction among convective cells and up-
scale growth into an MCS.

b. Statistical analysis

A statistical analysis of point-value data was per-
formed to compare the precursor environments of
MCSs and widespread convection. The tables through-
out this section list the average and standard deviation

FIG. 4. Schematic of the probable location (circled times sign) of a large MCS at maturity.
The thin solid lines represent the late-afternoon surface geostrophic isotachs where a full wind
barb represents 5 m s�1, the dashed lines represent the 850-hPa isentropes at 0000 UTC, and
the arrows represent the 850-hPa frontogenesis vectors at 0000 UTC (from Augustine and
Caracena 1994).
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of numerous parameters for these different conditions.
A t test was performed to determine if the mean of the
parameters in the MCS precursor environment differs
from the widespread convection condition at the 99%
confidence level. In addition, the first quartile, median,
and third quartile values are listed for parameters that
frequently take either positive or negative values (e.g.,
temperature advection).

Upper-level divergence and Q-vector convergence
prior to MCS development are not statistically signifi-
cantly different from the condition of widespread con-
vection (see Table 2). In fact, only about half of the
MCS precursor environments exhibit upper-level diver-
gence and Q-vector convergence. Thus, it would be dif-
ficult to identify an MCS environment based on upper-

level parameters alone. From the � equation of quasi-
geostrophic theory, one would expect a contribution to
the upward vertical motion in a region of positive dif-
ferential vorticity advection. However, positive vortic-
ity advection at 500 hPa does not appear to be an im-
portant feature to the development of MCSs, which is
in agreement with the findings of Maddox and Doswell
(1982). In fact, the mean and median values of 500-hPa
vorticity advection are actually negative for the precur-
sor environment of MCSs, which typically would not
favor storm development.

The values of midlevel potential vorticity (PV; i.e.,
320 K) are not necessarily what one would expect for
the different conditions. A positive PV anomaly usually
develops in the middle troposphere owing to the heat-

FIG. 5. The 1000–700-hPa vertical wind shear for MCC populations around the globe. The solid contours
represent the magnitude of the shear (m s�1). The shear vectors are the smaller arrows while the large, boldface
arrows represent MCC motion. The quadrilaterals represent the MCC genesis regions (from Laing and Fritsch
2000).
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ing profile within the stratiform region of MCSs
(Hertenstein and Schubert 1991; Olsson and Cotton
1997). Several cases have been noted in which a
midlevel, MCS-generated PV anomaly has led to ensu-
ing convection and MCS development (e.g., Johnson et
al. 1989; Fritsch et al. 1994). The results from this study
reveal that widespread convection typically develops in
a region of higher midlevel PV than MCSs. This finding
does not dispel the notion that midlevel positive PV
anomalies can enhance convective development and
sustenance by the lifting of low-level air (Raymond and
Jiang 1990). The result merely suggests that a positive
PV anomaly is not a sufficient condition for the devel-
opment of an MCS, meaning that other environmental
features must be present in order to support the upscale
growth of convective storms into an MCS.

Although the upper and middle levels reveal slight
differences between the environments, the lower levels
show more significant differences. The temperature ad-
vection at 700 hPa is much stronger (at �99% statistical

significance) for the MCS precursor environment than
for the widespread convection condition (see Table 3)
with nearly an order of magnitude difference in the
median. More than three-fourths of the MCSs have
warm air advection at 6 h prior to initiation, signifying
the importance and recurrent nature of this parameter
to MCS development. Similar to differential vorticity
advection, warm air advection also indicates rising mo-
tion according to the � equation of quasigeostrophic
theory. Thus, this existing, ambient upward vertical mo-
tion aids in the development and sustenance of MCSs
(Maddox and Doswell 1982; Maddox 1983; Cotton et al.
1989; Laing and Fritsch 2000).

At 850 hPa, southerly component flow is present
prior to the development of more than three-fourths of
the MCSs in this study (Table 3). The winds at 850 hPa
are routinely used as a proxy for the LLJ, which has
often been noted as a recurrent feature of the MCS
precursor environment (Maddox 1983; Cotton et al.
1989; Anderson and Arritt 1998; Laing and Fritsch

FIG. 6. Example of widespread convection that developed along a cold front from MN through KS, as seen by radar reflectivity
(shaded) and IR satellite imagery (contoured at �32° and �52°C). The images are from (a) 2100 and (b) 2300 UTC 17 Jun and (c) 0100
and (d) 0400 UTC 18 Jun 1997.
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2000). Somewhat surprisingly, however, other features
are not as prominent at 850 hPa. Convergence, warm
air advection, and frontogenesis all existed for more
than half of the MCS precursor environments, but the
averages are not different from the condition of wide-
spread convection at a statistical significance of 99%.
At the surface (see Table 4), the MCS precursor envi-
ronment is very moist with an average surface spe-
cific humidity of 13.5 g kg�1 (�18°C surface dew-
point temperature). Surface convergence is commonly
found prior to MCS development, but the values are
not statistically different from the average environ-
ment of widespread convection at the 99% confidence
level.

The stability parameters [surface-based CAPE, best
four-layer lifted index (LI), severe weather threat index
(SWEAT)] in Table 5 indicate that MCSs typically de-
velop in more unstable environments than does wide-
spread convection. Interestingly, the CIN for the MCS
precursor environment is much larger on average than
for the condition of widespread convection. This result
may suggest that a modest cap may be important for
explosive, simultaneous convection resulting in the in-
teraction of thunderstorms rather than weaker CIN,
which could lead to sporadic thunderstorm generation,
or larger CIN, which could prevent convective initia-
tion all together.

The winds are stronger on average at the 99% statis-

FIG. 7. Example of widespread convection across TX, as seen by radar reflectivity (shaded) and IR satellite imagery (contoured at
�32° and �52°C). The images are from (a) 2000 and (b) 2200 UTC 16 Jul and (c) 0000 and (d) 0300 UTC 17 Jul 1998.
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tical significance level for the MCS precursor envi-
ronment than the environment of widespread con-
vection through the entire depth of the troposphere
down to the surface (see Table 6). The MCS precur-
sor environment also has larger vertical wind shear
than the environment of widespread convection
through the lower half of the troposphere (see Ta-
ble 7). The magnitude of shear over the lowest 1, 3,
and 6 km of the atmosphere along with values of 0–3-
km storm-relative helicity (SRH) are all statistically
larger at the 99% significance level for environ-
ments that sustain organized convection. Thus, convec-
tion that undergoes an upscale-growth process com-
monly appears to be associated with large vertical wind
shear.

c. Storm-relative composites

Note that the map background in the storm-relative
composites simply provides a reference of the sizes of

various features and the average initiation locations of
the storms. The average centroid of initiation for MCSs
in this sample was 38.38°N, 97.38°W at 0100 UTC (com-
posites taken at 6 h prior � 1900 UTC), whereas the
average location of widespread convection was
37.32°N, 96.57°W at 2130 UTC. In the upper and
middle levels (composites not shown), the environ-
ments that support convective organization and those
that do not support convective organization appear
qualitatively similar. At 300 hPa, an area of modest
divergence exists prior to the development of MCSs
and widespread convection, but MCSs typically de-
velop just upstream of an upper-level ridge while wide-
spread convection generally forms downstream of a
ridge in a region of much weaker winds. At 500 hPa, a
more favorable pattern of positive vorticity advection
exists for widespread convection than for MCSs.

Warm air advection at 700 hPa appears to be a par-
ticularly good indicator of MCS development, as the
maximum coincides with the future location of MCS

FIG. 8. NCEP surface analysis for 0300 UTC 22 May 1996. This example shows the analysis of fronts, troughs, outflow boundaries,
and a dryline.

822 W E A T H E R A N D F O R E C A S T I N G VOLUME 22



initiation while the magnitude is much less for wide-
spread convection (cf. Figs. 9a and 9b). In addition,
the warm air advection pattern indicates a sharp de-
crease to the west, but a broad area of high values
that extends to the east, which suggests that eastward-
moving MCSs will remain in an environment favorable
for survival. At 850 hPa, a well-defined short-wave
trough and its associated convergence are clearly
evident prior to MCS development to the west of
the point of MCS initiation (see Figs. 9c and 9d).
Likewise, a maximum of convergence is coincident
with the center of the widespread convection com-
posite; thus, low-level convergence is also important
for the convective initiation of thunderstorms that do
not organize into an MCS. The biggest difference at
this level between the environments can be seen in the
wind field. In the MCS composite, the LLJ feeds
into the MCS initiation location whereas the com-
posite of widespread convection reveals no distinct
LLJ with much weaker winds throughout the region.
Composite surface features (not shown) are similar to
those at 850 hPa, including the convergence and wind
fields.

The stability parameters in Figs. 9e and 9f show a
region of unstable stratification that extends from the
southeast toward the center of each composite. The LI
seems to locate convective development better than
CAPE, as indicated by the minimum LI value (i.e.,
most unstable region) reaching more closely to the cen-

ter of the composites. Overall, the MCS precursor en-
vironment is more unstable than the environment of
widespread convection with larger CIN. The low-level
vertical wind shear is much greater in the MCS precur-
sor environment than in the widespread convection en-
vironment. The magnitudes of the 0–3-km shear vector
and SRH have a maximum value very near the location
of MCS initiation (see Figs. 9g and 9h). The widespread
convection composite also reveals a maximum in low-
level shear near the center, but the magnitude and gra-
dient are much less than in the MCS composite.

d. Dichotomous forecasting

A dichotomous forecasting method was employed to
evaluate parameters objectively in their ability to fore-
cast MCSs. Rasmussen and Blanchard (1998) utilized
this method to discriminate among the environments of
supercell thunderstorms with significant tornadoes, su-
percells without significant tornadoes, and ordinary
thunderstorms. A similar approach was used here to
discriminate between MCS precursor environments
and widespread convection environments. Numerous
forecast accuracy and skill measures (i.e., HSS, TS,
POD, FAR, and B) were calculated over a range of
values for each parameter based on the 2 � 2 contin-

TABLE 1. Distribution of initiating mechanisms for MCSs and
widespread convection.

Initiating mechanism MCS
Widespread
convection

Stationary front 104 45
Cold front 81 40
Warm front 26 6
Trough 69 80
Orographic influence 48 39
Dryline 16 4
Outflow boundary 9 4
Multiple features (included in totals above) 39 19
Orographic influence and trough 17 14
Orographic influence and stationary front 11 3
Orographic influence and cold front 2 1
Orographic influence and dryline 1 0
Trough and stationary front 2 1
Trough and cold front 2 0
Trough and warm front 1 0
Stationary front and cold front 1 0
Stationary front and dryline 1 0
Stationary front and outflow boundary 1 0
Other (e.g., triple point and MCV) 8 2
Unidentified 65 99
Tot 387 300

TABLE 2. Point-value data of upper- and midlevel parameters
for the MCS precursor environment and widespread convection.
For each parameter, the mean and standard deviation (�) are
listed, where boldface numbers indicate that the mean MCS pre-
cursor environment is different from the widespread convection
environment at the 99% confidence level. For some parameters,
the first-quartile (1Q), median, and third-quartile (3Q) values are
also listed.

Parameter MCS �6 h
Widespread
convection

300-hPa divergence Mean 3.4 � 10�6 2.7 � 10�6

(s�1) � 1.9 � 10�5 1.6 � 10�5

1Q �7.0 � 10�6 �5.6 � 10�6

Median 1.6 � 10�6 2.4 � 10�6

3Q 1.0 � 10�5 1.1 � 10�5

300 Q-vector Mean 7.2 � 10�16 �5.1 � 10�16

divergence � 1.1 � 10�14 7.5 � 10�15

(K m�2 s�1) 1Q �1.8 � 10�15 �1.7 � 10�15

Median �4.7 � 10�17 2.0 � 10�16

3Q 2.2 � 10�15 2.0 � 10�15

500-hPa vorticity Mean �3.1 � 10�10 4.7 � 10�10

advection (s�2) � 4.9 � 10�9 3.7 � 10�9

1Q �1.9 � 10�9 �6.3 � 10�10

Median �9.4 � 10�11 1.8 � 10�10

3Q 1.6 � 10�9 1.2 � 10�9

320-K potential Mean 0.42 0.81
vorticity (PVU) � 0.41 1.01
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gency tables. HSS was considered to be the most ap-
propriate measure of forecast skill because it gives
credit to correct forecasts of nonevents, but also takes
the false alarm ratio into account (Doswell et al. 1990).
Therefore, the parameters with the highest HSSs were
assumed to show the best capability of distinguishing
the MCS precursor environments from widespread con-
vection.

The parameters with the 10 highest HSSs for distin-
guishing between MCS precursor environments and en-
vironments of widespread convection (Table 8) gener-
ally perform as well as or better than the parameters

used in the studies of Rasmussen and Blanchard (1998)
and Rasmussen (2003) for supercell and tornado fore-
cast parameters. The FAR is notably lower in this study
as opposed to the tornado-related studies. SRH had the
highest HSS in this study at an optimal value of 60
m2 s�2, meaning that MCSs would be expected to de-
velop from a highly concentrated group of thunder-
storms only for values of SRH larger than this thresh-
old. Shear parameters tend to be the best at distinguish-
ing between MCS environments and environments that
do not support organized convection. Five out of the
top 10 parameters are based on or incorporate vertical
wind shear, including the SWEAT index, which is

TABLE 4. Same as in Table 2 but for surface parameters.

Parameter MCS �6 h
Widespread
convection

Surface specific Mean 13.5 12.0
humidity (g kg�1) � 3.7 4.1

Surface moisture
divergence (s�1)

Mean �7.6 � 10�8 �6.8 � 10�8

� 2.9 � 10�7 2.1 � 10�7

1Q �2.2 � 10�7 �1.6 � 10�7

Median �5.7 � 10�8 �5.4 � 10�8

3Q 1.0 � 10�7 3.2 � 10�8

TABLE 6. Same as in Table 2 but for wind speed.

Parameter
MCS
�6 h

Widespread
convection

300-hPa wind speed (m s�1) Mean 19.9 16.4
� 10.4 11.8

500-hPa wind speed (m s�1) Mean 14.5 10.3
� 6.4 6.8

700-hPa wind speed (m s�1) Mean 9.4 7.2
� 4.9 4.7

850-hPa wind speed (m s�1) Mean 7.4 5.7
� 4.3 4.0

Surface wind speed (m s�1) Mean 4.4 3.8
� 2.1 1.9

TABLE 3. Same as in Table 2 but for 700- and 850-hPa
parameters.

Parameter MCS �6 h
Widespread
convection

700-hPa temp Mean 4.5 � 10�5 6.8 � 10�6

advection (K s�1) � 7.3 � 10�5 5.5 � 10�5

1Q 4.0 � 10�6 �9.4 � 10�6

Median 3.3 � 10�5 3.9 � 10�6

3Q 7.0 � 10�5 2.2 � 10�5

850-hPa �-component Mean 4.1 1.9
wind speed (m s�1) � 4.7 4.4

1Q 1.0 �0.4
Median 3.7 2.0

3Q 6.9 4.3

850-hPa moisture Mean �7.0 � 10�8 �6.4 � 10�8

divergence (s�1) � 2.7 � 10�7 1.6 � 10�7

1Q �2.0 � 10�7 �1.3 � 10�7

Median �4.9 � 10�8 �4.5 � 10�8

3Q 7.6 � 10�8 3.2 � 10�8

850-hPa temp Mean 3.1 � 10�5 1.1 � 10�5

advection (K s�1) � 8.9 � 10�5 6.7 � 10�5

1Q �7.0 � 10�6 �1.2 � 10�5

Median 2.4 � 10�5 3.4 � 10�6

3Q 6.4 � 10�5 2.7 � 10�5

850-hPa frontogenesis Mean 1.9 � 10�15 3.1 � 10�15

(s�1) � 2.7 � 10�14 2.7 � 10�14

1Q �1.2 � 10�15 �1.0 � 10�15

Median 3.3 � 10�16 1.2 � 10�16

3Q 5.0 � 10�15 1.9 � 10�15

TABLE 5. Same as in Table 2 but for stability parameters.

Parameter MCS �6 h
Widespread
convection

CAPE (J kg�1) Mean 1560 1083
� 1088 784

1Q 695 464
Median 1563 989

3Q 2358 1594

LI (K) Mean �4.4 �3.1
� 3.3 2.4

1Q �6.6 �4.6
Median �4.9 �3.3

3Q �2.9 �1.8

SWEAT index Mean 307 238
� 110 87

1Q 222 184
Median 304 220

3Q 379 278

CIN (J kg�1) Mean �53.2 �20.5
� 67.4 45.9

1Q �74.0 �16.6
Median �28.8 �3.4

3Q �7.0 �1.0
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heavily weighted by wind shear. Three stability param-
eters (CAPE, CIN, and LI) and 700-hPa temperature
advection are also among the best MCS forecast pa-
rameters.

5. MCS index

The previous section provided significant insight into
environmental features that help determine whether
convection will evolve into an MCS. These results may
be even more useful to forecasters if they could be
directly applied to MCS forecasting through an index.
Like other weather indices, an MCS index is an objec-
tive tool to help forecasters make difficult decisions
about the possible development of MCSs. Given the
difficulty of forecasting convective initiation, an MCS
index would not be expected to forecast every MCS
accurately and may overpredict MCSs in some situa-
tions. The MCS index introduced here simply indicates
areas that are favorable for MCS development and sus-
tenance given that a highly concentrated group of thun-
derstorms has formed.

The analysis of environmental conditions discussed
earlier focused on the conditions 6 h prior to MCS ini-
tiation. Consequently, the MCS index defined here im-
plicitly provides a forecast out to 6 h of conditions fa-
vorable for MCSs. The parameters selected to be in the
MCS index were chosen based on the analysis of the
MCS precursor environment versus the environment of

widespread convection, as presented in section 4. Con-
sequently, the value of the index reflects the likelihood
that thunderstorms will develop into an MCS. The
MCS index is defined below:

MCS Index �
�	LI 
 4.4�

3.3



	0–3-km shear � 11.5 m s�1�

5 m s�1



	700-hPa TA � 4.5 � 10�5 K s�1�

7.3 � 10�5 K s�1 .

The MCS index is composed of three terms: LI, 0–3-
km shear, and 700-hPa temperature advection (TA),
where the MCS sample mean of each parameter is sub-
tracted from its value at a given location and divided by
the sample standard deviation, so the terms could be
combined into a unitless index. Different forms of the
index were evaluated along with different methods
(e.g., classification and regression trees) in forecasting
MCSs, but the functional form of the index proved to
be as accurate (i.e., in terms of a maximum HSS) as any
form with the advantage of being simple and straight-
forward. It is worth noting that the MCS index should
only be examined where convective development is
probable (e.g., LI � 0 or CAPE � 0). The following
discussion expands on the rationale used in choosing
the parameters included in the MCS index.

A stability parameter is a necessary component of
the MCS index to identify environments that are ca-
pable of generating and supporting deep convection.
The LI was chosen over CAPE because it has a slightly
higher HSS in distinguishing MCS environments from
unorganized widespread convection (see Table 8) and
better encompasses the location of MCS initiation (see
Fig. 9e). In addition, the LI indicates the most unstable
of four layers within 180 hPa of the surface using a
continuous range of values.

Warm air advection at 700 hPa has been documented
as a recurrent feature of the MCS precursor environ-
ment. As mentioned previously, it signals an area of
ambient rising motion, which is beneficial for thunder-
storm generation and organization. The results from
this study show that MCSs develop in areas of signifi-
cantly stronger warm air advection at 700 hPa than
thunderstorms that do not evolve into MCSs (see Table
8). In addition, the maximum in the composite 700-hPa
temperature advection field is perfectly collocated with
the average location of MCS initiation (see Fig. 9a).
Even though warm air advection is also often found at
850 hPa prior to MCS development, more systems tend
to develop in warm air advection at 700 hPa; thus, the
700-hPa level was chosen to diagnose temperature ad-
vection.

TABLE 7. Same as in Table 2 but for shear parameters.

Parameter
MCS
�6 h

Widespread
convection

0–1-km shear (m s�1) Mean 5.1 3.1
� 3.7 3.2

1Q 2.4 1.1
Median 4.3 2.0

3Q 6.7 3.8

0–3-km shear (m s�1) Mean 11.5 7.7
� 5.0 4.9

1Q 7.9 4.0
Median 11.0 6.5

3Q 14.8 10.4

0–6-km shear (m s�1) Mean 16.5 11.3
� 7.3 8.0

1Q 11.1 5.6
Median 16.3 9.4

3Q 21.5 15.4

Storm-relative helicity (m2 s�2) Mean 126.8 69.8
� 93.5 79.3

1Q 66.2 23.1
Median 106.0 45.8

3Q 168.2 94.8
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Examination of Table 8 reveals that lower-tropo-
spheric shear over many depths is very good at deter-
mining whether convection will organize into an MCS.
Prior studies of the precursor environments of MCSs
have not emphasized low-level shear, but this study
strongly suggests that low-level shear should be in-
cluded in the MCS index. The 0–3-km shear was se-
lected for the MCS index owing to its slightly higher
HSS than either the 0–1- or 0–6-km shear. Additionally,
the diurnal behavior of the 0–3-km shear more closely
resembles the diurnal behavior of MCSs (i.e., nighttime
maximum) than the 0–6-km shear owing to its more
intimate relationship with the nocturnal LLJ (cf. Figs.
10 and 11). SRH was not chosen for the index because
it includes a combination of two factors: the magnitude
of the ambient shear vector, which enhances lifting at
the leading edge of the cold pool, and veering winds
with height, which suggest warm air advection through
this layer for the geostrophic component of flow. To
separate these effects and simplify their interpretation,
individual terms for temperature advection and shear
were included in the MCS index.

Each of the three parameters in the MCS index rep-
resents a different physical mechanism that acts to en-
hance the vertical lifting by which convective develop-
ment and organization can occur. Conceptually, low-
level warm air advection supports storm initiation and
development over a relatively large area by helping to
lift the air to the level of free convection where the
existing convective instability can be accessed. After
the storms become well established, the ambient verti-
cal wind shear further enhances upward motion at the
leading edge of the storm-generated cold pools, which
promotes storm interaction and organization. The com-
bination of these mechanisms appears to be the most
favorable setting that leads to MCS development.

6. Evaluation of the MCS index

Even though the MCS index was carefully formu-
lated based on results from the observational analysis
of hundreds of MCSs, it would be useful to demonstrate
the effectiveness of the index by assessing its forecast-
ing performance and other important attributes. The

MCS index was evaluated for two different periods: the
dependent study period (April–August 1996–98) from
which the index was derived and an independent con-
vective period during BAMEX (20 May–6 July 2003).
The forecast accuracy of the MCS index was examined
using the dichotomous forecasting technique while the
diurnal, seasonal, and episodic behaviors of the index
were inspected by means of composites and examples.

The dichotomous forecasting technique reveals that
the MCS index performs better than any of the indi-
vidual parameters examined previously in distinguish-
ing between MCS precursor environments and environ-
ments of unorganized widespread convection (cf. first
row of Tables 8 and 9). Additionally, the MCS index
exhibits more accuracy during BAMEX than during the
dependent study period, providing assurance that the
MCS index is not an artifact of a particular convective
season. As expected, the overall accuracy of the MCS
index decreases as the forecast lead time increases, but
even 60-h forecasts show considerable accuracy in dis-
tinguishing between MCS precursor environments and
widespread convection. Based on these results, general
guidelines for the likelihood of MCS development are
introduced in Table 10, where low values of the index
(i.e., ��1.5) represent unfavorable conditions for MCS
development while positive values indicate more favor-
able conditions for MCSs.

a. Diurnal and seasonal cycles

MCSs typically form in the late afternoon and
evening hours, reach a maximum size during the night,
and dissipate in the morning hours (Maddox 1980; Jirak
et al. 2003). The nocturnal tendency of MCSs must also
be present in an index that attempts to predict these
systems. The diurnal cycle of the MCS index was ex-
amined by creating fixed-point composites at 3-h inter-
vals during the dependent study period. Figure 12
shows the diurnal cycle of the MCS index starting when
the index is at a minimum at 1200 UTC (i.e., early
morning). The magnitude of the MCS index increases
steadily throughout the day to the east of the Rocky
Mountains until it reaches a maximum over the high
plains at 0300 UTC (i.e., late evening) and then de-
creases into the morning hours. Thus, the diurnal cycle

←

FIG. 9. Storm-relative composites for (left) 6 h prior to MCS development and (right) widespread convection. (a), (b) At 700 hPa,
the solid lines are isotherms (K), and the shading represents temperature advection (K s�1). (c), (d) At 850 hPa, the solid lines represent
height contours (m), the dashed lines represent isotachs (m s�1), and the shading represents divergence (s�1). (e), (f) For the stability
parameters, the solid lines represent CIN (J kg�1), the dotted lines represent CAPE (J kg�1), and the shading represents LI (K). (g),
(h) For the shear parameters, the dashed lines represent SRH (m2 s�2) and the shading represents 0–3-km shear (m s�1). Each full wind
barb represents 10 m s�1, and the white diamonds identify the average location of storm initiation.
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FIG. 10. Diurnal cycle of 0–3-km shear (shaded) as shown by fixed-point composites during the initial study period at 6-h intervals
throughout the day. The shear vectors are displayed with a full barb representing 10 m s�1.

TABLE 8. Parameters with the highest HSSs for distinguishing between MCS precursor environments and environments of widespread
convection. The optimal value at the maximum HSS for each parameter is listed, as well as the TS, POD, FAR, and B calculated at
that optimal value.

HSS Optimal value TS POD FAR B

SRH 0.42 60 m2 s�2 0.61 0.78 0.27 1.07
0–3-km shear 0.36 8 m s�1 0.57 0.74 0.29 1.04
CIN* 0.36 �10 J kg�1 0.55 0.69 0.27 0.95
0–6-km shear 0.35 12 m s�1 0.55 0.70 0.29 0.99
700-hPa temperature advection 0.33 2 � 10�5 K s�1 0.50 0.61 0.26 0.81
SWEAT index 0.33 275 0.49 0.59 0.25 0.79
0–1-km shear 0.32 3 m s�1 0.52 0.67 0.29 0.93
LI* 0.27 �4 K 0.49 0.62 0.30 0.88
200-hPa temperature* 0.26 219 K 0.46 0.58 0.30 0.82
CAPE 0.24 1400 J kg�1 0.44 0.55 0.30 0.79

* A “yes” forecast is given for values less than the optimal value.
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of the MCS index closely resembles the typical diurnal
cycle of MCSs and properly indicates the nighttime as
the most favorable period of MCS development and
sustenance.

MCSs also have a distinct seasonal cycle, with the
majority of systems forming during May–July over the
central United States, shifting northward during the
convective season (Fig. 13). The seasonal cycle of the

FIG. 11. Same as in Fig. 10 but for 0–6-km shear.

TABLE 9. Accuracy and skill measures of the MCS index in distinguishing between MCS precursor environments and widespread
convection for reanalyses, analyses, and forecasts out to 60 h. The optimal value at the maximum HSS is listed, as well as the TS, POD,
FAR, and B results calculated at that optimal value.

HSS Optimal value TS POD FAR B

Reanalysis (1996–98) 0.49 �1.5 0.66 0.85 0.25 1.14
Eta analysis (BAMEX) 0.54 �1.0 0.66 0.74 0.14 0.86
Eta 6–12-h forecast (BAMEX) 0.59 �1.5 0.69 0.74 0.10 0.82
Eta 18–24-h forecast (BAMEX) 0.51 �1.5 0.65 0.74 0.16 0.88
Eta 30–36-h forecast (BAMEX) 0.41 �1.5 0.55 0.62 0.16 0.74
Eta 42–48-h forecast (BAMEX) 0.41 �2.0 0.63 0.80 0.25 1.06
Eta 54–60-h forecast (BAMEX) 0.43 �1.5 0.57 0.64 0.16 0.76
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MCS index was examined by creating fixed-point com-
posites for each month during the 3-yr study period at
the time of the maximum value of the index (i.e., 0300
UTC). Figure 14 reveals that the MCS index is at a
minimum over the plains during April with conditions
becoming much more favorable for MCSs during May–
July. The maximum values of the MCS index also shift
northward during the convective season in agreement
with the observed northward shift of MCSs during the
summer (cf. Figs. 13 and 14). The MCS index also co-
incides with another seasonal feature, increasing in
magnitude and extent through July and August over
northwestern Mexico and the southwest United States,
which is consistent with the typical North American
monsoon cycle (Douglas et al. 1993). The MCS index
indicates that this region becomes more favorable for
supporting organized, long-lived convection during the
monsoon, leading to the seasonal precipitation maxi-
mum over northwestern Mexico and the southwestern
United States.

b. Warm season precipitation episodes

Warm season precipitation episodes have been docu-
mented (Cotton et al. 1983; Carbone et al. 2002) as
coherent sequences of MCSs that traverse the United
States for periods of more than 1 day. Carbone et al.
(2002) focused on precipitation events that occur under
weakly forced midsummer conditions, owing to the
relatively low skill in predicting convective precipita-
tion by numerical weather models during this regime
(Olson et al. 1995; Fritsch et al. 1998). To investigate
the ability of the MCS index to forecast these episodes,
the index is compared to radar-derived rain-rate Hov-
möller diagrams from the Carbone et al. (2002) study.
Several precipitation episodes can be seen in the right-
hand panel of Fig. 15 as repetitive, coherent eastward-
propagating features that typically begin east of the
Continental Divide (�105°W) and cover around 1500 km

over a 20–40-h period. Comparison of the MCS index
to specific midsummer precipitation episodes reveals
good correspondence with the timing and propagation
of MCSs. Two different precipitation episodes are high-
lighted in Fig. 15 that demonstrate the association of
coherent precipitation events and the MCS index. For
example, the precipitation episode that started around
0000 UTC 20 July 1998 east of the Rocky Mountains
and propagated eastward to the Appalachians by 1200
UTC 21 July 1998 is associated with a relative maxi-
mum in the MCS index.

Many other precipitation episodes and features in
this figure are also consistent with the attributes of the
MCS index. The index shows a definite diurnal cycle,
with a maximum typically occurring shortly after 0000
UTC just east of the Continental Divide. That maxi-
mum progresses eastward overnight across the plains in
response to the larger shear and advection due to the
development of the LLJ. Finally, large values of the
index are occasionally found on the following day near
the Appalachians in response to decreased daytime sta-
bility. This results in a sort of “tiered” structure of the
MCS index in the Hovmöller diagrams that encom-
passes the more smoothly propagating precipitation
episodes. Even though the MCS index does not match
up perfectly with all of the precipitation episodes (due
in part to the convective initiation/regeneration issue),
it still provides a good indication of the possible devel-
opment of a midsummer precipitation episode. This re-
sult implies that convective instability, low-level shear,
and low-level warm air advection are important to the
existence of coherent, propagating precipitation sys-
tems.

c. Examples

A couple of representative examples were selected to
demonstrate the usefulness and effectiveness of the
MCS index in forecasting MCSs for a variety of situa-
tions. The first example is of an MCS that formed over
eastern Nebraska and Kansas on 12 May 1998 (Fig. 16).
By 0000 UTC, a line of thunderstorms forms along a
cold front on the western boundary of the region favor-
able (i.e., MCS index � 0) for MCS development. As
this convection advances eastward, it enters an area
primarily favorable for MCS development and orga-
nizes into a narrow, leading-line–trailing-stratiform sys-

→

FIG. 12. Diurnal cycle of the MCS index as shown by fixed-point composites of the index during the dependent study period at 3-h
intervals throughout the day. High elevations (i.e., above 750 hPa) are masked out from calculations of the MCS index because of
unrepresentative values of the 700-hPa temperature advection.

TABLE 10. Guidelines for the likelihood of MCS development
based on values of the MCS index given that a highly concen-
trated group of thunderstorms are present.

MCS index ��1.5 or undefined Unfavorable
�1.5 � MCS index � 0 Marginal
0 � MCS index � 3 Favorable
MCS index � 3 Very favorable
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tem. As the linear MCS moves eastward, it advances
into a more unfavorable environment and dissipates.

In the second example, BAMEX forecasters were
fairly certain that an MCS would form overnight (i.e.,
0000–1200 UTC) on 5 June 2003 in the southern Okla-
homa–northern Texas area (Fig. 17a), but they were
not sure whether a system would enter the BAMEX
domain. Eta Model forecasts of the MCS index (Fig.
17) reveal that favorable conditions for MCS develop-
ment were not expected within the BAMEX domain
overnight on 5 June as far back as the 36-h forecast. The
short-term forecasts and 0000 UTC analysis (Fig. 18a)
agree on the Texas Panhandle and the area to the south
as the primary target for MCS development. Indeed,
convection formed and organized in the Texas Pan-
handle, advancing to the southeast toward central
Texas as a bow echo early on 5 June (Fig. 18). In this
instance, the MCS index could have been used to reas-
sure forecasters that an MCS would not enter the
BAMEX domain.

Overall, these examples illustrate the forecast value
provided by the MCS index in determining whether
concentrated convection will organize into a coherent
system and whether an existing MCS is likely to endure

or dissipate. The index will not accurately predict the
timing and location of all MCSs and may overestimate
MCS development in some instances, especially if a
highly concentrated group of thunderstorms does not
form. However, the evaluation presented in this section
reveals that the MCS index could be a useful tool to
forecasters in making decisions about the influence
MCSs might have on the immediate and future
weather.

7. Summary and conclusions

The precursor environments of hundreds of MCSs
and instances of widespread convection were studied in
an attempt to gain insight into environmental condi-
tions that favor the development of MCSs from a con-
centrated group of thunderstorms. An investigation of
the initiating mechanisms of these systems revealed
that drylines were generally unfavorable locations of
MCS development, likely due to a combination of the
sparse nature of the convection that develops and un-
favorable environmental conditions for supporting con-
vective organization. Stationary and cold fronts were
the most common features to generate convection that
develops into an MCS. In several instances, however,

→

FIG. 14. Seasonal cycle of the MCS index as shown by fixed-point composites of the index at 0300 UTC during the dependent study
period for each month. High elevations (i.e., above 750 hPa) are masked out from calculations of the MCS index because of unrep-
resentative values of the 700-hPa temperature advection.

FIG. 13. Distribution (bars) and average latitude of initiation (line) of MCSs by month
during the dependent study period.
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concentrated convection developed along a frontal
boundary that did not evolve into an MCS. Similarly,
widespread convection was found to typically form in a
region of higher midlevel PV than MCSs. These results

suggest that even if some feature is present to enhance
the initiation of convection, the environment still often
needs to lend additional support for the development
and organization of long-lived convective systems.

FIG. 16. Radar reflectivity (shaded) and MCS index (contoured at �1.5, 0, and 3) on 12 May 1998. The images are from (a) 0000,
(b) 0300, (c) 0600, (d) 0900, (e) 1200, and (f) 1500 UTC 12 May 1998.

FIG. 15. Hovmöller diagrams for 15–29 Jul 1998 (in UTC) of (a) the MCS index and (b) the radar-derived rain
rate (mm h�1) (modified from Carbone et al. 2002). The data are averaged from 30° to 48°N. The elliptical areas
encompass examples of precipitation episodes and the corresponding values of the MCS index.
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To identify environmental features that aid in con-
vective development and organization, the environ-
ments of MCSs and widespread convection were ana-
lyzed and statistically significant differences were found
between these conditions. Low-level warm air advec-
tion was much larger on average prior to MCS devel-
opment than for unorganized convection. Wind speeds
were also much stronger for the MCS precursor envi-
ronments leading to stronger vertical wind shear
through the lower troposphere. In addition, the envi-
ronments that supported MCS development were typi-
cally more unstable than the environments of wide-
spread convection. The MCS-relative composites also

revealed good correspondence between the maximum
of each of these parameters and the average location of
MCS initiation.

Based on these results, 700-hPa temperature advec-
tion, 0–3-km shear, and LI were selected to be part of
an index used to forecast MCS development. Low-level
warm air advection and ambient shear act to enhance
lifting that allows the rising air to tap into convective
instability, promoting the development of an organized
convective system. These parameters form the basis of
the MCS index by providing a likelihood that the at-
mosphere will support the development of an MCS
from a group of thunderstorms.

FIG. 17. MCS forecasts made for 5 Jun 2003: (a) BAMEX forecast made at 2245 UTC 4 Jun 2003 valid for 0000–1200 UTC 5 Jun,
and (b) 36-, (c) 24-, and (d) 12-h Eta Model forecasts of the MCS index valid at 0000 UTC 5 Jun 2003. In (a), the hatched region
identifies the probable location of MCS development, and the circle identifies the BAMEX domain centered on St. Louis.
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The resulting MCS index demonstrated significant
accuracy in forecasting MCSs during the dependent
study period and during BAMEX, an independent con-
vective season. The greatest utility of the MCS index is
in identifying whether existing convection will merge
and undergo upscale growth into an MCS. In addition,
the index provides an indication of whether the envi-
ronment is favorable for supporting an existing MCS.
In an averaged sense, the MCS index exhibits features
similar to MCS characteristics, including the diurnal
and seasonal cycles. The MCS index also typically
shows good agreement with precipitation episodes even
during weakly forced midsummer conditions.

Overall, the MCS index should be very helpful to
forecasters in predicting the influence MCSs might
have on the weather in a given area, especially consid-
ering the lack of formal forecast methods currently
available (Ziegler 2000). As long as the MCS index is
used in conjunction with other information, such as the

location and timing of convective initiation, it should
lead to improved, yet imperfect, forecasts. Future stud-
ies of the MCS index involving an analysis of its per-
formance in real-time, global applications and a com-
parison with independent objective statistical analyses
are suggested to lead to possible modifications and
improvements of the existing index. Undoubtedly,
progress in the area of MCS predictability will continue
as insight gained from this study will stimulate more
studies to further our understanding of MCSs.
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