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ABSTRACT

The evolution of a small, vigorous mesoscale convective system (MCS) over northern Alabama is described
using Doppler radar, GOES satellite, surface mesonet, lightning, and sounding data. The MCS formed near noon
in a relatively unstable environment having weak synoptic forcing and weak shear. The initiation of separate
lines and clusters of deep convection occurred in regions exhibiting cumulus cloud streets, horizontal variations
in stratocumulus cloud cover, and variations in inferred soil moisture. MCS growth via merger of storms within
clusters and lines, and among the clusters, was accomplished largely through intersection of storm-scale and
mesoscale outflow boundaries. The MCS maximum anvil area (;60 000 km2 at 220 K) and lifetime (8 h) were
about 50% that of the typical Great Plains mesoscale convective complex (MCC).

Despite its smaller size, this MCS displayed many aspects that typify the mostly nocturnal Great Plains MCS.
The precipitation output was highly variable due to the transient nature of the intense convective elements, many
of which produced microbursts. The radar measurements documented the formation of a stratiform region along
the trailing side of an intense convective line. This stratiform region formed as decaying convective cores
coalesced, rather than through advection of precipitation particles directly from the convective region. Combined
GOES IR imagery and radar reflectivity analyses within the stratiform region show a sinking anvil cloud top
in the presence of increases in the vertical radar reflectivity gradient within the cloud during the maturation of
the stratiform region.

During its intense developing stages, the MCS generated a peak cloud-to-ground (CG) flash rate of 2400 h21,
comparable to rates produced by larger MCCs. Early on, positive CG flashes were most prevalent around intense
convective core regions exhibiting strong divergence at anvil level. During the latter stages, the emergence of
positive CG was coincident with the formation of a prominent radar bright band within the stratiform region.
Thus, a bipole was established, but its length was quite short at approximately 50 km, 25%–50% of the distance
documented in other MCSs.

1. Introduction

Mesoscale convective systems (MCSs), that is, sys-
tems of cloud and precipitation that include at least one
thunderstorm cell during most of their lifetime (Zipser
1982), occur in a continuous spectrum from small, short-
lived systems (e.g., Browning and Hill 1984; Knupp
and Cotton 1987; Yuter and Houze 1995a) to long-lived
mesoscale convective complexes (MCCs) exhibiting an
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average maximum area1 of approximately 160 3 103

km2 and a lifetime of about 13 h (e.g., Maddox et al.
1982). Figure 1 presents area and lifetime values for
161 MCCs observed over the United States for the
1985–87 period. While there is no clear minimum size
or lifetime for an MCS,2 the smallest systems in the
Southeast during the summer are short-lived, but most
frequent (Geerts 1998, hereafter G98). MCCs are rel-
atively rare, representing only a small fraction of the

1 The MCS area has traditionally been defined as the area within
the effective blackbody temperature (Tb) isotherm of 2528C as de-
termined from GOES IR data (Maddox 1980). The value used in this
paper is 220 K (2538C).

2 The definition of any threshold is of little value, since it would
be instrument specific. MCCs are defined and typically described in
terms of their cloud-top appearance (i.e., IR imagery from geosta-
tionary satellites), while smaller MCSs have been analyzed mainly
by means of radar data.
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FIG. 1. Scatterplot of MCC duration vs maximum area for 161
MCCs classified during the 1985–87 period. The area and duration
means are shown. The point for the case study of this paper is shown
by the solid dot. Data are taken from Augustine and Howard (1988,
1991).

TABLE 1. Comparison of MCSs with well-documented cloud-to-ground lightning.

Study MCS description

MCS
lifetime

(h)
Max

(103 km2)

Max CG
rate
(h21)

Total CG
flashes

Percent
positive

CG

Goodman and MacGorman (1986) Averages for 10 MCCs around Oklahoma 14* 160 2700 22 300 N/A
Holle et al. (1994) 3–4 June 1985 over Oklahoma

(MCS II of their study)
11 140** 1300 7011 9.9

This study MCS over Southeast 8 60 2400 10 335 4.0

* These values are close to those of the average values for MCCs in the United States (Fig. 1).
** Area determined by 18-dBZ contour at 0.58 elevation.

total MCS population. For instance, MCCs are thought
to represent less than 1% of all MCSs in the western
tropical Pacific (Mapes and Houze 1993). The fraction
is perhaps slightly larger over North America (E. Zipser
1996, personal communication).

In the United States (Maddox et al. 1982; Rodgers
and Howard 1983; Rodgers et al. 1985; Augustine and
Howard 1988, 1991; Cotton et al. 1989) and elsewhere
(Velasco and Fritsch 1987; Miller and Fritsch 1992)
MCCs typically develop in the late afternoon and attain
maximum anvil size between midnight and sunrise. In
contrast, the diurnal variation of small MCSs appears
to be regionally variable. Over continental areas with
significant baroclinic activity, the diurnal cycle of small-
er MCSs is weak and ill defined. In a radar-based study
of springtime MCSs in Oklahoma, Houze et al. (1990)
report that the largest systems are longest lived and
attain a peak size around midnight, whereas smaller sys-
tems (13–38 3 103 km2) have no clear diurnal pref-
erence. Smaller MCSs over tropical oceans may be more
common at night (e.g., Churchill and Houze 1984), al-
though the diurnal modulation is weak. In essentially
barotropic environments, including the Southeast during
much of the summer, smaller MCSs tend to develop

around noon and weaken around sunset (G98), although
the diurnal amplitude is about half that of the thunder-
storm climatological patterns of Wallace (1975). Similar
patterns also exist in west Africa (Martin and Schreiner
1981) and Australia (Wilson and Ryan 1986).

A number of previous studies have detailed the kin-
ematic structure and evolution of some rather large
MCSs in the central Great Plains (Johnson and Hamilton
1988; Houze et al. 1989; Brandes 1990; Biggerstaff and
Houze 1991; Smull and Augustine 1993) and elsewhere
(Chong et al. 1987; Hauser et al. 1988). The MCS struc-
ture at maturity has been the focus of these studies. Only
a few studies have investigated the detailed aspects of
MCS formation (e.g., Leary and Houze 1979; Keighton
et al. 1991; Klimowski 1994; Yuter and Houze 1995a).
In many cases, the MCS displays a characteristic or-
ganization consisting of a leading convective line and
a trailing stratiform region. The stratiform region gen-
erally forms at a later stage, after the convective cells
have become organized into a line.

Recent work has also examined the behavior of cloud-
to-ground lightning (CG) within mesoscale convective
systems. Goodman and MacGorman (1986), examined
the time-dependent behavior of CG within MCCs and
found that MCCs produce an unusually large number
of CG flashes over their lifetime (Table 1). A number
of recent investigations have summarized the coevolv-
ing fields of equivalent reflectivity factor Ze, airflow (in
some cases), and CG in mesoscale convective systems
(Rutledge and MacGorman 1988; Rutledge et al. 1990;
Engholm et al. 1990; Keighton et al. 1991; Schuur et
al. 1991; Hunter et al. 1992; Holle et al. 1994; Rutledge
and Petersen 1994; Nielsen et al. 1994). These works
have shown that many MCSs exhibit a bipolar CG pat-
tern upon attaining a mature state consisting of a con-
vective line (mainly negative CG) with a trailing strat-
iform region (mainly positive CG). However, only sev-
eral studies, summarized in Table 1, have considered
the Ze–CG–airflow relationship for the complete MCS
life cycle.

This paper, along with Part II (Knupp et al. 1998),
examines a small MCS. This MCS does not satisfy the
Maddox (1980) MCC criteria, because it did not display
an area of at least 50 3 103 km2 during six consecutive
hours, although it did attain a maximum area of about
60 3 103 km2 near the end of its 7–8-h total lifetime.
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FIG. 2. Measurement platforms available for the Cooperative
Huntsville Meteorological Experiment (COHMEX). The meso-g net-
work is shown as a cluster of points in the vicinity of CP-4. The
dashed circle represents the CP-4 maximum unambiguous range of
115 km. Numbers identify particular portable automated mesonet
(PAM) sites.

The MCS herein developed around noon on 13 July
1986 over the Southeast and weakened near sunset. This
small MCS formed in the absence of a synoptic-scale
frontal or baroclinic zone, which is often present for
MCCs (e.g., Maddox 1983). This is the first detailed
study of a small MCS that perhaps typifies MCSs that
frequently form in the low-shear, nearly barotropic cli-
matic regime that prevails over the Southeast during
much of the warm season. Geerts (1998) has determined
that about 50 MCSs form per month during June, July,
and August over a major portion of the Southeast cov-
ering the respective latitude and longitude bounds of
318–388N and 808–938W.

Because small MCSs have not been well documented
in the literature, our approach in this paper is to describe
the large-scale setting (section 3), the MCS development
within this benign environment (section 4), and the evo-
lution and structure of the MCS and its convective com-
ponents (section 5). Our analysis primarily utilizes the
Geostationary Operational Environmental Satellite
(GOES) satellite, Doppler radar, and lightning mea-
surements, the last of which is used to infer relative
vigor of deep convection. A primary goal is to compare
the attributes of this MCS (e.g., precipitation distribu-
tion, cloud-top structure, and CG lightning behavior)
with those of the larger MCS/MCC. In Part II, a more
thorough analysis of the origin of stratiform precipita-
tion is presented, the evolution of mesoscale vertical
velocity and vorticity is analyzed, and other mesoscale
flow characteristics are described.

2. Data sources

This study utilizes special data that were collected on
13 July 1986 during the Cooperative Huntsville Mete-
orological Experiment (COHMEX). Components of the
observational network (Fig. 2) consisted of 1) 89 au-
tomated surface stations deployed in a nested mesoscale
network (a meso-b-scale outer network having approx-
imately 50-km spacing and an inner meso-g-scale net-
work having a station spacing of about 5 km), 2) three
Doppler radars (the S-band CP-2, and two C-band ra-
dars, CP-3 and CP-4) operated by the National Center
for Atmospheric Research (NCAR), 3) a RADAP digital
processor on the Nashville (BNA) WSR-57 National
Weather Service radar, and 4) four lightning location
and protection (LLP) direction finding systems operated
by the National Aeronautics and Space Administration/
Marshall Space Flight Center. Although the COHMEX
rawinsonde network was not operational on this day,
serial soundings were acquired at 1200, 1800, 2000, and
2300 UTC3 from sites RSA and MSFC shown in Fig. 2.

The analysis incorporates equivalent reflectivity fac-
tor Ze data from the BNA S-band WSR-57 radar, Dopp-

3 UTC is about 5.5 h ahead of local solar time.

ler velocity Vr, and Ze data from CP-4 (the only research
radar that routinely conducted 3608 surveillance scans),
CP-2 and CP-3 in single and dual modes surface me-
sonet data, and 30-min GOES satellite imagery. Since
the MCS of interest produced extensive areas of heavy
rain around the radars, the reflectivity factor obtained
by CP-4 was significantly attenuated over limited
regions. To alleviate this problem, a modified form of
Hildebrand’s (1978) attenuation correction scheme was
implemented (Knupp and Chandrasekar 1993).

The Ze and Vr data from CP-4 were interpolated to a
3D Cartesian grid for composite analysis using the CED-
RIC software (Mohr and Miller 1983). In addition,
range–height indicator (RHI) scans from CP-4 and CP-
2 were analyzed to ascertain system structure. Special
effort was made to combine GOES IR, Ze, and CG data
quantitatively to examine the evolution of this MCS.

3. The environment

Large-scale patterns at 1200 UTC 13 July 1986 reveal
a weakly baroclinic (benign) synoptic environment over
the region, with the following key features also shown
in Fig. 3.

R A surface stationary front was located 600 km to the
north.

R Rather uniform temperatures of 258–268C, and dew-
points of 218–228C, existed over the region.

R An enhanced low-level pressure gradient over north-
ern Alabama supported a 15 m s21 low-level jet near
90 kPa over the region (observed only over northern
Alabama at Redstone Arsenal in Fig. 3b).
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R A short-wave trough was well to the north, near the
surface stationary front (Fig. 3d).

R Synoptic-scale ascent was weak, as indicated by air-
flow parallel to the isobars on the 316-K isentropic
analysis in Fig. 3d, and by the lack of diagnosed qua-
sigeostrophic vertical motion (not shown).

Two proximity soundings taken near the developing
MCS are shown in Fig. 4. The first sounding (RSA)
was released at 1730 UTC approximately 120 km ahead
of the MCS (Fig. 5b), but the second (MSFC, 2004
UTC) sampled an environment perturbed by local deep
convection (Fig. 5c). The 1730 UTC sounding displays
a 1.7-km-deep boundary layer, abundant water vapor
(precipitable water of about 50 mm), and unstable con-
ditions [convective available potential energy (CAPE)
;2700 J kg21]. Appreciable differences exist in all
sounding parameters, apparently due to deep cumulus
in the vicinity. The 2004 UTC sounding appears to be
especially influenced by deep convection, as attested by
the moist layer between 80 and 55 kPa, and winds that
differ appreciably from earlier (1200 and 1730 UTC)
soundings. The large difference between the two adja-
cent soundings suggests that convectively induced shear
exceeds the ambient shear, such that the environment is
ill defined (Brooks et al. 1994). We believe that the 1730
sounding better represents the undisturbed atmospheric
profiles.

Although the winds at 1730 UTC were primarily zon-
al at all levels, the MCS moved south-southeastward at
about 5 m s21 (Fig. 4b). A comparison of the wind
profile in our case to that of the ‘‘strongly classifiable’’
MCS defined by Houze et al. (1990) reveals a similar
low-level shear vector (7–8 m s21 magnitude, oriented
308–358 to the right of line orientation), but much weak-
er upper-tropospheric flow in our case. The MCS motion
is somewhat subjective and represents the movement of
the main convective line within the MCS, not individual
convective cells that moved from the west-northwest.
The large departure between storm motion and deep-
layer mean wind is not uncommon for MCSs in weakly
forced environments (Stensrud and Fritsch 1994). In
both soundings, the ambient wind shear was strongest
in a direction parallel to the mature squall line, which
was essentially zonal. In the direction of storm motion,
the magnitude of the wind shear was much smaller,
approximately 5 m s21 between 1 and 4 km.

4. MCS initiation

Between 1200 and 1800 UTC, the remnants of a noc-
turnal MCS traveled eastward over northern Tennessee
(Figs. 5a,b). This decaying cloud field originated from
an MCC over Missouri and was associated with apparent
cyclonic rotation as seen in the cloud pattern in Fig. 5a.
The MCS in this study formed just to the south of the
decaying MCS in northern Tennessee around 1700 UTC.
However, detailed GOES satellite imagery at 30-min

intervals implies that the MCS of our study was not
directly related to the MCC remnant, suggesting that
the midtropospheric vorticity anomaly associated with
this cloud field drifted eastward rather than southward.

GOES visible imagery during the initial development
period (1600–1800 UTC, Figs. 5a,b) reveal significant
variability in cloud cover and convective cloud orga-
nization, indicating an inhomogeneous atmospheric
boundary layer (ABL). By 1500–1600 UTC lines of
enhanced cumulus representing longitudinal rolls had
developed largely within existing stratocumulus (Sc)
cloud fields over northern Alabama, northern Missis-
sippi, and southern Tennessee (Fig. 5a). The orientation
of these rolls (west-southwest to east-northeast), slightly
counterclockwise of the low-level jet at 1200 UTC (Fig.
4b), is consistent with inflection point instability4 in
which cumulus clouds are organized in streets aligned
about 208 to the left of the geostrophic wind. By 1630
first echoes from a cluster of deep convection (labeled
‘‘X’’ in Fig. 5b) formed within the enhanced cumulus
field east of CP-4, attained a state of maturity by 1800
UTC, and dissipated after 2000 UTC.

By 1800 UTC only limited Sc regions were located
adjacent to enhanced Cu regions (Fig. 5b), which rep-
resent the initial deep convection of the MCS. These
vigorous cumuli were arranged in short ‘‘transverse
bands’’ oriented about normal to the west-southwest
mean flow in the ABL. These features appear to be
Rayleigh–Bernard rolls (Houze 1993, 61–64) that de-
velop parallel to the shear vector (normal to the mean
flow) under even stronger surface heating and lower
gradient Richardson number (Brown 1980), calculated
at approximately 0.2 from the 1730 UTC RSA sounding.
Their wavelength is 8–10 km, somewhat longer than a
maximum of 7 km predicted by theory, assuming an
ABL height of 1.7 km and an aspect ratio of 4. The
strong surface heating is consistent with the formation
of these bands over a zone that had experienced appre-
ciable insolation under low cloud cover largely void of
the morning Sc. We believe that the enhanced transverse
bands were forced by the thermal contrast between the
cooler Sc region and the warmer, clearer region where
these bands formed. Figure 5b also shows the initial
stages of another MCS component (C) approximately
120 km west of CP-4. This development suggests a
superposition of transverse bands on the more extensive
(but variable) cloud line whose endpoints are labeled E
and W. MCS X formed on this same line.

The variability in shallow cumulus cloud (ABL)
structure over the synoptically benign region was as-
sociated with preexisting, nonuniform Sc cloud fields.
We hypothesize that horizontal variations in surface heat

4 Infection point instability produces horizontal convective rolls in
the presence of wind shear in the ABL. It is dependent on an inflection
in the curvature of the wind profile. Houze (1993) provides a general
description, and details are given in Brown (1980).
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FIG. 3. Analysis at 1200 UTC 13 July 1986 about 5 h before the development of the MCS over the ‘‘study area’’ near the Alabama–
Tennessee border. (a) Surface analysis, with temperature and dewpoint temperature (8F) and sea level pressure contoured every 4 hPa. (b)
The 850-hPa analysis, with geopotential height (solid lines) contoured every 30 m, temperature (dashed lines) contoured every 2 K, winds
at the radiosonde sites, and relative humidity shaded in gray scales as shown on the left of the figure. (c) The 200-hPa analysis, with the
same conventions as (b) except that the gray shades indicate wind speed, in knots. (d) The 316-K isentropic analysis, with pressure (solid)
contoured every 30 hPa, winds interpolated to a regular grid, and potential vorticity (shaded) in units of 1027 m2 s21 K kg21. (e) Analysis
of vertically integrated variables, precipitable water (solid), contoured every 5 mm, lifted index (dashed) contoured every two units, and
CAPE (shaded) with increments of 500 J kg21.

fluxes were produced by the variable cloud shading, and
perhaps modulated by secondary influences such as
variations in soil moisture, topography, and vegetative
type (forests to agricultural). In regard to the soil mois-
ture influence, rainfall over the previous 7 days was
negligible from central Georgia to central Tennessee
(Fig. 6). In this case, the enhanced cumulus at 1800
UTC near points A–C, and the deep convection marked
by X (Fig. 5b), are located near gradient regions of
antecedent precipitation. Moreover, later development
of deep convection on the flanks of the weakening MCS
of this study, at points NE, NW, and S, display a similar
behavior. Mesoscale circulations associated with hori-
zontal variations in surface fluxes are believed to pro-
duce significant mesoscale circulations (e.g., Segal et
al. 1995), and we hypothesize that such processes were
important in the initiation of this MCS and later con-
vective activity. While we cannot determine the relative
roles of Sc cloud cover and soil moisture variations, we
conjecture that both were important in producing vari-
ations in sensible heat flux and, hence, generating ABL
convergence leading to initial deep convection, in this
case.

5. MCS output

a. Rain

This MCS generated locally high but variable totals
in both rainfall and CG lightning. Rainfall (24-h totals)
plotted in Fig. 7 peaked near 50 mm, and the large
spatial variability over the meso-b network is also found
in the meso-g network. The large variability over spatial
scales of less than 5 km over the meso-g network was
produced by intense, transient deep convection exhib-
iting core diameters less than 5 km between 2000 and
2100 UTC. Rainfall measured at PAM 2 (Fig. 8c) dem-
onstrates the dominance of convective precipitation. The
total stratiform precipitation of 2–4 mm measured at
sites PAM 1, 2, and 11 over the southern b mesonet
represents 10%–20% of the total precipitation over this
region. (The stratiform contribution at some heavy rain-
fall points was much lower at 0%–2%.) This fraction
is much less than the 30%–40% value estimated from
larger MCSs (Johnson and Hamilton 1988; Tao and
Simpson 1989), which we attribute to a limited duration
of the mature (stratiform) stage. The paucity of strati-
form rainfall may be related to the short-lived and rel-
atively weak (10–20 cm s21) mesoscale updraft diag-



JULY 1998 1817K N U P P E T A L .

F
IG

.
3.

(C
on

ti
nu

ed
)



1818 VOLUME 126M O N T H L Y W E A T H E R R E V I E W

FIG. 4. (a) Soundings plotted on on a skew T–logp diagram, taken
from RSA at 1730 UTC (thin lines) and from MSFC at 2004 UTC
(thick lines). See Fig. 2 for relative locations of RSA and MSFC.
The dashed curved line is a saturated adiabat having (ue 5 357 K)
computed from average surface conditions and defines the temper-
ature profile of an undiluted surface parcel. The solid line labeled
310 K is a reference dry adiabat. Parameters listed below the diagram
apply to the 1730 UTC sounding. (b) Hodograph for the same sound-
ings as in Fig. 4a. Storm motion refers to the motion of line B, one
of the major components of the MCS. Also shown are the orientation
of lines B and C (Fig. 5c), and the strength and direction of the
morning low-level jet from the 1200 UTC RSA sounding.

nosed during the latter mature stage for this case (details
of mesoscale motions are given in Part II).

b. Wind

The initial stages of the MCS were associated with
very intense convective storms, some of which produced
damaging winds at locations marked by ‘‘W’’ in Fig.
7a. Doppler radars (CP-2, CP-4, and FL-2) detected a

total of 25 microburst wind shear events5 on this day,
by far the most active day during COHMEX (Atkins
and Wakimoto 1991). The WINDEX, a measure of po-
tential microburst intensity (McCann 1994), was 59

5 A microburst wind shear event is defined by Wilson et al. (1984)
as a (divergent) radial velocity differential of at least 10 m s21 over
a 4-km radial distance.
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(1730 UTC RSA sounding), implying a maximum wind
gust of 30 m s21.

Peak wind gusts measured by PAM stations were in
the range 12–20 m s21, and the maximum observed gust
was 24 m s21 (Atkins and Wakimoto 1991). In consid-
eration of the incomplete sampling of surface winds,
these observations are consistent with the WINDEX pre-
diction. Temperature drops associated with convective
outflows occasionally exceeded 10 K (Fig. 8b), near the
largest observed during the COHMEX field study. In
MCCs, severe weather activity is typically most prev-
alent during the initial stages (Maddox 1980). In this
respect, the 13 July MCS was similar to that of MCC
formation.

c. CG lightning

The total CG count (1800–0100 UTC) within the do-
main of Fig. 9a was 10 335 strikes, 4.0% of which were
positive. This total includes contributions from the ini-
tial core MCS plus CG from regions of later develop-
ment (S, NW, and NE) labeled in Figs. 9 and 14. The
ratio of positive to total CG is similar to that of the 10–
11 June 1985 squall line (Rutledge and MacGorman
1988), but less than the 9.9% observed in the 3–4 June
1985 MCS (Holle et al. 1994, Table 1). However, this
ratio nearly matches the longer-term value of 4.3% de-
termined by Reap and MacGorman (1989) for warm-
season thunderstorms in the Oklahoma–Kansas region.
The peak hourly CG rate was 2400 within the initial
MCS (2100–2200 UTC), a value similar to the average
peak CG frequency (2700 h21) determined by Goodman
and MacGorman (1986) for the larger MCC (Table 1).
During its mature stage, the 10–11 June 1985 squall
line exhibited much lower rates of approximately 900
h21 over a 160 000-km2 area centered near Wichita, Kan-
sas (Rutledge and MacGorman 1988). Despite its small-
er size, the MCS herein was an efficient generator of
lightning, both in terms of hourly rate and CG storm
totals.

6. MCS structure and evolution

This section presents analyses of radar, GOES sat-
ellite, surface mesonet, and CG data to document the
evolution and structural characteristics of this MCS and
its component clusters.

a. Overview

An overview of the evolving structure of this MCS
over the 1800–0100 UTC period is presented in Figs.
10–13. Three stages of MCS evolution are defined in
Fig. 11. The developing stage (1800–2100 UTC) rep-
resents the period of growth prior to formation of ex-
tensive anvil and associated stratiform precipitation
(Fig. 10a). The mature stage (2100–0000 UTC) is
marked by the presence of active convection and (ex-

panding) stratiform precipitation (Fig. 10b), and the dis-
sipating stage (after 0000 UTC) is characterized by
much weaker convection. The beginning of the mature
stage, as we have defined it, is marked by a maximum
in convective intensity (Figs. 11a,c), and the dissipating
stage corresponds to a reduction in the area of the GOES
220-K Tb contour (Fig. 11b). The stratiform region was
fully developed at the beginning of the dissipating stage.

Figure 12 presents high-resolution Ze (with CG light-
ning locations superimposed) from the CP-4 radar for
the 1900–0000 UTC (developing to mature) period,
while Fig. 13 contains GOES IR patterns for the 2100–
0000 UTC (mature) period. Figures 5b–d displayed
GOES visible images during the developing stage. In
the following, this information is used to describe the
general details of the entire MCS and its major com-
ponents (A–C) labeled in Figs. 5c,d; 10; 12; and 13.

First echo (.18 dBZ) at 0.58 elevation from the Nash-
ville (BNA) WSR-57 radar occurred at 1730 UTC. The
areas of the 18 dBZ contour at 0.58 and 28 elevation
expanded to respective maxima of about 12 000 and
23 000 km2 near 2300 UTC (Fig. 11a), and the areas
within the 220- and 240-K IR temperature contours
reached 49 000 and 64 000 km2 (Fig. 11b). The area of
Ze contours after this time is unknown since the system
moved beyond the BNA maximum recording range of
232 km. At the outer ranges of our analysis domain
(Fig. 10), the 0.58 and 28 elevation scans intersect the
system at low (2–6 km) and middle levels (5–11 km),
respectively. Therefore, the area of 18-dBZ echo at 28
is a measure of the area of the precipitating anvil region.
This area exhibits a rather distinct increase in slope
between 2000 and 2200 UTC, whereas echo area at low
levels (i.e., the 18-dBZ contour at 0.58) increases at a
constant rate on the average.

This increase in slope of the echo area at 28 elevation
is related to the following observations of convective
activity.

R The area of 35-dBZ echo at 0.58, which is a good
measure of the convective rain flux, peaks at 3200
km2 just before 2100 UTC. This area is only 10% of
that determined by Holle et al. (1994) for the con-
vective area of a Great Plains MCS.

R The CG frequency (Fig. 11c) reveals a sharp peak
more than 300 flashes per 5 min at 2050 UTC, about
the same time as the peak of convective rain flux, as
measured by the 35-dBZ echo area at 0.58.

R Figure 11a shows a subjective estimate of the number
of individual convective cores as determined from PPI
(plan position indicator) plots of the type shown in
Fig. 10. Since a 2.28 beamwidth (for the WSR-57
radar) at 180-km range is 6.5 km in diameter, only
major convective cores (either large single cores or
closely packed aggregates of small cores) are re-
solved. The peak of 18 occurs near 2040 UTC, which
precedes the maximum area of the 35-dBZ contour by
15–20 min, and the peak in CG frequency by 10 min.
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FIG. 5. GOES visible images (1-km resolution) over the COHMEX region at (a) 1600, (b) 1800, (c) 2000, and (d)
2200 UTC 13 July 1986. The maximum ranges of the CP-4 (115 km) and the BNA WSR-57 (232 km) radars are
indicated by the dotted circles. Sounding locations are RSA and MSFC. The rectangles in (c) and (d) represent the
region where average cross sections of Ze, GOES IR cloud top, and CG lightning are computed. The letters A, B, C,
and X refer to MCS components defined in the text.
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FIG. 5. (Continued)
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FIG. 6. Rainfall (mm) measured from NWS cooperative sites for
the 7-day period 6–12 July 1986. Adapted from the Weekly Weather
and Crop Bulletin (1986). Regions of deep convection initiation on
13 July 1986 are shaded and labeled (A, B, C, and X) or labeled
(NE, NW, and S).

FIG. 7. (a) Rainfall totals over a 24-h time period (ending 1200 UTC
14 July 1986). The dataset includes PAM sites plotted in Fig. 2, plus
TVA rain gauge sites, all NWS sites, and Alabama volunteer observer
sites. The rainfall totals include contributions from the primary MCS
under study, in addition to (i) a secondary, smaller MCS (labeled NW
in Fig. 14) that remained anchored over the western portion of this region
between 0100 and 1000 UTC 14 July; and (ii) secondary development
along the southern limit of the COHMEX domain (Fig. 14). Specific
PAM sites (1, 2, and 11) are identified. Severe weather in the form of
damaging winds (between 1900 and 2130 UTC), as documented in Storm
Data (1986), are labeled ‘‘W.’’ (b) Rainfall totals (24-h period ending
1200 UTC 14 July 1986) plotted in millimeters, obtained from 41 PAM
sites over the meso-g network (Fig. 2). Statistics over this network are
shown in the lower-left corner.

The decrease in the number of convective cores after
2040 UTC is due to both merger of convective cores
and transition to stratiform precipitation, clearly
shown in Fig. 10b.

R Minimum blackbody temperature Tb values of ap-
proximately 200 K, obtained from the GOES IR data
(Fig. 11b), were measured between 2100 and 2200
UTC, just after the peaks in 35-dBZ area and CG
frequency.
After 2200 UTC cloud-top Tb continued to warm

(Figs. 13c,d), while beneath the expanding anvil canopy
stratiform precipitation exhibited significant expansion
between 2200 and 0000 UTC (Figs. 12d–f). By 2350
UTC (near the end of the mature stage) line B, now the
major MCS component, had developed a squall-line
structure consisting of a convective leading edge and a
well-formed stratiform region with Ze . 30 dBZ, and
a transition region with reduced Ze. The expansion of
precipitation in this case was thus coincident with a slow
warming of anvil cloud top.

The original MCS decayed rapidly after 0000 UTC
14 July as individual convective elements weakened.
However, deep convection remained active over adja-
cent regions after 0100 UTC (Figs. 9b and 14), including
(a) the latter stages of secondary development to the
south, (b) four redevelopments of intense convection
(0000–1000 UTC) near NW along the upshear side of
the system, and (c) a brief redevelopment of convection
20–50 km southeast of CP-4 between 0300 and 0500
UTC.

b. Merger events and MCS intensification
As noted above in Fig. 11a, cloud-scale mergers pro-

moted intensification of cluster A and line B, and pro-

duced a rapid MCS anvil expansion between 2000 and
2200 UTC. Finescale details of the early MCS merger
and expansion are illustrated in the CP-4 low-level re-
flectivity and CG patterns from 1901–2100 UTC (Figs.
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FIG. 8. Time series of 1-min data from the PAM 2 station, whose
location is shown in Figs. 2, 7a, and 12a. The two unlabeled traces
in (a) are mean wind and peak 1-s value over a 60-s period.

FIG. 9. Plot of cloud-to-ground lightning flashes over the time periods (a) 1800 UTC 13 July to 0100 UTC 14 July 1986, and (b) 0100 to
1000 UTC 14 July. Dots indicate negative flashes (negative charge transferred to the ground) and ‘‘1’’s indicate positive flashes.

12a–c). Over this 2-h period, the MCS evolved from a
state consisting of a large number of individual cells
(;90 at 1901 UTC), to a more organized system con-
sisting of one cluster (A) and two major lines (B and
C) by 2100. Two other minor, intermediate lines of con-
vective cells south of line B at 1959 UTC are denoted
as B9 and B0, the former of which formed along an
outflow boundary associated with A (see section 4a).
Line B0 formed in advance of preexisting outflow
boundaries perhaps in the same way as lines B and C
by inflection point instability as discussed in section 4.
A merger of lines B–B9–B0 is apparent by 2100 UTC
(Fig. 12c), after which line B assumed an archetypal
squall-line structure with trailing stratiform precipita-
tion. This evolution closely parallels the evolution and
timing of thunderstorm outflow merger events deter-

mined from satellite data over the Southeast (Purdom
1982).

The most impressive merger, associated with an out-
flow collision over the meso-g network, produced an
intermediate, short-lived but very intense cluster of con-
vective cells around CP-4 near 2100 UTC at the inter-
section among components A–C (labeled ‘‘merger
event’’ in Fig. 12c). Although these cells were extremely
transient, they produced a burst of CG (Figs. 11c and
12c) and left behind a prominent footprint in the IR
signature, namely, the cold tops of 200 K (Figs. 11b
and 13a) that persisted near CP-4 (Figs. 13b,c) even
after significant low-level precipitation diminished.
Likewise, an earlier merger event within cluster A is
reflected as the CG2 and CG1 local maxima near 2010
UTC in Fig. 11c. Consistent with previous merger stud-
ies on smaller scales (e.g., Simpson 1980; Westcott
1994), this evidence suggests that the merger increased
MCS updraft mass flux and that the enhanced upward
flux generated and transported significant precipitation
within the anvil region. Similar merger processes were
inferred by Goodman and MacGorman (1986) primarily
from the observed rapid increase of CG frequency dur-
ing the development phase of MCCs over Oklahoma.

In the next two sections we examine contrasting char-
acteristics of cluster A and line B, the two major build-
ing blocks of this MCS.

c. Structure of cluster A

Temporal patterns of CG within cluster A were ex-
tracted within a 70 km 3 70 km horizontal domain that
moved with the system. Cluster A produced abundant
CG consisting of 1705 negative CG (CG2) and 172
positive CG (CG1) over the 3-h period from 1820 to
2120 UTC, which represents 40% and 73% of the MCS
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FIG. 10. PPI plots from the BNA WSR-57 radar. The stippled region
depicts patterns from the 0.58 elevation scan, with contours drawn at
18, 30, and 43 dBZ. Vertical hatching represents the 18-dBZ contour
from the 2.08 scan, which intersects the MCS at the 5–11-km AGL
height at the range involved. (The horizontal and vertical dimension
of the radar sample volume at 170-km range for a 2.28 beam is about
6.5 km.) Identifiable mesoscale components are labeled A, B, and C.
Surface wind data are plotted in vector form, and numbers refer to
surface equivalent potential temperature (K). The barbed lines in each
panel identify the low-level outflow boundary, which expands with
time. Time series data from individual sites were used to determine
the boundary location.

FIG. 11. Time series plots of quantities characterizing the MCS
evolution. (a) Parameters derived from the BNA WSR-57 radar, in-
cluding echo areas exceeding specific reflectivity (18 and 35 dBZ )
thresholds at the elevation angles of 0.58 or 2.08. Only areas clearly
associated with the MCS are included. After 2300 UTC the MCS
moved partly out of the BNA maximum range of recorded data (232
km). The histogram shows the number of major convective cores
(i.e., those that are resolvable at the horizontal scales of about 6 km),
determined subjectively from inspection of PPI plots (e.g., Fig. 10)
at an elevation of 0.58. (b) GOES IR analysis, including areas within
blackbody temperature Tb contours of 240, 220, and 202 K. The period
of observed minimum Tb is indicated between 2000 and 2100 UTC.
(c) The CG frequency per 5-min interval within the domain of Fig. 9.

total CG2 and CG1 counts, respectively, over the do-
main of Fig. 9 during this 3-h period.

The CG time series in Fig. 15a reveals initial inten-
sification to about 30 flashes per 5 min between 1845
and 1940, followed by a rapid increase to more than
100 flashes per 5 min between 2000 and 2045 UTC.

For a 20-min period centered on 2005 UTC, positive
CG exceeded 15 (5 min)21. This signature largely pro-
duces the systemwide CG1 spike near 2010 UTC in
Fig. 11c. The coincident peak of the CG1 and CG2
activity is in contrast to observations of the 10–11 June
1985 squall line. In that case the peak in CG1, often
taken as a sign of weakening convective activity, oc-
curred 2 h after the peak in CG2 activity (Rutledge and
MacGorman 1988). Figure 12b indicates that the CG1
were mostly confined to the intense convective core
region during the 1944–2014 UTC period, with only
seven CG1 flashes located in the developing stratiform
region along the northwest flank of the system.

The rather abrupt transition in CG from about 30 to
more than 100 per 5 min, and the CG1 spike, were
associated with merging of initially loosely packed con-
vective elements into a line of two to three major cells
identified in Fig. 16. From the radar perspective, this
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FIG. 12. Horizontal patterns of Ze from CP-4 from 1.58 PPI scans [(a) and (b)] and from CAPPIs at 2 km [(c)–(f )] at approximate 1-h
intervals for the period 1900–0000 UTC. In all panels Ze contours are drawn for 10, 30, and 45 dBZ. The CG flashes occurring over 30-
min intervals, centered on the radar time, are superimposed. An exception is for (c), which has 9 min of missing CG data (2106–2115 UTC).
Dots indicate negative CG and ‘‘1’’ positive CG. Totals for negative and positive CG (CG2 and CG1), and the fraction of CG1, are
summarized in each panel. In (c)–(f ) the east–west distance over which composite Ze patterns are constructed from CP-4 data (Fig. 18) are
indicated. Bold circles represent PAM sites, and the triangle depicts the CP-4 location. MCS components (A, B, C, and X) are labeled.
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FIG. 13. Enhanced GOES IR satellite images for 1-h time intervals. The enhancement consists of seven gray
shades with temperature boundaries as follows: 240 (black), 230, 220, 215, 209, 205, and 202 K (inner white).
Circles define the range limit of CP-4 (115 km) and the average 40-km range of the CP-4 VAD analyses (Part II).
The location of the domain used for east–west averages of Ze (Fig. 18) is depicted by the rectangle. The letter ‘‘S’’
in (c) and (d) denotes secondary development to the south of the original MCS.
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FIG. 13. (Continued)
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FIG. 14. Enhanced GOES IR image at 0130 UTC 14 July 1986. The enhancement is the same as in Fig. 13. The
initial MCS has experienced discrete growth along its NW, NE, and S flanks (labeled). A second system (MCS 2) is
identified.

FIG. 15. Time series of CG counts per 5-min interval computed for (a) cluster A over a 70 km by 70 km domain
following the system, and (b) the segment of line B over the interval 290 , x , 220 km, as defined in Figs. 5c,d;
12c–f; and 13a–d.

merger process was most significant between 1940 and
2020 UTC. During this intense stage, major cells A1
and A2 produced several microbursts, one with a max-
imum recorded wind speed of 24 m s21 (Atkins and
Wakimoto 1991). Figure 17 shows an RHI vertical sec-

tion through cell A1 at 2006 UTC. The echo top extends
to 17 km above ground level AGL, about 3 km above
the equilibrium level (Fig. 4a), Ze peaks at 59 dBZe, the
40- (50-) dBZe contour reaches ;15 (12) km, and strong
divergence of Vr near cloud top (;50 m s21 over 5 km)
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FIG. 16. Contours of Ze (gray) from CP-4 at 1959 UTC, and CG
strikes over the 5-min interval 1958–2003 UTC. The time-corrected,
relative location of the CP-2 RHI of Fig. 17 is given by the dashed
line.

FIG. 17. Vertical section of reflectivity factor Ze and radial velocity
Vr through an intense convective cell of cluster A, obtained from an
RHI scan from CP-2. The location of this section is shown in Figs.
12b and 16. (b) Negative (approaching) Vr is depicted by the gray
contours. Given the 5 m s21 south–southeastward MCS motion, the
zero storm-relative contour corresponds to the 25 m s21 contour as
shown.

indicates strong updrafts within this cell. The presence
of differential reflectivity ZDR in excess of 2 dB (not
shown) indicates a prominence of rain at low levels,
although small hail is suggested by the depressed ZDR

values and enhanced X-band attenuation (not shown) in
this region.

In this case, the enhanced CG1 were associated with
very intense convective elements exhibiting very strong
upper-level divergence and associated anvil formation.
Doppler radar data support the hypothesis that CG1
were initiated by horizontal displacement of upper-pos-
itive charge during rapid anvil expansion. This finding
is consistent with patterns found by Stolzenburg (1994),
in which a preponderance of CG1 was associated with
storms having high echo tops and large hail, both of
which tend to be associated with strong upper-level di-
vergence (e.g., Nelson 1983). These observations in-
dicate that CG1 can occur near the core of intense
storms without the presence of large hailstones, which
MacGorman and Burgess (1994) infer is an important
mechanism by which positive charge is transported to
lower levels.

Visible GOES imagery also depicts rapid develop-
ment of intense convection in advance of A between
1930 and 2000 UTC. Some of these incipient cells are
apparent to the southeast of A in Fig. 12a. We hypoth-
esize that this burst of convection increased the area of
intense precipitation and thereby increased convective-
scale downdraft flux and, hence, mesoscale outflow.
This notion is supported by measurements from the Uni-
versity of North Dakota Citation aircraft, which sampled

the ABL in advance of cluster A between 1900 and
2130 UTC. A strong mesoscale outflow was measured
at approximately 300 m AGL beginning near 2020 UTC.
Northwesterly winds were measured at 20 m s21 after
this time, and blowing dust was observed over bare
fields below the aircraft. These measurements indicate
a strong southeastward surge of outflow winds and the
associated gust front after 2000. This surge corresponds
to the rapid demise of cluster A near 2045 UTC, a
behavior opposite to that of line B.

d. Structure of line B

1) ANALYSIS TECHNIQUE

The relation between cloud-top and Ze patterns within
line B is elucidated with north–south vertical sections
of Ze averaged over an east–west segment of the line.
The averaging domain for this analysis (70-km-wide
swath in the east–west direction) is indicated by the
dashed lines in Fig. 12 and the rectangles drawn in Figs.
5c,d and 13. This region was selected because of good
radar coverage of line B during the period of stratiform
precipitation development. The motivation is to detail
the formation and evolution of precipitation within the
stratiform region and to quantify the relation among Ze,
the evolving cloud-top surface, and CG distributions.

Reflectivity factor data were averaged in linear units
according to

dBZ /10eidBZ 5 10 log 10 , (1)Oe 1 2
where the dBZei are the measured equivalent reflectivity
factor at fixed y and z coordinates, the summation is in
the east–west direction, and N is the number of points.
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The CG counts over the same 70-km swath were
summed within discrete 10-km bins along the y direction
for 10-min intervals centered on specific analysis times.
This information is represented by histogram plots de-
picting both positive and negative CG.

GOES IR data were averaged over the same hori-
zontal mesoscale domain as Ze. Approximate correc-
tions for viewing angle projection of cloud top were
applied. The conversion of brightness temperature Tb

(assumed to be blackbody) to height used the 2004 UTC
MSFC sounding and the equivalent potential tempera-
ture of a parcel along a pseudoadiabat originating from
the surface.

Height errors originating from the conversion of Tb

to height will generally be small since most Tb . 203
K, that is, the tropopause level of 14.8 6 0.2 km, below
which the lapse rates are highly negative and are about
80% of the dry-adiabatic lapse rate within the 10–14-
km AGL layer. Other sources of error are possible. Deep
convection may lift the tropopause, cooling it tempo-
rarily (e.g., Fovell et al. 1992). Also, IR cooling of the
cloud top becomes important over the anvil around sun-
set at 0055 UTC (e.g., Churchill and Houze 1991), and
a spreading, aging anvil becomes optically less thick,
such that the upwelling radiation is sampled from an
increasingly deep layer below the physical cloud top.
However, errors due to all these factors are generally
less than a few hundred meters, with the exception of
deep convective cores that are not well sampled by the
8-km IR resolution. The resultant product is a series of
north–south vertical planes displayed in Fig. 18.

2) EVOLVING PATTERNS OF Ze AND CLOUD TOP

The averaged vertical sections in Fig. 18 reveal the
formation of a squall-line structure (e.g., Houze et al.
1990; Weisman et al. 1988; Fovell and Ogura 1988)
consisting of a convective line on the leading (south)
edge and an expanding, trailing stratiform region. At
2057 UTC two separate convective regions are apparent,
and the stratiform precipitation to the north is largely
above the melting level. This dual convective core struc-
ture (at 2057 and 2258 UTC) illustrates the importance
of discrete propagation along the gust front produced
by the more intense convective elements that compose
the second line (see Fig. 12 for horizontal mappings at
2-km height). The gust front appears to propagate south-
ward faster (;10 m s21) than either any convective
element in the MCS, or the MCS as a whole. The fact
that the average IR top lay below the average Ze top
indicates the presence of strong cells within the line.
The averaging technique defined by Eq. (1) is heavily
weighted by the presence of high-reflectivity cores,
whereas cloud top involves averaging of more uniform
quantities. As time progresses, stratiform precipitation
expands both aloft and at the surface, and the cloud-top
topography becomes progressively more smooth. The
initial development of stratiform precipitation between

2100 and 2200 UTC (3–4 h after convective initiation)
is obscured by the presence of some convective cores
in the trailing region (Figs. 12d and 18b,c), which in-
flates the average Ze. The dissipating convection shown
in Figs. 18b,c ahead of the main convection corresponds
with the rear part of line C in Figs. 12c,d.

By 2258 UTC a well-developed stratiform region
with a prominent radar bright band had become estab-
lished (Fig. 18d). The emergence of this stratiform pre-
cipitation appears to result from in situ intensification
of Ze, as hypothesized by Yuter and Houze (1995b,c).
Figure 10 supports this notion. As the stratiform region
intensified around 2258 UTC, the adjacent convective
region weakened and widened in the y direction. The
widening and weakening of the convective region is
particularly pronounced between 2258 and 2350 UTC,
as shown if Figs. 18d–f (see also Figs. 12e,f ). This
decline is consistent with the motion of line B into an
environment stabilized by line C (see Figs. 12c and
18b,c).

Figure 18 also illustrates the evolution of cloud and
echo top (5 dBZe) within the stratiform region. Two
patterns deserve mention.

R Highest (coldest) cloud tops tend to be located rear-
ward of the convective line over stratiform anvil, a
pattern seen at 2130, 2157, and, especially, 2350 UTC.
Only at 2258 and perhaps at 2057 UTC are highest
tops associated with the convective line. Zipser (1981)
has previously noted that convective lines within ma-
ture to dissipating MCSs are located near the gradient
of Tb and not coincident with lowest Tb values.

R While at 2057 UTC the echo top coincides with the
IR cloud top or exceeds it (due to linear averaging of
Ze), by 2350 UTC the echo top has descended 1–2
km below the IR top. The rate of cloud-top sinking
(as inferred from GOES IR warming) over the strat-
iform region was computed at 0.2 m s21 between 2200
and 2400 UTC. Hydrometeor settling is particularly
pronounced over the stratiform region during the
2258–2350 period. This sinking behavior is in contrast
to the increasing vertical gradient in Ze (particularly
between values of 5 and 20 dBZe) within the anvil at
upper levels, and the presence of weak mesoscale as-
cent there (Part II).

3) LIGHTNING BEHAVIOR

Figure 15b shows a high time resolution CG time
series over the region 2110 km , x , 220 km during
the intense period of line B. In order to capture intense
convection beyond the maximum range of CP-4, this
domain extends 20 km farther west than that used in
the Ze and GOES IR averages. The total CG frequency
increases at a nearly linear rate from 20 (5 min)21 at
1950 UTC to 120 (5 min)21 at 2105 UTC. A transient
intense phase near 2100 is followed by an exponential
decline through 2350 UTC. This temporal behavior dif-
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fers from that of cluster A, which exhibited a slow build-
up followed by a rapid decline (Fig. 15a). We take this
to imply different dynamical processes between these
two components, for example, the outflow in A was
stronger (section 6c) and moved in a different direction,
such that vorticity of inflow and outflow was more im-
balanced (Rotunno et al. 1988), assuming the 1730 UTC
wind profile in Fig. 4b is valid for the inflow of each
region.

The evolution of CG with respect to the evolving
composite Ze fields shown in Fig. 18 covers the period
from the initial intense convective line to the mature
stratiform phase that was accompanied by much weaker
deep convection. As shown in the histogram of each
panel in Fig. 18, total CG frequency decreases from 372
flashes per 30 min (over the 70-km east–west swath)
during the early intense convective line phase at 2057
UTC to 129 flashes per 30 min by 2350 UTC. Other
noteworthy features over this 3 h period include the
following.

R The north–south distance interval of CG activity dou-
bles from 50–60 km at 2057 to 110 km at 2350 UTC,
consistent with the broadening of the convective line
and emergence of stratiform precipitation (Figs. 12f
and 18f).

R At the start of this period, CG1 flashes are basically
mixed with CG2 flashes within and immediately ad-
jacent to convective cores. This was the pattern for
cluster A (during the spike in CG1, Fig. 12b) and
has been noted in a squall line (Rutledge and
MacGorman 1988).

R CG1 flashes emanate in the developing trailing strat-
iform region at 2157 UTC, near the time of most
substantial development of the bright band. By 2258,
CG1 were essentially separated from the CG2 in the
weakening convective region, forming a bipole of ap-
proximately 50-km length, much smaller than the typ-
ical value of 100–200 km in larger MCSs (e.g., Rut-
ledge and MacGorman 1988). This behavior is cor-
roborated by an electric field sounding (released at
2340 UTC from the location indicated in Fig. 12f),
which indicated positive charge above the bright band,
a feature also observed in the trailing stratiform region
of an Oklahoma MCS (Schuur et al. 1991). In our
case, the bipole appears in concert with stratiform
precipitation development and is most prominent
when the stratiform region is well developed. In con-
trast to the 10–11 June squall line, the CG1 frequency
does not increase as the stratiform precipitation area
approaches a maximum, perhaps due to the smaller
area of stratiform precipitation in our case.

R The CG within dissipating convection (adjacent to the
stratiform region) over the interval 115 , y , 265
km is still negative at 2350 UTC, yet the precipitation
distribution is transforming from convective to strat-
iform.

7. Discussion

We begin by summarizing similarities and differences
between this system and the typical, larger MCS and
MCC.

Similarities

R The line-relative low-level shear vector is similar to
that of the strongly classifiable systems examined by
Houze et al. (1990).

R Severe weather was most prominent during the MCS
development phase.

R Upscale growth was accomplished by outflow inter-
actions and associated cloud mergers.

R Stratiform precipitation formed in the trailing flank,
and a transition region bridged the convective and
stratiform regions during the latter mature MCS stage.

R An inflow jet within the stratiform region formed in
conjunction with emergence of stratiform precipita-
tion (discussed in greater detail in Part II).

R Positive CG was associated with the most intense con-
vective cores.

R A CG bipole formed between the convective and strat-
iform region during the late mature MCS stage.

Differences

R A distinct front or even weak baroclinic region was
not present in the environment, as in the case of MCCs
(Maddox 1983; Cotton et al. 1989).

R Deep-layer wind shear was lower (consistent with the
preceding statement), and in the presence of moder-
ately large CAPE (2700 J kg21), the bulk convective
Richardson number was higher (175).

R Upper-tropospheric flow was much weaker than that
of the highly classifiable MCS of Houze et al. (1990).

R Precipitation was more variable, and less (0%–20%)
originated from the stratiform region as opposed to
published values of 30%–40% for MCCs and larger
MCSs (Tao and Simpson 1989).

Some of these and other findings are expanded in the
following.

a. MCS evolution and structure

In contrast to the largely nocturnal character of
MCCs, this MCS formed near solar noon and dissipated
7.5 h later near sunset. Initiation of deep convection
occurred within areas displaying enhanced longitudinal
rolls and transverse bands, the former having been ex-
amined in considerable detail by Fankhauser et al.
(1995). This region experienced variations in rainfall
during the previous week, and the evolution of morning
cloud fields (fog and stratocumulus) suggests that vari-
ations in insolation played a role in dictating when and
where deep convection was triggered. These observa-
tions are consistent with the premise that horizontal vari-
ations in surface heat flux produced mesoscale circu-
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FIG. 18. Analyses of Ze and CG within the major convective line (line B), averaged over the east–west
domain indicated in Figs. 5, 12, and 13. The horizontal axis is meridional distance from CP-4, located at
y 5 214. The upper panels depict 30-min lightning counts within 10-km bins along the y axis (note the
change in scale between negative and positive CG). In all Ze presentations, (lower panel), the cloud top
estimated from averages of GOES IR data is superimposed on the radar data to portray the relation between
cloud top and Ze, which is contoured every 5 dB beginning at 5 dBZ. This sequence shows the southward
progression of the convective line and the development of precipitation within the stratiform region.
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FIG. 18. (Continued)

lations, initiating deep convection in three preferred ar-
eas.

During its developing stage, the MCS consisted of
three mesoscale components displaying different ori-
entations and characteristics. Convective elements with-
in cluster A assumed a southwest–northeast orientation
at maturity, but this component dissipated rapidly as its

strong outflow surged ahead of the system. The longer-
lasting line B, the most significant of the mesoscale
components, assumed an east–west orientation parallel
to the low-level shear. Line C was initially parallel but
assumed an eventual north–south orientation perpen-
dicular to the shear vector. Despite this more favorable
orientation, line C was not sustained. We note that line
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B experienced the largest low-level relative inflow since
its component of motion was more southerly than either
A or C. The tangential orientation of convective lines
(such as line B) appears to typify environments having
a low-level shear vector magnitude less than 5 m s21

(Barnes and Seikman 1984; Alexander and Young
1992). In our case the low-level shear is larger, about
8 m s21. We conjecture that the orientation of line B is
related to the west–east orientation of longitudinal rolls
that appeared to initiate both line B and its merger com-
panion B0 (see Fig. 5b).

The MCS expanded rapidly via new generation along
individual and intersecting outflow boundaries, both
within the individual components A–C and between
them. The period of most intense convection corre-
sponded to a merger of intense convective components
within cluster A, line B, and linear convection (B0) in
advance of line B. The observed intensification and rate
of expansion of precipitation within the trailing anvil
region of line B was most rapid near the time of max-
imum activity of deep convection. Some of this precip-
itation growth appears to have been generated within
the stratiform region as convective elements dissipated
in a time-dependent fashion [in a manner similar to the
particle fountain concept advanced by Yuter and Houze
(1995c)] as opposed to being transported directly from
the region of active deep convection. As the stratiform
region further evolved to a 50–100-km-wide structure
exhibiting a prominent bright band, the cloud top de-
scended, slowly in terms of IR brightness temperature
(;0.2 m s21) and more rapidly in terms of Ze. While
the vertical gradient of reflectivity factor increased dur-
ing this process, partly due to leveling of the cloud-top
topography, the distance between the IR cloud top and
the 0-dBZ level increased by a factor of 3 (800–2400
m) over a 2-h period.

b. CG behavior

Despite having an area of 40% and a duration of 60%
that of the average MCC, this MCS exhibited a peak
hourly CG flash rate of about 2400, comparable to an
average peak value of 2700 (for 10 MCCs) determined
by Goodman and MacGorman (1986). The system total
of about 10 000 CG is about 50% that for the MCC
average totals. Positive CGs (CG1’s) were most prev-
alent around the intense convective cores that displayed
rapid growth and high, diverging echo tops. The pres-
ence of CG1 was associated with strong divergence of
the anvil and not the presence of large hail at the surface.
Cluster A, for example, exhibited a peak CG1 rate of
20 (5 min)21 (which was 18% the total CG rate) during
its most intense phase. While this fraction of CG1 is
not unusually high when compared to Great Plains
storms (Stolzenburg 1994), it is consistent with the ac-
cumulating observations that storms (including super-
cells) in the Southeast tend to have higher CG rates

overall, but lower fractions of CG1 (Buechler et al.
1996).

As stratiform precipitation formed within the trailing
region of the MCS (mostly within line B) CG1 flashes
emerged within the stratiform region, but only after the
bright band and low-level precipitation had become well
established. The bipole length in this case was quite
short at 50 km, which corresponds to the distance be-
tween the respective cores of the stratiform and con-
vective regions. In comparison, bipole lengths of 100–
200 km are found in larger MCSs (Rutledge and
MacGorman 1988; Stolzenburg 1990; Engholm et al.
1990; Hunter et al. 1992; Rutledge and Petersen 1994).
While the observed flow showed weak front-to-rear flow
at upper levels, both the development of precipitation
and the CG1 within the stratiform region occurred in
situ, thus supporting the in situ charging mechanism
discussed by Engholm et al. (1990) and Rutledge and
Petersen (1994).

8. Conclusions

The following hypotheses and conclusions represent
some key issues regarding this, and perhaps other, small
MCSs.

1) Given the synoptically benign character of the pre-
storm environment, we hypothesize that variability
in surface heat flux produced cloud-initiating, so-
lenoidally driven mesoscale circulations. In addition,
we speculate that the organization of deep convec-
tion (longitudinal rolls and transverse bands) was
largely controlled by the spatial variations of earlier
stratiform clouds and shallow convection. Thus, de-
tails of the ABL and associated variable surface flux-
es (e.g., as controlled by antecedent precipitation and
cloud shading) are important and require accurate
parameterization in mesoscale models (e.g., Mc-
Nider et al. 1994).

2) The large variability in rainfall was a product of the
intense, slow-moving, transient convective cells.
These facets are related to the high Richardson num-
ber (175) of the environment, which is much higher
than that of the typical MCC environment.

3) Because deep convection during the MCS mature
stage was not sustained, the fraction of stratiform
precipitation was lower (,20%) than that of larger,
longer-lived systems documented in the literature.
The lower yield of stratiform precipitation may be
related to inferred decreasing trends of updraft mass
flux at upper levels due to the progressive weakening
of transient deep convection as the MCS matured,
which is consistent with the progressive lowering of
Ze contours as shown in Fig. 18.

4) Mergers of individual and mesoscale outflow bound-
aries were associated with the most intense convec-
tive phase of MCS (as measured by cold cloud tops,
echo areas of large Ze, and high CG rates) and the
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rapid expansion of precipitation in the anvil region.
We hypothesize that growth of MCSs of the type
documented here requires the fortuitous merger of
several areas of convection.

5) The expansion and intensification of stratiform pre-
cipitation in this MCS, which are further quantified
in Part II, occurred locally (in situ) and not by ad-
vection from the convective region (convective cells
had short lifetimes). This same argument supports
in situ charging as the mechanism producing CG1
in the stratiform region.

6) The emergence of CG1 around convective cores was
associated with strong outflow at high levels within
the anvil. This supports the hypothesis that CG1 is
facilitated by a tilted dipole, that is, displacement of
positive charge at high levels.
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