
The outbreak of 199 tornadoes on 27 April 2011, the most significant since the  

dawn of reliable records, was generated by parent storm systems ranging from  

quasi-linear convective systems to long-lived discrete supercell storms.
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A	 large number of tornadoes were recorded during  
	 the spring 2011 season, particularly a record  
	 number (around 758) during the month of April 

(NOAA 2011; NOAA 2012; Simmons and Sutter 
2012a,b). A few tornado outbreaks accounted for the 
majority of the most damaging and lethal tornadoes, 
including extended outbreaks on 14–16 April [about 

170 tornadoes, mostly EF-0 to EF-2 on the enhanced 
Fujita (EF) scale over primarily three regions: 
Oklahoma (OK)–Arkansas (AR), southern Mississippi 
(MS)/Alabama (AL), and the mid-Atlantic] and 25–28 
April from Texas (TX) to eastern Virginia (VA) (~350 
tornadoes, 321 fatalities) and 1-day outbreaks on 22 
May [~48 tornadoes from OK to Wisconsin (WI), 
including the lethal EF-5 tornado in Joplin, Missouri 
(MO)] and 24 May [~47 tornadoes in Kansas (KS), 
OK, AR, and TX, including one EF-5 in OK].

In this overview paper, we summarize the tornado 
super outbreak of 27 April 2011, defined herein as the 
24-h period midnight–midnight central daylight time 
(CDT) (0500 UTC). By many metrics this disastrous 
outbreak exceeds the super outbreak of 3–4 April 
1974 (Fujita 1974; Corfidi et al. 2010). The number 
of tornadoes over a 24-h period for the 27 April 2011 
outbreak was 199 (Fig. 1); tornado fatalities were 
316 (the most in a 24-h period since 21 March 1932; 
NOAA 2011), and injuries exceeded 2,700. For the 
month of April, insurable losses from tornadoes sur-
passed $11 billion (U.S. dollars), while the total loss 
is estimated at around $15.5 billion (Simmons et al. 
2012). The super outbreak on 27 April accounted for 
the majority of these losses. The amount of debris 
produced by the 27 April outbreak was staggering, 
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with media-reported estimates of 10 million cubic 
yards (Birmingham News 2011).1

The 27 April tornado outbreak was the major 
component of an extended 4-day episode of torna-
does starting on 25 April and ending on 28 April. On 
25 April, around 64 tornadoes (only four were EF-2 
or greater intensity) were spawned between north-
east TX and western Tennessee (TN) and Kentucky 
(KY). On 26 April, approximately 50 tornadoes were 
documented from eastern TX to the western portions 
of TN and KY. After the catastrophic outbreak on 
27 April, the residual synoptic-scale system produced 
43 additional tornadoes (four EF-2 and one deadly 
EF-3) from Georgia (GA) to New York (NY).

A primary motivation for this paper is to docu-
ment the mesoscale and storm-scale characteristics of 
this outbreak, describe unique datasets, and present 
some initial analyses that are deemed worthy of more 
detailed investigations. Because numerous special 
datasets were acquired near the geographical core 
of this outbreak, we are compelled to describe some 
initial results without showing many details due to 
the space limitations of this article. Additional details 
and figures, including radar animations and sound-
ings, are provided in the supplemental information of 

this paper (available online 
at http://dx.doi.org/10.1175 
/BAMS-D-11-00229.2).

This paper includes a 
meteorological overview 
of this outbreak and illus-
trates some unique features 
of three distinct episodes 
of tornadoes over this 24-h 
period (0500 UTC 27 April 
to 0500 UTC 28 April): 
1) a mesoscale convective 
system (MCS) that evolved 
to an intense quasi-linear 
convective system (QLCS) 
during the early morn-
ing hours, 2) a smal ler 
QLCS over northern AL 
during the midday hours, 
and 3) widespread discrete 
supercell storms during 
the af ternoon–evening 
time period. We present a 
look at the environment(s) 
that supported these three 
rounds of severe weather, 

discuss some details and early analyses of each 
sequence, and mention projects related to the event, 
including some investigations that are not purely 
meteorological. Characteristics of these episodes are 
documented by Weather Surveillance Radar-1988 
Dopplers (WSR-88Ds), a mix of surface measure-
ments, ground surveys, and instruments operated 
by the University of Alabama in Huntsville (UAH), 
including the Advanced Radar for Meteorologi-
cal and Operational Research (ARMOR) C-band 
dual-polarization radar, the Mobile Alabama X-band 
(MAX) dual-polarization radar, and the Mobile 
Integrated Profiling System (MIPS).

A variety of initial analyses have been conducted 
and brief summaries of the more interesting aspects 
are reported herein. Some of the more intriguing 
aspects of this outbreak include the following:

•	 Multiple modes of convective organization, 
including QLCSs, mesovortices embedded within 
the QLCSs, and discrete supercell storms (some 
associated with a thermal boundary) occurred 
during the outbreak.

•	 An impressive mesoscale vortex spawned within 
the early morning QLCS was associated with the 

Fig. 1. Map of tornado paths on calendar day 27 Apr 2011. Tornado EF scale 
is color coded according to the scale given in the bottom right. Fatalities are 
given for each county according to the color scale in the bottom (center). 
Tornadoes continued over the Carolinas, northern Virginia, Indiana, Ohio, 
Pennsylvania, Maryland, and New York on 28 Apr.

1	Since trees are numerous in the southeast, tornadoes in this outbreak destroyed perhaps millions of trees.
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rapid development of 16 tornadoes over north-
central to northeast AL.

•	 The parent storms, including supercell storms and 
strong convective elements within QLCSs, were 
efficient in producing tornadoes. For example, 
about 90% of the supercell storms within the 
outbreak region produced at least one tornado.

•	 Many tornadoes were long tracked, wide, and 
intense.

•	 Analysis of polarimetric variables, combined with 
dual-Doppler analyses of a supercell storm, graphi-
cally illustrate that debris was effectively lofted to 
relatively high altitudes.

•	 Many of the violent tornadoes exhibited horizontal 
vortices along their periphery.

•	 External influences, including a thermal bound-
ary, possible gravity waves, and topography, 
appeared to play a role in tornadogenesis and 
tornado intensity change.

•	 Despite timely and accurate warnings by the 
National Weather Service (NWS) forecast offices, 
the number of fatalities (316) was high.

The environment described in the following sec-
tion was extremely conducive to the development of 
strong, long-track tornadoes. Although this danger-
ous situation was anticipated exceptionally well by the 
National Oceanic and Atmospheric Administration 
(NOAA) Storm Prediction Center (SPC), this paper 
does not focus on the forecasting aspects of this event, 
which are expected to be documented elsewhere.

TH E SYNOPTIC AN D M E SOSCALE 
ENVIRONMENT OF THE OUTBREAK. This 
section presents an analysis of the environmental 
parameters highly conducive for tornadoes through-
out the day across much of the region affected. We 
begin with the early component of the event. The envi-
ronment during the early morning (0500–1200 UTC) 
QLCS tornado outbreak was characterized by 
appreciable low-level wind shear and modest CAPE 
values (~1000 J kg–1) over northern and central 
MS and AL. The 0–1-km storm-relative helicity 
(SRH) values were prodigious, ranging from 500 to 
700 m2 s–2. The 0–6-km bulk shear, around 25 m s–1, 
was not extreme. However, the large low-level SRH 
was sufficient (Rasmussen 2003; Thompson et al. 
2012) to produce numerous rotating updrafts and 
significant tornadoes along the QLCS.

In contrast, the environment over the region 
during the afternoon supercell outbreak was one of 
the most conducive to violent tornadoes ever docu-
mented in the literature. At 2200 UTC, the axis of a 

deep, negatively tilted upper-level trough was located 
over AR and Louisiana (LA). At 300 hPa, a 50 m s–1 
jet extended around the base of the trough, from the 
Rockies into western AL (Fig. 2a). Positive differen-
tial vorticity advection at 500 hPa (DPVA; Fig. 2b) 
was present from AR into northern AL as air parcels 
exited the sharply curved upper trough. Paired with 
negligible thermal advection, the resulting net mass 
divergence within the column was associated with 
rapid surface pressure falls and associated isallobaric 
flow into a surface cyclone (995-hPa central pressure) 
centered in western KY at 2200 UTC (Figs. 2c,d), con-
sistent with patterns documented in previous signifi-
cant tornado outbreaks (Mercer et al. 2012). A strong 
surface cold front extended from the cyclone center in 
western KY into central LA at 2200 UTC. The rapid 
low-level height falls east of the trough axis in western 
KY contributed to a 30 m s–1 south-southwesterly low-
level jet at 850 hPa over AL (Fig. 2c). The rapid height 
and surface pressure falls promoted ageostrophic 
flow within the lower boundary layer (Fig. 2d), where 
friction played an additional role in backing surface 
wind vectors at angles approximately 60° to the 
isobars, maintaining SRH values > 500 m2 s–2 over 
the outbreak region.

The upper-level divergence and associated vertical 
motion helped promote steep lapse rates of 7.5°C km–1 
between 700 and 300 hPa, according to the 2100 UTC 
North American Mesoscale Model (NAM) sounding 
at Cullman (north central), AL (Fig. 2h). The south-
erly flow at low levels transported warm and moist 
air northward from the Gulf of Mexico into central 
AL, where surface temperatures and dewpoints 
reached 25°–27°C and 19°–22°C, respectively, by 
2200 UTC. This high-valued θe boundary layer air, 
along with cold temperatures and steep lapse rates 
aloft, produced CAPE values of 2500–3000 J kg–1 
over central AL (Fig. 2e). Furthermore, the high 
surface dewpoints (Fig. 2h) produced a low-lifting 
condensation level (LCL), a measure that has shown 
some skill in differentiating tornadic and nontornadic 
supercell environments (e.g., Thompson et al. 2003). 
For example, just before the tornadic supercell moved 
over Tuscaloosa at 2200 UTC, the nearest Automated 
Surface Observing System (ASOS) station (KTCL) 
recorded a dewpoint depression of 4°C, producing an 
LCL height of 400–500 m AGL, in the 98th percentile 
for low LCLs in all supercell proximity environments 
according to the database assembled by Thompson 
et al. (2007, hereafter referred to as T07).

The strong upper-level trough and associated low-
level height falls aided the production of a strong low-
level wind field with extreme vertical wind shear as 

1043JULY 2014AMERICAN METEOROLOGICAL SOCIETY |



indicated by 0–1-km SRH 
values between 600 and 
900 m2 s–2 over the north-
ern half of AL (Fig. 2f). In 
addition, an east-to-west–
oriented thermal boundary 
developed during the late 
morning and early after-
noon hours over north-
ern AL owing to the cold 
outf low air produced by 
a midday QLCS, followed 
by persistent clouds and 
rain showers that main-
tained this cool air mass 
over northern AL, while 
relatively high insolation 
heated much of central 
AL. This boundary intensi-
fied by midafternoon and 
likely produced a low-level 
thermally direct circulation 
that enhanced the vertical 
wind shear along it (e.g., 
increased southerly f low 
above the cool air and di-
minished southerly f low 
near the surface within the 
cool air).

The significant tornado 
parameter (STP), which 
includes CAPE, SRH, and 
the effect of a low LCL 
(T07), attained values > 5 
over a relatively large re-
gion including northeast-
ern MS, central to northern 
AL, and areas to the north-
east. Such a large area of 
high values serves as a good 
discriminator for tornado 
outbreaks (Shafer et al. 
2012). A maximum STP 
value > 10 was diagnosed 
in eastern MS and western 
AL at 2200 UTC (Fig. 2g). 
The median STP value in 
T07 for significant (EF-2 or 
greater) tornado environ-
ments was near 2.5. Only 5 
of 835 supercell proximity 
soundings examined by 
T07 had an STP greater 

Fig. 2. (a) 300-hPa geopotential heights (m MSL, dark contours), isotachs 
[knots (kt); 1 kt = 0.51 m s–1; blue shades with light and dark blue represent 
wind speed greater than 50 and 100 kt, respectively], and divergence (10–5 s–1, 
purple line contours); (b) 500-hPa heights (dam MSL, black contours), vortic-
ity (10–5 s–1, shaded), and DPVA (blue contours); (c) 850-hPa heights (m MSL, 
black contours), mixing ratio (shaded, with light and dark green shading 
representing values greater than 10 and 14 g kg–1, respectively), temperature 
(dashed red lines), and wind barbs; (d) mean sea level pressure (hPa, black 
contours) and surface wind barbs; (e) surface-based CAPE (J kg–1, red lines) 
and surface-based CIN (light and dark blue shading represent values greater 
and 25 and 100 J kg–1), numbered dots represent location of 1) Tuscaloosa 
and 2) Cullman; (f) 0–1-km storm-relative helicity (m2 s–2); (g) effective-
layer significant tornado parameter; and (h) NAM sounding for Cullman, 
AL, at 2100 UTC 27 Apr 2011. [(a)–(c) are for 2200 UTC, and (d)–(h) are for 
2100 UTC. In each panel with wind barbs, a full barb represents 10 kt, and a 
flag is 50 kt.] (Courtesy of NOAA Storm Prediction Center).
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than 10, placing this environment well above the 
99th percentile for supercell storms. In a recent study, 
covering the 2003–11 period (including the 27 April 
outbreak), Thompson et al. (2012) show a mean STP 
of 8.9 for EF-4 to EF-5 tornadoes. Storms over the 
warm sector where boundary forcing appeared subtle 
were more discrete than those that evolved along the 
boundary, in general agreement with the observations 
presented in Dial et al. (2010). Bunkers et al. (2006a,b) 
have presented observational evidence that discrete 
supercell storms exhibit longer lifetimes.

O V E R V I E W  O F  T H E  T O R N A D O 
OUTBREAK. Tracks of all tornadoes for the 24-h 
period 0500 UTC 27 April–0500 UTC 28 April 
(from midnight to midnight CDT) are plotted in 
Fig. 1 (details on the characteristics of each tornado 
are available online at http://vortex.nsstc.uah.edu 
/uahsevere/April27/27April_Timeline.pdf). The great-
est concentration of tornadoes occurred within an area 
of about 230,000 km2 covering portions of MS, central 
to northern AL, eastern TN, and northern GA. Strong 
to violent tornado numbers include 19 EF-3, 11 EF-4, 
and 4 EF-5 tornadoes. In comparison, the 3–4 April 
1974 outbreak occurred over a domain about four times 
larger and produced 35 F-3, 24 F-4, and 6 F-5 tornadoes 
(Corfidi et al. 2010).

Table 1 presents other statistics obtained from the 
SPC database, including the destruction potential 
index (DPI; Thompson and Vescio 1998; Doswell 

et al. 2006), the N2 parameter2 introduced by 
Doswell et al. (2006) and further expanded by Shafer 
and Doswell (2010), and tornado fatalities for the 
top five outbreaks in each category. The 27 April 
2011 outbreak tops the list in all three metrics. Even 
though the 3–4 April 1974 outbreak had greater 
numbers of F-4 and F-5 tornadoes, the long-track 
lengths and wide swaths of many tornadoes in the 
27 April 2011 outbreak account for a greater DPI 
and N2 parameter.3 On a state basis (not shown), 
the 27 April 2011 event ranks AL first in fatalities 
(238), first in total area (1.06% of the area of AL was 
impacted by tornadoes), and first in DPI. Thus, by 
many metrics, the 27 April 2011 outbreak was the 
most significant tornado outbreak since official 
records were started in 1950. The 3 April 1974 and 
27 April 2011 outbreaks are clearly separated from 
other outbreaks when combinations of parameters 
(e.g., N2) are used as a metric.

Figure 3 depicts a time series of tornadogenesis 
events per 30-min time interval over the outbreak 
area shown in Fig. 1. Tornadogenesis events were 
absent in only six 30-min time blocks over this 
24-h period. Three episodes of tornado activity are 
apparent. The first 76 tornadoes occurred during the 
0500–1500 UTC time frame and were associated with 
a strong MCS that intensified over MS and evolved 
into a QLCS during the early morning hours over 
AL. The peak near 0630 UTC (Fig. 3) corresponds 
to the growth of an MCS composed of five intense 

2	The N2 index was selected since it is based on 13 tornado parameters, with the highest weights given to total number of 
tornadoes, number of significant tornadoes, number of violent tornadoes, destructive potential index, and pathlength of all 
tornadoes. Refer to Shafer et al. (2012) for details.

3	After 1994, the width in the SPC database was changed from mean to maximum width along the tornado damage path (Brooks 
2004). Thus, the numbers that are based on the width, such as DPI, will have a high bias. Given the change in tornado width 
recording methodology, it should also be noted that the sum of F-scale times pathlength was slightly larger on 27 April 2011 
than on 3 April 1974.

Table 1. Rankings of the top five tornado outbreaks in terms of the DPI, the N2 parameter (see text for 
details), and fatalities. All numbers are based on the SPC database. Outbreaks prior to 1950 are not included.

Date DPI* Date N2 parameter** Date U.S. fatalities

27 Apr 2011 21,980 27 Apr 2011 28.0 27 Apr 2011 316

24 Apr 2010 7,330 3 Apr 1974 25.1 3 Apr 1974 307

3 Apr 1974 6,830 11 Apr 1965 10.3 11 Apr 1965 305

11 Apr 1965 4,230 05 Feb 2008 8.8 21 Feb 1971 226

30 Apr 1954 3,870 26 Apr 2011 7.5 21 Mar 1952 218

*	 The DPI, defined in Thompson and Vescio (1998) and Doswell et al. (2006), is the tornado area (length times width) 
multiplied by the (E)F-scale plus 1. The definition of width changed from a mean value to the maximum value in 1994 
and hence the DPI values after this date will be higher than those based on mean width.

**	Defined in Shafer and Doswell (2010), updated numbers provided by Dr. C. Shafer.
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linear segments (each with length of ~100 km), one 
of which included a mesoscale vortex (MV; Trapp and 
Weisman 2003) over MS. The prominent peak near 
1130 UTC (16 tornadoes within a 30-min period) 
was associated with the impressive development of a 
second, more notable MV over central and northeast 
AL, discussed in more detail in the following section.

A second, but shorter QLCS developed over north-
ern AL around 1500 UTC, producing seven generally 

weak tornadoes (EF-0 and 
EF-1) between 1615 and 
1705 UTC.

Finally, supercell storms 
formed over eastern MS 
and western AL during the 
afternoon hours, account-
ing for 29 of 34 tornadoes 
of EF-3 intensity or greater. 
The afternoon hours were 
very active, with an aver-
age of six tornadogenesis 
events per 30 min for the 
7.5-h period between 1900 
and 0230. The four EF-5 
and 11 EF-4 tornadoes were 
initiated between 1930 and 
0100 UTC; the formation 
of an EF-4 or EF-5 tor-
nado was absent in only one 

30-min period within this time interval.
The distributions of the EF scale, pathlength, and 

path width, all obtained from the SPC database, are 
plotted in Fig. 4. A modest correlation (R2 = 0.50) 
between pathlength and path width (and tornado 
intensity) is suggested. There were 23 tornadoes 
that developed damage swaths greater than or equal 
to about 1 km, and 18 tornadoes had pathlengths 
exceeding 50 km (six exceeded a 100-km path-
length). The Hackleburg tornado over northern AL 
exhibited the longest path: about 212 km. Two other 
tornadoes were approximately 200 km in length. It is 
noteworthy that five EF-2 to EF-3 tornadoes within 
the morning QLCS produced damage path widths 
exceeding 1 km.

Primarily EF-3 and stronger tornadoes exhibited 
pathlengths exceeding 60 km, consistent with Brooks 
(2004). A broader range of tornado intensities (from 
EF-2 to EF-5) exhibited path widths exceeding 1 km. 
According to Brooks (2004, his Fig. 4) EF-2, EF-3, 
EF-4, and EF-5 tornadoes that achieve path widths 
greater than 1 km fall in the respective cumulative 
distribution function (CDF) values of approximately 
99%, 95%, 90%, and 88%. Mean width values for EF-2 
to EF-5 tornadoes (in the Brooks study) are 126, 264, 
460, and 555 m, respectively.

O U T B R E A K  C O M P O N E N T S  A N D 
CHARACTERISTICS. The following sections 
summarize the mesoscale and storm-scale features 
of three contrasting modes of mesoscale organization 
of deep convection that produced tornadoes during 
this outbreak.

Fig. 4. Tornado width vs pathlength, stratified by EF 
scale and parent storm type (square for MV, circle for 
QLCS, and inverted triangle for supercell). A best-fit 
line is drawn and has a value (coefficient of determina-
tion) of R2 = 0.50.

Fig. 3. Time series of tornadogenesis events per 30-min time interval.
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Early morning QLCS. A large MCS formed over the 
LA–AR region and organized over MS around mid-
night CDT (0500 UTC) on 27 April. The QLCS was 
a vigorous system that generated an impressive 76 
tornadoes, some of which exhibited EF-3 intensity, 
wide paths, and long tracks. Tornadogenesis events 
increased notably after 0500 UTC (Fig. 3) as this MCS 
intensified over MS and matured over AL (Figs. 5 a–c). 
Of the 76 tornadoes within the MCS/QLCS, 5 of them 
achieved EF-3 intensity. This number is unusually high 
when compared to the results of Trapp et al. (2005b), 
who found that EF-2 and stronger tornadoes are much 
less common within QLCSs relative to supercells. Their 
3-yr dataset indicates a total of only 12 (E)F-3 tornadoes 
from QLCSs (see their Fig. 4). Grams et al. (2012) also 
show a relatively low number (22 during the 2000–08 

period) of QLCS-generated tornadoes with intensities 
greater than or equal to EF-3 (see Fig. 2 in their paper).

An image from the Columbus, MS, WSR-88D 
(KGWX) at 0735 UTC (Fig. 5a) reveals five intense 
meso-β-scale components labeled 1–5. Component 3, 
which contained a mesoscale vortex (MV1), was the most 
prolific tornado producer, generating a series of eight 
tornadoes over a 60-min period, with two reaching EF-3 
intensity, one of which produced a damage path 95 km 
in length. Six tornadoes produced damage path widths 
exceeding 1 km, which is much larger than typical tor-
nado widths within QLCSs (Trapp et al. 2005b). Several 
tornadoes were associated with components 2, 4, and 5.

Component 1 rapidly expanded to form a bow 
echo after 0735 UTC, while the others merged into 
one contiguous QLCS that produced 31 tornadoes in 

Fig. 5. Overview of the 27 Apr 2011 outbreak, showing the evolving MCS/QLCS during the (a)–(c) morning 
hours, (d) the midday QLCS, and (e),(f) supercell storms during the afternoon. All panels are the reflectivity 
factor at 0.5° elevation angle. The dotted–dashed line in (e) is the estimated location of the surface thermal 
boundary based on surface data.
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central to northern AL. By 0940 UTC, a 200-km-long 
bow echo segment located over western AL (Fig. 5b) 
subsequently adjoined to the northern linear portion 
of the QLCS as the system moved into AL. This bow 
echo produced 10 of the 31 tornadoes within the 
entire QLCS over AL, 3 of which were significant EF-3 
tornadoes, 2 with a track width > 1 km, and 4 (1) with 
a pathlength greater than 30 (50) km.

A second significant MV (MV2) formed within this 
QLCS by 1030 UTC. MV2 formed near the intersection 
of the bow echo with the linear segment to the north, 
similar to a tornadic MV examined by Schenkman 
et al. (2011a,b, 2012) and developed into one of the 
most striking components of this QLCS. The mature 
MV2 is shown in the 1140 UTC base elevation image of 
reflectivity factor (Z) from the Hytop, AL, WSR-88D 
(KHTX) in Fig. 5c. Tornadoes associated with MV2 
are indicated as a distinct maximum in tornadogen-
esis events at 1130 UTC in Fig. 3. In AL, 18 tornadoes 
were associated with MV2, 3 of which achieved EF-2 
intensity, while the others were estimated at EF-0 to 
EF-1. As MV2 moved to the northeast, it produced 
another EF-1 tornado in extreme northwest GA and 
three additional tornadoes (one each of EF-0, EF-1, 
and EF-2 strength) in southeast TN.

Since MV2 was located within a prime area of the 
dual-Doppler lobe formed by the KHTX and ARMOR 
radars (68-km baseline), a preliminary dual-Doppler 
analysis was conducted using standard techniques 

outlined in the online supplement. Figure 6 indicates 
that the horizontal f low relative to the translating 
MV is filled with positive vertical vorticity peaking at 
about 12 × 10–3 s–1 at the lowest analysis level of 1 km 
AGL. Based on initial results, we note the following 
apparent aspects of MV2: 1) it contained multiple 
vorticity centers at some analysis times; 2) cores of 
vertical vorticity from the northernmost convective 
cells along the attendant QLCS to the south advanced 
toward MV2 and merged with the primary vorticity 
area; 3) updrafts were shallow and relatively weak 
(<10 m s–1) and their magnitudes peaked below 6-km 
height on the northern to western sides of the vortex; 
and 4) the storm-relative horizontal wind maxi-
mum migrated counterclockwise with time. These 
inceptive findings highlight the utility of a complete 
investigation of this MV and the potential mecha-
nisms (e.g., Trapp and Weisman 2003; Weisman and 
Trapp 2003; Atkins and St. Laurent 2009) that allowed 
it to amplify and effectively produce tornadoes.

The vertical extent of significant precipitation 
(40-dBZ echo) within MV2 was mainly confined below 
4–5 km, and the absence of lightning, as indicated by 
the National Aeronautics and Space Administration 
(NASA) Northern Alabama Lightning Mapping 
Array, corroborates the relatively weak and shallow 
dual-Doppler analyzed updraft. Yet, 12 tornadoes were 
rapidly produced over a 30-min period as MV2 moved 
over relatively rough topography. As was the case 

Fig. 6. Dual-Doppler analysis, using the ARMOR and KHTX radars, of the MV at 1145 UTC. Plan view at (left) 
1.0-km level and (right) vertical sections along lines indicated in horizontal view. Vectors portray horizontal 
flow relative to the moving MCV. Contours are vorticity (solid black), plotted every 1 × 10–3 s–1 and vertical 
motion (solid white) plotted every 1 m s–1.
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for MV1 in MS, tornado 
production was relatively 
abundant within MV2 after 
an initial 30-km-long EF-3 
tornado formed in west-
central AL between 1018 
and 1036 UTC. MV2 then 
produced a 48-km-long 
EF-2 tornado in Cullman 
County and then ramped 
up production of weaker 
tornadoes upon entering the 
more heterogeneous terrain 
of Marshall County. One 
possibility (hypothesis) is 
that variations in topog-
raphy may have played a 
contributing role (perhaps 
in addition to the already 
well-primed environmen-
tal parameters discussed 
in the previous section) in 
the rapid increase in torna-
dogenesis events via topo-
graphic-induced stretch-
ing and channeling of flow 
(e.g., Bosart et al. 2006) 
within this relatively stable 
low-level environment that 
exhibited high values of 
vertical vorticity. Such a 
significant ramp-up in tor-
nadogenesis is in contrast to 
the more gradual evolution 
of the parent MV.

Midday QLCS over northern 
AL. A second, smaller (about 
100 km in the north–south direction) QLCS formed as 
an intense convective line over northern MS and rotat-
ed from an initial east–west orientation at 1300 UTC 
to a south-southwest (SSW) to north-northeast (NNE) 
orientation by 1500 UTC as the system moved east-
ward. The QLCS front edge evolved from a linear and 
smooth structure at 1555 UTC to one that exhibited 
six protrusions in the Z field at 1615 UTC. These six 
protrusions appear to be associated with distinct 
inf low notches exhibiting an average horizontal 

separation of ~8.5 km. Each protrusion was associated 
with either a recent passage or the superposition of a 
reflectivity segment (RS4), oriented perpendicular to 
the QLCS passing along the axis of the QLCS from 
the southwest to northeast. By 1622 UTC, two of these 
protrusions had developed well-defined forward-flank 
curl structures (hooklike echoes) produced by cyclonic 
circulations that were associated with a sequence of 
seven EF-0 to EF-1 tornadoes as the QLCS moved over 
the UAH observational network in north-central AL 

Fig. 7. (a) ARMOR image of equivalent reflectivity factor (Ze) from the mid-
day QLCS at 1622 UTC. The lines labeled 1–7 identify tornadoes associated 
with this QLCS. (b) Zoomed in view of well-defined curls in (top) Ze, cyclonic 
circulations (circles), and tornadic debris signatures (circles) as indicated by 
(bottom) ρhv. (c) Time vs height section of Ze from the MIPS XPR for the pe-
riod 1647–1658 UTC. The maximum in vertical particle motion (W = w + VT , 
where w is vertical motion and VT is terminal fall speed) is annotated within 
the bounded weak echo region. See Fig. 5d for the MIPS location relative to 
the QLCS.

4	A reflectivity segment is a quasi-linear feature in reflectivity factor that appears to play a role in tornadogenesis. The RS kine-
matic and dynamic features have not been defined previously, but we have observed a correlation between intersection of an 
RS with an existing supercell storm, and a subsequent increase in circulation, in other tornadogenesis events over northern 
Alabama (e.g., Coleman and Knupp 2008).
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between 1615 and 1705 UTC. An image of Z from 
the ARMOR (Fig. 7a) shows curl structures at the 
leading edge at 1622 UTC when two tornadoes were 
in progress. Both of these primary curl structures 
exhibited dual-polarized tornadic debris signatures 
(i.e., reduction in correlation coefficient ρhv, as shown 
in the bottom panel of Fig. 7b; see Ryzhkov et al. 2005 
and Schultz et al. 2012) at some point during their 
lifetime (Fig. 7b). Tornado paths associated with these 
signatures were verified by detailed ground surveys. 
The intense nature of the QLCS is further evidenced 
by peak Z values of 65 dBZ, cooling of 7.6 K, and peak 
wind gusts of 17.4 m s–1 at the UAH MIPS site and 
26 m s–1 at the Huntsville airport ASOS surface station 
(KHSV), located at 237°, 16 km southwest of the MIPS.

Other special observations include a sounding 
just ahead of the QLCS at 1700 UTC from Redstone 
Arsenal, AL (RSA), measurements from the MAX ra-
dar 42 km northeast of the ARMOR, and the passage 
of the southern portion of the QLCS over the MIPS. 
Figure 7c shows a high-resolution time–height section 
of Ze from the MIPS X-band (vertically pointing) 
Profiling Radar (XPR). The time scale in this figure 
was selected to form an approximate 1:1 correspon-
dence between the vertical and horizontal scales 
using a time-to-space conversion and the observed 
storm motion. A vertical section reconstructed from 
the KHTX radar (not shown), located 50 km to the 
northeast, corroborated the structure and relative 
distribution of Z. The relative location of this sec-
tion is shown in Fig. 5d. Annotated features include 
a bounded weak echo region filled with updraft and 

two outflow surges that correspond to wind surges 
in collocated surface measurements. Of particular 
importance is the peak 23 m s–1 updraft located 
at a relatively low level near 2 km, indicating that 
dynamic forcing near the nose of the initial outflow 
surge was likely prominent. The passage of a tor-
nado ~9 km north of the MIPS/XPR site suggests 
that this updraft measurement is representative of 
the leading edge of the MCS where tornadogenesis 
occurred. Storm-relative helicity (0–3 km) values 
of 870 m2 s–2 estimated from the 1700 UTC RSA 
sounding (> 1100 m2 s–2 from the SPC mesoanalysis), 
significant cyclonic shear along the leading edge of 
the QLCS, and significant stretching as implied by 
the strong low-level updraft all combined to make 
a limited region of the QLCS efficient in producing 
tornadoes in this time–space window of the observa-
tions. Since the ARMOR was alternating between sec-
tor and 0.7° elevation surveillance scans, the temporal 
resolution at low levels is 1–2 min during the passage 
of the QLCS within close range of the ARMOR. The 
combined MIPS, ARMOR, and MAX observations 
will provide a basis for a comprehensive future study 
of tornadogenesis within this particular QLCS.

A second trailing line of intense deep convection 
developed around 1630 UTC rapidly evolved into a 
short bow echo segment (Fig. 5d) that produced wind 
damage across northern AL and eventually overtook 
and merged with the leading QLCS by 1800 UTC. 
As this combined QLCS propagated into northeast 
AL and southeast TN, it evolved to a cellular struc-
ture consisting of individual supercell storms that 

produced several tornadoes over 
southeastern TN. This evolution is 
similar to the slabular to cellular 
transformation within an intense 
derecho (bow echo) event described 
by Weisman et al. (2013).

It is noteworthy that the early 
morning and midday QLCS events 
produced significant local power out-
ages from central to northern AL that 
significantly reduced warning dis-
semination (owing to power outages, 
disabled sirens, and reduced weather 
radio transmissions) to these areas 
during the more significant afternoon 
supercell-spawned tornadoes (TRAC 
2012). Additionally, these systems laid 
the basis for an influential thermal 
boundary that appears to have aided 
in the strength of the northernmost 
afternoon supercells.

Fig. 8. Surface potential temperature (K) superimposed on reflectiv-
ity factor from the Columbus, MS (KGWX), WSR-88D. The radar 
image and surface values are valid for 2000 UTC. The thermal bound-
ary is represented as a dotted–dashed line. The UAH sounding is 
shown in Fig. 9.
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Characteristics of the thermal boundary. The thermal 
boundary produced by the midday QLCS and rein-
forced by subsequent overcast and scattered showers 
within the northern portion of the outbreak area 
was a prominent mesoscale feature. The potential 
importance of thermal boundaries has been in-
vestigated in previous studies (Davies et al. 1994; 
Markowski et al. 1998; Langmaid and Riordan 1998; 
Koch et al. 1998; Rasmussen et al. 2000; Thompson 
and Edwards 2000; Rogash and Smith 2000). Surface 
data from a variety of sources were used to estimate 
the time-resolved boundary location from the time 
of formation in the wake of the midday QLCS at 
1500–1700 UTC through the afternoon hours. 
Potential temperature plotted in Fig. 8 shows the 
boundary extending from northeastern MS to north-
ern AL at 2000 UTC. The horizontal temperature 
gradient varied along the boundary, ranging from 
about 6 K (22 km)–1 [normalized gradient of about 
3 K (10 km)–1] obtained from a southward transect 
by a UAH mobile mesonet near the Cullman storm 
between 1959 and 2013 UTC to a 5-K increase over 
20 min [5-km distance or a normalized gradient of 
10 K (10 km)–1, assuming a 4 m s–1 boundary speed 
toward the north] near the Hackleburg storm loca-
tion in Fig. 8. The gradient in θ over northeastern MS 
is relatively diffuse. The vertical structure north of 
this boundary was sampled by the MIPS instrumen-
tation and a special radiosonde released at 2052 UTC 
(Fig. 9) from the MIPS location annotated in Fig. 8. 
This sounding reveals a layer of cool air about 400 m 
deep, where potential temperature increased by 7 K 
over the lowest 400 m. The surface-based, lowest 
100-mb mean layer and most unstable values of 
CAPE [convective inhibition (CIN)] were ~0 (–560), 
1600 (–45), and 2700 (–5) J kg–1, respectively.5

The boundary may have played a key role in 
convective initiation, and it interacted with several 
storms (discussed in the following section), including 
the Smithville, Hackleburg, and Cullman storms 
identified in Fig. 8. Moreover, the first supercell-
spawned tornado (EF-3) initiated at 1836 UTC 
when the parent storm (annotated as “first tornadic 
supercell” in Fig. 8) was near this boundary over 
northeastern MS.

Supercell storms during the afternoon and evening. 
Discrete supercell storms formed near 1800 UTC 
in MS and AL as surface temperatures south of the 

boundary increased to around 26°C (299 K; Fig. 8). 
The initial echo shape of many supercell storms 
was an elongated crescent (RS, defined in footnote 
5) with the major axis oriented west-northwest to 
east-southeast, approximately perpendicular to the 
low-level shear vector (not shown). Some of the incipi-
ent RSs intensified to supercell storms, while others 
did not evolve beyond these weaker RS formations. 
All violent EF-4 to EF-5 tornadoes, and many of the 
EF-3 tornadoes, were generated by supercell storms 
between 1836 UTC in northeast MS and 0541 UTC 
(28 April) in western Virginia. The fraction of super-
cell storms that produced tornadoes, about 90%, is 
unusually high (Trapp et al. 2005a6) but is consistent 
with the extremely high values of the EHI and STP 
parameters, both in the 99th percentile (T07).

Figures 5e and 5f show the field of supercell 
echoes sampled by the Columbus, MS (KGWX), and 
Birmingham, AL (KBMX), WSR-88Ds  at 2038 and 
2219 UTC, respectively, during the maximum time 
period for supercell tornadogenesis. Seven supercell 
storms are annotated at 2038 UTC:

1)	 A supercell that produced an EF-5 tornado was 
approaching Smithville, MS.

2)	 The Hackleburg storm was located just past Phil 
Campbell, AL, where an EF-5 tornado produced 
some of the most intense damage. Both the 
Smithville and Hackleburg EF-5 tornadoes were 
located near the thermal boundary (Fig. 8) whose 
position is shown as a dashed line in Fig. 5e.

5	To calculate CAPE, the missing values above 500 mb of the sounding in Fig. 9 were filled in with values from the Redstone 
Arsenal sounding released at 1700 UTC from a location 14 km south of the UAH sounding site.

6	The Trapp et al. (2005a) study examined the likelihood of tornadic mesocyclones as a function of the lowest detectable height.

Fig. 9. Sounding acquired from UAH at 2052 UTC. The 
black solid line shows the path of a parcel ascending 
adiabatically from the top of the cold air pool. The 
sounding terminated near 55 kPa due to loss of signal.
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3)	 South of the KGWX radar, the Cordova storm was 
a well-defined supercell just prior to genesis of 
the initial long-tracked (~200 km) EF-4 Cordova 
tornado.

4)	 The Limestone/Madison County supercell storm 
between the Smithville and Hackleburg storms 
produced an EF-2 tornado about 2 h after the time 
of this image.

5)	 The Marion/Winston supercell storm located 
west-southwest of KGWX produced an EF-3 tor-
nado in Marion and Winston Counties in western 
AL at 2210 UTC.

6)	 The Panola supercell south of the Cordova storm 
produced an EF-3 tornado about 10 min after the 
time of this radar image.

7)	 The seventh supercell in the lower-left corner 
of Fig. 5e produced an EF-3 tornado near 
Hubbertville, AL, about 90 min after the time of 
this radar image.

Figure 5f shows four significant tornadic supercell 
storms at 2219 UTC:

1)	 The highly publicized Tuscaloosa–Birmingham 
(high end) EF-4 tornado (130-km length and 
2.3-km maximum width) was in progress.

2)	 The Cordova EF-4 long-track tornado was also in 
progress.

3)	 The Marion–Winston EF-3 tornado (in progress, 
parent storm is also annotated in Fig. 5e) devel-
oped a track length and width of 52 and 1.2 km, 
respectively.

4)	 The Green–Hale–Bibb County storm, located 
southwest of KBMX, was within 11 min of form-
ing an EF-3 tornado with an eventual 115-km 
track length and maximum width of 1.6 km.

The high efficiency of tornadogenesis is corrobo-
rated in Figs. 5e and 5f; with the exception of the 
Limestone/Madison County storm (Fig. 5e) that 
produced only one EF-2 tornado, every supercell 
within the domain of these figures produced at least 
one tornado of at least EF-3 intensity.

Table 2 presents statistics on three of the most 
proficient supercell storms, where proficiency is de-
fined herein by the accumulative tornado pathlength 
divided by the total distance traveled by the parent 
storm. The Cordova storm persisted as a supercell 
storm for 9 h, traveling 850 km while producing 
nine tornadoes, including one EF-5, two EF-4s, and 
one EF-3. The Tuscaloosa–Birmingham storm was 
perhaps the most proficient (relative to the supercell 
storm pathlength), generating four tornadoes with 
an accumulated pathlength of 380 km, represent-
ing 52% of the storm track. The Cullman storm was 
the first supercell to form in AL and produced eight 
tornadoes during its 7-h lifetime as a supercell, three 
of which attained EF-4 intensity. This storm was 
observed by one of the authors (T. Coleman) when it 
presented supercell (rotational) characteristics 1.7 h 
after first echo.

A closer examination of three of the aforemen-
tioned significant storms and associated tornadoes 
further illustrates some important aspects of the 
structure of supercell storms and tornadoes within 
this outbreak. Figure 10 shows a dual-Doppler analy-
sis of the Cullman storm at 2023 UTC and an image 
of the first of eight tornadoes generated by this storm. 
The intensity of the 1-km-wide tornado is near EF-4 
at this time. This tornado, like others on this day, ex-
hibits a tilt toward the direction of motion (northeast) 
due to the large translational speed of about 24 m s–1. 
The horizontal storm-scale f low (Fig. 10b) shows 

Table 2. Statistics on the most prolific supercell storms on 27 Apr 2011.

Storm ID

Time 
of first 
echo 

(UTC)

Start 
time, 

supercell 
phase* 
(UTC)

Time 
of first 

tornado 
(UTC)

End 
time, 

supercell 
phase 
(UTC)

Lifetime of 
supercell 
phase (h)

Pathlength 
of supercell 
phase (km)

No. of 
tornadoes

Accumulative 
tornado  

track (km) 
(proficiency, %)

Violent 
tornadoes

Cordova 1929 1956 2040 0500 9 850 9 415 (49) 1 EF-5, 2 
EF-4, and  

1 EF-3

Tuscaloosa 1829 2037 2143 0345 8 730 4 380 (52) 2 EF-4 and 
2 EF-3

Cullman** 1709 1851 1940 0215 7 650 8 250 (38) 3 EF-4

*	 Start time of supercell phase is determined by radar criteria defined from the supercell nomogram from Andra (1997).

**	The Cullman storm interacted with the boundary over northern AL, whereas the Tuscaloosa and Cordova storms were 
embedded within the more homogeneous warm sector.
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a strong southeasterly inf low into the weak echo 
region east of the tornado, which is centered on the 
closed cyclonic circulation and debris ball (a circular 
region of high Z values; see Bodine et al. 2013) near 
(x, y) = (25, –30). The dashed line in Fig. 10b indicates 
the location of vertical cross sections displayed in 
Figs. 10c and 10d. A tornadic debris signature, based 
on high values of Z and low values of the correlation 
coefficient (ρhv; see Ryzhkov et al. 2005; Bodine et al. 
2013; Schultz et al. 2012), extended to heights of 4 km 
around this time (and up to 7 km at 10 min earlier at 
2013 UTC), as shown by the black solid contours in 
Fig. 10d. The relation between the tornado location 
and the updraft core, shown in Figs. 10c and 10d, sug-
gests an efficient transfer of debris from the tornado 
circulation to the primary storm updraft. In this case, 
the retrieved airflow could be used along with the 
debris signature to calculate trajectories and enhance 
the understanding of debris transport to long ranges, 
a common occurrence in violent tornadoes (Magsig 
and Snow 1998; Knox et al. 2013).

Figure 11 presents a visual image and radar im-
ages of the Hackleburg tornado and its parent storm 
approaching the small community of Tanner, AL, 
where high-end EF-4 damage occurred. Because the 
tornado is located within the cool, nearly saturated air 
north of the boundary, the low cloud base is around 
200–300 m AGL and nearly obscures the wedge-
shaped condensation funnel. The corresponding 
radar images in Figs. 11b and 11c show high Ze and low 
ρhv at the tornado location, indicative of significant 
debris (see Schultz et al. 2012; Bodine et al. 2013). The 
inflow sector shows distinct bands of high and low Ze 
values and a connection to a wider band of 50-dBZ 
echo extending southwest of the tornado location.

The Hackleburg storm affords an excellent 
opportunity to relate tornado severity to a significant 
thermal boundary. The Hackleburg tornado may be 
characterized as the most significant (in terms of 
specific DPI7) tornado of the day, since it produced 
extensive EF-5 damage [and had the greatest esti-
mated wind speed of 210 miles per hour (mph) or 
94 m s–1], developed a swath width of 2.0 km, and 

Fig. 10. (a) Image of the Cullman tornado near 2020 
UTC, with a view toward the north-northwest (cour-
tesy of C. Whisenant, Arab Tribune). (b) Horizontal 
section of storm-relative flow at 1-km AGL, retrieved 
from a preliminary dual-Doppler analysis using the 
ARMOR and KHTX WSR-88Ds at 2023 UTC. (c) 
Vertical section of storm-relative flow vectors and Z

e 
(shaded) along line southwest–northeast. The inverted 
triangle represents the approximate location of the 
tornado. (d) Ze (shaded), correlation coefficient (light 
dashed lines, with solid black lines showing values of 
0.65, 0.70, 0.75), and select updraft contours of 20 and 
40 m s–1 (black dashed lines). Vertical sections shown 
in (c) and (d) are along the dashed line with end points 
southwest and northeast.

7	The term “specific DPI” is defined as the destructive potential 
index for a specific tornado.
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traveled the greatest distance (~212 km). This storm 
also developed supercell characteristics very quickly, 
within about 50 min of first echo. (A similar behavior 
was noted for the Moore, Oklahoma, tornado of 
20 May 2013 by a reviewer of this manuscript.) The 
parent storm was also intense, as corroborated by very 
high total lightning flash rates (a peak value of about 
21 flashes per square kilometer per 5-min interval) 
detected by the North Alabama Lightning Mapping 
Array (Goodman et al. 2005). Sequential surface 
plots like Fig. 8 indicate that the Hackleburg storm 
was in close proximity to the boundary (which was 
advancing slowly northward) at 2000 UTC, but then 
moved 10–20 km north on the cool side of the bound-
ary during the remainder of its life cycle. The behavior 
of the Hackleburg storm and tornado appears to dis-
agree with Nowotarski et al. (2011), who found that 
numerically simulated supercell storms over stable 
layers tend to exhibit lower vorticity near the surface. 
The low-level temperature profile of the sounding in 

Fig. 9 bears closest similarity to the 500-mb sounding 
in Nowotarski et al. (2011; Fig. 2), but the air is near 
saturation over the stable layer depth (Fig. 9) in con-
trast to much greater subsaturation within and 500 m 
above the stable layer in Nowotarski et al. They found 
that the 500-mb sounding was not conducive to the 
production of significant vertical vorticity at low 
levels. Further analysis of the Hackleburg storm (in 
progress) will perhaps provide further insight on this 
apparent difference. Nevertheless, this case provides 
an opportunity to build on less detailed observa-
tional studies (e.g., Maddox et al. 1980; Markowski 
et al. 1998; Rasmussen et al. 2000; King et al. 2003; 
Blanchard 2008) examining the interaction between 
thermal boundaries and supercell storms and the 
relationship to tornadogenesis.

The Tuscaloosa EF-4 tornado was well docu-
mented visually and on radar. Figure 12 presents 
an image of the tornado around 2212 UTC along 
with Z and Vr from KBMX at 2219 UTC. The radial 
velocity extremes across the circulation at a range of 
63 km were at the maximum measured values around 
this time: the maximum outbound is 57 m s–1, the 
maximum inbound is 72 m s–1 (161 mph), and the 
radial velocity difference is ΔVr = 129 m s–1. These 
values are quite high in view of the 63-km range 
(corresponding width of the beam is about 1 km) and 
sample height centered near 780 m AGL.8 Figure 12a 
shows quasi-horizontal tubes along the right periph-
ery (east f lank) of the tornado as it demolished parts 
of Tuscaloosa. The horizontal tubes were common 
features associated with the Tuscaloosa, Cullman, 
and other violent tornadoes (see Fig. 10a) and are 
perhaps indicative of a large horizontal gradient in 
vertical motion along the edge of the tornadoes, as 
is apparent in the videos. Horizontal vortices (or 
appreciable horizontal vorticity) have been observed 
with Doppler radar by Bluestein et al. (2007) and 
Bluestein et al. (2012) and simulated by Lewellen 
et al. (2000, their Fig. 5).

Elsewhere, TN and GA experienced 71 and 13 tor-
nadoes, respectively, some of which were produced by 
the Cullman, Cordova, and Tuscaloosa–Birmingham 
storms. In TN, significant tornadoes (three EF-4 and 
three EF-3) were confined to a relatively narrow cor-
ridor (Fig. 1), where 33 fatalities occurred. The other 
57 tornadoes in TN were weak—EF-1 or EF-0. Over 
GA, the tornadoes were more broadly distributed. 
One EF-4 and four EF-3 tornadoes accounted for 
most of the 13 fatalities.

Fig. 11. (a) Image of the Hackleburg tornado at 
2125 UTC (courtesy of Gary Cosby, Decatur Daily). 
Plan position indicator (PPI) images at 0.7° elevation 
angle of (b) Ze and (c) ρhv from the ARMOR radar at 
2121 UTC.

8	For comparison, Lemon and Umscheid (2008) determined a ΔVr of about 90 m s–1 in the EF-5 Greensburg (KS) tornado at a 
similar distance of 63 km. Tanamachi et al. (2012) provide additional details on polarimetric observations of this tornado.
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EXAMPLES OF EXTREME DAMAGE FROM 
VIOLENT TORNADOES. In view of the large, 
long-tracked, and violent tornadoes that developed 
on 27 April 2011, it is worthwhile to summarize 
some descriptions of extreme damage. The following 
examples are taken from a longer list of noteworthy 
extreme tornado damage occurrences (McCaul et al. 
2012):

•	 The EF-5 Smithville, MS, tornado carried a Ford 
Explorer (weight ~2.2 tons) about 900 m, where it 
impacted the Smithville water tower tank on the 
right edge of the tornado damage path.

•	 The first EF-5 tornado near Philadelphia, MS, 
stripped clumps of grass out by the roots, up to 
depths of 0.5 m, in addition to large sections of 
pavement stripped away from a roadway. Figure 13 
shows a view of a tornado-plowed field, looking 
down track.

•	 The Tuscaloosa–Birmingham EF-4 tornado 
produced phenomenal damage northeast of 
Tuscaloosa (near the time of Figs. 12b and 12c), 
ripping several tapered railroad track steel truss 
towers (spanning a ravine) from their concrete 
foundations and lofting a 36-ton empty coal 
hopper rail car for 120 m.

•	 The Rainsville EF-5 tornado nearly completely 
eroded a mounded aboveground earthen storm 
shelter, where residents inside narrowly escaped 
severe injury or death.

POTENTIAL IMPORTANCE OF EXTERNAL 
INFLUENCES. This extensive outbreak presents 
an opportunity to further document external influ-
ences on tornadoes, such as gravity waves, thermal 
boundaries, and topography. The interaction between 
the thermal boundary and the Hackleburg storm was 
summarized in previous sections. The Cullman storm 
also quickly became tornadic after a prolonged devel-
opment phase of 1.7 h (Table 2), and the tornado in-
tensified rapidly as the parent supercell moved along 
the thermal boundary just before 2000 UTC (Fig. 8).

Gravity waves were sampled on the cool (stable) 
side of the thermal boundary (Fig. 9), where surface 
temperatures of ~17°C were maintained after the 
midday QLCS by persistent rain showers and cloud 
cover. Between 1855 and 1955 UTC, a packet of 
ducted gravity waves propagated over the MIPS site, 
producing significant surface pressure oscillations 
of about ±1 hPa that were correlated with wind fluc-
tuations [consistent with the impedance relation as 
defined in Gossard and Hooke (1975) and refined by 
Coleman and Knupp (2010)] and laminar wave cloud 

formations (Murphy et al. 2012). Since the waves 
moved directly over the MIPS site, the wave proper-
ties and boundary layer changes associated with the 

Fig. 12. (a) Image of the Tuscaloosa–Birmingham 
tornado over the city of Tuscaloosa at 2212 UTC 
(courtesy of Michael Wilhelm and John Brown). The 
view is toward the northwest. (b) PPI of equivalent 
reflectivity factor (Z

e) and radial velocity from the 
KBMX WSR-88D at 2219 UTC.
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Fig. 13. Example of extreme sur-
face damage from the Philadelphia, 
MS, EF-5 tornado, in which grass 
and underlying soil were scoured 
up to 0.5 m deep by locally strong 
winds, possibly from “suction” 
vortices. The view is down track, 
toward the northeast. Photo copy-
right E. W. McCaul Jr., used with 
permission.

Fig. 14. Images of reflectivity factor and radial velocity of KHTX showing RS (labeled and 1 and 2) in relation 
to the development of the Jackson County storm. An EF-4 tornado formed after the two RSs intersected the 
developing supercell storm within a region of dual-Doppler coverage by the MAX and KHTX radars: (a) 2134 
and (b) 2148 UTC.
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wave passages were docu-
mented. After passing over 
the MIPS, the ducted grav-
ity waves moved within the 
AR MOR–M A X–K HTX 
du a l-D opple r  re g ion , 
allowing for a retrieval of 
the kinematic properties 
of the waves. The combi-
nation of MIPS and dual-
Doppler data provides a 
comprehensive dataset on 
ducted gravity waves in a 
severe storms environment 
that will be presented in a 
future publication. An ani-
mation from the ARMOR 
radar (see online supple-
ment) suggests a direct 
connection between the 
aforementioned waves and 
radar fine line features that intersected the Cullman 
storm (located near the thermal boundary) 40 km 
to the south.

In several instances, tornadogenesis corresponded 
to the merger of a RS with an existing mature or 
intensifying storm.9 Figure 14 shows Ze and Vr pat-
terns where such an intersection occurred as two 
RSs (whose major axes are roughly perpendicular to 
the low-level shear), moving faster than the develop-
ing supercell storm and merged with it. During the 
merger of the second RS at 2148 UTC, the rotational 
velocity within the nascent supercell increased from 
about 7 m s–1 at 2134 to near 18 m s–1 at 2148 UTC, 
17 min before tornadogenesis occurred. This pat-
tern is consistent with that reported in Coleman and 
Knupp (2008). Because the merger event occurred 
within the dual-Doppler lobe formed by the MAX 
and KHTX radars (34-km baseline), the detailed 
kinematics of the RS and the response of the storm 
intersected by RS features can be examined.

We have noted that topographic variations fre-
quently correlate with variations in tornado intensity, 
whereby tornado-scale vortices weaken while ascend-
ing a slope, and rapidly strengthen on the downslope 
side. This phenomenon was brief ly discussed by 
Fujita (1974) for several tornadoes within the 3 April 
1974 outbreak, Goodman and Knupp (1993) in their 
analysis of damage patterns produced by the F-4 

Huntsville tornado on 15 November 1989, and Forbes 
(1998) for tornadoes in western Pennsylvania. Such 
a behavior has been recently simulated by Lewellen 
(2012). We have also noted (e.g., Coleman et al. 2010) 
that tornadogenesis may rapidly occur on the down-
track side of ridges, as illustrated in Fig. 15 for one 
of the midday QLCS tornadoes. Damage from the 
tornado was first observed on the downslope side of 
Drake Mountain, indicated as location 1 in Fig. 15. A 
greater degree of damage, observed at four locations 
(2–5) along the track, corresponds to the downslope 
side of rather subtle topographic features, with the 
exception being location 4. Since many of the torna-
does in the outbreak passed over significant varia-
tions in topography, we are afforded the opportunity 
to substantiate and further quantify this behavior 
using the archive of detailed aerial imagery (30-cm 
resolution) available for this outbreak. In addition, 
several tornadoes formed in the rugged, tree-covered 
terrain of northeast AL and eastern AL during the 
afternoon outbreak, providing additional examples 
for further detailed analysis of tree fall patterns (e.g., 
Beck and Dotzek 2010; Godfrey and Peterson 2012; 
Karstens et al. 2013).

DISCUSSION AND CONCLUSIONS. The 
tornado outbreak of 27 April 2011 was an extreme 
weather disaster comparable to, and even surpassing, 

Fig. 15. Example of possible topographic influence on tornadogenesis and 
tornado intensity for an EF-1 tornado associated with the midday QLCS, 
1659–1705 UTC. A detailed damage survey indicated that the tornado formed 
within the down-track side of Wade Mountain (point 1) and then exhibited 
well-defined areas of enhancements in damage within three downslope 
regions, labeled as 2, 3, 4, and 5.

9	Scientific interest in mergers has increased in recent years (e.g., Lee et al. 2006). Several studies investigating merger events 
associated with tornadic storms were presented at the recent 26th Conference on Severe Local Storms in November 2012 (e.g., 
Rogers 2012; Hastings et al. 2012a,b).

1057JULY 2014AMERICAN METEOROLOGICAL SOCIETY |



the 3–4 April 1974 tornado outbreak. While the 
total number of tornadoes over a 24-h period (199) 
exceeded that in the April 1974 outbreak (148), the 
areal coverage of the 27 April outbreak was about 
25% that of the 1974 outbreak, making the 2011 event 
very concentrated. Hence, the impact over the region 
affected (AL in particular) was substantial. We also 
note that tornado super outbreaks may significantly 
change short-term tornado climatologies, such as 
the study by Smith et al. (2012), which included the 
2003–12 period.

Three rounds of contrasting mesoscale organiza-
tion of deep convection occurred on 27 April, ranging 
from QLCSs to isolated supercell storms. In contrast, 
the 3 April 1974 outbreak exhibited linear arrange-
ments of embedded or adjacent supercell storms 

(Corfidi et al. 2010). On 27 April an early morning 
cluster of meso-β-scale components coalesced over 
MS to form a long QLCS, within which two meso-
scale vortices (MV1 and MV2) formed. Each MV was 
associated with significant numbers of tornadoes, 
including several EF-3 tornadoes with long and wide 
damage paths. In total, the early morning QLCS 
produced 76 tornadoes over MS, AL, TN, and GA. 
MV2 was very well sampled within a dual-Doppler 
domain, while over a dozen tornadoes were spawned 
within a 30-min period.

Following a midday QLCS that produced seven 
EF-0 to EF-1 tornadoes over northern AL, supercell 
storms developed during the afternoon hours in an 
extremely favorable environment, producing the 
majority of EF-3 to EF-5 tornadoes and associated 

INITIAL INVESTIGATION OF SOCIETAL ASPECTS

To supplement ongoing work on the 27 April 2011 tornado 
warning response (e.g., Klockow et al. 2012), we sought 

to evaluate Emergency Management Agency (EMA) prac-
tices in place across north AL counties and establish a set 
of recommendations for improvements to weather threat 
communication. Procedures for weather warning informa-
tion dissemination by EMAs vary greatly by county, most 
evident in outdoor warning siren use. Siren policy could 
play a significant role in shaping perceptions about warning 
information, as vast majorities of people receive warning 
information from sirens (NOAA 2009). Implementation of 
mass notification systems, such as a reverse 911 system, was 
also examined. Most EMA staff cited financial limitations, 
especially in counties with larger populations, and small staff 
size as inhibitors for employing these systems. Only one 
north AL county (DeKalb) has this type of system in place. 
The use of social media also varies greatly across county 
lines: some northern AL counties have no social media pres-
ence, but significant populations in other counties employ 
Facebook and/or Twitter accounts to provide status updates 
and threat information to residents and even take citizen 
reports of hazard (e.g., downed trees or power lines) loca-
tions. A consolidated list of recommendations (Mullins et al. 
2012) was included in the Tornado Recovery Action Council 
of Alabama (TRAC) final report to the Alabama gover-
nor’s office on how to better prepare and warn citizens of 
future severe weather hazards (TRAC 2012). Following the 
release of that report, a roundtable discussion on possible 
avenues for improving tornado warning dissemination was 
held at UAH. Participants included NWS forecasters, EMA 
personnel, severe weather researchers, social scientists, and 
local broadcast and private meteorologists. This meeting 
marked the beginning of increased integration among north 
AL weather and emergency professionals to effectively com-
municate hazard information to the public.

The intensity, duration, and scope of the outbreak 
created exceptional challenges for EMA offices, specifically 

widespread and long-lasting (> 5 days in many areas) power 
outages, which left residents with few if any sources of 
weather threat information or communication services and 
sharing of emergency response. Resource allocation as part 
of the North Alabama Mutual Aid Association (NAMAA) 
was complicated when emergency response personnel and 
equipment sent to aid response to storms earlier in the day 
were called back to their home counties in the midst of the 
evolving outbreak. Sharing emergency resources must be 
done with an understanding of the potential for new threats 
that change needs.

In addition to stresses on warning dissemination and 
response, perhaps another component of the tragically 
high death tolls involved the survivability of the event in the 
shelter that was available. The large number of violent torna-
does and relative lack of basements or below-ground shelters 
in most AL homes may have led to fatalities for individuals 
that sought shelter, but in a structure unable to survive the 
severity of violent tornadoes. Simmons and Sutter (2012b) 
evaluate this problem with statistical methods and show the 
high death tolls of 2011 (not just the 27 April event) were 
likely more due to the extreme nature of the 2011 outbreaks 
rather than only residents’ high climatological and/or social 
tornado vulnerabilities. Still, they contend that this result 
does not indicate that social vulnerabilities had no effect. 
Marshall et al. (2012) show that construction practices along 
the path of the Tuscaloosa–Birmingham EF-4 were below 
optimal methods and resulted in higher damage amounts, and 
possibly higher death tolls, than may have occurred if more 
stringent construction techniques were used.

Significant tornado events are often followed by an 
“enhanced interest” in obtaining storm shelters and/or safe 
rooms (Simmons and Sutter 2012a), and in fact, over the last 
two years, shelter installation within both existing and newly 
constructed single family dwellings in north AL has risen 
dramatically and has been frequently used as an incentive in 
new home sales.
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large numbers of fatalities (316), injuries (> 2700), and 
damage (~$11 billion). A very high fraction (~90%) 
of the supercell storms produced tornadoes within 
an environment very conducive to strong tornadoes.

One fundamental question posed by both physical 
and social scientists concerns the large number of 
fatalities (316 total; 238 in AL). A portion of the work 
summarized in the sidebar on "Initial investigation 
of societal aspects" highlighted inconsistencies and 
improvements needed in the warning dissemination 
process and progressed the interaction among north 
AL weather researchers, forecasters, social scientists, 
EMA personnel, and broadcasters with the goal of 
ensuring efficient and consistent weather threat com-
munication to the public in the future.

Special datasets acquired within the outbreak 
region, and northern AL in particular, will afford 
opportunities to expand our understanding of physi-
cal processes of tornadogenesis and tornado mainte-
nance produced within QLCSs and supercell storms. 
Specific research prospects include the following:

•	 A more detailed investigation of the kinematics of 
reflectivity segments, their relative frequency, and 
their potential importance in tornadogenesis. This 
work will provide further details on the physics of 
the interaction between RSs and supercell storms 
or QLCSs (Coleman and Knupp 2008; T. A. 
Murphy et al. 2013, unpublished manuscript).

•	 Examination of the time-evolving kinematics 
(vertical vorticity in particular) and tornadogen-
esis within a mature MV.

•	 Analysis of the rapid formation of cyclonic circula-
tions along the leading edge of the midday QLCS.

•	 A close examination of debris transport and the 
relation to 3D flows within a long-lived supercell 
storm.

•	 A detailed analysis of the evolution of a baroclinic 
boundary and its impact on supercell storms, two 
of which spawned EF-5 tornadoes.

•	 The inf luence of topography on tornado-scale 
vortices, including apparent tornadogenesis, varia-
tions in intensity, and inferences on variations in 
the surface wind as inferred from tree fall patterns.
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