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ABSTRACT: The evolution of supercell thunderstorms traversing complex terrain is not well understood and remains a
short-term forecast challenge across the Appalachian Mountains of the eastern United States. Although case studies have
been conducted, there has been no large multicase observational analysis focusing on the central and southern Appalachians.
To address this gap, we analyzed 62 isolated warm-season supercells that occurred in this region. Each supercell was catego-
rized as either crossing (;40%) or noncrossing (;60%) based on their maintenance of supercellular structure while traversing
prominent terrain. The structural evolution of each storm was analyzed via operationally relevant parameters extracted from
WSR-88D radar data. The most significant differences in radar-observed structure among storm categories were associated
with the mesocyclone; crossing storms exhibited stronger, wider, and deeper mesocyclones, along with more prominent and
persistent hook echoes. Crossing storms also moved faster. Among the supercells that crossed the most prominent peaks and
ridges, significant increases in base reflectivity, vertically integrated liquid, echo tops, and mesocyclone intensity/depth were
observed, in conjunction with more frequent large hail and tornado reports, as the storms ascended windward slopes. Then, as
the supercells descended leeward slopes, significant increases in mesocyclone depth and tornado frequency were observed.
Such results reinforce the notion that supercell evolution can be modulated substantially by passage through and over com-
plex terrain.

SIGNIFICANCE STATEMENT: Understanding of thunderstorm evolution and severe weather production in regions
of complex terrain remains limited, particularly for storms with rotating updrafts known as supercell thunderstorms. This
study provides a systematic analysis of numerous warm season supercell storms that moved through the central and south-
ern Appalachian Mountains. We focus on operationally relevant radar characteristics and differences among storms that
maintain supercellular structure as they traverse the terrain (crossing) versus those that do not (noncrossing). Our results
identify radar characteristics useful in distinguishing between crossing and noncrossing storms, along with typical supercell
evolution and severe weather production as storms cross the more prominent peaks and ridges of the central and southern
Appalachian Mountains.
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1. Introduction

Anticipating the evolution of deep moist convection is a
forecast challenge, particularly in regions of complex moun-
tainous terrain. While supercells are less common across the
central and southern Appalachian Mountains (e.g., Gaffin and
Parker 2006; Lane 2008), such storms often cause significant
damage through a combination of severe wind gusts, large hail,
and tornadoes. Supercell events across the region, including the
widespread 27–28 April 2011 outbreak (Gaffin 2012; Knupp
et al. 2014) and multiple localized events (Keighton et al. 2004;
Gaffin and Hotz 2011; Prociv 2012), have demonstrated chal-
lenges with both monitoring critical low-level storm structure
due to radar beam blockage and limited understanding of
how supercells interact with and are modified by complex ter-
rain, including their evolution, longevity, and severe weather
production.

Observational case studies of supercells interacting with the
Appalachians have highlighted the importance of local terrain
shape and configuration relative to both the environmental flow
and supercell motion. For example, supercell intensification dur-
ing passage over a valley has been attributed to local enhance-
ments in potential buoyancy and storm-relative helicity (SRH)
caused by the channeling of synoptic-scale flow through the
valley (LaPenta et al. 2005; Bosart et al. 2006; Schneider 2009;
Gaffin 2012; Knupp et al. 2014; Tang et al. 2016). Likewise,
mesocyclone intensifications and tornadogenesis downstream of
prominent terrain features are often attributed to leeside vortex
stretching (Keighton et al. 2004; Lyza and Knupp 2014), but not
all supercells experience leeside intensification (Prociv 2012).

Numerical simulations of supercells interacting with complex
terrain have indicated that terrain slope, peak altitude, and
orientation relative to the low-level environmental flow can
modulate storm intensity by altering the instability and vertical
shear in the local environment and enhancing updraft magni-
tudes. For example, using idealized two-dimensional terrain,
Markowski and Dotzek (2011) demonstrated that supercells
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tended to strengthen in areas with upslope flow due to increases
in low-level humidity and enhanced convective available poten-
tial energy (CAPE), while supercells tended to weaken in areas
with downslope flow due to decreases in low-level relative hu-
midity and enhanced convective inhibition (CIN). Moreover,
the ground-relative wind profile relative to the terrain was criti-
cal in determining the regions of upslope and downslope flow
that modulated the local environment and storm intensity. Smith
et al. (2016), using idealized three-dimensional terrain, demon-
strated that terrain-induced blocking of low-level upslope flow
enhanced supercell updrafts, which increased hydrometeor den-
sity (and graupel/hail production), the areal extent of precipita-
tion (or storm size), and cold pool outflow (providing additional
low-level lift). Subsequent simulations using realistic terrain have
confirmed these idealized results (e.g., Scheffknecht et al. 2017;
Mulholland et al. 2020; LeBel et al. 2021). Furthermore, using
High Resolution Rapid Refresh (HRRR) model analyses,
Katona et al. (2016) and Katona and Markowski (2021) demon-
strated that terrain-induced environmental modulation can be
substantial, at times, and thus sufficient to impact storm intensity.

Building upon these limited case studies, Purpura et al. (2023)
recently documented environmental characteristics of 62 iso-
lated warm-season supercells passing through the southern and
central Appalachians. The supercells were classified as either
“crossing” or “noncrossing” based on their maintenance of
supercellular structure (e.g., a hook echo or mesocyclone) dur-
ing interaction with prominent terrain. The prestorm synoptic
characteristics common among crossing storms (relative to
noncrossing storms) included a stronger polar jet, a deeper
trough, a north–south-oriented cold front, a strong prefrontal
low-level jet, and no wedge front associated with cold-air dam-
ming leeward of the terrain. On the mesoscale, near-storm
soundings revealed that crossing storms encountered stronger
low-level vertical shear, greater storm-relative helicity, and
greater midlevel moisture in the elevated terrain than noncross-
ing storms. Such results, which are consistent with the prior case
studies, support the notion that an environment providing sus-
tained dynamic support for mesocyclones is critical to supercell
maintenance when interacting with significant terrain.

In this study, we extend the Purpura et al. (2023) analysis, us-
ing the same supercell database, to document the radar-based
structure and evolution of multiple crossing and noncrossing
supercells interacting with prominent elevated terrain. Given our
overall goal of better anticipating supercell maintenance and lon-
gevity, and their potential for severe weather production across
the southern and central Appalachian region, we wish to assess
whether Doppler radar observations can provide useful short-
term forecast information. Specifically, do supercells that cross
larger-scale terrain features (;50–100 km in width) often exhibit
greater radar reflectivities, higher echo tops, or stronger/deeper
mesocyclones? What structure, evolution, and severe weather
production do supercells exhibit while ascending and descending
prominent smaller-scale peaks and ridges (;20–30 km in width)
within the terrain system? Additionally, this study will ex-
pand and contextualize the limited number of observational
case studies and idealized modeling studies of supercell–
terrain interactions.

This paper is outlined as follows. Section 2 reviews the
supercell database and outlines the methods used to docu-
ment their structural evolution via Doppler radar. Section 3
outlines our salient results in terms of common radar-based
storm parameters by first discussing representative examples
of crossing and noncrossing supercells passing over elevated
terrain and then providing a statistical comparison between
crossing and noncrossing supercells, along with a composite
analysis of supercells crossing prominent peaks and ridges.
Last, our key findings and avenues for future work are sum-
marized in section 4.

2. Data and methods

a. Supercell cases

The supercell database developed by Purpura et al. (2023)
was used in this study. The database consists of 62 isolated
warm-season supercells that moved across the central or south-
ern Appalachians (Table 1; Figs. 1 and 2). The 62 cases were
selected from a larger set of 142 isolated supercells identified
and manually tracked across the region from initiation to either

TABLE 1. List of supercell case dates and number of crossing and noncrossing supercells that occurred on each date. The outbreak
category denotes cases from 27 to 28 Apr 2011, while the nonoutbreak cases occurred on other dates.

Case date Crossing cases Noncrossing cases Total cases Category

8 May 2009 3 3 6 Nonoutbreak
9 May 2009 1 0 1 Nonoutbreak
8 Apr 2011 1 0 1 Nonoutbreak
27–28 Apr 2011 9 3 12 Outbreak
11 Apr 2013 0 2 2 Nonoutbreak
28 Apr 2014 2 0 2 Nonoutbreak
27 Jul 2014 4 4 8 Nonoutbreak
9 Apr 2015 4 3 7 Nonoutbreak
25 Apr 2015 0 5 5 Nonoutbreak
25 Jun 2015 0 3 3 Nonoutbreak
28 Apr 2016 0 4 4 Nonoutbreak
1 May 2016 1 9 10 Nonoutbreak
14 Apr 2019 0 1 1 Nonoutbreak
All dates 25 37 62
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dissipation, merger, or transition to a linear multicell using
GR2Analyst software and WSR-88D Level-II data obtained
from the NCEI data archive. For a supercell to be considered
isolated, the storm had to be approximately one storm width
(based on the 35-dBZ echo) away from any other convection
(e.g., Bunkers et al. 2006; Gropp and Davenport 2018). Com-
mon characteristics among the 62 supercells include the follow-
ing. First, each storm exhibited either a distinct hook echo or
low-level mesocyclone in the radar reflectivity, base velocity
(maximum inbound–outbound difference . 15 m s21), or nor-
malized rotation (.0.1) fields with no evidence of beam block-
age for at least five consecutive radar volumes (;25 min) as the
storm passed within 60 n mi (1 n mi 5 1.952 km) of a radar.
Second, each supercell formed upstream of a prominent terrain
feature (either the Cumberland Plateau, Allegheny Mountains,
or the Blue Ridge Mountains; Fig. 1) and passed over terrain

greater than 400 m in elevation at some point during its lifetime.
Third, each supercell exhibited a total lifetime of at least 2 h as
an isolated storm (during which continuous supercellular struc-
ture was required for only 25 min). Additional details about da-
tabase development can be found in Purpura et al. (2023).

b. Supercell categories

Following Purpura et al. (2023), each supercell was catego-
rized as either “crossing” or “noncrossing” based on the persis-
tence of its supercellular characteristics after interaction with
prominent terrain features, which were defined by a 30-m digital
elevation model obtained from the USGS data archive. A cross-
ing supercell maintained either a distinct low-level mesocyclone
or a hook echo as it traversed at least one prominent ridge. In
contrast, a noncrossing supercell maintained neither a distinct
low-level mesocyclone nor a hook echo as it traversed a
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prominent ridge (i.e., the supercell dissipated or grew up-
scale). Additional details about this categorization can be
found in Purpura et al. (2023). A total of 25 crossing and
37 noncrossing supercells were quasi-objectively identified
(Table 1; Fig. 2).

A second categorization, defined as either “outbreak” or
“nonoutbreak,” was required since ;20% of our cases were as-
sociated with the 27–28 April 2011 outbreak involving multiple
long-lived tornadic supercells that moved into the southern
Appalachians after developing in central Mississippi andAlabama
(Table 1; Fig. 2; Gaffin 2012; Knupp et al. 2014). Given that as-
pects of the mesoscale environment were highly favorable for
supercell maintenance during the outbreak, one might expect the
outbreak supercells to skew a multicase statistical analyses of
radar-based storm structure and intensity. As shown in section 3b,
inclusion of the outbreak supercells does skew some results, but it
does not markedly alter our overall results.

c. Radar characteristics

The evolution of storm structure and intensity was analyzed
using all available WSR-88D radar volumes as each supercell
passed through the 25–60 n mi annulus surrounding any of
the six radars located in our Appalachian study area (Fig. 1).
The outer 60 n mi threshold was used to ensure low-level (be-
low ;2 km) mesocyclone structure was resolvable with suffi-
cient angular resolution, while the inner 25 n mi threshold was
used to ensure upper-level storm structure was resolvable be-
yond the cone of silence. While these range criteria limited our
ability to document structural evolution through the full lifetime
of each supercell, including when a few storms passed over
the highest elevations, the criteria were required to minimize
range bias in the analysis. Nevertheless, as shown in section 3,
the use of a large multicase database permits insight into typical
supercell evolution during their passage through regions with
elevated terrain and over prominent terrain features.

For each radar volume, a total of 13 radar-based characteris-
tics were determined to document supercell structure and in-
tensity (Table 2); these characteristics were selected based on
prior severe storm research and discussions with collaborating
National Weather Service (NWS) offices in the study area

to ensure operational applicability. Estimates of updraft in-
tensity and storm depth were quantified using the maxima
of base reflectivity, vertically integrated liquid, expected
hail size, 50-dBZ echo top, 10-dBZ echo top, and storm top
divergence, as their magnitudes and variability have been
linked to severe winds (Wakimoto and Bringi 1988; Stewart
1991; Rinehart and Borho 1993) and large hail (Amburn and
Wolf 1997; Witt et al. 1998; Murillo and Homeyer 2019). Esti-
mates of mesocyclone intensity, diameter, and depth were quan-
tified from dealiased Doppler radial velocity (VR) data and the
maximum normalized rotation provided by the GR2Analyst
software (see Table 2), as these parameters have been linked to
supercell intensity and tornado production (Trapp et al. 2005;
Bosart et al. 2006; Homeyer et al. 2020; Sessa and Trapp 2020).
Also, the presence of a hook echo or bounded weak echo region
was determined through qualitative examination of the radar re-
flectivity. Finally, storm speed was calculated from sequential
storm centers (defined by either any base mesocyclone cen-
ter or the base radar reflectivity maximum). When a storm
passed through two annuli simultaneously, characteristics
were analyzed from only the nearest radar. Overall, radar
characteristics were determined from over 1800 radar
volumes as the 62 supercells made 88 unique passes through
the six annuli (Tables 3 and 4; Fig. 2), as multiple storms
passed through two or more annuli during different periods
of their lifetime.

TABLE 2. List of radar-based characteristics evaluated for each radar volume when a supercell was located within the 25–60 n mi
annulus from a radar. Characteristic selection and range restriction rationales are provided in the text.

Abbreviation Radar characteristic description Units Methods

DBZMAX Max base reflectivity dBZ Obtained from the 0.58 or 0.98 elevation angle
VILMAX Max vertically integrated liquid kg m22 Based on Stewart (1991)
EETMAX Max echo top kft Based on the highest 10-dBZ echo
MESOINT Mesocyclone intensity m s21 DVR between strongest inbound and outbound
MESODEP Mesocyclone depth km Depth over which DVR exceeds 15 m s21

MESODIAM Mesocyclone diameter km Distance between strongest inbound and outbound
NROTMAX Max normalized rotation } Parameter unique to GR2Analyst software
MEHS Max expected hail size in. Based on Witt et al. (1998)
50DBZHGT Max 50-dBZ echo top kft Based on the highest 50-dBZ echo
STMTOPDIV Storm top divergence m s21 DVR at echo top elevation
HOOK Hook echo? } Subjectively determined (yes/no)
BWER Bounded weak echo region? } Subjectively determined (yes/no)
STMSPD Storm speed m s21 Obtained from storm center fixes between radar volumes

TABLE 3. Total crossing and noncrossing supercells that passed
within 60 n mi of each radar. Note that the crossing and noncrossing
totals listed in the bottom row differ from the number of unique
supercells (Table 1) due to multiple supercells passing within
60 n mi of two or more radars during their lifetime (Fig. 2).

Radar Crossing Noncrossing Total

KRLX 5 13 18
KJKL 4 20 24
KFCX 6 6 12
KMRX 16 5 21
KGSP 6 2 8
KFFC 3 2 5
Total 40 48 88
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d. Environmental parameters and storm reports

The local environment of each supercell was characterized
using hourly 13-km Rapid Update Cycle (RUC) and Rapid
Refresh (RAP) model analyses following the methods out-
lined in Purpura et al. (2023). Numerous sounding-based sta-
bility and vertical shear parameters were computed at each
grid column to provide context for the structural evolution
exhibited by the radar parameters along each storm track,
including most-unstable CAPE and CIN (MUCAPE and
MUCIN; Thompson et al. 2007), SRH in the 0–1-km (SRH01)
and 0–3-km (SRH03) layers, and downdraft convective avail-
able potential energy (DCAPE; Gilmore and Wicker 1998),
along with the supercell composite parameter (SCP; Gropp
and Davenport 2018), and the severe hazard environments
with reduced buoyancy parameter (SHERBE; Sherburn
and Parker 2014). A full list of computed environmental
parameters can be found in Purpura et al. (2023).

To estimate whether a given storm was experiencing up-
slope or downslope flow, the surface winds and terrain eleva-
tions from the hourly 13-km RUC and RAP analyses were
used to compute the low-level cross-slope flow (CRSSLP)
through the region via

CRSSLP 5 V ? =Z, (1)

where V is the surface wind vector and =Z is the horizontal
gradient in surface elevation. Then, the near-storm CRSSLP
was computed for each radar-determined storm location
via simple space–time interpolation. However, to reduce
convective contamination from storm-generated outflows
and cold pools, CRSSLPs were computed from the surface
winds valid one hour prior to storm passage over a given
location. Moreover, it should be noted that the CRSSLP
flow represents an estimate of the local upslope or down-
slope flow based on the relatively coarse RUC and RAP terrain;
subgrid-scale terrain features will undoubtedly modify the flow
(e.g., Katona et al. 2016; Katona and Markowski 2021; Purpura
et al. 2023).

Last, to provide context of how storm passage over ele-
vated terrain influenced severe weather production, all local
storm reports (tornado, large hail, and severe straight-line
winds) associated with the 62 supercells were collected
from the SPC event summaries archive and attributed to
individual storms by cross referencing the time and

location of each report with each storm track. While
there are well-documented issues with severe reports (e.g.,
Doswell and Burgess 1988; Trapp et al. 2006; Edwards
et al. 2018), including a potential low bias in rural areas
(Anderson et al. 2007; Allen et al. 2015), the available re-
ports indicate that our storms represent a spectrum of tor-
nadic, nontornadic severe, and nonsevere supercells that
encountered prominent terrain and produced severe
weather as they moved through the study area. Purpura
et al. (2023) provides additional details about the storm re-
ports, including summary statistics and environmental con-
text among the crossing and noncrossing cases. Future
work may wish to include an analysis of lightning activity
as an additional correlation between storm characteristics
and hazards (e.g., Schultz et al. 2015), since it does not
have the spatial limitations of storm reports.

e. Limitations

We acknowledge that our data and methods contain limita-
tions. While we attempt to make direct connections between
trends in supercell characteristics and the underlying terrain,
there are temporal and spatial limits to the data, as well as sev-
eral confounding factors that prevent clean determinations.
For example, radar volumes are available every 5–6 min, while
RUC/RAP analyses are available hourly, and storm reports
can have their own temporal idiosyncrasies for a variety of
nonmeteorological reasons. Such differing temporal resolutions
can be problematic, as the exact time scale of storm response to
various physical, environmental, or other external factors is un-
known. Likewise, the 13-km RUC/RAP analyses cannot resolve
any near-storm environmental variability induced by finer-scale
terrain features. As highlighted in Purpura et al. (2023) and
other studies (e.g., Schneider 2009; Markowski and Dotzek
2011; Smith et al. 2016; Gropp and Davenport 2018; Wunsch
and French 2020; Brown et al. 2021; Davenport 2021; Flournoy
et al. 2021), supercell evolution and severe weather production
are governed by a combination of environmental inflow charac-
teristics, internal storm dynamics, and physical terrain effects.
Thus, in our subsequent discussion of results, we emphasize
overall trends in radar characteristics as they relate to the
nearby terrain, but we also identify multiple additional factors
that could be contributing.

3. Results

a. Representative supercell cases

Despite differences in synoptic patterns, local environments
(instability and vertical shear), life stage (developing, mature,
or dissipating), and local terrain, many similarities in structure
and evolution were observed as the supercells passed through
the 25–60 n mi annulus of a radar. Here, we present time
series of radar characteristics, cross-slope flow, and storm
reports for three representative mature supercells. The first
(Storm 28; Fig. 3) exemplifies crossing storms that traverse
terrain at a more orthogonal angle to the main ridgelines
(Figs. 1 and 2). The second (Storm 13; Fig. 4) exemplifies
crossing storms that traverse secondary ridges while moving

TABLE 4. Total analyzed radar volumes among crossing and
noncrossing supercells that passed through the 25–60 n mi annulus
from each radar.

Radar Crossing Noncrossing Total

KRLX 101 252 353
KJKL 78 320 398
KFCX 170 124 294
KMRX 366 83 449
KGSP 155 57 212
KFFC 57 41 98
Total 927 877 1804
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more parallel to the main ridgelines. The third (Storm 43;
Fig. 5) exemplifies noncrossing storms that either dissipate
or transition to a multicell as they interact with elevated
terrain.

1) STORM 28—CROSSING

Storm 28 developed around 1600 UTC 27 July 2014 in cen-
tral Kentucky [300 km northwest of Morristown, Tennessee
(KMRX)] ahead of an eastward-moving cold front. The lo-
cal environment was supportive of supercell formation
(MUCAPE ’ 2500 J kg21; SRH03 ’ 200 m2 s22; SCP ’ 13),
and supercellular structure (a hook echo and low-level mesocy-
clone) was evident by 1830 UTC (not shown). The storm moved
southeast, approaching the Appalachians at an angle nearly
orthogonal to the primary ridgelines (see Fig. 2a).

Around 2000 UTC, the now mature supercell moved within
60 n mi of KMRX and began ascending onto the Cumberland
Plateau (Fig. 3). During the ascent, Storm 28 exhibited en-
hanced VILMAX and several hail reports. Over the next
30 min, as the storm crossed the plateau through an environ-
ment characterized by low-level downslope flow, less instabil-
ity (MUCAPE ’ 1000 J kg21), but more low-level helicity
(SRH03’ 250 m2 s22), a more prominent hook echo developed,
the MESOINT and MESODEP increased, the MESODIAM
decreased, and one tornado was reported. Such evolution also
coincided with a prominent decrease in VILMAX and several
wind reports, suggesting a rear-flank downdraft surge was poten-
tially responsible for tornadogenesis (e.g., Markowski 2002).
Around 2030 UTC, as the storm approached the plateau edge,
the low-level flow became upslope, and both EETMAX and
VILMAX increased in conjunction with several hail reports,
consistent with a terrain-enhanced updraft (Markowski and
Dotzek 2011; Smith et al. 2016). Soon after 2100 UTC, as the
storm descended into theGreat Tennessee Valley, theMESOINT
and MESODEP increased, the MESODIAM decreased, and a
second tornado was reported. The catalyst for this tornado
may have been a combination of leeside vortex stretching
along with local enhancements in instability and low-level hel-
icity (MUCAPE ’ 2000 J kg21; SRH03 ’ 350 m2 s22) due to
the channeling of warmmoist air up the valley from the southwest
(e.g., Bosart et al. 2006; Schneider 2009; Tang et al. 2016). Over
the next 60 min, as the storm crossed the valley, maxima in
EETMAX (at ;2115 UTC), VILMAX (;2130 UTC),
DBZMAX (;2145 UTC), and MESOINT (;2145 UTC)
were observed, along with additional wind, hail, and tornado
reports.

At 2215 UTC, Storm 28 moved beyond 60 n mi of KMRX
while ascending into the Blue Ridge Mountains. The higher

intramountain environment contained marginal instability
(MUCAPE ’ 800 J kg21) but moderate low-level helicity
(SRH03 ’ 250 m2 s22), supporting the weak supercell while
crossing the terrain (not shown), before dissipating around
2330 UTC in the more stable (MUCAPE ’ 700 J kg21;
MUCIN ’ 2150 J kg21) leeward environment.

2) STORM 13—CROSSING

Storm 13 developed around 0200 UTC 28 April 2011 in
east-central Alabama [350 km southwest of Greer, South
Carolina (KGSP)] ahead of a strong eastward-moving cold
front; this storm was one of the supercells from the 27–28 April
2011 outbreak (Knupp et al. 2014). The local environment was
extremely favorable for supercell formation (MUCAPE ’
2200 J kg21; SRH03 ’ 500 m2 s22; SCP ’ 23), and a low-
level mesocyclone was first detected around 0300 UTC by
the Peachtree City, Georgia (KFFC), radar (not shown). The
storm moved rapidly northeast, approaching the Blue Ridge
Mountains at an angle nearly parallel to the primary ridgelines
(see Fig. 2a).

Around 0445 UTC, the mature supercell moved within
60 n mi of KGSP as it began interacting with some southern
foothills (Fig. 4). The intramountain environment was support-
ive of supercells (SCP ’ 5) and severe weather production
(SHERBE ’ 1.5) through a combination of marginal insta-
bility (MUCAPE ’ 600 J kg21) and large low-level helicity
(SRH03 ’ 500 m2 s22). Over the next two hours, the supercell
crossed several secondary ridges with local elevation changes
of 200–500 m. During at least two ascents (around 0530 and
0615 UTC), the low-level flow was upslope, and the storm ex-
hibited increasing VILMAX, DBZMAX, and/or EETMAX
along with distinct BWER, consistent with a terrain-enhanced
updraft. Despite these apparent updraft amplifications, large
hail and severe wind reports were scarce; likely due to a com-
bination of the limited updraft instability, minimal downdraft
instability (DCAPE ’ 300 J kg21), and a low population den-
sity through the area. During at least two descents (around
0515 and 0630 UTC), the low-level flow was downslope, and
the supercell exhibited increasing MESOINT and MESODEP
along with decreasing MESODIAM (Fig. 4d), consistent with
leeside stretching of the mesocyclone. Notably, a tornado re-
port coincided with the 0515 UTC descent.

Just after 0700 UTC, Storm 13 moved beyond 60 n mi of
KGSP and began traversing the relatively flat Piedmont region
leeward of the Blue Ridge Mountains. As the storm continued
northeast, the local environment became increasingly more sta-
ble (MUCAPE , 300 J kg21; MUCIN , 260 J kg21) and less
favorable for supercells (SCP , 0.5), leading to storm dissipa-
tion around 0830 UTC.

$−
radar (gray shading), along with the cross-slope flow (third panel), the local terrain elevation
(brown; bottom panel) beneath the storm, and times when the storm exhibited and/or pro-
duced a hook echo (purple circles), a bounded weak echo region (gold circles), severe winds
(blue circles), large hail (green circles), or a tornado (red circles). Vertical dashed lines in
(b) denote times with corresponding radar observations shown in (a). The storm track is
shown in Fig. 2a. See Table 2 for radar characteristic definitions and section 2d for the cross-
slope flow definition.

M CKEOWN E T A L . 645APRIL 2024

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/28/24 03:25 PM UTC



dBZ

40

50

60

55

45

35
30

20
25

VI
LM

A
X 

(k
g 

m
-2
)

90
80
70
60
50
40
30
20
10

130
120
110
100

HOOK
BWER
WIND
HAIL
TORN

0
150

450
600
750
900

1050

1350

300

1200

El
ev

at
io

n 
(m

)

65
60
55
50
45
40
35
30
25

85
80
75
70

EE
TM

A
X 

(k
ft)

b

05
00

05
33

06
03 EETMAX

DBZMAX

VILMAX

C
R

SS
LP

 (1
03  m

 s
-1
)

8
0

24

-8
-16
-24

16

Downslope
Flow

Upslope
Flow

m

1200
600
0

M
ES

O
IN

T 
(m

 s
-1
)

55
50
45
40
35
30
25
20
15

MESODEP
MESODIAM

MESOINT

CRSSLP

M
ES

O
D

IA
M

 (k
m

)

9
8
7
6
5
4
3
2
1

0603

0533

0500
KGSP

D
B

ZM
A

X 
(d

B
Z)

M
ES

O
D

EP
 (k

m
)

Storm 13  ----   27- 28 April 2011  ----   Crossing

a

0530 08000400 0700
Time (UTC)

06
32

06
58

0632

0658

06300600 073005000430

FIG. 4. As in Fig. 3, but for select times on 28 Apr 2011 as Storm 13 crossed the Blue Ridge
Mountains and passed within 60 n mi (black range ring) of KGSP. The storm track is shown
in Fig. 2a. See Table 2 for radar characteristic definitions and section 2d for the cross-slope
flow definition.
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is shown in Fig. 2b. See Table 2 for radar characteristic definitions and section 2d for the
cross-slope flow definition.
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3) STORM 43—NONCROSSING

Storm 43 developed around 2245 UTC 25 April 2015 in
central Kentucky [150 km west of Jackson, Kentucky
(KJKL)] just south of an east–west stationary front. The local
environment was marginally supportive of supercells (SCP’ 3)
with sufficient instability (MUCAPE ’ 650 J kg21) and large
low-level helicity (SRH03 ’ 350 m2 s22). The storm moved
east slowly (Fig. 2b) and began exhibiting a hook echo and a
low-level mesocyclone around 2345 UTC (not shown).

Around 0000 UTC 26 April, the now mature supercell
moved within 60 n mi of KJKL as it began interacting with
the western foothills of the Alleghany Mountains (Fig. 5).
Over the next two hours, the storm exhibited several updraft
surges (denoted by peaks in VILMAX) and multiple large
hail reports as it crossed terrain that varied by 50–200 m. Two
prominent surges coincided with increased MESOINT and
MESODEP, but the mesocyclone remained smaller than
those in Storm 13 or Storm 28 (see Figs. 3b and 4b) and no
tornadoes were reported. Notably, the modest terrain induced
few modifications to the low-level vertical shear, helicity, or
instability. Around 0200 UTC, despite an increase in upslope
flow, the VILMAX, EETMAX, and MESOINT decreased dra-
matically as the storm moved into higher elevations (.500 m)
and a local environment less supportive of supercells (SCP ’ 1;
MUCAPE ’ 500 J kg21; SRH03 ’ 275 m2 s22) and severe
weather production (SHERBE ’ 1.0). Such collective evolution
reinforces the notion that internal storm dynamics and environ-
mental changes can outweigh any terrain-induced factors, such as
upslope, that may be favorable for supercell intensification.

By 0330 UTC, Storm 43 had moved beyond 60 n mi of
KJKL and began traversing the higher elevations of the Alle-
ghany Mountains. As the storm continued moving east-southeast
at an angle nearly orthogonal to the primary ridgelines, the local
low-level flow transitioned to downslope and the environment be-
came increasingly more stable (MUCAPE, 300 J kg21) and less
favorable for supercells (SCP , 0.4), leading to storm dissipation
around 0430 UTC.

b. Comparison of crossing and noncrossing supercells

The representative cases described above highlight several
differences between crossing and noncrossing supercells. No-
tably, crossing storms often exhibited larger and more intense
mesocyclones, and, at times, greater storm depth and more in-
tense updrafts. To elucidate whether such differences can aid
short-term forecasting, we now quantify radar characteristic
differences between crossing and noncrossing supercells.
Given the intra-annulus variability of each storm (Figs. 3–5),
and larger sample sizes (Table 4), we use sample distributions
constructed from radar volumes (rather than from unique
supercell passes; Table 3) but focus only on differences
whereby a two-tailed t test adjusted for serial autocorrelation
(Wilks 2006) exhibited significance at the p , 0.05 (or 95%
confidence) level between the respective distribution means.
Analyses were conducted using the full database, along
with stratifications by radar (or county warning area) and out-
break category. Overall, differences among individual radars
were largely consistent with those of the full database (see

McKeown 2021), so only results for the full database with the
outbreak stratification are discussed.

Figures 6–8 show the paired distributions (crossing versus
noncrossing) of radar characteristics for all supercells, as well
as the outbreak and nonoutbreak cases. Table 5 lists the cor-
responding distribution means and p values for their differ-
ences. Notably, the updraft intensity and storm depth metrics
(Fig. 6) exhibited no statistically significant differences among
all supercells or the nonoutbreak cases. Given that updraft in-
tensity is closely related to local instability, such results are
consistent with the lack of significant differences found among
most near-storm environmental stability parameters evalu-
ated by Purpura et al. (2023) for the same cases. In contrast,
among the outbreak cases, the crossing storms exhibited signif-
icantly greater EETMAX, 50DBZHGT, and STMTOPDIV,
indicative of deeper and more intense updrafts.

The most significant differences between crossing and noncross-
ing supercells were among mesocyclone characteristics (Fig. 7).
Specifically, crossing storms exhibited greater MESOINT
(by ;8–12 m s21), MESODEP (;1–2 km), MESODIAM
(;1–2 km), and NROTMAX (;0.25) for all stratifications
(Table 5). Given that mesocyclone characteristics are closely
linked to low-level vertical shear and helicity, such results
are consistent with the significantly larger near-storm envi-
ronmental shear and helicity found by Purpura et al. (2023)
for crossing cases in the higher-elevation intramountain re-
gions. Moreover, the crossing cases exhibited greater spread
within each distribution, which may reflect their prolonged
interaction with terrain, including terrain-induced environ-
mental variability (e.g., Katona et al. 2016) and structural
evolution (e.g., Markowski and Dotzek 2011; Smith et al.
2016). This topic is explored further in section 3c using a
subset of crossing supercells that passed over prominent ter-
rain features.

Differences in BWER and HOOK frequencies among crossing
and noncrossing storms were also apparent. Specifically, crossing
supercells exhibited a HOOK in ;54% of all radar volumes,
whereas noncrossing storms exhibited a HOOK in ;33% of ra-
dar volumes. Likewise, BWERs were identified in;32% of radar
volumes for crossing storms, but only ;14% of volumes for non-
crossing storms. Such qualitative differences support the notion
that crossing supercells often contain stronger mesocyclones, and
occasionally stronger updrafts, than the noncrossing storms that
pass through the southern and central Appalachian region.

Last, there were significant differences in storm speed be-
tween crossing and noncrossing supercells (Fig. 8). Among all
supercells and the nonoutbreak cases, crossing storms moved
faster (by ;5 m s21) than noncrossing storms. Such differences
are consistent with crossing storms developing in and traversing
through synoptic environments more conducive to supercell
maintenance (i.e., with strong upper-level winds, a prominent
low-level jet, and strong low-level vertical shear; Purpura et al.
2023). Inherently, such environments also exhibit stronger mean
wind speeds that lead to faster storm motions. Moreover, the
lack of significant differences among the outbreak cases under-
scores the importance of the synoptic-scale environment on
storm speed (i.e., all outbreak supercells developed in a com-
mon synoptic environment, and thus, moved at similar speeds).
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c. Supercells crossing prominent terrain

Another notable feature among the representative crossing
supercells (Figs. 3 and 4) was the frequent modulation of up-
draft intensity, storm depth, mesocyclone structure, and/or in-
creased severe weather production as storms ascended and/or
descended prominent peaks or ridges. To determine whether
such storm evolution was common, which could benefit short-
term forecasting, we quantified statistical differences among
the radar characteristics within a “peak-relative” framework
among those storms that traversed prominent peaks/ridges.
Our approach was the following. First, all prominent terrain
peaks (elevation maximum . 500 m MSL with elevation de-
creases . 200 m MSL within 630 km of the maximum) were
identified along all crossing supercell tracks; noncrossing
storms were not analyzed. Second, to focus on mature super-
cells (rather than developing or dissipating storms), the identi-
fied peaks were restricted to those .60 min after initiation
and .60 min before dissipation or upscale growth. Third, us-
ing an 11-radar-volume analysis window centered on the

maximum elevation, the identified peaks were further re-
stricted to those with windows fully inside the 25–60 n mi an-
nulus from a radar. Given typical storm speeds (Fig. 8) and
radar volume intervals (;5 min), the 11-volume window cor-
responds to roughly 630 km or 625 min of peak elevation.
Last, when overlapping windows were identified, only the
window with the highest peak elevation was retained. Overall,
such methods identified 35 unique peak-relative analysis win-
dows among the 26 crossing supercells (i.e., two unique win-
dows were identified for nine storms).

Next, statistical summaries of the terrain, cross-slope flow,
radar characteristics, and storms reports within this peak-
relative framework were created. For the terrain, cross-slope
flow, and continuous radar metrics, differences from their re-
spective value at peak elevation were first computed for each
volume within all 35 windows, and then the differences were
summarized for each peak-relative window location (Fig. 9).
For the categorical radar characteristics (HOOK and BWER),
the percentage of all 35 peak-relative window locations
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exhibiting such features were tabulated (Fig. 9b). Last, for
the storm reports, all report types were totaled within the
peak-relative framework, and then percentages for each
type were computed for each peak-relative window location
(Fig. 9b). Hence, by focusing on peak-relative differences
whereby a two-tailed t test adjusted for serial autocorrela-
tion (Wilks 2006) exhibited significance at the p , 0.05 (or
95% confidence) level (i.e., the dark gray box-and-whisker
plot in Fig. 9), we can elucidate which radar characteristics
exhibit significant change as supercells cross typical promi-
nent peaks and ridges (Fig. 9a), and how such storm evolu-
tion translates to severe weather production. While clear
connections are somewhat tenuous given the limitations of
storm reports (see section 2d), identifying such trends may
nevertheless have operational utility.

As the supercells ascended the prominent peaks/ridges, the
significantly greater upslope flow (by ;2–5 m s21; Fig. 9c),
DBZMAX (by ;2 dBZ; Fig. 9d), VILMAX (by ;5–10 kg m22;

Fig. 9f), and EETMAX (by ;1 kft; Fig. 9h) observed roughly
10–20 km prior to reaching peak elevation are consistent with
terrain-enhanced updrafts (Markowski and Dotzek 2011;
Smith et al. 2016). At the same time, the significantly greater
MESOINT (by;5 m s21; Fig. 9e) and MESODEP (by;0.6 km;
Fig. 9g), combined with a modest reduction in MESODIAM (by
;0.5 km; Fig. 9i), are consistent with mesocyclone intensification
via vortex stretching, but may also reflect a lagged response to
enhanced instability and storm-relative helicity induced by the
channeling of warm moist air up a valley from which the storm
ascended (Bosart et al. 2006; Schneider 2009; Tang et al. 2016;
Wunsch and French 2020). Notably, local intra-window maxima
in large hail and tornado reports (Fig. 9b) coincided with such up-
slope storm evolution.

Subsequently, as the supercells passed over the peak eleva-
tion, decreases in DBZMAX (by ;3 dBZ), VILMAX (by
;10 kg m22), and EETMAX (by ;2 kft), along with HOOK
and BWER frequency, were observed within 610 km of the
elevation maximum, suggesting a decrease in updraft inten-
sity combined with a possible increase in downdraft intensity
and microburst frequency (e.g., Wakimoto and Bringi 1988;
Stewart 1991; Rinehart and Borho 1993). Notably, a local
maximum in severe wind reports near the peak elevation
(Fig. 9b) is consistent with enhanced downdraft activity, but
it may also simply reflect the terrain extending upward into
the stronger midlevel flow or a shallower boundary layer
(see Purpura et al. 2023).

Finally, as the supercells descended the prominent peaks/ridges,
a significant increase in MESODEP (by ;1 km), combined with
a modest increase in MESOINT (by 2–3 m s21), a modest de-
crease inMESODIAM (by;0.5 km), and a maximum in tornado
frequency, were observed 10–20 km after crossing the peak eleva-
tion, indicating that leeside mesocyclone intensification, stretching,
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and contraction was more common than not. However, the
mechanisms responsible for such evolution remain unclear.
Evidence of leeside updraft intensification was limited; the
DBZMAX, VILMAX, and EETMAX often decreased or re-
mained unchanged, and low-level flow was often downslope.
Careful examination of those cases with a leeside MESODEP
increase (21 of the 35 cases) revealed that 12 cases (or ;57%)
may have been aided by the channeling of warm moist air
through the leeside valley (Fig. 3; Bosart et al. 2006; Schneider
2009; Tang et al. 2016). Other possible contributing mecha-
nisms include cold pool interactions with the terrain
(Mulholland et al. 2019), terrain-induced gravity waves
(Lyza et al. 2020), and local variations in surface rough-
ness (Houser et al. 2020).

4. Summary

This study examined radar characteristics of 62 isolated super-
cells that occurred within the central and southern Appalachian
Mountains (Figs. 1 and 2), extending the environmental analysis
conducted by Purpura et al. (2023) on the same supercells. Our
overall goal was to improve short-term forecasts of supercells
traversing the region’s complex terrain. The supercells were
categorized as either crossing (;40%; storms that maintained
supercellular structure during terrain interactions) or non-
crossing (;60%; storms that dissipated or grew upscale
upon terrain interaction); significant differences between
the two categories are summarized below within the context
of multiple radar-based characteristics (Table 2) and severe
storm reports.

The primary structural discriminator between crossing and
noncrossing supercells was their mesocyclone; crossing storms
had significantly stronger, wider, and deeper mesocyclones
(Table 5; Fig. 7), along with more prominent and persistent
low-level hook echoes. Crossing storms also moved faster
(Fig. 8). However, significant differences in radar-based char-
acteristics indicative of updraft intensity and storm depth
were negligible (Fig. 6). Overall, such results are consistent
with the environmental analysis by Purpura et al. (2023),

which identified low-level shear and storm-relative helicity
(i.e., parameters physically related to mesocyclone vari-
ability; Davies-Jones 1984; Rotunno and Klemp 1985) as
the best discriminators between crossing and noncrossing
storms.

Further examination of those supercells that crossed promi-
nent peaks and ridges revealed significant increases in maxi-
mum reflectivity, vertically integrated liquid, echo tops, and
mesocyclone intensity/depth, along with local maxima in large
hail and tornado reports, as storms ascended windward slopes
(Fig. 9). Then, as storms descended leeward slopes, significant
increases in mesocyclone depth and tornado frequency were
observed, coupled with a modest increase in mesocyclone in-
tensity and small decreases in mesocyclone width, radar re-
flectivity, vertically integrated liquid, and echo tops. Overall,
such results are consistent with the notions that terrain-enhanced
updrafts are common on windward slopes (Markowski and
Dotzek 2011; Smith et al. 2016), while mesocyclone stretch-
ing, intensification, and contraction are common on leeward
slopes (Prociv 2012).

While this study contributes to a better understanding of
supercell–terrain interactions, several questions remain open
for additional research. For example, how representative are
the results for other regions with complex terrain? How do
variations in low-level flow relative to fine-scale terrain, com-
bined with variations in the storm’s approach angle to the ter-
rain, influence storm evolution? How does variability in the
leeside terrain (e.g., slope and valley orientation) relative to
the prevailing low-level flow modulate leeside mesocyclone
evolution? Do crossing and noncrossing supercells exhibit
significant differences and/or trends in dual-polarimetric
radar characteristics while traversing prominent terrain?
Such questions are best addressed through additional case
studies, larger multistorm analyses, and numerical simula-
tions. Our ongoing work involves multiple high-resolution
simulations of supercells developing within various ob-
served environments, approaching idealized ridges and re-
alistic terrain from various approach angles and low-level

TABLE 5. Radar-based characteristic means among crossing and noncrossing subsets for all supercells (left), nonoutbreak
supercells (middle), and outbreak supercells (right), along with their corresponding p value from a t test adjusted for serial
autocorrelation. Statistics shown in bold denote mean differences significant at the 5% level. Nonoutbreak supercells exclude the
12 storms observed during the 27–28 Apr 2011 outbreak.

All supercells Nonoutbreak supercells Outbreak supercells

Characteristic Crossing Noncrossing p value Crossing Noncrossing p value Crossing Noncrossing p value

DBZMAX 61.7 63.0 0.096 61.0 63.3 0.064 62.5 60.8 0.269
VILMAX 51.2 52.4 0.433 47.9 53.8 0.247 54.9 39.3 0.173
EETMAX 41.0 38.5 0.088 39.7 39.1 0.399 42.6 32.1 0.006
MESOINT 42.6 32.2 0.023 40.6 32.3 0.024 43.7 31.6 0.021
MESODEP 3.00 1.85 0.001 3.23 1.88 0.004 2.70 1.52 0.001
MESODIAM 5.10 3.40 0.000 4.64 3.38 0.001 5.39 3.74 0.000
NROTMAX 0.83 0.57 0.006 0.77 0.54 0.025 1.03 0.81 0.123
MEHS 1.25 1.22 0.419 1.14 1.26 0.244 1.38 0.84 0.063
50DBZHGT 6.2 5.8 0.247 5.9 6.0 0.444 6.6 4.4 0.025
STMTOPDIV 35.3 32.8 0.197 31.5 32.4 0.225 40.7 26.7 0.001
STMSPD 20.7 15.3 0.000 18.3 14.4 0.003 25.7 25.3 0.308
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flow scenarios, and experiencing initial interactions with
prominent terrain at different life stages.
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FIG. 9. Summary statistics of (a) surface elevation, (b) severe reports and supercell structure, (c) CRSSLP,
(d) DBZMAX, (e) MESOINT, (f) VILMAX, (g) MESODEP, (h) EETMAX, and (i) MESODIAM within an
11-radar-volume peak-relative analysis window centered on the peak elevation (i.e., 65 radar volumes from the
peak) for the 35 cases when a supercell crossed a prominent peak or ridge. Supercell motion was from left to right.
Characteristics summarized via box-and-whisker plot distributions are shown as differences from their respective
peak-elevation value. For each distribution, the box center and ends denote the median (50%), first quartile (25%),
and third quartile (75%), respectively, while the whiskers denote the 10% and 90% values; the means (red circles)
and 95% confidence intervals (error bars) are also shown. Distributions shown in dark gray denote means statistically
different from the nearby peak-elevation value at the 5% level based on a t test adjusted for first-order autocorrela-
tion. Statistics shown in (b) include the percentage of supercells exhibiting a HOOK echo (purple), BWER (orange),
or producing severe winds (blue), large hail (green), or a tornado (red) as a function of radar volume relative to the
peak elevation. See Table 2 and the text for definitions and methods.
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Data availability statement. All data sources used herein
are available online. WSR-88D Level-II data were obtained
through the NCEI archive at https://www.ncdc.noaa.gov/
nexradinv/. Surface elevation data were obtained from the
USGS archive at https://www.usgs.gov/products/data/. RUC
and RAP model analyses were accessed through https://www.
ncei.noaa.gov/products/weather-climate-models/rapid-
refresh-update/. Severe storm reports were obtained from the
SPC archive at https://www.spc.noaa.gov/climo/online/. Time
series of all radar parameters for each supercell case, along
with project-specific C11 analysis software, are available
upon request.
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