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ABSTRACT

Some of themost destructive tornadoes throughout history raeeirredin what is known as Dixie Allewithin
the Southeadtl.S. Previousstudiesfor Florida defined a tornado event@s tornadoes within a 24 period during
DecembeirMay (avoiding tropical cyclone related events), while a null event was definagpesod when the
NOAA Storm Prediction Center had tornado outlook probabilif®% over any part of the respiset studyarea,
but <4 tornadoes occurred in B4 This study presents a multiscalempositeanalysis (20022019) of 33 Alabama
tornado and 65 null events; 46 Mississippi tornado and 92 null events; 24 Louisiana tornado and 98 null events; and
21 Georgia tornado dm32 null events Like theFloridacasestornadoeventswereprimarily experienced across the
northern and central parts of each statdsing archived frontal analgs from the NOAA Weather Prediction

Center, tornado evemtwere associated witktationaly boundaries more than any other synoptic or mesoscale

feature (e.g., coléront; warmfront). Tornado events also occurred more frequently durendNifia and a positive
Arctic Oscillation (AO) pattern.A compositesynopticanalysis showegkt-streakdivergence amplified anomalous

midtropospheric troughg, and large positiveprecipitable water and potential temperature anomalies from

Louisiana through Georgia during tornado eventdowever, Louisiana tornado events featuradre 850-hPa
southerly wind compared to the classic southwesterly winds seen across its Dixie Alley counterparts.

1. Introduction

Tornado events across the southeastdr8.
(hereafter Southeas,]| so known as
(DA) (Schaefer et al. 1980Gagan et al. 2010;
Dixon et al. 201}, are dangerous due to the
proximity of socially vulnerable gpulaton areas.
For example, using the Centers for Disease Control
and Preventior{CDC) Social Vulnerability Index
(SVI), select counties that Yathe averagenhighest
mobile-home density (00.7, no higher than 1)0
across DAalso have ahigh level of vulnerability
(Fig. 1). The term DA originated from former
National Severe Storms Forecast Center (NSSFC)
Director Allen Pearson after monitoring the
Mississippi (MS) Deltaoutbreak of21 February
1971 (Gagan et al. 2010)This area refers to the
states of Louisiana (LA), Arkansas (AR),
Mississippi (MS), Alabama (AL), Georgia (GA),
and parts of Tennessee (TN) (Gagan et al. 2010).
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Gagan et al. (2010) would go on to note that

i Di A Rasbganjuseq kyrofessionals who lived in

these areas.Other papers noté this areahas a
high frequency of tornado activity and lofigack

vi ol ent tornadoesTomaaioke
All eydo (Brooks et al
2004). More recentstudies(Gaganet al. 2010;
Dixon et al. 2011;AndersonFrey et al. 2019)
found that DA tornadaes occurred on average
during the afternoon However, some studies
(Hagemeyer and Schmocker 1991; Hagemeyer
1997; Andersosfrey et al.2016,2019; Bunker et
al. 2019; Klepatzki and Milrad 2020) found that
tornadoes acrosgarts of the Southeast(e.g,
Florida) can develop at night. This was also
echoed by Kelly et al. (1978)who found a
daytime maximum in the distribution of
tornadoesparticularlyin the late afternoon with
minimum tornado counts occurring during the
early morning.
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Figure T Locations and spatial extent afoolseason tornadoes (20@D19; red dotsand themeantornado
location in each stafg@reen dotsjor: @) Louisiana(21 events) b) Mississippi(46 events) c) Alabama(33 events)
andd) Georgia(24 event3. In all panelsthe mobilehome percentage of each state is shaded.

Synoptiescale dynamics are also important.
Means et al. (1955) showed that squall lines were
associated with stationary boundaries across the
Central U.S. They also noted that squall lines
occurred m the rightfront quadrant of a jet streak
along an eabWestoriented jet stream.This
matched well with the dynamic features that Megnia
et al. (2019) found in compositesthe 2April 2017
event in LA. Such events (e.g., 26 and 27 April
2011, 24 April2015) led to numerous tornadoes.

Other studies (Lee et al. 2016; Molina et al.
2016, 2018; Molina and Allen 2019; Brown and
Nowotarski 202) investigated the relationship
between EI NineSouthern Oscillation (ENSO)
and the moisture sources that impactn&ao
events Molina et al. (2016, 2018) specifically
noted that sea surface temperatures in the Gulf of
Mexico (GOM) can remain cooler due to
increased amounts of cloud cover, suggesting
both an independent teleconnection and seasonal
predictability of noisture transport across the
Southeast Gaffin and Parker (2006) previously
noted that tornadoes in the Southeast were

favored by 50€éhPa southwest flowand were
primarily related to surface boundaries rather than
to largescale terrain features.

The pimary objective of this study is to
investigate  the  multiscale  characteristics
associated withDA tornado events during the
cool season, outside the Atlantic and GOM
tropical cyclone (TC) season (Decemidday).
Klepatzki and Milrad (2020) performed simila
analyses for Florida, but this study extends it to
other states in the Southeast.

A key similarity between DA and Florides
the highshear/lowCAPE (HSLC) environments
(King et al. 2003; Sherburn and Parker 2014;
Cohen et al. 2015, 2017; Sherburn et 2016;
AndersonFrey et al. 2016, 2019; Klepatzki and
Milrad 2020) While much of Florida is near sea
level and surrounded by water, the same cannot
be said for large portions of the greater Southeast
Therefore, the environmental characteristics
assocated with tornado events may differ between
Florida and elsewhere in the region.
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This paper is organized as followssection 2
details the data and methods, section 3 details
teleconnection and composite synoptic, and section
4 presents overall conclusie and suggestions for
future studies.

2. Data and methodology

Klepatzki and Milrad (2020) defined a tornado
(TOR) event as 04
While DA TOR events are larger imating,
frequency, and path lengths and widths (Brooks et
al. 2003; Broyles and Crosbie 2004), using the
same methodology abowill provide scientific
consistency The consistency later could build a
uniform definition of tornado events, despite areas
within the Southeast having different levels of
tornado activity In turn, this would allow for a
large case repository to perfor synoptic
composites across and/or within the region.

We found 24, 46, 33, and 21 TOR events across
Louisiana, Mississippi, Alabama, and Georgia,
respectively, for 2002019 Each of these
occurred when an enhanced risk or greater was
issued by the NOA Storm Prediction Center
(SPC) (see Tables Al; A3; A5; A7) outlook since
2014 when enhanced risks were implemented, and
moderate risk or greater from 20@0D13 This
was done by retrieving tornado reports from the
2002 2019 period corresponding to thePG
outlook archive and the NULL case study period of
Klepatzki and Milrad (2020).

We also investigated the occurrence of surface
boundaries using the NOAA Weather Prediction
Centerds (WPC) sur face
12 and 00 UTC (Tables A13 and A1 This
revealed that stationary boundaries occurred in
38144% and 2937% of our TOR and NULL
cases, respectively.

To analyze synoptiscale environmental
parameters, we used the North American Regional
Reanalysis (NARR, Mesinger et al. 2006 he
NARR has a 3&km horizontal grid spacing,-8
temporal resolution, and is available from 1879
present Gensini and Ashley (2011) previously
showed that NARR convective environments
generally corresponded to severe storm reports
Like Klepatzki and Milrad 2020), we used SPC
storm reports to map the spatial extent of all
tornado events and produced composite charts for
each through the Quantum Geographic Information
System (QGIS) (Figs. 1ad).
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Klepatzki and Milrad (2020) also defined a
NULL event as one invhich the 0600 UTC SPC
Day 1 tornado outlook featured probabiliti€s%
over any part of each state, bed tornadoes in
24 h were observedEvent duration was defined as
from the first hail/wind report to the lastWe
found 98, 92, 65, and 32 NULL events for
Louisiana, Mississippi, Alabama, and Georgia,
respectively (Thles A2; A4; AB; A8).

tornadoes occurring in" 24 h

Null events were not plotted, but by using SPC
hail and wind reports, we determined that the
majority occurred in the northern portions of each
state, like in Florida (Klepatzki and Milrad 2020)
The geographic distribution of torda events
revealed a larger percentage of mobile homes in
those areas (Figs. ild), echoed by Klepatzki and
Milrad (2020) and Anderschrey et al(2019).

We also performed a statistical analysis on the
spatial extent of tornado events using QGIBhis
was done using the starting latitude and longitude
(i.e., slat and slon) of all tornado reportshe
found the geographic center of tornado activity in
each state occurred: aB1.49°N,792.02°W (LA);
32.60°N, 189.55°W (MS); 33.19°N,i86.72°W
(AL); and 32.%°N, 183.41°W (GA) The third
quartiles (northern reports) were located: at
32.37°N, 191.23°W (LA); 33.32°N, 189.41°W
(MS); 34.25°N, 186.14°W (AL); and 33.12°N
182.60°W (GA) while the first quartile (southern
reports) were at 30.69°N, 192.78°W (LA);
31.82°N, i90.09°W (MS); 32.37°N,i87.48°W
(AL); and 31.91°N,184.27°W (GA) These
revealed that tornado events favored the northern
and central portions of each state.

anal¥_si [ archi

ve between

he polar front, subtropical, and lelevel jets
(i.e, PFJ, STJ, LLJ) are importarfeatures to
consider during tornado eventsKis and Straka
(2010) defined the LLJ as a relatively narrow band
of wind that is stronger than the 8&@a
geostrophic flow Weaver et al. (2012) found that
over a 32y period, LLJs existed in three distinct
areas the Southeast and the northern and southern
Great Plains LLJs coupled to an upper
tropospheric jet streak have also been studied
(Uccellini and Johnson 1979; Klepatzki and Milrad
2020) The coupling of the PFJ and LLJ allows an
increase in vertml wind shear To promote the
release ofd e and
convection, quasistationary boundaries aiso
often presen{Tables A13 A14). The ascent and
moisture ingredients aréurther explored in our
composite synoptic analysis in section 3.
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Weaver et al. (2012) notedtstantial moisture
flux from the enhanced convergence associated
with the northerly LLJ over the Plain$n addition,
LLJs were more susceptible to the variability of the
Atlantic  Multidecadal  Oscillation  (AMO)
specifically during the months of April anday.
This ultimately affects the heat and moisture
distribution ands discussed further isection 3

Moisture is a key ingredient for tornado events
(e.g., Thompson et al. 2013; Klepatzki and Milrad
2020), both in terms of dewpoints and precipitable
water.  Precipitable water (W) is defined as

. p R

® =g M P
where g is the gravitational acceleratiénis the
density of liquid water, q is specific humidity, and
dp is the differential repsenting the change in
pressure between two pressure leweld argerW
anomalies equate to high specific humidity in the
troposphere, which is concentrated in the lower
troposphere and favorable for severe convection
This will be discusseth section 3.

3. Synoptic-scale analysis
a. Teleconnections

Some studies(e.g., Brown and Nowotarski
2020 Klepatzki and Milrad 2020have evaluated
ENSO and AO duringSoutheasttornado events
Brown and Nowotarski (202Gjoted the AO index
was O2 during tornado
varying betweeri1l and1 over 60 days Klepatzki
and Milrad (2020) observedsimilar resultsacross
Florida Klepatzki and Milrad(2020)chose this to
measure AO strength during tornado d@geas AO
exhibits more shotterm variability than ENSO.

Following the methodology of Klepatzki and
Milrad (2020), we tabulated both the NOAA
Multivariate ENSO Index (MEI; Wolter and Timlin
2011) and the Climate Prediction Center (CPC)
Oceanic Nino Index(ONI). CPC and previous
studies defined ONI valug®.5 as El Nifio; values
of T0® indicate La Nifia (see Tables A9, A10,
A1l and Al2) To retrieve the daily AO data, we
used the daily data from the CPC archive

To be consistent with thEPCdefinitions and
Klepatzki and Milrad (2020), orange and blue
shading is used for AO index values greater or
less than 0.5, respectively The positive

event
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(negative) AO may indicate that the jet stream
patterns were zonal (meridional)These results
correspondedo paststudies (e.g., Means et al.
1955; Megnia et al.2019) and our synoptic
composites in sections BBe.

We found DA TOR events favored La Nifia
and a positive AO (Tables A9; A10; and All)
except fora negative AO across GéaseqTable
Al12). This finding differed fromprevious studies
(e.g., Hagemeyer 197, 2010; AdamsFought
2010;Molina et al.2018; Brown and Nowotarski
2020 KlepatzkiandMilrad 2020) Older studies
(Lloyd 1942; Showalter and Fulks 1942;
Crawford 1950; Fulks 1951fpund that favorable
conditions for tornadoesin GA were different
compared tolocations farther west, particularly
with respect tosqualtline formation Therefore,
tornado events within states near the Atlantic
Coast plausibly are associated withdifferent
teleconnectiomphases than locations farther west

Of the total nmber of positive and negative
ENSO cases during our tornado events, we found

i LA: Six occurred during El Nifio and three
during La Nifia

q MS: 12 occurred during El Nifio and 13
during La Nifia

1  AL: Eight occurred during El Nifio and nine
during La Nifia

1  GA: Three occurred during El Nifio and nine
during La Nifia

s _~with nul | cases
For El Nifio cases, the mean ONI was
T LA: +1.23
T MS: +1.25
T AL: +1.20
T GA: +1.36
For La Nifia casegshe mean ONI was
q LA: 10.70
9 MS: 10.81
T AL:71082
T GA: 10.91

For AO, we found:

LA: 10(+AO) and ning(i AO) TOR events
MS: 22 (+A0) and 17(i AO) TOR events
AL: 18(+A0) and 10(i AO) TOR events

1
1
1
1 GA: Seven(+AO) and 10(i AO) TOR events
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For AO, the positivihegative meanornadoevent
values were

i LA: +1.4371.30
T MS: +1.68f1.61
T AL: +131/71.20
T GA: +1.28f1.11

Compared to the findings of Klepatzki and
Milrad (2020), FL {(0.9) and GA 10.91)
exhibited similar results for La Nifia; however,
they were different in terms of El Nifo.
Klepatzki and Milrad (2020) found FL cases had a
mean ON of +2.17, which is substantially
stronger than all the average El Nifio events
across DA (+1.26). GA had an average El Nifio
event ONI of +1.36, a +0.81 difference from FL.
The difference in El Nifio event ONIs suggests
weaker enhancement of LLJs acrossA On
comparison to tornado events across FL. The
weaker enhancement of LLJs was identified in a
study that concluded the frequency and location
of significant tornadoes vary by ENSO phase and
strength (Brown et al. 2020). Another study
showed similar radts where the Caribbean lew
level jet (CLLJ) was weaker during warm
anomalies in the Pacific, reducing DA
precipitation (Wang 2007).

20January2026

For theNULL events, we foundhe following
number of cases duririg) Nifio/La Nifaphases

1 LA: 32/25
1 MS: 21/20
i AL: 9/18
1 GA: 7/8

The mean ONIs were:

i LA: +1.1410.83
i MS: +1.0410.75
i AL: +1.34i0.77
i GA: +1.05f0.76

We found the following numbers of +AQAO
NULL events:

i LA: 35/36
1 MS: 41/28
1 AL: 23/22
1 GA: 18/8

The mean valuesf the AO index for +AO/i AO
eventswere:

LA: +1.53i1.82
MS: +1.4111.44
AL: +1.84F1.49
GA: +1.6211.24

= —a —a 2

Figure2: NARR composite of LA (ai ¢) tornado(TOR) and (d f) null (NULL) events Plotted arenean 20€hPa
windspeed (kt, shaded; 1 kt = 0.51 fﬁ),sgeopqtential heighim, solid black contours), and 70800-hPa layer
averaged/ertical velocity magnitude (x 102Pa &', negative values plotted with red dashed contour&aiti 48,

(b,e)7 24, and(c,f) 00 h The origins of the polar front jet (PFJ) and subtropical jet (STJ) are marked on (b) and (e).

Click image to enlarge
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Like Klepatzki and Milrad(2020), the intent is
not to make broad, statistically significant
conclusions However, to improve the
understanding of synoptic composite structures in
the context of the AO evolution, a moredepth
comparison is needed. This will be investigated in
sections 3(be). This analysis also provides an
idea of differences over a wider spatial area

NumerousTOR eventsalso developed along
stationary boundaries over more than one state and
¢ days (see Table Al15) This phenomenon
occurred in all months, althoughit was most
commonin March and April 811 events) In fact,
32% of our TOR casesin MS and AL were
associated with stationary boundari@able A15)

b. Large-scale compositesLA

Compared to the rest &A, LA has the highest
number of NULL events and secoffelvest TOR
events (Tables A5 and A6) Previous studies
(Galway et al. 1981; Andersdfrey et al. 2016,
2019; Megnia et al. 2019; Bryant et al. 2022) have
investigated theynoptic and mesoscale conditions
of these eventsGalway et al. (1981) found that an
amplified anomalous trough extended from CO
through NM with a mean 4kt LLJ near the
TexaslLA border Gal way 6 s f simildri
to the results of this paper dtet 200, 500 and
850-hPa levels (Figs2i5). However, Galway et
al. (1981) were limited to 23 TOR and 6 NULL
events over a 39 period compared to the results
of this paper overral8-y span (24 TOR events)
Megnia et al. (2019) latezonductedh rapid efresh
(RAP) model analysisof one of the worst TOR
eventsin LA (2 April 2017). They noted an
amplified anomalous troughthat was slightly
eastward in comparison to Galway et al.
(1981). Our AO analysis revealethat the mean
TOR (+0.05) and NULL(0.03 events weréAO-
neutral across LA over a threlay period This
corresponds to amplifying and increasingly
meridional 200 and 506hPa patterns between
148h andi 24 h(Figs. 2ab; 3a,h, followedby less
200-hPa amplification betweeri24 and 00 h
(Fig. 2c).

ngs

Jetstream locations and tornado occurrences
have been studied over many years (e.g., Beebe and
Bates 1955; Skaggs 1967; Clark et al. 2009;
Klepatzki and Milrad 2020). This also includes
tornadoes that form within or along QLCS
boundaries (e.g., Wams et al. 2018). For
example, Williams et al. (2018) noted that on 20
February 2017, strong 3@@Pa souttsouthwesterly
winds up to 90 Kkt w-tr e

surrounded by a
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( & Bn0sY) jet streak and a northeastwarsving
trough between New Mexico (NM) drTexas (TX).
Strong differential positive vorticity advection
(DPVA) was associated with widespread ascent
across TX which led to a QLCS TOR event (nine
reported tornadoes). This is important, as we will
see similar synoptic structures across DA later i
this manuscript.

We extended the composite period examined in
Klepatzki and Milrad (2020) back t648 h and
increased the height of the layer from 2i®a to
200-hPa to emphasize the role of the STJ. Figure 2
shows NARR 20thPa wind speed and
geopotentl height composites at48, 24, and
00h; 700 400-hPa layeraveragey is also plotted
to analyze largacale vertical motion.

Investigation of the 208Pa composites across
LA revealed multiple differences in jet streaks
compared to MS, AL, and GA (d&ms 3d¢e). The
area of expansion that extends (i.e., rigtiuth)
into the Gulf suggests more than one jet contributes
to TOR events. Unlike the PFJ and STJ across these
states, this region is more zonal for NULL events,
while the opposite is true dag TOR events (Figs.
2b,c,ef). Furthermore, the right exit and left
entrance of the PFJ (Figs. 2b,c) couple over northern
V& ik biggest difference is the intensity of the jet
streak over the 48 period. The PFJ across LA
exhibited the weakest (sirail) intensity on average
during TOR (NULL) events. For example, at peak
intensity during TOR events, MS, AL, and GA all
exhibited 90100 kt (45/50ms') compared to
the80 90 kt (4045 m &) seen over LA over the
48-h period. This corresponds to lowdrigher)
amounts of shear and larger ascent, with potential
QLCS development, matching the results found by
Klepatzki and Milrad (2020).

At 00 h (Fig. 2f), the TORiG x 10°Pa &) and
NULL events (3 x 107 Pa $%) have similary.
These higher and lower values of omega correlated
well to the locations where most tornado reports
occur (see section 2) and are like the Florida results
of Klepatzki and Milrad (2020). Another similarity
is the influences from the PFJ and STJ betwieen
24 h (Fig. 2b) and 00 h (Fig. 2c), with evidence
indicating these features maintaining the trough
during its life cycle.

Following Klepatzki and Milrad (2020),
500-hPa height patterns are an important forecast
tool for severe weather events. Figure Hbwes
monthlyweighted anomalies and composite

means. The 50BPa composites revealed zonal
0100
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Figure 3 For LA (aic) TOR and (df) NULL events NARR 500hPa geopotential height monthiyeighted
composite anomalies (m, shaded) and composite mean [jchbsack contours) afa,d) i 48, (b,e) i 24, and(c,f)

00h. Gridpoints with statistically significant anomalies at the 95% and 99% confidence intervals according to

theSt u d etast adeshatched and dotted, respectiveBlick image to enlarge

flow acrossDA prior to TOR events ai48 h
(Fig.3a). This is also evident with a more wiest
east orientation pattern across the southern and
southeastern regions of the continental U.S., but
later changes as the pattern becomes more amplified
over eastern O and western TX (FigBc).

NULL events on the other handuggest a more
positively-tilted trough located farther east than
TOR casedver the 48 lifecycle (Figs.3dif). In
association with a stronger subtropical ridge (STR)
in the Western Caribbeamegion (WCR), this
would increased. and W composite anomalies
earlier but remain weaker in comparison to its TOR
event counterparts (Figg.and5).

To help investigate the LLJ structures, Fig. 4
shows the 85®Pa d, composite means and
anomalies, as well as 830Pa mean winds from
748 to 00 h Figure 4a shows a relatively weak
anomaly (24 K) associated with a westerly wind
field. However, d; increases (Bl2 K) between
Fig.4b and 4c during TOR eventsNULL cases
show similar results with the biggest difference
occurringi 48 h pror to the event (Fig. 4d) The
TOR and NULL composites also suggest lacdfe
and W (Fig. 5) originatein the Yucatan Peninsula
Molina and Allen (2019) echoed this, finding an
average of @i60% (TOR) and 1545% (NULL)

cases have high, air origins nearthe Yucatan
during the cookeason Evidence of this can be
seen in Figs. 4 and 5 frond8 h to 00 h.

C. Large-scale composites: MS

Due to their proximity, one may assume
similarities between LA and MS. Figure 6 shows
MS TOR cases had 2@fPa wind sped magnitudes
of 80i 110 kt (4655 m $% as the pattern evolved
over 48 h, which is a 20 kt difference (10 i)s
from LA TOR cases (Fig. 2). MS TOR cases were
also influenced by a more amplified anomalous
trough, while a less amplified trough existedridg
LA cases (Figs. 2,3,6,7). Furthermore, MS TOR
cases (Figs. 6&; 74 c) exhibited a shortwave over
western TX and a sligimegativelytilted trough in
eastern TX compared to a single longwave trough
during LA TOR cases.

Throughout the 4# lifecycle both LA and MS
cases showed similar values (2 x 102 Pa &)
across their respective states. Maximamvalues
during MS TOR cases on the other hand were slightly
stronger {6 x 102 Pa $%). However, these values
were located over the northern Gulf, in comparison to
those over land in A (Fig. 6).
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Figure 4 For LA (dic) TORand (df) NULL events, NARR 85MPad, monthlyweighted composite anomalies

(K, shaded) and means (K, solid black contours), andn®z0composite mean wind (kt, barbs) at a ant48) b
and e)i 24,andc and f)00 h. Click image to enlarge.

Figure 5 For LA (ac) TOR and (df) NULL events, NARR monthlyweighted composite anomalies of
precipitable water (mm, shaded) and composite mean MSLP (hPa, solid black contours)iat8a(d)e)i 24,

and (c,f) 00 h. Gridpoints with statistically significant anomalies at the 95% and 99% confidence intervals
according t otestaredatcBad amd datted dresspettivéliick image to enlarge
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Figure 7 As in Fig. 3, but for MS event<lick image to enlarge

MS and LA NULL composites had similar
trough amplitudes (Figs. 2,3,6,7). In addition, the
primary trough axis was located over the same
geographic area in northwestern Kansase third
similarity was the size of the PFJ and STJ streaks,
an indication that both are influencing the
anomalous trough by 0® (Figs. 2 and 6f).
However, the jet streak associated with LA NULL
cases was stronger compared that associated with

the MS NULL cases. Both NULL case=xhibited
zonal flow ati 48 h.

With respect to the AO, we determined (not
shown) a mean +0.36 (+0.28) AO index during
TOR (NULL) events, as well as a +0.14 (+0.26)
standard deviation during TOR (NULL) events in
the same periodHowever, in a threelay period,
the overall change in standard deviation was only
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+0.01 (+0.17). The consistency matched quite
well to our MS composites (Figsi 8).

Additional evidence can be seen in the MS
500-hPa geopotentidheight composites (Figr) at
the 95% and 99% confidence level, revealing a
stronger STR in MS than LA &t48 h (Fig. 3).
However, by 00 h, the MS STR weakened as the
LA STR strengthened (see Fig. 3 andl @a

20January2026

The two STRs had similar anomalies {30 m)
during MS and LA NULL ases ai 48 h (Figs. 3
and 7) Both showed zonal flow across DA at
48h (Figs. 3d and 7d) Like LA, this zonal flow is
an indication of quasistationary boundaries (see
Table A13) However, the ridge across DA in the
MS NULL cases was slightly more arifigdd in
comparison to the LA NULL case®oth exhibited
weaker STRs at24 h with only MS NULL cases
indicating a sign of strengthening at 00 h.

Figure 9 As in Fig. 5, but for MSvents. Click image to enlarge

10
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Figure 10 As in Fig. 2, but for AL eventsClick image to enlarge

The downstream ridge for both MS and LA
cases exhibited strengthening betweidB and
00h. However, not surprisingly, the downstream
height anomiées during TOR cases were much
stronge(30i 45 m) The downstream ridge was
displaced poleward compared to the NULL cases
(Figs. 3 and 7), impacting the distance 36tad,
and W anomalies propagatBor 856hPad,, LA
and MS values (Figs. 4,5,8,9) wereughly the
same (4 K) byi48h However, the anomalies were
far greater across MS (16 K) by 00 In addition,
the Atlantic ridge is clearly visible on the 86@a
d. plots in MS (Fig. 8) However, the Atlantic ridge
is not evident in the LA compositeseés Fig. 4)
Therefore, the Atlantic ridgmay not have much or
any influence during the events across LA.

A key difference between MS and LA TOR cases
is the strength of the LLJ. The LLJ during MS TOR
cases averaged 40 kt (20 M sti24 and 00 h, a
15k t (& 'P).dBference som LA. However,
compared to LA NULL cases, MS NULL cases were
quite similar in strength and consistent with time
(Figs. 4,5,8,9). MS cases hadspecific timing
difference in W where the NULL (TOR) cases had a
maximum vale ati24 h (00 h) compared to its.
TOR counterparts (Fig. 9). Despite the timing, both
cases had similar W valued (& mm).
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d. Largescale compositesAL

Another key feature at 00 h (Fig. 10c) is the jet
streak weakening slightly compared fid24h
(Fig. 10b). This matched well with the-&ay
average AO statistical analysis (not shown), which
suggests the pattern became more amplified at
148h (10.148) before a gradual weakening by
00h (10.090). Meanwhile, substantial differences
between TOR and NULL @nts in AL are evident
in Figs. 10df. The mean jet streak is
considerably weaker (780 kt and not exceeding
80i 90 kt) over 48 h. However, our findings did
match those found by Klepatzki and Milrad
(2020), where NULL events across AL feature a
lessampified upstream trough located farther to
the north than the corresponding feature
during TOR events. As a result, the negative
¥ (12 x 10°Pa $§') values are also weaker.

At 748 h, Fig. 11a shows a significantly
anomalous 50@Pa ridge centered over AL with
an anomalous trough approaching the Pacific
Northwest. By 124 h to 00 h (Figs. 11b and c), the
ridge is displaced furtherpstream near the Ohio
Valley with a much deeper and more negatively
tilted trough over the Great Plains. This suggests
low-level moisture andd, would build over AL
prior to the forward progression tfis feature and
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would then spread the moistuver a wider
spatial area by 00 h (Figé2and13). Unlike the
results of Klepatzki and Milrad (2020), the
positive geopotential height anomalies in the
downstream ridge decreased from 60 toniO
betweeni 48 h and 0h (Figs. 11&c) and became
less significahat the 99% confidence level.

The extension of the STR over the WCR also
is important. This feature weakened by 10 m
betweeni 48 and 00 h (Figs. 11a) and became
less significant during TOR eventsHowever,
during NULL events, it maintained its intensi
(Figs. 11df). As a result, the downstream ridge
promotes strong southwesterly flow over AL prior
to TOR events and southerly flow during NULL
events. This ultimately affects the heat and
moisture distribution over this area, which we can
see in the BO-hPad, and W composites (Figs. 12
and 13). W anomalies during AL and MS TOR
cases were modesti@ mm) initially at-48 h.

W

20January2026

However, as the STR strengthened, this likely
distributed increased amounts dfand W across
DA (see Figs. 12 and 13) betwee4 and00 h.
For 850hPad., two major differences from LA
and MS cases were the 1) slightly higher amounts
of d. at148 h and 2) southwesterly winds by 00 h
(Fig. 12) during NULL cases. Howeved,
anomalies betweeii48 and 00 h were similar

( O K and smder than in the MS composite

(Fig. 8).

The distribution of W during NULL cases
reached further poleward than during TOR cases
(Fig. 13). This is perhaps due to the stronger
Atlantic ridge (Fig. 13), which has more of an
influence in AL cases than LA case We assume
the stronger Atlantic ridge focuses W over AL,
which is evident ati24 h (Fig. 13b). The
poleward extension of W at 00 h is likely due to
the eashortheast movement of the anomalous
trough (Figs10 and 11).

Figure 11 As in Fig. 3, btifor AL events. Click image to enlarge

e. Largescale composites: GA

Previous studies (Armstrong 1953; Stakely
1957) identified the relative time of occurrences
and typical height maps seen during GA TOR
events. Armstrong (1953) was perhaps the first to
reveal these conditions, including the mean
location of tornadoes that occurred over GA from
1884 1952. Armstrong's findings and the QGIS
analysis described earlier (see section 2) were
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similar. However, compared to our study
Armstrong favored a polewardopition. Stakely
(1957) woul d | ater
by providing a mean frontal analysis during TOR
events. Stakely (1957) found a surface thermal
ridge in place specifically when a stationary front
or a QLCS boundary were noted.

Comparing @& 200-hPa composites to the rest
of DA, there are multiple similarities. First, like LA,

updat e

A
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GA had the most westast oriented jet streak
(Fig. 14a) at 48 h. Second, both were considerably
weaker in magnitude (780 kt) which corresponded
to the smallerr (i 1 x 102 Pas ') values (Fig. 14a).
Third, the broad nature of this feature matches the
PFJ and STJ maintaining the lifecycle of the
anomalous trough mentioned earlier. However,
unlike LA and MS (Figs. 2c and 6c), the-gteak
magnitudes (Figl4c) were similar to AL events
(901 100 kt) at Oth (Figs. 10c and 14c). Also, the
anomalous trough amplified over 48 h, yet remained
much weaker in comparison to the rest of DA. As a
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result, this led to the consistent viesist oriented
jet streak (Fig. 14)Despite thisy (i 5 x 102 Pa §%)
values were smaller than those in AL
(i6 x 10% Pa & yet, larger than those found
(14 x 10 Pa §') by Klepatzkiand Milrad (2020)
over FL during a TOR event. However, these
values did match those found by Klepd and
Milrad (2020) for FL NULL events. Thirdly, the
anomalous trough in NULL events was more
amplified than in TOR events and is like those
observed in LA and MS at 00 h (Figs. 2 and 6,
respectively).

Figure 12 As in Fig. 4, but for AL eventsClick image to enlarge

Figure 13 As in Fig. 5, but for AL eventsClick on image to enlarge.
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