ABSTRACT

KING, JESSICA RACH#RLronmental Conditioning of Cool Season, Low Instability
Thunderstorm Environments in theennesseand OhioValleysand Southeastern U.S.
(Under the direction of Matthew D. ParKer

Low instability severe thunderstormare common in the Tennesseeand Ohio
Valleys and the Southeastern U.S. Unlike higher CAPE severe thunderstorms, low CAPE
thunderstorms tend to occuduring the late fall, winter and early spring (i.e., the cool
season), and may occur during the late evening and overnight hours when CxypiEaity
at aminimum. Low CAPE thunderstosrare often poorly forecastednd the environment
in which they occumay rapidly evolve. The goal of this research is to investigate and clarify
the processes responsible for environmental evolution that occurs over the few hours prior
to convection in low CAPE severe and4senere environments.

Realdata simulations ot f 26 / ! t 9') evelts wenerparforined usthg
WRFARW at convectio@allowing resolution. 11 highmpact severe events and 6 non
severe events were simulated. Some amount of suHa&sed destabilization occurred atl
simulated events over the Bour period prior to convection. Most simulated severe events
experienced comparatively large destabilization due to surface warming and/or cooling
aloft in addition to surface moisteningThis sirface warming was attributablgrimarily to
warm advection Nonsevere events typically had smaller increases in CAREh was
primarily due to surface moistening and cooling aloft. Severe events were also found to
have larger lowevel wind shear than nesevere events, particularlguring nocturnal
cases.

The release of potential instability contributed significantly to destabilization in
multiple severe evers, indicating that synoptic forcing for ascent may be important in
evolving low CAPE environments. The effect of latent heat release from upstream
convection also may have impacted at least one severe event by enhancidgvieivilow,

and in turn enhancing warm advection and kavel wind shear.
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SBCAPE (J¥gs the average entime CAPE for 49 points as described in
section 3.3. Average maximum WRB Bm shear (m§ refers to the

average of the maximum-8 km shear for each of the 49 points throughout
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Figure 4.2  Average time series of D km shear (mY, calculated and averaged over 3
hours for all 49 points for each case as described in section 3.3. Red lines and
black lires represent cases with an ending time after before and after
7:30pm, respectively. Time series for severe events are plotted in solid lines;
time series for norsevere events are plotted in dotted lines.

Figure 4.3  As in Figure 4.2, but for SBCAPE.
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2009, e), f) 22 UTC on Janua$y 2008, g), h) 01 UTC on January 27, 2012,
and i), j) 23 UTC on December 22, 2007. The black box indicates the 7x7 grid
point box used for calculations (i.e., the area of interest). Note the color
scales are different for each figure on the left. Plots fiom the 3 km
simulated grid.

Figure 4.6  As in Figure 4.1, but for the 3 hour change in SBCAPE.

Figure 4.7  As in Figure 4.4, but for 3 hour maximum SBCAPE"(%-&gis) versus 3 hour
maximum MLCAPE (J'kg-axis).

Figure 4.8  Diagrams illustratinghe 3 different calculations of CAPE. a) the contribution
to CAPE from surface temperature, calculated by holding all temperature and
moisture constant and updating only the lowest model level temperature
over time in the time series, b) the contributiom CAPE from surface
moisture, calculated by holding all temperature and moisture constant and
updating only the lowest model level mixing ratio over time in the time
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calculated by subtracting calculation a) from calculation c).
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Chapter 1: Introduction

Severe thunderstorm and tornadevents in the United States predominately occur
in environments characterized by strordgep layervertical windshear and some amount
of convective available potential energy (CAPE; Schneider and Dean 2008). Although strong
shear isgenerally necessaryfor severe storms and tornadoes to form, CAPE varies
drastically among severe environmentigure 1.1;Schneider et al. 2006; Schneider and
Dean 2008). During the late spring and summer months, significant thunderstorms and
tornadoes typically occur inn@ironments with moderateo-large amounts of CAPE (e.g., >
1000 J/kg); however, during the late fall, winter, and early spring when CAPE is
climatologically at its lowest, severe weather events can and do still occur (Guyer et al.
2006; Smith et al. 200&herburn and Parker 2014). These lower instability, cool season
severe weather eventscommonly take place during the late evening and overnight hours
along the corridor from the Gulf Coast to the MAdlantic, including the Southeast and the
Mississippi Tennesseand Ohio Valleys (Guyer et al. 2006; Schneider et al. 2006; Schneider
and Dean 2008; Smith et al. 2008; Thompson et al. 2008; Guyer and Dean 2010; Kis and
Straka 2010; Coleman and Dixon 2014).

Severe gents in high shear, low CAPE (H$leBvionments often occur in the
convective mode of mirsupercells, which are smaller in horizontal and vertical scale than
classic supercells (Davies 1990; Kennedy et al. 1993; Knupp et al. 1998; Smith et al. 2012).
HSLC events also commonly take the form wdgsjlinear convective systems (QLCSs) with
embedded mesovortices (Weisman and Trapp 2003; Trapp et al. 2005). Both convective
modes of HSLC severe thunderstorms and tornadoes present challenges for forecasters
because they are typically both shallower asrdaller in horizontal scale. In addition, their

unconventional time of occurrence makes them more difficult to forecast and desat

L A severe event is defined as having tornado, wind and/or hail reports.
CKNRdZAK2dzi GKS YIydZAONRLIIES 4KAIK AKSINE 26 /1 t9és
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the public may be less responsive to thesedifihatology event§Guyer and Dean 2010;
Konarik and Nelson 2008; Thonopset al. 2008; Brotzge et al. 2011; Davis and Parker
2014). False alarms also pose a problem because environments in the eastern portion of
the U.S. have low CAPE the majority of the time regardless of whether or not severe
weather is occurring (Schneideand Dean 2008; Brotzge et al. 2011). In an attempt to
improve detection and reduce false alarms, Sherburn and Parker (2014) pedfoan
climatology of HSE@vents in the Southeast from 20@011, and determined that low

level shear and low level lapsates are important discriminating factors between severe
events and norevents at the time of occurrence.

Many recent studies have also begun to investigate the influence of the synoptic
environment on severe weather eventsAlthough convective outflowoften sustainsa
convective systempersistent large scale frontal circulations haalso been suggested to
have an influence on storm organization and longeyigwett and Wilhelmson 2006;
Coniglio et al. 2007). Furthermore, some studies suggest that dhentation and
amplification of synoptic patterns (e.g., upper troughs and -fatdude cyclones with
associated cold fronts) may be a key mechanism in the organization of severe convection in
mid-latitudes during the cool season through strong fordiagascent (Wheatley and Trapp
2008; Brooks 2009; Dial et al. 2010; Clark 2011). Large scale ascent may provide strong
lifting of a layer that is potentially unstable, causing saturation and destabilization in the low
levels of the environment (Lane andolre 2006; Clark 2009; Evans 2010er8hrn and
Parker 2014). This may bearticulaly important given modeling studies that have
demonstrated that for low instability environments, the most intense convection occurs
when CAPE is concentrated in low lev@cCaul and Weisman 200Kirkpatrick et al.
2011) Synoptic circulations may also impact destabilization by strengtheningeieb

advection of warm, moist air (Lackmann 2002, Trier et al. 2006, Thompson et al. 2008;

® Sherburn and Parker (201dgfined high shear, low CAPE as having sidated SR/ 1 t 9 X-6pnn Wk ]

1Y odzA 1 akKSIN &1fdzSa x my Y a



Tuttle and Davis 2006). In facyn®ptic circulations may even be enhanced by latent heat
release from upstream convection, providiag intensificationof low-levelflow, increasing
temperatureand moisture advectiorand rapidlydestabilizingore-convective environments
(Stoelingal996, Mahoney and Lackmann 2007, Gold HrelsorGammon2008).

In low CAPE environments, even a small amount of destabilization by one or more of
the mechanisms discussed above could potentially have a large impact on the intensity of
convection.The exct nature and cause of destabilization associated with severe convection
in HSLC events has nmen extensively studied, and it may wiedl important in improving
probabilities of detection and mitigating false alarms. Thus, the goal of this reseah is
study synoptig¢o-mesoscale mechanisms that may be responsible for the destabilization
and triggering associated with severe convection in highly sheared, low instability
environments. Model simulations using real data as initial and boundary conditiare
used to study the processes occurring in the-po@vective environments associated with
multiple severe and nosgevere HSLC evenfBhe remainder of the thesis is organized as
follows: a detailed background of HSLC events and the environmentsch gy occur is
available in section 2, methods for modeling and analysis are described in section 3, results
and discussion are presented in section 4, and section 5 concludes with a summary of

findings and suggestions for future work.
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Chapter 2: Background

2.1  Geographic variabilityof HSLC severe storms

Althoughmany severe storms occualuring the late spring and early summer in the
Central Plains when the environment is extremely unstable (Schneider et al), 200@
stable environments during the late fall, winter and early spatgpproducesevere storms
in some parts of the U.S.agicularly the MississippiTennesseand OhioValleys and the
Southeast (Guyer et al. 2006; Schneider et al. 2006; Konarik and Nelson 2008; Schneider and
Dean 2008; Smith et al. 2008; Glass and Britt 20&fimer and Kula 201@Grams et al.
2012). Foexample, Smith et al. (2008) performed a studysewere supercells and QLCSs
occurring from October to March in the Tennessee and Ohio Valleys, finding that the mean
mixed layer CAPE (MLCAPE) for QLCS ioreadntswas 534 J k§ while the median
MLCAE for supercellular hail and wind events was 8DXkg. Significant tornadoé's
occurring in the Southeast from November through February may occur in environments
with CAPHess than500 J kg (Konarik and Nelson 2008jigure2.1 shows all tornadoes
from2003H nndp GKEFEG 200dzZNNBR Ay 'EMEAMNERo NS sfudlya 6 A K
by Guyer and Dean 201 @yhich highlightshe peak frequency in the southern and eastern
U.S.The risk ofsevere convectionn the Gulf Coast anMississippi Valley is particularly
highlighted during the fall and winter months, whesevere thunderstorms ardess
prominent in other regions (Galway and Pearsl981; Dixon et al. 2014). saudy on the
seasonality of severe events in the U.S. also fotlmedMississippi and Tennessee Valleys
and portions of the Southeast and Ohio valleys to be the most conducive to severe winds
throughout the winter and spring, and tornadoes during the fall and spring (Figdre 2.

Smith et al. 2012).

4 Significant tornadoes refer to tornadoes having a rating of 2 or greater on the Enhanced Fujita scale.



As noted earlier (Bure 11), the 06 km bulk wind shear tends to be large in all
severe enviraments.In addition Guyer et al. (2006) found thatD km and €3 km shear
are extremely high in cool seasoenvironments along the Gulf Coastowlevel wind shear
and storm relative helicity (SRHn the Tennessee and Ohio Valleys also tend to be
extremely large during cool season severe events, especially during the night as a result of
a low-level jet (LLJ; Smith et al. 2008; Glass and Britt 2010; Kis and Straka Héfd).
thunderstorms and tornadoes pose a particular threat in sheregions due to high
population density (Ashley 2007; Coleman and Dixon 2014). In addimausethese
storms often occur overnight and in the early mong hours during the cool season,
forecaster and civilian awareness may be reduced, thageasingcasualties during events
(Ashley 2007; Kis and Straka 2010; Grams et al. 2@if)ct, many studies have found that
most low instability events occur nocturnally during the cool season wRAPE is
climatologically at its lowest and low level shear is highEBgjure 2.3 Smith et al. 2008;
Guyer and Dean 2010; Sherburn and Parker 2014).

2.2 Synoptic influencs

Recent research on severe convective systems has suggested that cool season
events in the Mississippi, Tennessee and Ohio Valleys as well as the Southeast and Mid
Atlanticmay rely more heavily otihe synoptic environment than severe thunderstorms and
tornadoes during the warm season in the Plains (e.g., Gaffin and Parker R@d6et al.

2006; Coniglio et al. 2007; Thompson et al. 2008; Wheatley and Trapp 2008; Clark 2013;
Tochimoto and Niino 2026 Synopticforcing is commonly strongeturing the cool season,
enabling convection to be initiatemh lower CAPE environments (Schumached Johnson
2005; Brooks 2009).
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Synoptic systems, particularly rdiatitude cyclones with associated warm and cold
fronts, enable and enhance convection by providing strong, large scale convergence, and lift
as well asadvection of warm, moist air in low levedls.g., Brooks 2009; Clark 2009; Dial et
al. 2010;Tochimoto and Niin@016). Several studies have indicated that in the presence of
a cold front andsynoptic scale ascerfe.g.,warm advection, cyclonic vortigitadvection)
severe thunderstorms and tornadoes have been able to form and persist, even with little to
no analyzed CAPE (Gaffin and Parker 2006; Lane and Moore 2006; Brooks 2009; Clark 2013).
In some low CAPE environments, instability may increase assyheptic boundary
approaches through the release of potential instability (Clark 2009; Lane and Moore 2009;
Evans 2010; Sherburn and Parker 2014). A potentially unstable layer is a layer in which the
SljdzAa @1 € Sy G L2 G Sy Wdcledses with Eighis NAs idhdzMger i lifted, the
bottom of the layer becomes saturated before the top of the layer, causing rapid
destabilization (Markowski and Richardson 2010). This mechanism may even drive some
environments to moist absolute instability (e.g., &myand Fritsch 2000). In many warm
season, nossynoptically forced environments, potential instability release can be driven by
cold pool lifting; however in cool season, low instability environments, synoptic ascent
appears to be the primary driver of pattial instability release (e.g., Clark 2009; Evans
2010).0ngoing researche(g.,Sherburn et al. 2016, manuscript under internal review) has
daK2gy (GKIG a2dziKSF&aGSNy aSOSNB Sy gdikfNae/ YSy i a
associated with synoptic asnt in the warm sector of aid-latitude cyclone (Figure 2)4
and that potential instability combined with vertical motion may be an indicator of severe
convection.

LLJs associated with synopsicale cyclones may enhance temperature and moisture
advection in the low levels, which can also increase instability. Moisture transport by the
LLJ has been shown to enhance convection, causing severe thunderstorfos heavy
rainfall (Lackmann 2002; Tuttle and Davis 2006; Thomson et al. Z66Bimotoand Niino

2016). In addition,ascent associated witintense warm advection in the low levels of a



mid-latitude cyclone may destabilize an environment on the larger scale (Trier et al. 2006,
Tuttle and Davis 2006 clBumann and Roebber 2010pchimoto andNiino 201§. Strong

LLJs are alsmontributors to the robust lowlevel shear necessary for severe convection to
occur,especially in low instability environments (Guyer et al. 2006; Trier et al. 2006; Kis and
Straka 2010). The background synoptic envitent itself may provide strong flow in the

low to midlevels; however, if convection is ongoing (e.g., along a cold front), latent heat
release and the production of lower tropospheric diabatic potential vorticity (PV) may
enhance the entire synoptic cirfation, increasing the strength of the LLJ, and enhancing
temperature and moisture advection and low level wind shear (e.g., Lackmann et al. 2002;
Mahoney and Lackmann 2007; Gold adglsonGammon 2008; Schumann and Roebber

2010). Enhanced PV circulatiomgl be discussed in more detail in Section 4.

2.3 Modeling studies

Idealized modeling studies have tested the effect of different values of CAPE on
storm structure and evolution. McCaul and Weisman (1991) initialized simulations with
profiles having 80 J ki bulk CAPE, and found that these produced intense storms in the
presence of large lovevel shear, especially when CAPE was concentrated in the lowest
levels of the profile. Kirkpatrick et al. (2011) found similar results when using a
thermodynamicprofile with 800 J k§ of CAPE and a loleightof maximum buoyancy, but
also found that reducing CAPE below 800 Jikgreasingly inhibited strong updrafts and
rotation. Similarly, Jewett and Wilhelmson (2006) found thdealized simulations of
envionments with reduced CAPE and high shear did not produce intense, long lasting
convection in the absence of large scale environmental forcing

In order to address the importance of the synoptic environment the
destabilization of the environment and thproduction of severe convectiorking and

Parker (2014) compare@ realdata simulation of a very intense HSLEvent to a



comparablé idealizedsimulation, as suggested by Jewett and Wilhelm&®06). Their
results demonstrated that without the influence of the synoptic environment or the
upstream convection, the environment never destabilized in the idealized simulation, and
only weak, unorganized convection occurredn contrast, the fullyrealized synoptic
environment within the reablata simulationenabled rapid destabilization in the low levels

of the preconvective environment (Figure 5}, ultimately leading to strong simulated
convection.n this particular simulation, it appeared thigitense temperature and moisture
advection in the low levels were the primary contributors to the destabibzatthat

occurred.

2.4 Motivation for present study

Taken altogether, the literature reveals that low instability severe weather is a
common am important forecasting challenge, especially in the southern and eastern U.S.
Idealized models have revealed some of the fundamental storm scale behaviors in HSLC
environments, but it is clear that HSLC events are often accompanied by strong synoptic
forcing as well as large scale support for destabilization. The next chapter details the
experimental design of a modeling study that aimsirtgprove our understandinghese

large scale processes.

® |dealized model physics were kept the same as thedata simulation. The grid spacing of the rdata
simulation (3km) was triple the grid spacing of the idealized simulation (1km). The idealized simulation wa
initialized with a profile from the readatasimulation, shown in Figure2(top panel) and a-8K cold block

For more information about the models used, see King and Parker (2014).
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