ABSTRACT

DALE, FRANK JORDAN. Diagnosing Processes Modulatifrgcipitation Distribution
during Landfalling Tropical Cyclones in the Car@a@and Virginia. (Under the direction of
Dr. Gary Lackmann).

One of the greatest threats to life and propedgnftandfalling tropical cyclones
(TCs) is freshwater flooding. However, the comgkchinterplay of processes that can
modulate landfalling TC precipitation distributiomakes quantitative precipitation forecasts
(QPFs) for these events a challenging but impottesk for forecasters. The purpose of this
study is to: 1) isolate the role of physical pr@sssin modulating precipitation distribution
during landfalling tropical cyclones in the Car@gand Virginia and 2) investigate the
predictability of these processes and their impaabbserved precipitation amounts and
QPFs. Based upon data availability, forecaster cents) the presence of a frontal boundary,
and its relatively high impacts for a tropical stQfTC Ernesto (2006) was selected as a case
for further study.

Using observational data, it was determined tblt air damming (CAD)
developed following a predecessor rainfall eveEPpreceding the landfall of TC Ernesto.
Numerical modeling was used to test the relatignshihe TC to the PRE and the PRE and
CAD to TC precipitation distribution. Numericalrécasts did not replicate the observed
CAD intensity, and a persistent westward bias intfBCk and precipitation distribution
appeared in all members of lagged-average, imtiatlition, and physics ensembles.
Experimental runs found that after removing thevb@ex, the TC did not enhance moisture

or precipitation within the PRE region in the ca$@ C Ernesto. The PRE enhanced CAD

over the Carolinas due to the production of a paldl and caused an eastward modulation of



a surface thermal boundary preceding TC landfatlalfy, the development of CAD over the
Carolinas and Virginia approximately 24 h in adwant TC landfall led to an eastward
deviation in TC track and precipitation distributiar he implications of these results on
QPFs for landfalling TCs include: 1) TCs do natays enhance downstream mesoscale
convective systems, 2) diabatically-enhanced CA€z@ding TC landfall can potentially
lead to an eastward shift in TC track and predipitadistribution over the Carolinas and
Virginia, and 3) complex process interactions dgitemdfalling TCs are sensitive to
resolution, initial conditions, and choices of mbpleysics; even an ensemble modeling

strategy was unable to produce forecasts that attyreproduced the track of TC Ernesto.
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BIOGRAPHY

Jordan was born in Nashville, Tennessee on Octthet987, and grew up in nearby
Columbia, Tennessee. Some of his earliest memimieesde watching thunderstorms and
hailstorms on summer afternoons. However, nothnegdht more joy than snowstorms and
the school closings that come with them in Tenreds&ewise, nothing brought more
anguish than busted predictions of snowstorms lamdald, rainy school days that resulted.
A particularly long stretch of school closings haped in 1994 during a severe ice storm.
While listening to the loud booms of trees fallinghis backyard huddled under blankets in
the sub-freezing air inside his bedroom, Jordambzhthat severe weather can lead to fear
and suffering sometimes. After thawing out fromeew without power (and school), an
unusually warm, windy, humid afternoon in April 8eiterated the fear severe weather can
bring. After a tornado had moved through downtovasiVille, the rare experience of
watching the local news station broadcast go @ fain happened. The real fear struck when
Jordan’s dad called him to the back porch, and wislerious look told him to listen quietly.
Looking towards the thick, green canopy of the wedw felt and heard a deep, low rumble.
It was the freight train sound of an F-5 churningbtigh the hills to the south. The true
significance of the event struck the next mornifigrdinding checks, photographs, and
insulation scattered throughout his backyard. Adtéew more close calls with tornadoes and
many more frustrating experiences of busted snawstorecasts, the motivation was in
place to understand why these events happen. Uaolnating high school from Zion
Christian Academy in 2006, he enrolled at PenneStktiversity to pursue a bachelor’s

degree in meteorology. While at Penn State, heastige in the Campus Weather Service’s



radio, video, and newspaper branches which alldwado gain valuable experience both
forecasting and communicating those forecastsegtiblic. During the spring of 2009,
Jordan took a brief hiatus from the weather warldtidy abroad in Rome, Italy. With a
newfound appreciation for la dolce vita, he hoppednother plane to Anchorage, Alaska.
He spent the summer of 2009 interning at the Nati@eather Service’s Alaska Aviation
Weather Unit, where he completed studies about®impatterns conducive for high-impact
aviation weather along with many adventurous hikdbe Alaskan wilderness. After several
months of jet setting, he worked with the Pennsyila&tate Climatologist during his final
year at Penn State completing winter weather fatsdar the Pennsylvania Department of
Transportation and testing different long-rangedéaisting techniques for various major
cities across the Continental United States. Howehke fun came to an end in May 2010
when he graduated from Penn State with a B.S. itedelogy with an emphasis on Weather
Forecasting and Communications. A surprise phohdocaan interview from Trinity
Consultants led to his next adventure where he ebfér a year as an environmental
consultant in Baton Rouge, Louisiana. However, tneldy realized that forecasting and
studying the weather were his true passions. Swha touch with Dr. Gary Lackmann at
North Carolina State University where he was offeagesearch assistant position studying
ways to improve the prediction of rainfall from &alling hurricanes in the Carolinas and
Virginia. This research has tied nicely into higyoral motivation for understanding why

weather forecasts sometimes bust and how to impghemse forecasts.
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1. Introduction
1.1 Motivation

One of the greatest threats to life and propedmnflandfalling tropical cyclones
(TCs) is freshwater flooding. Of the 600 fatalitéisectly associated with tropical cyclones
during the period 1970-1999, more than one-halflmattributed to freshwater flooding
(Rappaport 2000). Additionally, there is no cortiela between TC intensity at landfall and
the resulting number of casualties due to flooditty a majority (63%) of casualties during
the period 1970-1999 occurring at inland locatidae to freshwater flooding (Rappaport
2000). Flooding deaths from landfalling tropicationes are especially common in the Mid-
Atlantic region of the United States (U.S.) accaumfor the majority of flood-related
casualties in that region (Ashley and Ashley 2008).

Examples of significant freshwater flooding eventthe Mid-Atlantic region include
Hurricane Agnes (1972) and Hurricane Floyd (198ceptionally heavy rainfall during
Agnes was due to interaction with a slow-movingfed boundary. A synoptic-scale frontal
zone approaching from the west dissipated whileva fnontal boundary formed in-situ east
of the Appalachians becoming the dominant baraclaundary (Bosart and Dean 1991).
The frontal boundary strengthened due to the cyclanculation around Agnes and
differential diabatic heating and became the fpoaht for heavy precipitation (Bosart and
Dean 1991). Floyd was a more recent freshwatedfl@pevent that resulted in a significant
number of casualties and damage. The precipitatifted to the left of the storm track due
to the interaction of the TC with a mid-latitudeugh (Atallah and Bosart 2003).

Additionally, the presence of a cold-core potent@ticity ( PV) anomaly associated with



the mid-latitude trough and a warm-core PV anormagBociated with Floyd created a strong,
deep baroclinic zone which provided a region fabtedor deep ascent strongly enhancing
precipitation production (Atallah and Bosart 2003uch cases of extreme freshwater
flooding from landfalling TCs led to an increasedphasis by the U.S. Weather Research
Program on improving quantitative precipitationdeoasts (QPF) (Marks and Shay 1998;
Elsberry 2002; Fritsch and Carbone 2004).

QPF rests upon the foundation of a simple statérfite heaviest precipitation
occurs where the rainfall rate is the highestlierlongest time” (Doswell et al. 1996).
Nevertheless, forecasting the precipitation distidn associated with landfalling TCs
remains a critical forecast problem. The challefaged by forecasters in producing accurate
QPFs for landfalling TCs is due to the variousdasthat can modulate precipitation
distribution. A few of these factors include: stonmotion, storm intensity, areal extent,
synoptic-scale forcing, topography, and mesosaalmbaries (Atallah et al. 2007; Srock and
Bosart 2009). Out of these factors, mesoscale miexican often be especially challenging
for forecasters to identify and numerical weathedeis to predict due to the small scales at
which they occur. However, accurately identifyingsuscale boundaries in advance of
landfalling TCs is particularly important due teethpotential for enhancing precipitation in
localized areas (DelLuca et al. 2004; Klein et @06). Such boundaries can often form due
to evaporatively-cooled air associated with preaipn ahead of landfalling TCs.
Furthermore, this evaporatively-cooled air can eabahe strength of cold air damming
(CAD) and its associated mesoscale boundary leadieghanced rainfall along and on the

cool side of the mesoscale boundary (Fig. 1.1)tlsand Garcia (2013) found such cases of



CAD preceding TC landfall to occur with 50% of ldakling TC cases from 1995 to 2012 in
the southeastern United States. As such, Natiomathiér Service (NWS) regional offices
and National Centers identified heavy precipitatoid localized flooding associated with
TCs as one of three key weather hazards upon whifdcus collaborative research efforts.
The purpose of this study is to: 1) isolate the aflphysical processes in modulating
precipitation distribution during landfalling tragal cyclones in the Carolinas and Virginia
and 2) investigate the predictability of these psses and their impact on observed
precipitation amounts and QPFs. Through better tstaleding the complicated interplay of
physical processes in modulating precipitationrdigtion during past landfalling TCs, QPFs

for future landfalling TCs can be improved.

1.2 Processes Relevant to Landfalling Tropical Cyshe Precipitation Distribution in the
Carolinas and Virginia

Section 1.2.1 defines predecessor rainfall evd?RES), examines their relationship
to TCs, and summarizes results from other caseestuSlection 1.2.2 describes CAD
formation, climatology, and its relationship witbastal frontogenesis. Section 1.2.3 analyzes
other processes relevant to landfalling TC preatfmn distribution including jet stream
dynamics, extratropical transition, atmospheriersy orographic enhancement, and TC track

forecasts.



1.2.1 Predecessor Rainfall Events
A PRE can be defined as a coherent region of hemmfall, with rainfall rates
exceeding 100 mm in 24 h in a region positione@wald and separate from the main TC
rain shield (Galarneau et al. 2010; Cote 2007)r [Eateria were proposed by Galarneau et
al. (2010) for PRE identification including:
1) Radar reflectivity values35 dBZ within a coherent area of rainfall persigtiar at
least 6 h.
2) The average rainfall must b&d00 mm (24 h} over the entire life of the PRE.
3) There must be a clear separation on the radar im&géween the coherent area of
rainfall and the TC rain shield.
4) Deep tropical moisture directly associated withTidemust be advected away from
the TC into the region of the coherent area offeadin
While no quantitative minimum separation distabeaveen the PRE and TC center
has been proposed, the typical separation disiane€E000 km (Galarneau et al. 2010;
Moore et al. 2013). Cote (2007) breaks the rol€@$ in contributing to PRE development
into two components: 1) transporting anomalousgihhmoisture poleward, and 2)
strengthening the mid- to upper-level ridge dowsestn of the TC through diabatic heating
and enhancing the upper-level horizontal divergentke equatorward entrance region of an
intensifying upper-level jet streak. Other influes®mf a TC on PRE development can include
the transport of water vapor from the vicinity bétTC into the PRE region through the
synoptic-scale flow and the impinging of the TCcalation upon a midlatitude baroclinic

zone yielding warm advection, frontogenesis, armeg@is(Moore et al. 2013). This



relationship can be either direct or indirect defieg upon the influence of the TC in
supplying water vapor to the PRE region and for@sagent in the PRE region (Moore et al.
2013).

However, the importance of the TC in producing BR&mes into question since
many of them occur with synoptic-scale patterns iinay have produced heavy rainfall
events without the presence of a TC (Galarneal 20&0). Furthermore, the proximity of
the TC to the PRE region, the spatial extent ofciredonic circulation and upper-level TC
outflow, and the synoptic-scale flow in the vicindf the TC also dictate the extent to which
the TC relates to PRE development. Nevertheledsr&Gsau et al. (2010) argues that the
presence of TC moisture augments these eventgintbe poleward transport of deep
tropical moisture into mid-latitudes and turns aatly heavy rain events into record-breaking
high-impact heavy rain events. However, TCs acetoove water vapor from the
surrounding environment with the precipitation msis& mechanism being non-negligible
for TCs (Lackmann and Yablonsky 2004). Therefdrne,role of a TC in adding moisture at a
remote, downstream location is unclear.

After identifying a total of 55 PREs associatedw38 Atlantic basin TCs during the
1988 - 2010 period, several characteristics of PR&® determined by Moore et al. (2013).
PREs occurred preferentially in August and Septemiith a median separation distance of
970 km and median longevity of 17 h (Moore et 8l13). Based upon the configuration of
the synoptic-scale upper-level flow and the embddeestreak at the time of PRE initiation,
three categories of PREs were identified (Fig. Maore et al. 2013). The first category, the

jet in ridge, features an anticyclonically curvetigtreak on the poleward flank of a broad



upper-level ridge (Moore et al. 2013). It corresg®io PRE development exclusively in the
Midwest evenly throughout the TC season with tingdat median separation distance,
longevity, and rainfall totals of the three categei(Moore et al. 2013). The second category,
the southwesterly jet, features a southwesterlgtjetk downstream of an upper-level trough
located immediately upstream and poleward of thgNIGore et al. 2013). For this category,
PRE development preferentially occurred in theerast/nited States in the later part of the
TC season (Moore et al. 2013). The third categdoywnstream confluence, features an
upper-level trough and jet streak downstream ameWard of the TC in a region of
confluence (Moore et al. 2013). For downstream loamice cases, PRE development was
most common in the earlier part of the TC seasdharCarolinas and Virginia (Moore et al.
2013). Both the second and third categories hawlsnseparation distance, maximum
rainfall totals, and longevity compared to thetfoategory (Moore et al. 2013). For all three
categories, PREs tended to form as moist air veasported poleward from the TC region
and forced to ascend near a low-level baroclinieezZioeneath an equatorward jet entrance
region (Moore et al. 2013). Another important featis the upper-level diabatically driven
outflow from the PRE and/or TC that increases thesation of low PV air resulting in a
tightening PV gradient and strengthening upperilm@testreak which reinforces ascent over
the PRE region (Moore et al. 2013).

Numerous case studies have been performed for B&dtsring over recent years.
Bosart et al. (2012) analyzed three PRE eventsronguahead of TCs Ike and Lowell from
10-15 September 2008. Each of the three PREs @ttatrthe intersection of a low-level jet

with a surface baroclinic zone in the equatorwanttlagce region of an intensifying



subtropical jet stream (Bosart et al. 2012). EaRE Rvas successively stronger than its
predecessor due to the cumulative upscale effqursistent deep convection in amplifying
a downstream ridge which strengthened the subtbtstream and associated forcing for
ascent (Bosart et al. 2012). However, no analysis performed to identify whether or not
the PREs would have developed independently of[k€and/or Lowell (Bosart et al. 2012).
Schumacher et al. (2012) investigated the rolmaisture transport into the PRE
region for TCs Ike and Erin by comparing ensembtedast members that correctly
predicted their recurvatures with ensemble memibatsforecasted the TCs to weaken or
turn southward. For the TC Ike case, the effec®®related moisture transport were
unclear due to other important sources of moigtuthe central United States with only a
slightly higher probability of heavy rain in thecrgving ensemble members (Schumacher et
al. 2012). For the TC Erin case, poleward moisttalesport in the recurving members
resulted in a column-integrated water vapor inczedsearly 20 mm in the PRE region, but
the accumulated precipitation distributions amaeurving and nonrecurving ensembles
were very similar (Schumacher et al. 2012). Howenemerical simulations performed by
Schumacher et al. (2011) indicated that after rengpthe moisture associated with TC Erin,
the maximum amount of rainfall decreased by 50%thadotal rainfall decreased by 33%.
Nevertheless, when classifying heavy rainfall esehat occurred in 2007 and 2008,
Schumacher and Davis (2010) classify the TC Erik BR a warm-season case rather than a
tropical case, attributing the PRE development nimtée baroclinic zone in the Midwest

rather than TC Erin.



Phenomena similar to PREs have also been docudieutside the United States in
China and Japan. While not classified as PREsaltleetr closer proximity to their parent
TC, a 3-yr climatology of squall lines precedingdéalling TCs in China found that about
43% of landfalling TCs in China are associated it TC squall lines (Meng and Zhang
2012). For these cases, the parent TC contribotdtetdevelopment of convection by
enhancing conditional instability, low-level moisgusupply, and the linear organization of
convection (Meng and Zhang 2012). Numerical expenits where the TC vortex is removed
have been performed for TC events with distantoregof heavy precipitation in China and
Japan. Wang et al. (2009) found that TC Songda4&ntributed over 90% to the
accumulated precipitation totals associated withnaote region of heavy precipitation in
southern Japan and adjacent seas through enhaoitbdard moisture transport by the TC
outer circulation. Meng and Zhang (2012) found #ftgr removing TC Kammuri (2008),
distant convection still initiated over southernit@zhbut failed to organize and dissipated
rapidly.

Previous studies have also examined the PRE assdavith TC Ernesto (2006).
Moore et al. (2010; 2013) highlighted Ernesto asxample of the downstream confluence
category of PREs. Convection associated with the PRiated beneath the equatorward
entrance region of a 200-hPa jet streak at theiteisrof a southerly low-level jet on the
eastern flank of the TC circulation along a regibow-level confluence ahead of a region
of CAD (Fig. 1.3; Moore et al. 2013). Developmehaaurface cold pool was also
collocated with the region of convective and stoatn precipitation associated with the PRE

and likely reinforced a weak antecedent cold paerdNorth Carolina and Virginia



associated with the region of CAD east of the Applilan Mountains (Moore 2010). The
strengthening of the CAD helped to establish asme@rthermal boundary over central South
Carolina and eastern North Carolina (Moore 2010afectory analysis revealed two
distinct source regions of deep moisture for th&PH within and on the poleward flank of
the TC Ernesto moisture plume and 2) over the sastiern United States along the Gulf of
Mexico coast. The diabatic outflow of low 250-20RahPV air poleward and westward of
the PRE region towards an upstream short-wave trbe{ped to strengthen the PV gradient
leading to a backbuilding of the jet streak andeased along-flow wind speed gradients

within the jet streak entrance region (Moore 2010).

1.2.2 Cold Air Damming

As noted by Moore et al. (2010; 2013), CAD was sslile phenomenon that acted
to shift the location of the boundary ahead of Tr@dsto’s landfall. CAD can be generally
defined as a shallow layer of relatively cold a@ttforms a persistent wedge-shaped ridge of
high pressure on the windward side of major mountanges (Baker 1970). In the eastern
United States, CAD can be more specifically defiasé& phenomenon where cold air is
“funneled” or “trapped” along the eastern slopeshef Appalachian Mountains (Richwien
1980). It can be detected using surface and ugyet-analyses as a “nose” of high pressure
in the sea-level pressure pattern over the easlepes of the Appalachian Mountains with a
cold, low-level, mountain-parallel jet separateshira warm, saturated, mid-level, mountain-
normal flow by an “extended coastal front” or skoginversion layer (Richwien 1980;

Forbes et al. 1987; Xu 1990). CAD develops dud&¢odeceleration of a mountain-normal



flow due to strong static stability as it ascendasauntain slope which results in an
imbalance between the Coriolis force and the momugarallel component of the
background pressure gradient force (Bell and Bds#88). This imbalance results in the
flow accelerating parallel to the mountain slop& dsw-level wind maximum (Bell and
Bosart 1988). As the Coriolis force deflects theederated flow toward the mountains,
adiabatic cooling and cold advection occurs neantbuntain slopes creating an adverse
pressure gradient that offsets the Coriolis foroe keeeps the flow in the cold dome (Bell and
Bosart 1988; Lackmann and Overland 1989).

Subjective and objective climatologies have beeated to categorize the frequency
of CAD in the eastern United States. Bell and Bo&#88) created a 50-yr CAD
climatology for 1899 to 1918 and 1950 to 1979 blyjectively analyzing daily surface
charts. They found no significant monthly differenn the number of CAD events between
the two periods with 67% of all CAD events occugrirom October to April. The maximum
number of CAD events occurred in March with a seleoyp maximum in December and a
minimum in July (Bell and Bosart 1988). Bailey &t(2003) constructed a 12-yr CAD
climatology for 1984 to 1995 using an objective GAlentification algorithm which is
further described in Section 2.2. Depending upenctimracteristics of the parent high and
the presence or absence of precipitation, CAD eweete further classified into six
categories including:

1) Classical diabatically enhanced (CDEN) when thepahigh is strong and favorably

positioned with precipitation occurring in the damgiregion,
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2) Classical dry onset (CDRY) when the parent higstigang and favorably positioned
with no precipitation occurring in the damming @gi

3) Hybrid (HYBR) when the parent high is weak and faebrably positioned with
precipitation occurring in the damming region,

4) Weak dry (WKDR) when the parent high is weak antifaeorably positioned with
no precipitation occurring in the damming region,

5) In situ (INST) when precipitation is occurring imetdamming region but the parent
high provided no support to damming other thanitegadry air at low levels while
previously passing the region, and

6) Unclassifiable (UNKN) when none of the above cidavere met.

Similar to Bell and Bosart (1988), Bailey et &003) found a minimum in overall
CAD frequency during July; however, a maximum ire@l CAD frequency was found
during September and August (Bailey et al. 2003)eWlooking at CAD frequency for the
six categories outlined by Bailey et al. (2003§ gtronger categories (CDEN, CDRY) had
the highest frequency in February with an overghlr frequency during the cold season
(16 October - 15 April) and a much lower frequedaying the warm season (16 April - 15
October) (Bailey et al. 2003). However, the frequyeaf weaker, hybrid CAD events had a
pronounced peak during the aforementioned warnosg&ziley et al. 2003).

Diabatic processes can also contribute to theldpreent, maintenance, and
strengthening of CAD. Fritsch et al. (1992) fouhdttdiabatic effects maintain or strengthen

damming in two fundamental ways:
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1) Cloud cover maintains damming by preventing or catlyiradiative destabilization
in the upslope layer, and
2) Subcloud-layer diabatic cooling from evaporatiod aeduced radiation produces a

hydrostatic pressure rise in the precipitatingoagi
These effects have direct and indirect consequentése thermodynamic characteristics of
the damming region. Direct consequences includeceedse in temperature and dewpoint
depression with an increase in density and pressaethe surface (Fritsch et al. 1992).
Indirect consequences include an adjustment didinzontal winds to the diabatically
produced mass-field changes (Fritsch et al. 1992ase study of the 21-23 March 1985
CAD event found that roughly 30% of the total caglin the cold dome was generated by
evaporative cooling (Bell and Bosart 1988). Diabatiocesses can also contribute to the
erosion of CAD in some cases. Brennan et al. (2608)d that latent heat release from a
rainband associated with a split-front directly otree cold dome significantly accelerated
the erosion process in the 14 February 2000 CADbteve

CAD is also frequently accompanied by coastaltBoRichwien (1980) found the
persistence and stagnation of coastal fronts @s Imore parallel to the terrain contours
rather than to the coastline to be convincing ewsgethat CAD plays an important role in the
formation of coastal fronts. An 8-yr climatology déw England coastal fronts from 1964 to
1971 found that coastal fronts are initiated in@trall cases with a pressure ridge east of the
Appalachian Mountains and a developing cyclonicutation further to the southwest
(Bosart et al. 1972). Coastal frontogenesis is fgored along the Southeastern United

States coastline where the Gulf Stream providesiece of heat and moisture while the

12



mountains facilitate the southward movement of @creating a natural baroclinic zone
(Appel et al. 2005). An 11-yr climatology from 19841994 for the Carolina coastline
revealed the existence of three coastal front typetading:

1) Onshore coastal fronts which represented approrignda0% of the cases and were
the strongest of the three types with 97% occurdungng the cold season (16
October - 15 April) and 60% associated with CAD.

2) Offshore coastal fronts which represented approteim@0% of the cases also
occurred more frequently during the cold seasowdwer, more occurred without
CAD since they tend to develop in response to rfam&lized processes.

3) Diurnal coastal fronts which represented approxatyei0% of the cases and were
typically weaker than the other two types makinghgmajority of warm season (16
April - 15 October) cases and having little asstommawith CAD.

Coastal fronts also tend to serve as a focus pairgnhanced precipitation along and just
northwest of the mean coastal front position (Bostal. 1972). In the past, numerical
models often failed to accurately predict the trerand wind field structures of CAD and
coastal frontogenesis events due to an inadequatéer of model layers below 800 mb
(Stauffer and Warner 1987). However, numerical ndell struggle with simulating the
onset of diabatically-generated CAD events anditivation of CAD events, with the model
tending to scour out the cold, shallow air massqickly (Bailey et al. 2003; Lackmann
2011, section 8.3). As a result, QPFs during swelnts often prove to be a challenge for

forecasters in regions affected by these phenomena.
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CAD and associated coastal fronts have been dateshén climatologies to occur
during the warm season. This begs the obvious iquest what role these phenomena might
play in modulating precipitation distribution dugitandfalling or near-landfalling TC cases.
Srock and Bosart (2009) examined two distinct eggsaf the formation and enhancement
of coastal fronts and CAD induced by TC Marco (1)9®uring the TC Marco case, Marco’s
location west of Florida provided a geostrophiavlperpendicular to the coastline and
mountains of the Carolinas and Georgia (Srock av&bB 2009). The coastal front forced
the tropical air to rise which enhanced precipitatat and immediately inland of the coastal
front (Srock and Bosart 2009). The precipitatiortlo@ inland side of the coastal front
evaporated initially, decreasing the temperaturéninland cold pool (Srock and Bosart
2009). The denser, colder air located inland thgerenced flow blocking which enhanced
the CAD and caused a push of cold air equatorwarthe leeward side of the mountains
(Srock and Bosart 2009). Such cases highlight gselno consider weak TCs as possible

heavy rain producers even while located at a dist§Srock and Bosart 2009).

1.2.3 Additional Processes

While PREs and CAD are both important phenomertsider when producing
QPFs for landfalling tropical cyclones in the Carat and Virginia, a number of other
relevant processes must also be considered. Aftapleting a climatology from 1982 to
1990 of all heavy rainfall events during the waeason (1 May - 30 September) over the
interior Southeastern United States, Konrad (1@9tified five distinct synoptic patterns

that were connected to the heavy rainfall everdsttte North Carolina and Virginia
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Piedmont region, composites revealed that mostyheanfall events occurred as a region of
boundary layer convergence connected with a weakosary frontal boundary was located
about 100 km southeast of the heavy rain locatibh weak 850 - 200-mb mean winds from
the southeast inducing frontal overrunning (Kont887). Looking at only the precipitation
distribution associated with 32 landfalling TC caseross the Eastern United States, Atallah
et al. (2007) found that storm-induced diabaticamd@ment of the downstream ridge is a key
factor in determining precipitation distributioroand landfalling TCs. Right of track
precipitation distribution is characteristic of T{d$eracting with a downstream ridge while
left of track precipitation distribution is charagstic of TCs undergoing extratropical
transition (ET) (Atallah et al. 2007).

ET is the process during which a warm-core TCdi@ms into a cold-core
extratropical cyclone as it moves poleward. ET es@s TCs become influenced by a mid-
latitude environment that might include increasatbblinicity, vertical shear in the presence
of an upper level trough, moisture gradients, desirg) sea surface temperature (SST),
strong SST gradients, increased surface draglaftdfall, orography, and a larger coriolis
parameter (Jones et al. 2003). The TC’s respongktnmclude a decrease of intensity,
increased forward motion, asymmetries in its stmetan increase in the spatial extent of its
wind field, rapid wave growth, and the loss ofvitgarm core (Jones et al. 2003). After
conducting a 30-yr climatology for all TCs that emdent ET from 1970 to 1999, Jones et al.
(2003) found that the North Atlantic basin contairtlee largest percentage (45 %) of TCs
that undergo ET with the highest percentage of &hts occurring in September and

October. However, ET commonly occurs with TCs asithe Western Pacific as well. Case
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studies of two Western Pacific ET events revediad increased warm frontogenesis
dominates the initial change from tropical to etttypical characteristics with the rate of
increase in frontogenesis peaking at a time thatimeadefined as the transition time (Harr
and Elsberry 2000). Unfortunately, numerical weafirediction (NWP) model
representation of the ET process is often assatsith large forecast errors due to initial
condition errors associated with the TC or midlaté troughs (Torn and Hakim 2009). Poor
NWP model representation of outflow ridging dudatient heat release associated with
precipitation during TC Floyd (1999) caused the eisdo poorly forecast the enhanced jet-
streak dynamics and restructuring of the midlagttrdugh accompanying the excessive
precipitation that occurred during its ET procestallah and Bosart 2003).

Not all cases of inland storm redevelopment foltbe traditional ET process. TC
Agnes (1972) was one such case where inland raifitation occurred with the internal
generation of vorticity and kinetic energy in theinity of Agnes due to the initial existence
of in situ cyclonic vorticity associated with the remnanpioal storm (Bosart and Dean
1991). Additionally, no strong frontal wave appes@was observed with the inland storm
redevelopment of TC Agnes (Bosart and Dean 199ig.ifiland reintensification of TC
David (1979) occurred in a weakly baroclinic enmimeent, unlike the typical ET
environment, due to an upward displacement of yimauhic tropopause associated with both
advective and diabatic warming poleward and eastwhibDavid (Bosart and Lackmann
1995). The nearly moist neutral deep tropical aasswas favorable for vigorous ascent and
low-level cyclonic vorticity generation given theigtence of the remnant TC circulation

associated with David (Bosart and Lackmann 1995).

16



While more common in the Pacific Coast of the BaiStates, the recognition of
atmospheric rivers is another important tool faetasting extreme precipitation and
flooding with a flooding event in North and SouthrGlina in October 2010 attributed to an
atmospheric river making landfall from the AtlanfiRalph and Dettinger 2011). Although
only three to five atmospheric rivers in each h@iée at any one time occupy just 10% of
the mid-latitudes, they carry an incredible 90%haf moisture moving poleward (Kerr
2006).

The enhancement of rainfall from orographic lidtimduced by the higher terrain
associated with the Appalachian Mountains is anatlevant process for landfalling TC
QPFs in the Carolinas and Virginia. With the extapdf divergence aloft and frictional
convergence, all other lifting mechanisms assodiafti¢h rainfall enhancement during
landfalling TCs are a direct or indirect effecttopography (Harville 2009). A statistical
study of maximum measured rainfall amounts of &lkWwhose paths crossed the
Appalachian Mountains from 1900 to 1969 revealed there is a 40% chance of greater
than 10 in of rain at some location in the mourgdiom any TC directly affecting the
Appalachians (Haggard et al. 1973). Schwarz (1880d the importance of terrain in
enhancing precipitation during TC Camille (1969)hthe highest storm total precipitation
value of 27 in occurring within a few miles of gpesoutheast-facing slopes in the
Appalachian Mountains of Virginia. During the pagsa@f TC Dean (2007) near the steep,
mountainous terrain of Dominica, rainfall was ngaubled over the higher terrain solely
due to orographic lifting (Smith et al. 2009). Dioethe fine-scales of terrain features where

orographic enhancement occurs, NWP models oftétofadequately represent the
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influences of high-relief topography on precipibatiand flow dynamics (Kuligowski and
Barros 1999). Additionally, a lack of precipitatiobservations that adequately capture the
high spatial and temporal variability of precipitet in the Southern Appalachians limit an
objective quantitative evaluation of the orograptmhancement of landfalling TCs in the
Carolinas and Virginia (Sun and Barros 2012).

However, a primary determinant of TC QPF erroF@Gstrack forecast error (Marks
and Shay 1998; Marchok et al. 2007). Official NasibHurricane Center (NHC) TC position
forecasts have improved with 48-h position foreeasirs during 2000-08 comparable to 24-
h position forecast errors during 1970-89 largelg tb advances in NWP model guidance
(Rappaport et al. 2009). Nevertheless, TC trackdast errors still occur with an analysis of
24-h forecasts during the 2008-10 North Atlantic S&asons revealing that forecast motion
errors are dominated by errors in the environmentad field (Galarneau and Davis 2013).
Additionally, Torn and Davis (2012) found that peoodel representation of shallow
convection also leads to biases in TC positiontdube development of lower to middle-
tropospheric temperature and wind biases. Advakitedcane Weather Research and
Forecasting Model (AHW) TC track forecast error weduced up to 25% when using the
Tiedtke cumulus parameterization (CP) scheme, wétter simulates shallow convection,
rather than the Kain-Fritsch CP scheme, which po@presents shallow convection (Torn
and Davis 2012). Cloud microphysical assumptiomsatso influence TC motion with
microphysics parameterization (MP) schemes regpitira smaller average patrticle fall
speed leading to anvil enhancement that can infliéme TC track via cloud-radiative

interaction (Fovell et al. 2009). Simulations of Ra (2005) further indicated significant

18



track sensitivity to cloud microphysical detailsedio changes in the vortex characteristics
(Fovell and Su 2007). A 20 member Weather ReseardiForecasting (WRF) model
ensemble highlighting the sensitivity of various iftd CP schemes during TC Rita (2005)
revealed that the Purdue Lin and Kessler MP Schevitaghe Betts-Miller-Janjic CP
scheme best simulated the TC track while the WRglsimoment five-class MP scheme
and Betts-Miller-Janjic CP scheme best simulatedhiodel’s ability to generate
precipitation (Nasrollahi et al. 2012). Howeverlike Torn and Davis (2012), many of the
differences between parameterization schemes wetewthin the uncertainty of the

measurements (Nasrollahi et al. 2012).

1. 3 Hypotheses

Previous studies have indicated a possible relstip between TC and PRE events
along with PRE and CAD events preceding the lahdfalCs in the Carolinas and Virginia
(Moore et al. 2010; 2013). However, previous stsidiave also indicated a need for model-
based experiments to quantify the relationship betwthe TC and PRE (Cote 2007; Moore
et al. 2013) and more specifically the relationdtepveen the PRE and CAD which can
help establish a coastal surface thermal bounda&geging TC landfall in the Carolinas and
Virginia (Moore et al. 2010). TC Ernesto (2006piee such case where all of these processes
occurred. PRE development occurred along a frdidahdary across the Carolinas and
Virginia ahead of TC landfall. However, developmehimesoscale convective systems
ahead of frontal boundaries is not uncommon dutiegate summer in the Southeastern

United States where the environment is often venistreven in the absence of a nearby TC.
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Additionally, TCs act as moisture sinks that remasager vapor from the surrounding
environment. Therefore, it is hypothesized thagame cases the TC does not enhance
moisture or precipitation associated with PREsawimistream locations.

Following the PRE, CAD developed across the Caasliand Virginia before TC
Ernesto made landfall. Model forecasts did notaatt CAD and had a westward bias in
track and precipitation distribution for TC Ernegtdhe region where PRE and CAD
occurred. Furthermore, CAD development precedindaindfall is dependent on the TC
track (Harville 2009). Therefore, it is also hypesized that poor model representation of the
PRE can lead to a lack of CAD in model forecastssaAesult, the model will incorrectly
place surface thermal boundaries leading to T(ktaacl precipitation distribution errors in
model forecasts. Understanding the causes of nesdw®l is crucial for improving the

predictability of landfalling TC QPF in the Carddim and Virginia.

1. 4 Thesis Outline

Chapter 2 discusses the case selection processyvabional analysis techniques,
model configuration, and experimental design. Céraptdescribes the evolution of synoptic
and mesoscale features associated with TC Ernestg abservational data, the sensitivity
experiments used to produce a control run and theteirerror associated with them, the
relationship of TC Ernesto to the PRE, the relafop of the PRE to CAD, and the
associated modulation of the frontal boundary lloceand TC Ernesto’s track and
precipitation distribution forecasts. Chapter 4 suamzes the findings described in Chapter 3

and relates them back to the original hypothedigrbalescribing avenues for future work.
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Figure 1.1: Conceptual model from Srock and Bo&d09) highlighting key processes

enhancing rainfall during TC Marco (1990). The cptibl associated with cold air damming
and coastal front were induced by the nearby Tthiscase.
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(a) Jetin Ridge

Figure 1.2: Figure 20 from Moore et al. (2013) shaywa conceptual diagram of key
synoptic-scale features and processes for (ah Jitige, (b) Southwesterly Jet, and (c)
Downstream Confluence category PRESs.
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Figure 1.3: Figure 19 from Moore et al. (2013) shaya synoptic-scale analysis for the PRE
associated with TC Ernesto at 1800 UTC 30 Aug 266kiding (a) 200-hPa geopotential
height field and wind speed, (b) SLP and PW, (ad&aeflectivity, 925-hPa potential
temperature, 925-hPa wind, and Petterssen fronésgerand (d) vertical cross section along
the dashed black lines in (a) - (c) displaying pttd temperature, Petterssen frontogenesis,
water vapor mixing ratio, and flow vectors in tHane of the cross section. The PRE
location in (a) and (b) is indicated by the “+” dyah, and the TC location in (a) - (c) is
indicated by the tropical storm symbol. The latihad positions of the PRE and TC in (d) are
indicated by the green and red triangles, respagtiv
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2. Methods

Section 2.1 describes the case selection proseskin identifying cases for further
investigation. Section 2.2 outlines the data astn&ues used for completing a subjective
and objective observational analysis for the setbctse. Section 2.3 outlines the various
data sources and model configurations used in gingwa control run and experimental runs

for the selected case.

2.1 Case Selection

A list was first compiled of any TCs that movedaigh the CSTAR domain (Fig.
2.1) from 1995 to 2011. From the list of 54 lantifgd TCs moving through the CSTAR
domain from 1995 to 2011, the following criteriare@ised to select candidate cases from
the list:

Event took place after the year 2000 to allow farencomplete data and better

forecaster recollection,

Storm center moved over the Carolinas and/or Viagior close to the coast, and

Maximum rainfall exceeded 6 inches over the Caadliand/or Virginia.

From these criteria, 12 candidate cases weregtaposed for potential further
investigation (Table 2.1). A Google spreadsheetavaated and shared with NWS field
offices and other collaborators to solicit inputeach of the identified storms. Input included
forecast challenges, errors, or successes, agsvalbight or opinions on how precipitation

was altered by any boundary interactions duringethent. NWS Weather Forecast Offices
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(WFOs) then took a rough inventory of any archidatha they had for the list of cases. A
case for further study was then chosen based cavtlilable data, forecaster comments,
presence of a boundary, and impacts (damage tiesqlior each storm. Since adequate data
was available, forecaster comments, particuladynfthe Charleston, South Carolina NWS
WFO, indicated challenges in correctly predictitggtitack and precipitation distribution, the
presence of a synoptic-scale boundary precedirdidfinand its relatively high impacts for a
tropical storm, TC Ernesto (2006) was selected @ssa for further study. In the case of TC
Ernesto, the NHC track forecast issued approxima&elh prior to landfall at 1500 UTC 30
August 2006 predicted a landfall near Charlestautls Carolina (Fig. 2.2). In reality, TC
Ernesto made landfall near Wilmington, North Caralwith little to no impacts in the
Charleston, South Carolina area. Through understgride reasons for the poor
predictability of the track and precipitation distrtion associated with TC Ernesto, future

landfalling TC forecasts can be improved.

2.2 Observational Analysis

2.2.1 Subjective Observational Analysis

After selecting TC Ernesto as a case for furtheestigation, a detailed subjective
and objective observational analysis was condu&eslibjective observational analysis was
first completed using manual surface analyses adarmreflectivity to analyze the evolution
of the frontal boundary. METAR hourly surface weatbbservations were obtained from

NWS Weather Event Simulator (WES) data and displaysng the Advanced Weather
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Interactive Processing Systems (AWIPS) Display Dumensions (D2D) program. Manual
surface analyses of surface pressure and temperaéue completed every six hours from
1200 UTC 31 August 2006 — 2300 UTC 1 September 2008der to subjectively determine
the location of the frontal boundary as Ernestaeaghed the coastline and moved inland
through eastern North Carolina and southeastemin/a.

Weather Service Radar 88 Doppler (WSR-88D) €obnposite reflectivity data were
also obtained from NWS WES data and displayed usiagAWIPS D2D program from
1200 UTC 31 August 2006 — 2300 UTC 1 September 2008R-88D 0.5base reflectivity
data were downloaded from NCDC from 0000 UTC - 2B80@ 30 August 2006. Radar
reflectivity structures were examined for evidenta frontal boundary and compared to the
manual surface analyses. The location of the ftdmdandary in manual surface analyses
was then compared to storm total precipitationys&s for Hurricane Ernesto prepared by
the NWS Hydrometeorological Prediction Center (HRG)NS Wilmington, North Carolina,
and Wakefield, Virginia Weather Forecast OfficesH@$) in order to determine the location

of rainfall maxima in relation to the frontal bowargt location.

2.2.2 Objective Observational Analysis

Subjective observational analyses were then coedparobjective analyses. Surface
2-D frontogenesis and equivalent potential tempeedfields were calculated from surface
data using the Mesoscale Analysis and Predictiate®y (MAPS) Surface Assimilation
Systems (MSAS) for each hour from 1200 UTC 31 Au@@96 — 1800 UTC 1 September

2006. Gridded datasets of the Rapid Update CydlE(Rwvith 20-km horizontal grid spacing
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and 1-h temporal resolution were downloaded froenNlational Climatic Data Center
(NCDC) National Operational Model Archive & Disttibon System (NOMADS) Data
Access System (http://nomads.ncdc.noaa.gov/datafphpach hour from 0000 UTC 30
August 2006 - 1200 UTC 2 September 2006. RUC sear2ab frontogenesis, 2-m potential
temperature, and 10-m wind fields were then contparéhe manual analyses for
verification of the frontal boundary location. Theesence of upper-level features was
determined using RUC 500-mb and 250-mb geopotemight and wind fields.

Gridded datasets of the National Centers for EEmwvirental Prediction (NCEP) /
Environmental Modeling Center (EMC) Stage-1V 1-H),6and 24-h precipitation data with
4-km horizontal grid spacing were downloaded friwe Wational Center for Atmospheric
Research (NCAR) Earth Observing Laboratory (EOLbsie (http://data.eol.ucar.edu/cgi-
bin/codiac/fgr_form/id=21.093) for each hour fro@00 UTC 30 August 2006 - 1200 UTC
2 September 2006. The Stage-IV analysis combirdeg+@erived precipitation estimates
(Fulton et al. 1998) and gauge reports hourly al-tene on a 4-km grid covering the
continental United States (Davis et al. 2006). Wkibme uncertainty exists due to limited
guality control and spotty radar and gauge coverdgege-IV precipitation analysis data is
typically adequate for estimating precipitationtez#fshe Rocky Mountains (Davis et al.
2006). Therefore, Stage-IV precipitation analysesenused to verify model QPF for this

case.

27



2.2.3 CAD Detection
The presence of CAD was objectively determinedgihe CAD-detection algorithm
designed by Bailey et al. (2003). The second devwaf sea level pressure and potential

temperature is computed along three mountain nolimesd (Fig. 2.3) using equation 2.1

N5-%_ %X
K12y — d2—3 d12
2.1) N°x= 1

E(dz-a +d, ;)

from Bailey et al. (2003) whepedenotes either sea level pressymeof potential

temperature (), d represents distance, and the subscripts 1-3 dstaitens running from
west to east along a line (Fig. 2.3). Hourly suefabservations were downloaded from
NCDC for each of the stations along Lines A - OFig. 2.3. Potential temperature was

calculated using equation 2.2

R

22) g=T £
P

whereT represents surface temperatupgis the standard reference pressure (1000 mis),

the surface pressumg,is the gas constant of dry air (287.04 3 Kg'), andcyis the specific
heat of dry air at OC (1005 J kg K™). Sea level pressure and potential temperature
Laplacians were calculated along Lines A - C (Ri@) with negative values di’p

associated with pressure maxima at the centeostatid positive values ?* associated
with colder temperatures at the center station.ditierence in sea level pressure was

calculated between GSP-GSO and GSO-RIC along Lifeidp 2.3) as a surrogate
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representation of ageostrophic northeasterly flble following criteria from Bailey et al.
(2003) were then applied to the calculations ireotd determine if CAD was present:
The Laplacian of sea level pressure in the moumtarmal direction must be
negative and exceed in magnitude one standardtaeviaf the average of all the
negative Laplacian values in the mountain normaatiion calculated from NCDC
hourly surface observations.
The Laplacian for potential temperature in the matmnormal direction must be
greater than zero.
Sea level pressure must be greater at the ceat@arstelative to the end stations.
The difference in the pressure along line D muggreater than 1.5 mb between
either GSP and GSO or GSO and RIC, with higheraesta the northeast.
All requirements must be met for at least six coosee hours on at least one of the

mountain-normal lines (A-C).

2.3 WRF Model Configuration

After completing a thorough observational analggithe various physical processes
occurring during TC Ernesto, WRF version 3.2.1 wsed to isolate the role of these
processes in modulating the precipitation distidouassociated with TC Ernesto. The WRF
model is a numerical weather prediction (NWP) amdospheric simulation model designed
for both research and operational applications. Atheanced Research WRF (ARW)
dynamical core, developed primarily at NCAR, isdusethis study. It features numerous

physics schemes, numerics/dynamics options, iiziéign routines, and a data assimilation
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package that is well-suited for running idealized¢@se-study simulations. A more detailed

description of the WRF model can be found in Skamtia2008).

2.3.1 Control Run

In order to isolate the role of physical processanodulating precipitation
distribution associated with TC Ernesto, a contuol that simulates the observed storm
features reasonably well must first be producedtfbsimulations utilized a nested-grid
approach, as indicated in Fig. 2.4. The model veadigured with 47 vertical levels up to 50
mb and with a 36-12-4 km grid length for the outeiddle, and innermost domains,
respectively. A variety of physics selections wdifferent initial condition data and times
were utilized in order to get the most accuratarcbisimulation possible (Table 2.2).

In order to test the sensitivity of the runs tiiah and lateral boundary condition data
sources, a variety of data sources were used imgjubde NCEP GFS forecast and analysis
datasets and the ERA-Interim reanalysis dataseEMNGFS Forecast and Analysis datasets
with 80-km horizontal grid spacing and 6-h tempeesiolution were downloaded from the
NCDC NOMADS Data Access System. The ERA-Interimmedgsis dataset produced by the
European Centre for Medium-Range Weather Fore(@B&tSIWF; hereafter referred to as
the ECMWEF reanalysis) with 0.lAorizontal grid spacing and 6-h temporal resohuti@s
downloaded from the NCAR Computational Informatystems Laboratory (CISL)
Research Data Archive (http://rda.ucar.edu/).

The sensitivity of the runs to initial conditiomes was tested by varying the run start

time at 6-h intervals from 0000 UTC 30 August 20@®00 UTC 31 August 2006 using the
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GFS forecast data. Runs using GFS analysis and EEK8Ahalysis data were all initialized
at 0000 UTC 30 August 2006. All runs ended at 10T 2 September 2006.

For each of the runs, the Mellor-Yamada-Janjic (YI¥lanetary Boundary Layer
(PBL) scheme was used to parameterize sub-grié gratesses near the surface, the Noah
Land Surface Model (LSM) was used to provide hedtraoisture fluxes at the surface, and
the Rapid Radiative Transfer Model (RRTM) Longwawvel MM5 (Dudhia) Shortwave
schemes were used to represent atmospheric helainip radiative processes. For most of
the runs, the WRF Single-Moment 6-class (WSM®6) opbiysical parameterization (MP)
scheme was used to represent liquid and ice migsigdl processes and the Betts-Miller-
Janjic (BMJ) cumulus parameterization (CP) scherag wsed to parameterize convection. In
order to test the model sensitivity to physics sobg, the MP and CP schemes for the GFS
forecast run initialized at 1200 UTC 30 August 20@Fe changed to the Goddard Cumulus
Ensemble (GCE) Model MP scheme and the Kain-Frifgét) CP scheme. The MP scheme
was also changed to the GCE Model MP scheme fdE@MWF reanalysis run.

Each of the model simulations were run on theroubst 36-km domain. However, to
test the model sensitivity to grid spacing, the G&i®cast run initialized at 1200 UTC 30
August 2006 and the ECMWF analysis run both udiegW/SM6 MP scheme and BMJ CP
scheme were run using the outermost 36-km domammasted 12-km and 4-km middle and
inner domains, respectively.

The most accurate run from the ensemble of rungnguinitial condition data
sources, times, and physics selections was selastdte control run. TC track and intensity

errors were used to objectively determine whichwas most accurate. The TC track error
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was defined as the distance of the TC center fcin edthe model runs from the observed TC
centerobtained from NHC best track data. The TC intensitgr was defined as the
difference between the lowest minimum mean sed fgessure (MSLP) of the TC center

for each of the model runs and the observed minit8hP of the TC center from NHC

best track data. The coordinates and magnitudeeotenter of lowest pressure associated
with the TC was manually determined for every 6rsaising the Integrated Data Viewer
(IDV) from Unidata. The root mean square error (RB)I$as then calculated for both TC
track and intensity errors over the entire modeltrme to objectively determine which run
was most accurate. The model run with the lowestlsned track and intensity RMSE was
then chosen as the control run.

The presence of CAD was then determined usin@thie-detection algorithm
designed by Bailey et al. (2003) outlined previguslSection 2.2. Hourly surface
temperature and sea level pressure values weigceedrusing IDV from grid points nearest
to the stations along Lines A - D in Fig. 2.3. Aftalculating potential temperature using Eq.
2.2, sea level pressure and potential temperatapéatians were calculated using Eq. 2.1
along Lines A - C (Fig. 2.3). The difference in $&gel pressure was calculated between
GSP-GSO and GSO-RIC along Line D (Fig. 2.3). Treadeulations were then applied to the

CAD detection criteria from Bailey et al. (2003)tined in Section 2.2.

2.3.2 Experimental Runs
After completing the ensemble of runs used to pcedhe most realistic control

simulation, experimental runs were conducted ttatsahe role of different processes in
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modulating precipitation distribution associatedhai C Ernesto. In order to test the first
hypothesis, the enhancement of moisture or pretipit associated with the PRE due to the
TC was investigated by removing the TC vortex, escdbed in Section 2.3.2.1. The second
hypothesis was investigated by inserting dry lowelair beneath the PRE region to produce
CAD and modulate the surface thermal boundary iocaireceding TC landfall, as

described in Section 2.3.2.2.

2.3.2.1 Relationship of the PRE to the TC

The TC vortex was removed from the control runidoth the outermost 36-km and
inner 12-km domains using the WRF TC Bogus Schdre latitude, longitude, maximum
observed sustained wind, and radius from the cgctamter to where the maximum wind
speed occurs were all obtained from NHC Best Tdatk at the model initialization time
and used to remove the vortex for both domains aitbpresentativeness scale factor for the
model’s Rankine vortex of 0.8. WRF was then runtifer full time period (1200 UTC 30
August 2006 - 1200 UTC 2 September 2006) with tBevdrtex removed to simulate the
evolution of the PRE without TC Ernesto. The TCterwas also removed at 0000 UTC 30
August 2006, and WRF was run for the time period0TC 30 August 2006 - 1200 UTC
2 September 2006 to determine if additional moesttainsport from the TC region occurs at

earlier times.
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2.3.2.2 Relationship of the PRE and CAD to TC Prepitation Distribution

In order to test the second hypothesis that add€kAD in model forecasts led to an
incorrect placement of the surface thermal bountteydevelopment of CAD was necessary
within the model to determine its role in modulgtihe surface thermal boundary location
and TC track and precipitation distribution. Antiali run was conducted without terrain to
test the sensitivity of CAD development to terrdtor this run, the elevation for all land
features was set equal to sea level for the outgrBkm, inner 12-km, and innermost 4-km
domains from the control run.

An attempt at CAD development in the model wasedibmough inserting dry low-
level air beneath the PRE region. Through evapgratooling of precipitation in the PRE
region, the production of CAD might be enhanced; &r was inserted at the 950-hPa, 975-
hPa, 1000-hPa, and surface layers of the met_enfofilthe initial time from the control run
by modulating the relative humidity (RH) in box regs within the outermost model domain.
RH was reduced to 50%, 30%, and 10% initially dwey box regions located across the
Carolinas and Virginia (Fig. 2.5). In order to detene if CAD developed while using
minimal computing resources, WRF was run for 24r&¢u200 UTC 30 August 2006 - 1200
UTC 31 August 2006) on the outermost domain udneghtet _em files with 50%, 30%, and
10% RH within the initial two box regions. For thdel run with the strongest CAD
development, WRF was run out to 72 hours (1200 30@ugust 2006 - 1200 UTC 2
September 2006) to determine if the surface thebmahdary and TC track and precipitation

distribution were modulated.
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In order to further test the effect of CAD on mtadung the surface thermal boundary
location and the TC track and precipitation digttibn, low-level dry air was needed across
a broader region upstream of the CAD developmeanbreto maintain and strengthen CAD
at later times immediately preceding TC landfallorder to determine the source of low-
level air within the CAD region, back trajectormsre calculated using the National Oceanic
and Atmospheric Administration (NOAA) (HYSPLIT) meldat 500 m for 24 h ending at
1200 UTC 31 August 2006. RH was reduced to 10%eninitial met_em file over an
additional two boxes located within the source oagf low-level air advected into the CAD
region as determined using back trajectories (&fg). WRF was then run out to 72 hours
(1200 UTC 30 August 2006 - 1200 UTC 2 Septembebp@ddetermine if CAD
development was stronger and more persistent andhesurface thermal boundary and TC
track and precipitation distribution were modulated

In order to test the sensitivity of CAD represdiotato model physics, an additional
WREF run was completed for the same time period theoutermost 36-km domain with the
KF CP scheme instead of the BMJ CP scheme. No Béhsewas used for the innermost 4-
km domain. The KF CP scheme was chosen sincedupes less shallow mixing, which in
turn maintains stratus and reduces the transmisdisalar radiation through clouds relative
to the BMJ CP scheme. The results of these tws ware then compared to determine the

sensitivity of the PRE and CAD to model physics.
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Figure 2.1: The CSTAR study domain (outlined int@hused to identify landfalling TC
cases that moved through it from 1995 to 2011 &emtial further investigation.
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Figure 2.2: Comparison of NHC Track Forecast issatetbh00 UTC 30 August 2006 (green)
to NHC best track position (white). Charleston, BoDarolina and Wilmington, North
Carolina are represented by the red and yellow sisectively.
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Figure 2.3: Surface stations and lines used iroHjective CAD-detection algorithm
developed by Bailey et al. (2003). The numbersii-&ach of the lines corresponds to Eq.
(2.1) in the text.
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Figure 2.4: WRF domains used for Ernesto simulationter domain features 36-km grid
spacing, with a 12-km and 4-km middle and innerndeshain grid length, respectively.
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10% in the experimental runs testing the seconatngsis.
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Figure 2.6: The additional two box regions (yellslading) where RH was reduced to 10%
at locations upstream of the initial two box regidpellow shading) located over the
Carolinas and Virginia.
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Table 2.1: Candidate cases proposed for furtheareb based upon data availability,
forecaster comments, and impacts (damage, faliffleopical cyclone intensity at landfall
and impacts determined from NHC Tropical Cyclon@®tes. Tropical cyclone dates and
maximum rainfall determined from HPC Tropical CyodoRainfall Data webpage

(http://www.hpc.ncep.noaa.gov/tropical/rain/tcraihhtml). Presence of boundary in the

nearby region where TC landfall occurred determimgdg HPC’s Surface Analysis Archive

webpage (http://www.hpc.ncep.noaa.gov/html/sfc_iaeckhtml).

Tropical Date Intensity Maximum Boundary Impactst
Cyclone at Landfall Rainfall Present? P
o 24 - 30 Aug Catedory 1 10 in + ves 41 casualtieg
2011 9O | Eastern NC $7 billion
5in + 0 casualties
Hanna 4 -7 Sep 2008 TS Central NC Yes $160 million
10in + i
Fay 17-29 Aug TS Western/cent  Yes > casualties
2008 $560 million
ral NC
10in+ i
Ernesto 30 Aggo-; Sep TS Eastern Yes gsggs%ﬁﬁfns
NC/VA
11 - 15 June 7in+ 1 casualty
Alberto 2006 TS Central NC ves Small losses
10in+ i
Gaston 25 Alzjgo 4Sep . Category 1| Eastern SC; Yes flggsrﬁﬁfns
Southeast VA
5in+
isabel | 17- 21 Sep 20q3Category 2| N eoeSt | Yes 2;‘ Casualies
Central VA
7in + 0 casualties
Kyle 9 - 12 Oct 2002 TS Central NC Yes $5 million
Jeanne | 26 - 28 Sep 2004ategory 3 WeGStIQr; NC Yes $56C§§ l;)?lllfloens
5in + 10 casualties
Charley 13 Zég 4Aug Category 4| East central Yes $15.11
NC billion
Frances | 3-11Sep 2004 Category %/Vezg'[é?n+NC Yes 6$%a§it|1|?(ltrl]es
Ivan 13 - 19 Sep 2004 Category 3 WelsStéTn+NC Yes éi: gsﬁiﬁi'gﬁs

1) Impacts include direct casualties and uninsiosses occurring only in the United States.
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Table 2.2: A summary of the various WRF sensitivitys utilizing different initial condition
(IC) data sources, IC times, microphysics paranezteon (MP) schemes, and convective
parameterization (CP) schemes in order to produeasonably accurate control run.

Sensitivity Run IC Data Source IC Time MP Scheme cP
Scheme
IC Time 1 GFS Forecast 00 UTC 8/30 WSM6 BMJ
IC Time 2 GFS Forecast 06 UTC 8/30 WSM6 BMJ
Control GFS Forecast 12 UTC 8/3Q WSM6 BMJ
IC Time 3 GFS Forecast 18 UTC 8/30 WSM6 BMJ
IC Time 4 GFS Forecast 00 UTC 8/31 WSM6 BMJ
Physics 1 GFS Forecast 12 UTC 8/30 Goddard BM
Physics 2 GFS Forecast 12 UTC 8/30 WSM6 KF
IC Data Source 1 GFS Analysis 00 UTC 8/30 WSM6 BM|
IC Data Source 2 ECMWF Reanalysis 00 UTC 8/30 WSM6 BMJ
IC Data Source 2 £\ i\wE Reanalysis 00 UTC 8/30 Goddard BMJ
& Physics 1
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3. Observational Analysis
3.1 Event Summary

TC Ernesto occurred from 24 August - 1 Septemb86Z6ig. 3.1). The following
summary of Ernesto was largely derived from the&280antic hurricane season summary
by Franklin and Brown (2008). Ernesto initially fioed from a tropical wave that emerged
from the west coast of Africa and first becameopittal storm on 25 August while south of
Puerto Rico. While centered just south of Haithriefly reached hurricane strength on 27
August with maximum sustained winds of 65 kt andiaimum pressure of 992 hPa.
However, it quickly weakened while passing thedfiplaiti before making landfall as a
tropical storm along the southeastern coast of Gila@proximately 1100 UTC 28 August.
After staying inland over Cuba for about 18 h, Btogurned northwestward due to the
influence of a midlevel high pressure area oveiSbetheastern United States and made a
second landfall as a tropical storm with maximurstained winds of 40 kt and a minimum
central pressure of 1003 hPa at Plantation Keyjddaround 0300 UTC 30 August
(Franklin and Brown 2008). It remained a tropidaks) as it passed northward over Florida
within a weakness in the midlevel ridge on 30 AugHsnesto intensified to a strong tropical
storm on 31 August as it moved north-northeastwéirthe southeastern United States
coastline. Ernesto was slightly below hurricamerggth when it made its final landfall at
0340 UTC 1 September on Oak Island, North Caralith maximum sustained winds of 60
kt and a minimum central pressure of 985 hPa. Ag&o moved inland over eastern North

Carolina, it weakened to a tropical depression2§01UTC 1 September. Finally, Ernesto
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became extratropical at approximately 1800 UTC fit&aber as the center of circulation
reached the North Carolina-Virginia border.

While significant rainfall occurred throughout Fbta following the second landfall
of Ernesto, the greatest storm total rainfall amswecurred across eastern North Carolina
and Virginia where a broad swath of storm totatfi@l amounts exceeding 7 in were
measured with isolated pockets greater than 1Biq 8.2). These heavy rains led to river
flooding for several days after Ernesto’s finald&ail which inundated several homes along
the Northeast Cape Fear River north of Wilmingtdarth Carolina. Additional flooding
occurred across southeastern Virginia where a stotahrainfall of 9.05 in was measured in
Norfolk, Virginia (Knabb and Mainelli 2006; Fig.3. A total of five weak tornadoes were
reported in association with Ernesto with thre¢heftornadoes reported in eastern North
Carolina on 31 August. Minor coastal flooding am@th erosion occurred along the
immediate Atlantic coastline due to storm surgeor®j winds also led to downed trees and
power lines in coastal areas of North CarolinagWiia, Delaware, and New Jersey where
gale-force winds occurred due to the enhanced preggadient as Ernesto moved towards
high pressure centered over southeastern Canadie Bvhesto was directly responsible for
five fatalities in Haiti, only two deaths were caddy the extratropical remnants of Ernesto
in the United States when a tree fell on a residemd/irginia. Total property damage in the

United States was estimated at roughly $500 million
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3. 2 Synoptic Overview

One feature for the TC Ernesto case that initiadgde it of interest was the presence
of a weak frontal boundary draped across the sastbe United States at 1200 UTC 30
August preceding its landfall (Fig. 3.4). The ietion of the TC with the frontal boundary
and its effect on precipitation distribution wasiaitial feature of interest for this study.
However, other features also played a role in matthg the precipitation distribution for this
case.

Following the landfall of TC Ernesto in Floriday apper level trough and an
associated jet were located across the Great Ltak@s while an upper level ridge was
located off the southeastern United States cod@@@ UTC 31 August (Fig. 3.5a,b). A
warm, moist environment was in place across muchesoutheastern United States with a
surface trough extending over the Carolinas whileeEto was located over Florida (Fig.
3.5¢,d). The upper level trough split into a stremgnore progressive northern trough over
the Canadian Maritimes and a weaker, less progessiuthern trough over the Great Lakes
region by 1200 UTC 31 August (Fig. 3.6a ,b). Thghtientrance region of an upper level jet
streak was located over the Carolinas and VirdiRig. 3.6a). Beneath the jet entrance
region, a warm, moist environment was in placéat850-hPa level (Fig. 3.6¢c), making the
environment favorable for precipitation. Meanwhtlee surface trough pushed southward as
a slight ridge of high pressure, indicative of w€akD, extended southward over Virginia
(Fig. 3.6d). The upper level southern trough oter®hio Valley and ridge off the
southeastern coast remained nearly stationary 09 Q0 C 1 September steering Ernesto

northward towards the Carolina coast (Fig. 3.7d b vorticity maximum associated with
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Ernesto sharply increased (Fig. 3.7b) and the mimrsurface pressure decreased (Fig. 3.7d)
by 0000 UTC 1 September as the TC intensified &y harricane strength before making
landfall on Oak Island, North Carolina at 0340 UTGeptember. The environment over the
Carolinas and Virginia remained favorable for ppéetion poleward of the TC as the right
jet entrance region remained over Virginia (Fig.a}.supporting upper level divergence. At
the 850-hPa level, the environment remained wardhnaoist with an easterly flow advecting
moisture inland (Fig. 3.7c). However, the sliglolging of sea level pressure over Virginia
noted at 1200 UTC 31 August (Fig. 3.6d) becamenesiseable by 0000 UTC 1 September
as lower pressure associated with the TC movedtbeeCarolinas (Fig. 3.7d). At 0000 UTC
2 September, the 500-hPa vorticity maximum assediaith the TC weakened as the
southerly trough over the Ohio Valley and increaspper-level ridging over the Northeast
(Fig. 3.8a,b) steered Ernesto northward. Increapper-level ridging also contributed to a
weaker, secondary 250-hPa jet streak separatingtiie main jet streak over the Southern
Appalachians as the trough remained stationary tne©hio Valley (Fig. 3. 8a). As a result,
a coupled left exit and right entrance region dherMid-Atlantic region (Fig. 3.8a) favored
upper level divergence over a moist region at 888 (Fig. 3.8c) with a strong low-level

easterly flow and warm advection north of the T@Gtee (Fig. 3.8c,d).

3. 3 Mesoscale Analysis
A detailed analysis of mesoscale features wasrasessary to identify what
processes potentially played a role in modulativeggdrecipitation distribution associated

with TC Ernesto. Manual surface analyses were ¢ogtpleted to assist in determining what
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processes occurred. These analyses were then aaonpiéin RUC analyses. Radar and
satellite imagery and Stage-I1V accumulated preatiioit totals were also compared to the
manual surface analyses to determine the locafipnegipitation in relation to identified
mesoscale features.

The presence of a frontal boundary across the asénd Virginia (Fig. 3.4) with a
southerly flow advecting warm, moist low-level étig. 3.5c) beneath a region favorable for
synoptic-scale lifting (Fig. 3.5a) led to the iation of convection at 1800 UTC 30 August
(Fig. 3.9a). This convection was very persistadtihg until approximately 0600 UTC 31
August (Fig. 3.9b, 3.14c, 3.15a). The presenceTdf aipstream of the convection and the
persistence and intensity of the rainfall produlsgdhe mesoscale convective system (MCS)
that occurred over the Carolinas and Virginia frd80 UTC 30 August - 0600 UTC 31
August makes this convective event a candidate ERE.

The PRE criteria outlined in Section 1.2.1 weredu® determine if the MCS that
occurred over the Carolinas and Virginia precedigglandfall of TC Ernesto was in fact a
PRE. Radar reflectivity values35 dBZ within a coherent area of rainfall were predor
approximately 12 h for this case (Figs. 3.10a,b58. 3.16a). During this period, localized
areas recorded 4 in (24 h)t (100 mm (24 h¥) within a larger region of rainfall 1 in (24
h)! over North Carolina and Virginia (Fig. 3.10). Muehthis rainfall occurred within a 6 h
period (1800 UTC 30 August - 0000 UTC 31 Augusi@oMorth Carolina (Fig. 3.14d) and
(0000 UTC - 0600 UTC 31 August) Virginia (Fig. 3l)5A clear separation was present on
radar imagery between the MCS over North Carolim\adrginia and the TC rain shield

over Florida at 0000 UTC 31 August (Fig. 3.11).dHiy, deep tropical moisture directly
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associated with TC Ernesto is advected away franTth region over south Florida
northward into the MCS region over North Carolinani 0000 UTC - 1200 UTC 30 August
(Fig. 3.12a,b). However, by 0000 UTC 31 August wtienMCS was at its maximum
intensity, the high precipitable water values witthe MCS region appear to be separate
from the high precipitable water values within @ region (Fig. 3.12c). High precipitable
water values were also present preceding conveictivaion over two distinct regions
including the southern Atlantic coastal plain ane Mid-Atlantic region at 0000 UTC 30
August (Fig. 3.12a). Both regions combine aheatth®frontal boundary over the region of
convective initiation in North Carolina by 1200 UTBDO August (Fig. 3.12b). Therefore,
moisture not directly associated with the TC ahafatie frontal boundary was also present
over the MCS region. Nevertheless, each of the RRIE criteria proposed by Galarneau et
al. (2010) were met for the MCS occurring over IRd@arolina and Virginia from 1800 UTC
30 August - 0600 UTC 31 August. Furthermore, Maatral. (2013) highlighted the MCS
associated with TC Ernesto as an illustrative saisey for downstream confluence category
PREs. Therefore, the MCS can be classified as a PRE

One notable effect of the PRE over North Carodind Virginia was the modulation
of the frontal boundary position that followed disvelopment. At the time of convective
initiation, 1800 UTC 30 August (Fig. 3.9a), lowetative humidity values below 900 hPa at
Greensboro, North Carolina suggests the low-leneirenment was somewhat favorable for
evaporational cooling and cold pool developmeng.(Bi13). After convection initiated
along the warm side of the frontal boundary (FR4, 3.9a), a cold pool developed beneath

a region of heavy precipitation that fell over cahiNorth Carolina from 1800 UTC 30
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August - 0000 UTC 31 August (Fig. 3.14a,c,d). Tkealopment of a cold pool is confirmed
when looking at the presence of a mesohigh in taeual analysis (Fig. 3.14a). Additionally,
the RUC analysis indicates a region of low potém¢ianperature beneath the PRE with
frontogenesis occurring along the southern ancheantperipheries of the PRE region (Fig.
3.14b). By 1200 UTC 31 August, precipitation asated with Ernesto moved northward
over much of the Carolinas (Fig. 3.16¢,d). Heapiecipitation over south central North
Carolina and north central South Carolina (Fig68,d) helped to maintain the cold pool
region which is evident in the manual analysis adge of high pressure extending
southward from Virginia into North Carolina (Fig18a). Additionally, the region of
potential temperature values less than 296 K reedaimact over Virginia and the Carolinas
serving as further evidence that the cold pool masitained at 1200 UTC 31 August (Fig.
3.16b). High frontogenesis values along with aglsarface temperature and potential
temperature gradient along the coastline all sasvevidence that the frontal boundary
remained intact at 1200 UTC 31 August as a cofstal (Fig. 3.16a,b).

Following cold pool development at 0000 UTC 30 Asig surface analyses at 1200
UTC 31 August became indicative of CAD with a ridgfehigh pressure extending
southward into the Carolinas east of the Appalashiaith light east-northeast winds at the
surface over Virginia and the Carolinas (Fig.3.bhalhe presence of precipitation and its
earlier role in developing a cold pool suggests thabatic effects likely played a role in the
southward extension of weak CAD into the Carolimathis case. Additionally, the location
of the surface high pressure at 1200 UTC 31 Au(ktigt 3.6d) indicates that a Hybrid CAD

event, as defined by Bailey et al. (2003) and @efim Section 1.2.2, occurred preceding the
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landfall of TC Ernesto in North Carolina (Fig. 3)1The objective CAD-detection algorithm
designed by Bailey et al. (2003) was employed ushggrvational data for ten stations along
four lines in the CAD region (Fig. 2.2) and prowldadditional support to the interpretation
that CAD was present across Virginia and the Caaslifrom 0500 UTC - 1400 UTC 31
August (highlighted in green; Table 3.1).

As the TC center moved northward, it began toradiewith the frontal boundary
offshore of the Carolinas at 0000 UTC 1 Septembigy. 3.19a). The increased northeasterly
flow and cloud cover associated with the TC frol@A2TC 31 August - 0000 UTC 1
September over eastern North Carolina (Fig. 3.&88)dd to maintain the cold pool over
eastern North Carolina into South Carolina (Fig98,c,d). The cold pool helped to maintain
the surface thermal boundary location as a statydinant north of the TC center
immediately offshore from North Carolina along whiteavier precipitation totals occurred
from 1800 UTC August 31 - 0000 UTC 1 September.(Bif9a,b). Meanwhile, increased
northeasterly flow advected cooler air southwardrdfie Carolinas and eastward
immediately south of the TC center as a cold fadfghore of South Carolina (Fig. 3.19a).

After making landfall at 0340 UTC 1 September aak@sland, North Carolina, TC
Ernesto moved northward inland over eastern Noditoliha. By 1200 UTC 1 September,
the extratropical transition of TC Ernesto was weltlerway as the pressure, temperature,
and precipitation fields associated with the TCaleped an increasingly asymmetric
structure (Fig. 3.20a). Northerly flow advectingtair southward west of the TC center
aided in strengthening the cold pool over centiagidia and North Carolina (Fig. 3.20b).

Frontogenesis south of the TC center suggestsheaiold front was strengthening as the
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barotropic, warm-core TC transitioned into a baroc] cold-core extratropical TC (Fig.
3.20b). Meanwhile, frontogenesis remained strongast of the TC center along the warm
front where precipitation remained heaviest (Fig08,c,d). Additional precipitation
enhancement occurred immediately east of the T@&rahead of the cold front where
reflectivity values > 50 dBZ correspond to a lozatl area of 6 h accumulated precipitation >
6 in (Fig. 3.20c,d). This region of highest refleity values associated with enhanced
precipitation moved northward into Virginia as ttwd front surged eastward causing the
system to occlude by 0000 UTC 2 September (Fid&8c2d). Cold advection dominated
around the TC center at this time causing cooleassociated with lingering CAD to
become entrained into the TC center and greathyaiad precipitation intensity near the TC
center (Fig. 3.21b,c). However, frontogenesis rewdistrong along the occluded and warm
fronts where 6 h accumulated precipitation > 6agowred from 1800 UTC 1 September -

0000 UTC 2 September across southeastern Virdhnga 8.21a,b,d).

3.4 Observational Summary

The observational analysis revealed that a PRErmetover the Carolinas and
Virginia from 1800 UTC 30 August - 0600 UTC 31 Awg@ahead of a frontal boundary
draped across the southeastern United States3Bigand beneath the right entrance region
of a 250-hPa jet streak (Fig 3.5a). A cold poolaleped within the PRE region that
contributed to the southward extension of CAD dherCarolinas and the eastward
modulation of the surface thermal boundary by 1@0C 31 August (Fig. 3.16b; Table 3.1).

Cloud cover and increased northeasterly flow assediwith the poleward movement of the
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TC from 1200 UTC 31 August - 0000 UTC 1 Septemlsdpéd to maintain CAD and the
surface thermal boundary position along the Caaotimastline preceding TC landfall at 0340
UTC 1 September (Figs. 3.18, 3.19a,b). The suttaeenal boundary then became entrained
into the TC circulation as it moved poleward thrbwastern North Carolina by 1200 UTC 1
September with enhanced rainfall occurring alomgaam front immediately east of the TC
center (Fig. 3.20a,c,d). Extratropical transitiacurred by 0000 UTC 2 September as the TC
moved poleward into southeastern Virginia (Fig1a)2

Numerical simulations will next be conducted tocadiate the relationship of the TC
to the PRE and the relationship of the PRE to Caetbpment and TC precipitation
distribution. A control run that simulates the sture and evolution of the PRE, CAD, and
the TC, as outlined by the observational analysii$first be conducted. Using the control
run, additional experimental runs will be condud®dsolate the role of the TC in the PRE
and the role of the PRE in CAD development and rfadttun of TC precipitation

distribution.
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Figure 3.1: Official track of Hurricane Ernesto cmsy of the National Hurricane Center.
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Figure 3.2: Storm-total precipitation analysis ¢esy of the Hydrometeorological Prediction
Center.
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Figure 3.3: A fire fighter assists residents inaating flooded apartments in Newport
News, Virginia on 1 September 2006 (courtesy ofDhady Pres3.
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Figure 3.4: Surface analysis from 1200 UTC 30 Au@@€6 created by the
Hydrometeorological Prediction Center. Note theldobntal boundary (blue line) across the
Southeastern United States while TC Ernesto idddcaver southern Florida.
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Figure 3.5: Four panel plot of atmospheric condgi@rom the RUC analysis at 0000 UTC
31 August 2006 including: (a) 250-hPa winds (sha#tadts) and heights (solid, every 6
dam), (b) 500-hPa absolute vorticity (shaded, £ and height

L -
2-hPa) and 1000-500-hPa thickness (dashed, ewiaynd.
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Figure 3.6: As in Fig. 3.5 except at 1200 UTC 3ghst 2006.
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Figure 3.7: As in Fig. 3.5 except at 0000 UTC 1t8eyer 2006.
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Figure 3.8: As in Fig. 3.5 except at 0000 UTC 2t8eyer 2006.
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Figure 3.9: Radar base reflectivity (dBZ) from ®Raleigh, North Carolina (KRAX) radar
site at (a) 1800 UTC 30 August 2006 and (b) 21030 August 2006.
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Figure 3.10: Stage IV 24 h accumulated precipita(in) ending at 1200 UTC 31 August
2006.
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Figure 3.11: HPC Surface Analysis at 0000 UTC 3gust 2006.
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Figure 3.12: RUC surface precipitable water valisgéaded, in) and 10-m wind (barbs, knots
convention) at (a) 0000 UTC 30 August 2006, (b)ARdC 30 August 2006, and (c) 0000
UTC 31 August 2006.
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Figure 3.13: Upper air sounding from GreensboratiNGarolina at 1800 UTC 30 August
2006.
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Figure 3.1% % % !

& % "' % %
(shaded, 18 K/100 km/3 h), 2-m isentropes (solid, every 1 &)d 10-m wind (barbs, knots
convention), (c) radar reflectivity (shaded, dBZ)d (d) Stage-IV 6-h accumulated
precipitation (shaded, in) ending at 0000 UTC 3Dusat 2006.
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Figure 3.15: Comparison of (a) radar reflectivéhdded, dBZ) at 0600 UTC 31 August 2006
and (b) Stage-1V 6-h accumulated precipitation ¢&laia in) ending at 0600 UTC 31 August
2006.
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Figure 3.16: As in Fig. 3.14 except at 1200 UTCABust 2006.
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Figure 3.17: Geographical domains applied to teation and intensity of the parent
anticyclone at CAD onset used by Bailey et al. @0 their CAD classification scheme.
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Figure 3.18: Infrared satellite imagery from 1800QJ31 August 2006.
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Figure 3.19: As in Fig. 3.14 except at 0000 UTCeptBmber 2006.
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Figure 3.20: As in Fig. 3.14 except at 1200 UTCeptBmber 2006.
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Figure 3.21: As in Fig. 3.14 except at 2300 UTCept8mber 2006. Stage IV 6-h
accumulated precipitation ending at 0000 UTC 2 &aper 2006.
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Table 3.1: Results from the CAD detection algorittneated by Bailey et al. (2003) for 0000
UTC 30 August - 1200 UTC 2 September 2006. “1” desdf the criteria were met along a
line at a given time. “0” denotes if the criteri@m@ not met along a line at a given time.
Boxes highlighted in yellow distinguish periods abio or greater than 6 h where the criteria
were continuously met along a given line. Boxedhggpted in green distinguish periods
equal to or greater than 6 h where the criterigeveentinuously met along all lines.
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Table 3.1 Continued
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Table 3.1 Continued

YEARMODAHRMN

Line A

Line B

Line C

Line D

200609011954

200609012054

200609012154

200609012254

200609012354

200609020054

200609020154

O|RrIO0|0O|0|0O

OO0 |I0|0|0|O

200609020254

200609020354

200609020454

200609020554

200609020654

200609020754

200609020854

200609020954

RRRR(RR P~

o000 |0O|0 |0 |0

200609021054

200609021154

OO0 O|0O|0O|0O0|0O|O|O|O|O|O|O|O|O|O

OO0 |I0|0O|0O|O|O|O|O|I0O|0O|O|O|O|O|O
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4 Numerical Simulations

Key processes identified in the observational aialynclude PRE and CAD
development preceding the landfall of TC Ernestamidrical modeling was performed to
test the relationship of the TC to the PRE and®R& and CAD to TC precipitation
distribution. Numerical modeling is suitable fostieg these relationships since it allows
idealized experiments, such as removing the TCR&E or enhancing CAD, to be
conducted that would be impossible using obsermatidata alone. Before conducting
experimental runs testing hypotheses about thésgoreships, a control run that adequately

simulates the structure and evolution of the PR&EDCand the TC is necessary.

4.1 Ensemble Runs

An ensemble of model runs with varying initial dition times, data sources, and
model physics was performed using the WRF moddetermine which model configuration
produces the most accurate simulation for usecasitol run (Table 2.2). The WRF model
was first run on the outermost 36-km domain usifg@orecast data for initial and lateral
boundary conditions at varying initial conditioms every 6 h from 0000 UTC 30 - 0000
UTC 31 August. A persistent westward bias in thelehdrack forecasts was observed for
each of the runs over the Carolinas and Virginig.(#.1). The track forecast for each model
run began to deviate westward from the observed téter 1800 UTC 30 August preceding
landfall at 0340 UTC 1 September (Fig. 4.1). Howewet of the five model runs varying
initial condition times, the least model track foast RMSE occurred with the model run

initialized with GFS forecast data at 1200 UTC 3@Ast (Table 4.1).
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Since the model run initialized with 1200 UTC 30gAuist GFS forecast data
produced the least track error, it was comparedddel runs initialized on the outermost 36-
km domain with varying data sources including Gif@alysisand ECMWHFreanalyss data
in order to see if track error is reduced when gisnodel simulations. Before examining the
track error of model simulations initialized usitingse data sources, it is first worthwhile to
determine the track accuracy of the original datases. While the 1200 UTC GFS forecast
had a slight westward bias in the track forecast ithcreased after 1800 UTC 31 August, the
GFS analysis and ECMWEF reanalysis both had a shigstward bias after 1800 UTC 31
August when compared to the best track positiog. #i2). However, the TC center in the
GFS analysis and ECMWF reanalysis at 0000 UTC ieBdper (Fig. 4.2) is located in the
same position as the manually analyzed TC centgr 8F19a). At 1200 UTC 1 September
and 0000 UTC 2 September, the best track posikan 4.2) more closely matches the
manually analyzed TC center (Fig. 3.20a, 3.21ajenthie GFS analysis and ECMWF
reanalysis have a slight eastward bias. Overaldtfierences between the best track, manual
analyses, GFS analysis, and ECMWF reanalysis TGi@us are relatively minor.
Additionally, when examining the storm track RM3$ke ECMWF reanalysis and GFS
analysis have an identical RMSE of 25.6 nmiles (@dhbl). Meanwhile, the 1200 UTC GFS
forecast storm track has a slightly greater RMSEG® nmiles due to its larger westward
bias (Table 4.1).

After initializing the WRF model at 0000 UTC 30 dust using GFS analysis and
ECMWE reanalysis data, a much larger westwardibiaieick forecasts was observed,

particularly at later times (Fig. 4.2). This comstiagreatly with the eastward bias in the
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original GFS analysis and ECMWEF reanalysis (Fig).4nterestingly, the WRF runs
initialized using GFS analysis and ECMWF reanalgsita followed the model run
initialized with 1200 UTC 30 August GFS forecastadeery closely until 1200 UTC 1
September, when both runs began to deviate wesfFayd4.2). The WRF run initialized
with 1200 UTC 30 August GFS forecast data followsel original NCEP 1200 UTC 30
August GFS forecast very closely except from 060@CW September - 0600 UTC 2
September when a greater westward bias occurriénd WRF run (Fig. 4.2). As a result, the
model run initialized using 1200 UTC 30 August GB&casts data remained the most
similar to the best track in terms of track fored@MSE (Table 4.1).

Previous studies have also indicated TC motiosiseity to cloud microphysics and
cumulus parameterization schemes that can ressigmficantly different track forecasts
(Fovell and Su 2007; Fovell et al. 2009). Micropbgsassumptions can modulate
temperature gradients which determine pressuraegrsdthat generate the winds that help
steer TCs (Fovell et al. 2009). Therefore, the Mifesne was varied for the runs initialized
on the outermost 36-km domain at 1200 UTC 30 Augutst GFS forecast data and 0000
UTC 30 August with ECMWF reanalysis data. The MResoe used in previous runs,
WSMB6, was changed to the GCE Model MP scheme ftir initial data sources. The GCE
Model represents ice, snow, and graupel procesgEss guitable for representing tropical
systems at higher resolutions (Tao et al. 2003)ef\Mising the GCE Model MP scheme,
both the run initialized using 1200 UTC 30 Augus$tSforecast data and the run initialized
using ECMWEF reanalysis data show a similar increéaseestward bias in TC track forecast

(Fig. 4.3). The westward deviation in the runs ggime GCE Model MP scheme from the
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runs using the WSM6 MP schemes began before ldradf@000 UTC 1 September for the
run initialized with 1200 UTC 30 August GFS foretcdata and shortly after landfall at 0600
UTC 1 September for the run initialized with ECMW&analysis data (Fig. 4.3). When
comparing the track forecast RMSE of the runs uiegGCE Model MP scheme to the runs
using the WSM6 MP scheme, a marked increase in Rbt8Ers (Table 4.1). Therefore, the
use of the WSM6 MP scheme was continued sincedymed more accurate TC track
forecasts.

The convective parameterization scheme used prslyiothe BMJ, was also changed
to the KF CP scheme for just the run initializethgsl200 UTC 30 August GFS forecast
data. The KF CP scheme was chosen due to its wvegnepresentation of thunderstorm
anvils (Lackmann 2011) which can affect TC motite cloud-radiative interaction (Fovell
et al. 2009). When using the KF CP scheme, a greegstward bias in the track forecast
occurred when compared to the BMJ CP scheme witeséward deviation from the BMJ
CP scheme run developing after 1200 UTC 1 Septe(fgpr4.3). The KF CP scheme run
also produced a marked increase in model traclcésteRMSE when compared to the
original BMJ CP scheme run (Table 4.1). Anotheeresting result of varying the model
physics was the magnitude of increase in modek ti@ecast RMSE for the runs initialized
using 1200 UTC 30 August GFS forecast data. The l@adel track forecast RMSE of all
the WRF runs occurred when using the original M& @R schemes (Table 4.1). However,
varying the CP and MP scheme led to the third leghad highest track forecast RMSE
(Table 4.1). Much of this large increase in modatk forecast RMSE after varying CP and

MP schemes can be attributed to the erroneousaser@a TC speed after 0000 UTC 2
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September. While the TC track and intensity midgbb &#e sensitive to PBL scheme, it was
not varied in the interest of time and since prasistudies have indicated sensitivity of TC
motion to MP and CP schemes (Fovell and Su 200velFet al. 2009; Nasrollahi et al.
2012). These results highlight the importance aloding the most appropriate model
physics options when modeling landfalling TCs udimg WRF model.

Finally, model resolution was varied by running tiutermost 36-km domain with
the nested inner 12-km and innermost 4-km domasimguhe MP and CP scheme
combination (WSM6 and BMJ respectively) with thadeTC track error. Since the runs
initialized using 1200 UTC GFS forecast and ECMWé&nalysis data had the lowest
forecast track RMSE (Table 4.1), additional runsenenducted using these data sources to
test the sensitivity of the model to grid spacMéhen looking at model track forecasts with
12-km grid spacing, the run initialized using ECMWdanalysis data showed an overall
eastward shift in the track forecast closer toabgerved track while the run initialized using
1200 UTC 30 August GFS forecasts data showed amaestshift in the track forecast (Fig.
4.4). As a result, the model track forecast RMS&eksed in the 12-km domain for the run
initialized using ECMWEF reanalysis data while icieased for the run initialized using 1200
UTC 30 August GFS forecast data (Table 4.1). A8 gpacing decreased, more intense
convection with lower sea level pressure than taenmC center developed to the northeast
of the main TC center at 1200 UTC 2 September @&#). likely contributing to the large
increase in RMSE at 12-km resolution for the rutiahzed using 1200 UTC 30 August GFS

forecast data (Table 4.1).

82



When looking at model track forecasts with 4-knad gpacing, a similar increase in
RMSE occurred for both the run initialized usin@@2JTC GFS forecast and ECMWF
reanalysis data (Table 4.1). However, the westwasl in the track forecast for the run
initialized using 1200 UTC GFS forecast data witkmd grid spacing was greater than the
westward bias for the run initialized using ECMWanalysis data (Fig. 4.4). Overall, these
results indicate that increasing the model resmtutioes not appear to significantly change
the accuracy of model track forecasts in the cd3&€dErnesto.

The accuracy of model forecasts for TC intensifg\@lso examined. The intensity
error of model forecasts was defined as the diffeeebetween the minimum MSLP of each
model run and the best track minimum MSLP assatiaiéh the TC at every 6 h. When
examining the model TC intensity error over tinkeg iajority of runs initially
underestimate TC intensity with higher MSLP thasered (Fig. 4.5). However, on 31
August preceding TC landfall most of the runs haldtively low TC intensity error with the
exception of the runs initialized using 1200 UTCA@yust GFS forecast data on the 12-km
and 4-km domains and the run with the CP schemegethto KF (Fig. 4.5). The
overestimation of intensity when decreasing grigcgpg or changing the CP scheme to KF
likely occurred due to the development of morensgeconvection near the TC center (Fig.
4.6a,b,c,d). By 0600 UTC 1 September, every ruretgstimated TC intensity. This
underestimation of TC intensity likely occurred doghe westward bias of each model run
which caused the TC to move inland and weakenegahan observed. The model runs then
handled the weakening of TC Ernesto relatively wslit moved inland with a slight

underestimation of TC intensity after 0000 UTC pt8enber.
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When comparing model TC track forecast and intgrestror, a notable difference
occurs for the original data sources. The ECMWIrabsis, GFS analysis, and 1200 UTC
30 August GFS forecast had the lowest RMSE for f&Cktforecasts (Table 4.1) but the
highest RMSE for TC intensity forecasts (Table 4T2)e poor intensity forecasts of the
original data sources is likely due to the coarssolutions at which they operate as opposed
to the finer resolution of the WRF model runs. Agsult, unlike the TC track forecasts, use
of the higher resolution WRF model does improvedbeuracy of TC intensity forecasts
over the original data sources. However, when asirgy resolution within the WRF model
runs, TC intensity forecasts did not improve witik exception of the 12-km run initialized
using ECMWF reanalysis data (Table 4.2). When logkit all WRF model forecasts, the
run initialized using GFS analysis data at 0000 UBDCAugust had the least TC intensity
RMSE (Table 4.2), yet also had the fourth high&Sttifack forecast RMSE (Table 4.1). A
similar difference in TC track forecast and inténébrecast error occurred for the run
initialized using 1200 UTC 30 August GFS data wite MP scheme changed to the GCE as
it had the highest TC track forecast RMSE (Tablg But the third lowest TC intensity
forecast RMSE (Table 4.2). However, the most ceesismodel run with low RMSE for
both TC track and intensity forecasts was the WiRFmitialized with 1200 UTC 30 August
GFS forecast data (Table 4.1, 4.2). As a resultag chosen as the control run for use in

additional experimental runs.
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4.2 Control Run Error

While the model run initialized with 1200 UTC GkS8ecast data was chosen as the
control run since it had the lowest combined TCKrand intensity forecast RMSE, it still
had a number of errors in replicating the obsetvack and precipitation distribution of TC
Ernesto. ldentifying these errors is necessaryrbafagnosing their causes through
experimental runs.

At the time of PRE maturity, 0000 UTC 31 Augukg 86- and 12-km domains both
indicate a region of stratiform precipitation oxérginia but do not adequately represent the
convection occurring over central North Carolingy(®.7a,b,d). However, the 4-km domain
does a much better job representing the areal eatehintensity of the PRE over southern
Virginia and North Carolina (Fig. 4.7c,d). Corregpdngly, compared to the 36-km and 12-
km domains (Fig. 4.8a,b), the 4-km domain does emietter job correctly placing
frontogenesis and a potential temperature gradesit central South Carolina and
southeastern North Carolina with a cold pool ovecimof central and northeastern North
Carolina extending northward into Virginia (Fig84,d). Additionally, frontogenesis was
maximized along the mountain slopes and coastlimerevlocal temperature gradients exist
due to topography and land surface differencesectsely (Fig. 4.8a,b,c,d). These results
suggest that evaporative cooling associated wehipitation in the PRE contributed to the
formation and enhancement of a cold pool with enkdrirontogenesis along its southern
periphery. Due to the improved PRE and cold pooptegentation when grid spacing is
decreased, and for the sake of brevity, only tlkexddomain is compared to observational

analyses at subsequent times.
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At the time of CAD maturity, 1200 UTC 31 Augustiemgion of moderate
precipitation persisted over Virginia with little ho precipitation occurring over the central
Carolinas in the control run (Fig. 4.9a). Howewdsservations indicated little to no
precipitation was occurring over Virginia while nevdte precipitation was occurring over
the central Carolinas (Fig. 4.9b). Correspondintiig, control run did not indicate north-
northeasterly low-level winds over Virginia extengisouthward into the Carolinas
associated with a stronger cold pool over the @aaslin the RUC analysis (Fig. 4.10a,b).
Additionally, the objective CAD detection algorithsheveloped by Bailey et al. (2003),
which indicated CAD from 0500 UTC - 1400 UTC 31 Awgg (Table 3.1), does not indicate
CAD during the same time in the control run (Tabl8). These results indicate that the lack
of precipitation associated with the TC rain shigl@r the Carolinas in the control run
potentially contributed to the model underestingtime intensity and southward extent of
the cold pool and associated northeasterly windsative of CAD.

The 24-h precipitation forecast ending at 1200 WBICAugust from the control run
indicates that the PRE was well represented ovethN@arolina and Virginia but
precipitation associated with the main TC rain lshweas largely absent over coastal South
Carolina and southeastern North Carolina (Fig. &)1 Overall, the 4-km domain
adequately represented the PRE, its associategooldievelopment over North Carolina,
and southeastward modulation of the surface thelmahdary. However, it did not correctly
predict the northward movement of precipitatioroagsted with the TC rain shield that

helped to maintain the cold pool through 1200 UTICABIgust.
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At the time near TC landfall, 0000 UTC 1 Septembw®z control run continues to
show a broad swath of precipitation over Virgirattis mostly absent in the observations
(Fig. 4.12a,b). Additionally, the TC center andgipéation is too far north and west in the
control run (Fig. 4.12a,b). Since the flow near HB& best represents the environment wind
that drives TC motion (Galarneau and Davis 201%),400-hPa level was examined for
potential errors in the control run. While the fgbdocation was similar in the control run to
the RUC analysis (Fig. 4.13a,b), it was strongehexcontrol run with lower 700-hPa
heights over much of the model domain (Fig. 4.2lditionally, downstream ridging was
weaker in the control run (Fig. 4.14). The conttol also places a cold pool beneath the
region of precipitation in Virginia that extendsustoward over western North Carolina (Fig.
4.15a). However, the RUC analysis indicates a polal over Virginia that extends
southward over the eastern Carolinas (Fig. 4.15thimthe same region as indicated earlier
at 1200 UTC 31 August (Fig. 4.10b). When compatimgcold pool location in the control
run at 1200 UTC 31 August (Fig. 4.10a) and 0000 UT&eptember (Fig. 4.15a), the cold
pool over northeastern North Carolina largely dssgyed within a low-level easterly flow
that advected it westward. However, north-northerstow-level flow indicative of CAD
over the eastern Carolinas in the RUC analysi2@01JTC 31 August (Fig. 4.10b)
remained in place at 0000 UTC 1 September (Fig).&and likely contributed to cold pool
maintenance over the eastern Carolinas.

After TC landfall at 1200 UTC 1 September, thetoalrun continues to indicate a
westward bias in the TC position (Fig. 4.16a,b)e Tdtations of a trough and downstream

ridge were similar in both the control run and Raralysis at 0000 UTC 2 September (Fig.
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4.17a,b). However, both the trough and downstradgerare stronger in the control run with
lower 700-hPa heights in the vicinity of the trowayid higher 700-hPa heights in the vicinity
of the downstream ridge (Fig. 4.18). Nevertheldss control run adequately represents the
overall precipitation structure with a large regafrprecipitation north of the TC center, and
little to no precipitation south of the TC centErg. 4.16a,b). Additionally, the control run
also captured the presence of a squall line oféskast of the TC center and a region of
enhanced precipitation immediately north and ebgteoTC center (Fig. 4.16a,b). The
development of an asymmetrical frontal structureuog in the control run that is similar to
the overall structure in the RUC analysis with erdea warm frontogenesis northeast of the
TC center indicative of extratropical transitiongM.19a,b). The 24-h precipitation forecast
ending at 1200 UTC 1 September from the controlstumws a westward bias in the swath of
heaviest accumulated precipitation associated WattErnesto (Fig. 4.20a,b). However, the
control run did a better job representing prectptaintensity capturing the presence of 24-h
accumulated precipitation greater than 9.00 in.(Eig0a,b). 24-h accumulated precipitation
forecasts ending at 1200 UTC 2 September furthghlight the error in TC position and
speed in the control run with the area of 24-h audated precipitation greater than 9 in
observed over southeastern Virginia largely absentodel forecasts (Fig. 4.21a,b).

Overall, it appears that increasing model resotuimproves the representation of the
PRE, its associated cold pool development, and fatidn of the surface thermal boundary
location. However, a lack of precipitation assaaiatvith the main TC rain shield extending
northward into North Carolina in the control runl@00 UTC 31 August potentially

prevented maintenance of the cold pool and CAD ldgweent in the control run. As a result,
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low-level easterly flow north of the TC center adiesl the cold pool westward allowing the
TC to make landfall and move inland further westhi@ control run than observed.
Additionally, the presence of a stronger troughath 0000 UTC 1 September and 0000
UTC 2 September (Figs. 4.14, 4.18) and a strongendtream ridge at 0000 UTC 2
September (Fig. 4.18) in the control run potentiatintributed to a westward deviation in
the TC track.

Since the PRE (Fig. 4.7c,d) and TC (not show®@0&0 UTC 31 August are well
represented in the control run, it will be adequatdesting the first hypothesis that in some
cases, such as TC Ernesto, the TC does not enhamstire or precipitation associated with
PREs in downstream locations. Additionally, whilecdd pool does develop following the
PRE in the control run (Fig. 4.10a), CAD does motalop (Table 4.3) as seen in
observations (Table 3.1). Furthermore, a westwaaslin TC track and precipitation
distribution following TC landfall also occurs ihd control run (Figs. 4.4, 4.20). While this
indicates that CAD preceding TC landfall and thetfdZk and precipitation distribution
following TC landfall were poorly represented, l[s@provides an opportunity to test the
second hypothesis that poor model representati@A@f contributed to TC track and
precipitation distribution errors in model forecsthrough artificially enhancing CAD in
experimental runs, the TC track and precipitatictridhution can be compared to the control
run which poorly represented CAD and had a westwéasl in TC track and precipitation

distribution.
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Figure 4.1: Comparison of NHC Best Track (white) T&€ Ernesto with WRF simulated
storm tracks on the outermost 36-km domain in#&di using GFS forecast data at 0000
UTC 30 August (purple), 0600 UTC 30 August (gred20)0 UTC 30 August (red), 1800
UTC 30 August(blue), and 0000 UTC 31 August 20G8I0w).
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Figure 4.2: Comparison of NHC Best Track (white) T&€ Ernesto with original 1200 UTC
GFS forecast data (orange), GFS analysis datao(yg|ECMWF reanalysis data (blue), and
WRF simulated storm tracks on the outermost 36-kmain initialized using GFS forecast
data at 1200 UTC 30 August (red), GFS analysis aaf®00 UTC 30 August (purple), and
ECMWEF reanalysis data at 0000 UTC 30 August (green)
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Figure 4.3: Comparison of NHC Best Track (white) T&€ Ernesto with WRF simulated
storm tracks on the outermost 36-km domain in#&di using GFS forecast data at 1200
UTC 30 August using the BMJ CP and WSM6 MP schefrezly, KF CP and WSM6 MP
schemes (purple), and BMJ CP and GCE MP schemsas)(laind initialized using ECMWF
reanalysis data at 0000 UTC 30 August using the BMAnd WSM6 MP schemes (green),
and BMJ CP and GCE MP schemes (yellow).
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Figure 4.4: Comparison of NHC Best Track (white) T&€ Ernesto with WRF simulated
storm tracks initialized using GFS forecast dath2&t0 UTC 30 August on the 36-km
domain (red), 12-km domain (orange), and 4-km danfgellow), and initialized using
ECMWE reanalysis data at 0000 UTC 30 August or8ti&m domain (green), 12-km
domain (blue), and 4-km domain (purple).
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Figure 4.5: Intensity error (Model - NHC Best Trdolwest MSLP) of model forecasts over
time. According to NHC Best Track data, TC Ernestide landfall at 0340 UTC 1
September 2006 over Oak Island, North Carolina.
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() (d)

Figure 4.6: Comparison of composite radar refléstiishaded, dBZ) and MSLP (solid, hPa)
at 0000 UTC 1 September 2006 between the contnolauoutermost 36-km domain and the
(b) inner 12-km domain, (c) innermost 4-km domaing (d) outermost 36-km domain when
using the KF CP scheme.
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() (d)

Figure 4.7: Comparison of composite radar refléstiishaded, dBZ) and MSLP (solid, hPa)
at 0000 UTC 30 August 2006 from the control rundafermost 36-km domain, (b) inner 12-
km domain, and (c) innermost 4-km domain to (d)eossd composite radar reflectivity
(shaded, dBZ).
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Figure 4.8: Comparison of surface frontogenesiadst, 16 K/100 km/3 h), 2-m isentropes
(solid, every 1 K), and 10-m wind (barbs, knots\amtion) at 0000 UTC 31 August 2006
from the control run (a) outermost 36-km domain,ifimer 12-km domain, and (c) innermost

4-km domain to (d) 20-km RUC data.
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Figure 4.9: Comparison of composite radar refléstiishaded, dBZ) and MSLP (solid, hPa)
at 1200 UTC 30 August 2006 from the control runigcermost 4-km domain to (b)
observed composite radar reflectivity (shaded, dBZ)
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Figure 4.10: Comparison of surface frontogenesiaded, 18 K/100 km/3 h), 2-m
isentropes (solid, every 1 K), and 10-m wind (bako®ts convention) at 1200 UTC 31
August 2006 from the control run (a) innermost 4-¢omain to (b) 20-km RUC data.
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Figure 4.11: Comparison of 24 h precipitation fasqshaded, in) ending at 1200 UTC 31
August 2006 from the control run (a) innermost 4-¢omain with (b) NCEP Stage IV 24 h
accumulated precipitation (shaded, in) ending &012TC 31 August 2006.
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Figure 4.12: As in Fig. 4.9 except at 0000 UTC pt8mber 2006.
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Figure 4.13: Comparison of 500-hPa absolute veytishaded, 198 s') and heights (solid,
every 3 dam) from the control run (a) outermosk86domain to (b) 20-km RUC data at
0000 UTC 1 September 2006.
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Figure 4.14: 700-hPa height (m) difference (36-lantool run - 20-km RUC data) at 0000
UTC 1 September 2006.
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Figure 4.15: As in Fig. 4.10 except at 0000 UTCeptBmber 2006.
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Figure 4.16: As in Fig. 4.9 except at 1200 UTC pt8mber 2006.
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Figure 4.17: As in Fig. 4.13 except at 0000 UTCeptBmber 2006.
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Figure 4.18: As in Fig. 4.14 except at 0000 UTCeptBmber 2006.
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Figure 4.19: As in Fig. 4.10 except at 1200 UTCeptBmber 2006.
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Figure 4.20: As in Fig. 4.11 except ending at 1AW 1 September 2006.
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Figure 4.21: As in Fig. 4.11 except ending at 1AW 2 September 2006.
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Table 4.1: Summary of the TC track error for eacddet run measured as the RMSE of the
distance from the BT position over the total rumgi ECMWF Reanalysis, GFS Analysis,
and GFS 8/30 12Z Forecast are each original datze® for initial and lateral boundary
conditions. WRF 8/30 00Z, 8/30 06Z, 36-km 8/30 1230 187, and 8/31 00Z Forecast
refer to the initial condition time sensitivity rsimitialized using GFS forecast data. WRF
GFS Analysis, 36-km 8/30 12Z Forecast, and 36-knviIBG- Reanalysis refer to the initial
condition data source sensitivity runs. WRF 8/3d Edrecast KF CP and GCE MP and
WRF ECMWF Reanalysis GCE MP refer to the runs cetepl on the outermost 36-km
domain using the Kain-Fritsch (KF) Convective Paggerization (CP) and Goddard
Cumulus Ensemble (GCE) Model Microphysics Paraneztion (MP) schemes for the
model physics sensitivity runs. WRF 36-km, 12-kmg d-km 8/30 12Z Forecast and WRF
36-km, 12-km, and 4-km ECMWF Reanalysis refer srsolution sensitivity runs
initialized using GFS 1200 UTC 30 August forecast ECMWF Reanalysis data
respectively.

Distance
Model Run RMSE
(nmiles)
ECMWEF Reanalysis 25.6
GFS Analysis 25.6
GFS 8/30 12Z Forecast 40.9
WRF 36-km 8/30 12Z Forecast 50.4
WRF 12-km ECMWEF Reanalysis 521
WRF 36-km ECMWF Reanalysis 63.8
WRF 8/30 06Z Forecast 70.2
WRF ECMWF Reanalysis GCE MH 71.3
WRF 8/30 18Z Forecast 73.5
WRF 8/31 00Z Forecast 81.9
WRF 4-km 8/30 12Z Forecast 86.5
WRF 4-km ECMWF Reanalysis 87.0
WRF 8/30 00Z Forecast 88.2
WRF GFS Analysis 97.4
WRF 8/30 12Z Forecast KF CP 107.9
WRF 12-km 8/30 12Z Forecast 109.3
WRF 8/30 12Z Forecast GCE MP 118.9
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Table 4.2: As in Table 3.2 except for Mean Sea LBvessure (MSLP) RMSE of the
difference in MSLP between each model run and théenBensity over the total run time.

MSLP
Model Run RMSE
(mb)

WRF GFS Analysis 3.4
WRF 36-km 8/30 12Z Forecast 3.6
WRF 8/30 12Z Forecast GCE MR 3.9
WRF 8/31 00Z Forecast 3.9
WRF 12-km 8/30 12Z Forecast 4.2
WRF ECMWF Reanalysis GCE MP 4.5
WRF 8/30 12Z Forecast KF CP 4.5
WRF 12-km ECMWEF Reanalysis 4.7
WRF 8/30 00Z Forecast 4.7
WRF 8/30 18Z Forecast 5.0
WRF 36-km ECMWF Reanalysis 5.0
WRF 8/30 06Z Forecast 5.2
WRF 4-km ECMWF Reanalysis 6.0
WRF 4-km 8/30 12Z Forecast 6.8

GFS Analysis 7.2

ECMWEF Reanalysis 7.5
GFS 8/30 12Z Forecast 8.8
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Table 4.3: As in Table 3.1 except for the conttol 2-km domain from 1200 UTC 30
August - 1200 UTC 2 September 2006.

YEARMODAHRMN LineB |LineC |Line D
200608301200
200608301300
200608301400
200608301500
200608301600
200608301700
200608301800
200608301900
200608302000
200608302100
200608302200
200608302300
200608310000
200608310100
200608310200
200608310300
200608310400
200608310500
200608310600
200608310700
200608310800
200608310900
200608311000
200608311100
200608311200
200608311300
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Table 4.3 Continued

YEARMODAHRMN Line A | LineB | LineC | LineD

200609010100

=

200609010200

200609010300

200609010400

200609010500

200609010600
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5. Experimental Runs

While the control run did not perfectly represtrg PRE, CAD, and TC, it did an
adequate job representing the overall structurecantution of each system in order for
further testing to be conducted. The relationshifhe PRE to the TC was first tested, as
described in Section 5.1, in order to addressiteeHypothesis that in some cases the TC
does not enhance moisture or precipitation assatiaith PREs in downstream locations.
The relationship of the PRE and CAD to TC precimtadistribution was then tested, as
described in Section 5.2, to address the seconothggis that poor model representation of
the PRE can lead to a lack of CAD contributing @ ffack and precipitation distribution

errors in model forecasts.

5.1 Relationship of the PRE to the TC

The first hypothesis test sought to isolate the adlthe TC in the PRE that occurred
over North Carolina and Virginia from 1800 UTC 30dust - 0600 UTC 1 September. As
mentioned in the mesoscale analysis of the PREai@ 3.3, moisture not directly
associated with the TC ahead of the frontal boundas also present over the PRE region.
Furthermore, TCs can act as moisture sinks thabverwater vapor from the surrounding
environment. Therefore, the first hypothesis wamfdated that in some cases, such as TC
Ernesto, the TC does not enhance moisture or ptatgm associated with PRES in
downstream locations. Removal of the TC vorteshattime of model initialization, 1200
UTC 30 August, was first performed to remove maistadvection directly associated with

the TC to the PRE region. However, more time prexeBRE initiation is necessary to
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allow moisture transport from the TC to the PREargTherefore, removal of the TC vortex
at an earlier model initialization time, 0000 UTQ August, was used to further isolate any
potential effects of moisture advection from the fb@RE region and to test the relationship
of the TC to the PRE for this case.

When examining radar reflectivity and MSLP at 1&00C 30 August, the TC vortex
was successfully removed from the control run (Biga,b). Additionally, even without the
TC, PRE development still occurs at 1800 UTC 30usidFig. 5.1b). However, removal of
the TC vortex does not remove high precipitableswaalues across the southeastern United
States (Fig. 5.2a,c). Removal of the TC vortex @bficauses higher precipitable water
values (> 2 in) over a larger region offshore frigirginia southward to Florida (Fig. 5.2c).
Additionally, higher precipitable water values weresent at from 0000 UTC 30 August -
0000 UTC 31 August within the PRE region (Table) 5This suggests that the TC acted as a
moisture sink that removed water vapor from theaurding environment. While the control
run shows an increase in moisture between the TAP&E region, indicative of moisture
advection, from 1800 UTC 30 August - 0000 UTC 31gast (Fig. 5.2a,b), the experimental
run also shows an increase in moisture over the sagion during the same time period
(Fig. 5.2c,d). Additionally, a 1% increase in apaaraged precipitable water occurs within
the PRE region after removing the TC vortex (Tdble. Therefore, the larger-scale
environmental flow, specifically the southerly flalong the western periphery of a ridge off
the southeastern United States coast and the eastephery of a trough over the Ohio

Valley, likely played an important role in advedimoisture northward into the PRE region.
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As highlighted by Moore et al. (2013), an indiragty that a TC might contribute to a
PRE is through the enhancement of the upper letelye to diabatic outflow from the TC
which reinforces ascent in the PRE region. Howevethe case of TC Ernesto, little to no
change in the upper level jet occurs after remothegl C vortex both at 1800 UTC 30
August and 0000 UTC 31 August (Fig. 5.3a,b,c,der€&fore, little to no enhancement of the
upper level jet occurred due to diabatic outfloanirTC Ernesto during the time of the PRE.

The structure and evolution of the PRE from 180@LB0O August - 0600 UTC 31
August is similar between the control and experitaleruns when initialized at 0000 UTC 30
August (Figs. 5.4a,b, 5.5a,b, and 5.6a,b). Atitne of PRE initiation, 1800 UTC 30 August,
the convection is organized and widespread (F#a,b) suggesting that PRE initiation
occurs earlier when the model is initialized earlidowever, the locations of precipitation
remain roughly similar between the control and expental runs at 0000 UTC and 0600
UTC 31 August (Figs. 5.5a,b, 5.6a,b). Consequetitly/Jocation and intensity of
precipitation maxima is similar between the 24 busmculated precipitation forecasts for the
control and experimental runs initialized at 000D3J30 August (Fig. 5.7a,b). One slight
difference is additional development of convectiloat occurs off the coast of South
Carolina when the TC is removed (Figs. 5.6b, 5.Kievertheless, the area-averaged 24 h
precipitation forecasts over the graphical domaimvery similar between the control and
experimental runs when initialized at 0000 UTC 3ipAst with only a 1.5% decrease in
precipitation when the TC vortex is removed (Tah2).

These results indicate that removing the TC vodi@es not significantly alter the

amount of precipitation associated with the PRExencase of TC Ernesto, even after
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removing any additional moisture advection assediatith the TC from 0000 UTC - 1200
UTC 30 August. However, additional experiments mak the model is initialized (and the
TC vortex is removed) even earlier may be necegrasyder to rule out the possibility that
moisture transport or jet dynamics associated thighTC could have contributed to the

initial environment for PRE development.

5.2 Relationship between the PRE, CAD, and TC Prqaitation Distribution

Following the PRE, CAD developed on 31 August (€ahll) preceding the landfall
of TC Ernesto on 1 September. However, the contiroldid not indicate CAD development
(Table 4.3) as seen in observations. When compénmgontrol run to RUC analyses, the
cold pool responsible for the southward extensioGAD is weaker and further west in the
control run. As a result, the surface thermal b@aupdavas located further west, and
potentially led to a westward bias in TC track @necipitation distribution in the control run.
However, what happens to the TC track and pretipitalistribution if CAD develops more

strongly in the model run preceding TC landfall?

5.2.1 No Terrain Run

While a number of factors can contribute to CAalepment, the presence of
terrain is one of the largest contributors. Thigdbthe obvious question: what is the
sensitivity of CAD to terrain in the case of TC Esto? To address the question, an
experimental run was conducted on the 36-, 12- 4akih domains using the same model

initialization time and conditions as the contnahy except without terrain. Although CAD
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was not detected in the control run (Table 4.3pld pool was present over Virginia that
extended southward over western North Carolina tieatime of TC landfall (Fig. 4.12a).
The location of this cold pool immediately eastlid Appalachian Mountains suggests
terrain might have played a role in the developno#i@AD further north over Virginia at the
time of TC landfall. Without terrain, any potentdgdmming of a cold pool over Virginia and
western North Carolina at the time of TC landfalhde removed, potentially leading to an
increased westward bias in TC track and precipitadiistribution.

However, removal of terrain led to a reductiorthia westward bias of storm track
forecasts near the time of TC landfall, 0600 UT&eptember, for each domain (Fig. 5.8).
When looking at 72 h accumulated precipitationetéghce forecasts, the eastward shift in the
TC track forecast without terrain corresponds t@astward shift in accumulated
precipitation off the coast of South Carolina fack domain and inland over North Carolina
for the 12- and 4-km domains (Fig. 5.9a,b). Ovdrallugh, storm track forecasts between
the control and experimental runs remained rougimylar until the TC moved northward
into Virginia (Fig. 5.8). At the time of TC landfaD600 UTC 1 September, the no terrain run
does not indicate a cold pool extending southwaial western North Carolina with the
lowest potential temperature values located ovethgsn West Virginia (Fig. 5.10) instead
of central Virginia as in the control run (Fig. 2d)). Thus, removal of terrain removed CAD
at the time of TC landfall as the potential tempamefield developed a more zonal pattern.
Following 1200 UTC 1 September, model run storrakf@recasts without terrain
developed an increasingly westward bias with timali three domains (Fig. 5.8).

Correspondingly, each domain also had a westwafdislaccumulated precipitation over
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West Virginia (Fig. 5.9a,b,c). This indicates thatain likely played a role in steering the
TC further east, along with the precipitation disition, as it moved northward into Virginia
due to the presence of weak CAD over Virginia ardtern North Carolina at the time of
TC landfall. However, terrain played a less sigpafit role in modulating the TC track and
precipitation distribution over the Carolinas forstcase. Nevertheless, the question still
remains regarding what happens to the TC trackpamcipitation distribution when CAD

develops more strongly in the model.

5.2.2 Reduced Relative Humidity Runs

The second hypothesis states that poor modelseptaion of the PRE can lead to a
lack of CAD contributing to TC track and precipitat distribution errors in model forecasts.
Rather than mechanical processes related to tetha@irsecond hypothesis instead
emphasizes the role of diabatic processes (i.@aogational cooling beneath the PRE region)
in CAD development over the Carolinas precedindahefall of TC Ernesto. Therefore, one
way to enhance CAD development in the model wowolve increasing evaporational
cooling beneath the PRE region. Increased evapoaitcooling and subsequent cold pool
enhancement can be accomplished through insemnipw-level air beneath the PRE
region.

The relative humidity (RH) was reduced to 50%, 3@%d 10% at and below 950
hPa within two box regions beneath the PRE regi@ar the Carolinas and Virginia
preceding PRE development at the model initialaratime, 1200 UTC 30 August (Fig.

5.11a,b,c,d). While the PRE developed in each@fd¢duced RH runs, the 10% RH run
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produced the strongest cold pool due to increagapogational cooling beneath the PRE
contributing to CAD enhancement over the centrab@zas by 1200 UTC 31 August (Fig.
5.12a,b,c,d). However, by the time immediately pdeeg TC landfall, 0000 UTC 1
September, the control and 10% RH runs becomesremniar (Fig. 5.13a,b). The surface
cold pool over the central Carolinas (Fig. 5.12a3 hargely disappeared (Fig. 5.13b) with
lower potential temperature values now present onér Virginia with easterly surface
winds over North Carolina in both the control af®4dRH runs (Fig. 5.13a,b). As a result,
there is little to no change in the TC track over €Carolinas from 0000 UTC — 1200 UTC 1
September between the control and 10% RH runs §Fldga,b).

Since the surface cold pool over the Carolinaspgisared in the 10% RH run after
1200 UTC 1 September, an additional model run waslgcted with dry air inserted at low
levelsupstreanof the CAD region. The initial reduced RH runs evaot optimal since
drying was only conducted in the CAD region ratthemn upstream in the source region.
Drying upstream of the CAD region might help to ntain the cold pool after 1200 UTC 1
September through advecting dry low-level air prangadditional evaporational cooling
within the CAD region. In order to determine theisie of low-level air in the CAD region,
24 h back trajectories were run using the NOAA H¥YHPnodel originating at 500 m at
1200 UTC 31 August. Nearly all of the parcels nathhe North Carolina/Virginia border
originated from locations to the northeast off khiel-Atlantic and New England coastline
(Fig. 5.15). Additionally, all of the parcels stayapproximately at or below 1000 m during

the 24 h back trajectory period (Fig. 5.15).
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Therefore, two box regions were inserted upstrebtheoCAD region along the Mid-
Atlantic and New England coastlines with RH set®% at and below 900 hPa (Fig. 5.16c¢).
These runs were then compared to the control rign $FL6a), the original 10% RH run (Fig.
5.16b), and an additional run using the KF CP s&hefith RH reduced to 10% at and below
900 hPa over all four box regions (Fig. 5.16d). TUkescheme was changed to KF since it
better represents convective cold pool generatmhproduces less shallow mixing after cold
pool development, which in turn maintains stratod seduces the transmission of solar
radiation through clouds relative to the BMJ CPesunh (Lackmann 2011, Section 10.4.4).
As a result, better maintenance of CAD is expeutken using the KF CP scheme.

After comparing each of the reduced RH runs, tmewith RH reduced to 10% at and
below 900 hPa upstream of the CAD region produbedjteatest enhancement of CAD
preceding TC landfall. Therefore, for the sake r@vity, only the upstream 10% RH run will
be analyzed. At the time of PRE maturation, 0OO0@UBL August, the upstream 10% RH
run maintains low-level dry air over a large regtorthe east and northeast of the PRE
region (Fig. 5.17a). However, the PRE still devslapthe upstream 10% RH run (Fig.
5.17b).

Interestingly, little to no precipitation developger the same region in the runs with
reduced RH over all four box regions using the KFFs€heme (not shown) indicating that
PRE development in the model is sensitive to tleeoehof CP scheme when low-level dry
air is present. The lack of convection likely ogedrdue to the lack of CAPE at the time of

PRE initiation, 1800 UTC 30 August, after removlag-level moisture (Fig. 5.18). Without
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the presence of CAPE, the KF CP scheme will nggar convection (Lackmann 2011,
section 10.4.4) prohibiting PRE development andgsgbent cold pool development.

By the time of CAD maturation, 1200 UTC 31 Augukte CAD region is nearly
saturated in the upstream 10% RH run (Fig. 5.1dapnwhile, the cold pool produced
beneath the PRE region remained over North CaralgaVirginia in the upstream 10% RH
run with CAD extending southward into North CaraliffFig. 5.19b). Additionally, a band of
zonally-oriented weak frontogenesis over the céQtegiolinas is present in the upstream
10% RH run (Fig. 5.19b).

At the time immediately preceding TC landfall, 0000C 1 September, the CAD
over central North Carolina disappears in the 0afil0% RH run (Fig. 5.13b). However,
CAD is maintained in the upstream 10% RH run aslopotential temperature values
extend southward into the western Carolinas witlrad of frontogenesis along its eastern
periphery (Fig. 5.20). Thus, inserting dry low-lea& upstream of the CAD region did
contribute to CAD maintenance over western Nortlo@@a at 0000 UTC 1 September.
However, the cold pool is still further west tharthe RUC analysis at 0000 UTC 1
September (Fig. 4.15b). Only a limited reductionhe westward deviation of the TC track
occurred in the upstream 10% RH run as the TC motadd at 0000 UTC 2 September
(Figs. 5.21).

This begs the obvious question: why was CAD overGharolinas at 1200 UTC 31
August in the upstream 10% RH run (Fig. 5.19b)falby maintained until 0000 UTC 1
September (Fig. 5.20) as it was in the RUC analysa 4.10b, 4.15b). Since low-level air

was nearly saturated from 1200 UTC 31 August - Q0TC 1 September in the upstream
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10% RH run (Fig. 5.19a), evaporative cooling at lewels that might contribute to CAD
maintenance would be unlikely during this periodweéver, numerical models struggle with
simulating the duration of diabatically-generateiDCevents, particularly during the warm
season, due to excessive transmission of solatradithrough low cloud layers resulting
from excessive shallow mixing after cold pool dexghent which erodes low clouds
(Lackmann 2011, section 10.4.4). In particular, B shallow mixing scheme has been
shown to prematurely erode CAD due to excessivingrgnd mixing in the inversion layer
resulting in excessive transmission of solar raoinethrough low clouds (Lackmann 2011,
section 10.4.4).

At the time of maximum solar heating, 1800 UTC 3igAst, following CAD
maturation, the downward solar radiation flux ogastern North Carolina is higher in the
upstream 10% RH run (Fig. 5.22b) compared to theakysis (Fig. 5.22a). However, in the
regions with reduced downward solar radiation thwer Virginia and western North
Carolina (Fig. 5.22b), the cold pool is preservadl 000 UTC 1 September (Fig. 5.20).
These results indicate that excessive transmiggisnlar radiation in the model likely
contributed to the erosion of CAD over eastern N@#rolina from 1200 UTC 31 August -
0000 UTC 1 September. Another possible reasorhtomestward shift in the cold pool
might also be the presence of stronger, more &aster-level winds in the upstream 10%
RH run (Fig. 5.20) when compared to the RUC ansl{fSig. 4.15b).

When comparing the runs with no CAD developmentt@maain run) and no PRE or
CAD development (reduced RH run using KF CP scham#)e control run, a distinct

westward shift in the TC track occurs over Virgi(lag. 5.23). However, after enhancing
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CAD (upstream 10% RH run) at the time of TC lanidfétle to no difference in the TC
track occurs anywhere when compared to the contro(Fig. 5.23). Additionally, very little
change in TC track occurs over North Carolina ip @hthe reduced RH runs where CAD is
either removed or enhanced (Fig. 5.23).

When comparing 72 h accumulated precipitation tiffiee forecasts between the
reduced RH run using the KF CP scheme with no PREA® and control run with weak
CAD, an increased westward deviation in preciptatlistribution occurs (Fig. 5.24b).
Meanwhile, no discernible pattern in precipitatébstribution difference occurs between the
control run with weak CAD and upstream 10% RH ruthwenhanced CAD (Fig. 5.24a). A
reduction in 72 h accumulated precipitation ocawsr much of Virginia for the run with no
PRE or CAD (Fig. 5.24D) likely due to the lack dR®IP development in the KF CP scheme
run (not shown). A persistent swath of increasett @2cumulated precipitation occurring
from eastern South Carolina northward into WesgMia in the run with no PRE or CAD
development (Fig. 5.24b) suggests that there wessaward deviation in the TC
precipitation distribution when the PRE and CAD dat occur. However, the development
of a stronger TC when using the KF CP scheme assibly contributed to an increase in 72
h accumulated precipitation.

These results indicate that when low-level drynaas inserted in the model upstream
of the PRE region, a cold pool developed @rdtanced CAver the Carolinas and Virginia
by 1200 UTC 31 August (Fig. 5.19b). However, exita@sgansmission of solar radiation
(Fig. 5.22b) and stronger, more easterly low-levields (Fig. 5.20) from 1200 UTC 31

August - 0000 UTC 1 September contributed to tlesien of CAD in the model forecasts
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over eastern North Carolina by 0000 UTC 1 Septer(thgr 5.20). However, CAD was
maintained longer over western North Carolina (big0). Nevertheless, little to no change
in TC track occurred anywhere over the Carolinak\éinginia when compared to the control
run with weak CAD (Fig. 5.23). Thus, it is unclébany relationship exists between CAD
and TC track in the case of TC Ernesto.

When using the KF CP scheme with RH reduced oVvéoa box regions, the PRE
did not develop due to the absence of CAPE reguftom drier low-level air (Fig. 5.18).
Without PRE developmempo CADdeveloped and an even greater westerly deviatidrcCi
precipitation distribution occurred as the TC mowedthward into Virginia (Fig. 5.22d).
Therefore, it does appear that the PRE contrildotése development of a cold pool that
enhances CAD development and the modulation o$tin@ce thermal boundary preceding
TC landfall. Additionally, whemo PRE or CADdevelops in the model, the development of
an even greater westward deviation in TC track.(%ig3) and precipitation distribution (Fig.
5.24b) indicates that the presence of weak CAD@pprately 24 h in advance of TC
landfall modulates TC track and precipitation disition over Virginia in the case of TC
Ernesto. However, the development of a strongewh€n using the KF CP scheme and
little change in TC track over the Carolinas (F@®3) makes the relationship of CAD to TC

track and precipitation distribution in the Caralénunclear for this case.
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(b)

Figure 5.1: Comparison of radar reflectivity (shéd@BZ) and MSLP (solid, hPa) at 1800
UTC 30 August 2006 on the 12-km domain betweeth@)yun with the TC vortex and (b)
the experimental run initialized using 0000 UTC (Bfecast data.
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(@) (b)

() (d)

Figure 5.2: Comparison of surface precipitable wedbkaded, in), 10-m wind (barbs, knots
convention), and MSLP (solid, hPa) on the 12-km dionbbetween the run with the TC
vortex at (a) 1800 UTC 30 August 2006 and (b) 000@ 31 August 2006 and the
experimental run at (c) 1800 UTC 30 August 2006 @)d000 UTC 31 August 2006
initialized using 0000 UTC GFS forecast data.
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(@) (b)

() (d)

Figure 5.3: Comparison of 250-hPa geopotentialltggplid, dm) and wind (shaded, kt) on
the 12-km domain between the run with the TC vosatfa) 1800 UTC 30 August 2006 and
(b) 0000 UTC 31 August 2006 and the experimentalatuc) 1800 UTC 30 August 2006
and (d) 0000 UTC 31 August 2006 initialized usi®0 UTC GFS forecast data.
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(b)

Figure 5.4: Comparison of radar reflectivity (shéd@BZ) and MSLP (solid, hPa) at 1800
UTC 30 August 2006 on the 4-km domain betweenh@ytn with the TC vortex and (b) the
experimental run initialized using 0000 UTC GFSefmast data.
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(b)

Figure 5.5: As in Fig. 5.4 except at 0000 UTC 3ghst 2006.
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(b)

Figure 5.6: As in Fig. 5.4 except at 0600 UTC 3ghst 2006.
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Figure 5.7: Comparison of 24 h precipitation fostqahaded, in) ending at 1200 UTC 31
August 2006 on the 4-km domain from (a) the rurhwlite TC vortex to (b) the experimental
run initialized using 0000 UTC GFS forecast data.
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Figure 5.8: Comparison of NHC Best Track (white) T&€ Ernesto with WRF control run
storm tracks on the 36-km domain (blue), 12-km danfgreen), and 4-km domain (purple),
and the experimental no terrain run storm trackgher86-km domain (red), 12-km domain

(orange), and 4-km domain (yellow).
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Figure 5.9: Comparison of 72 h accumulated preatippit difference forecast (experimental
no terrain run - control run) for (a) the 36-km daim (b) the 12-km domain, and (c) the 4-
km domain.
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Figure 5.10: Surface frontogenesis (shaded,K/Q00 km/3 h), 2-m isentropes (solid, every
1 K), and 10-m wind (barbs, knots convention) &d@MQTC 1 September 2006 from the
experimental no terrain run innermost 4-km domain.
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(@) (b)

() (d)

Figure 5.1% %) -
* rer " # %

outermost 36-km domain at 1200 UTC 30 August 20&i@vben (a) the control run and
experimental runs with relative humidity reducedlip50%, (c) 30%, and (d) 10% at and
below 950-hPa.
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(@) (b)

() (d)

Figure 5.12: Comparison of surface frontogenesiadsed, 18 K/100 km/3 h), 2-m
isentropes (solid, every 1 K), and 10-m wind (bako®ts convention) forecasts on the
outermost 36-km domain at 1200 UTC 31 August 20&t@vben (a) the control run and
experimental runs with relative humidity reducedlip50%, (c) 30%, and (d) 10% at and

below 950 hPa.
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Figure 5.13: As in Fig. 5.12 except at 0000 UTCept®Bmber 2006 and comparing only (a)
the control run to (b) the experimental run wittatwe humidity reduced to 10% at and
below 950 hPa.
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(b)

Figure 5.14: As in Fig. 5.12 except at 1200 UTCept®Bmber 2006 and comparing only (a)
the control run to (b) the experimental run wittatwe humidity reduced to 10% at and
below 950 hPa.
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Figure 5.15: 24 h back trajectories originatingha CAD region at 1200 UTC 31 August
2006.
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(@) (b)

() (d)

Figure 5.16 %) -

* P " # % on the
outermost 36-km domain at 1200 UTC 30 August 20&t@vben (a) the control run and
experimental runs with relative humidity reduced.@% (b) in the initial two box regions at
and below 950 hPa, (c) in only two box regions gash of the CAD region at and below
900 hPa, and (d) in all four box regions at anadwed00 hPa.
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(@) (b)

(©)

Figure 5.1% % ) -

* ! (barbs, knots convention) forecast,
(b) the radar reflectivity (shaded, dBZ) and MSkBIlid, hPa) forecast, and (c) the surface
frontogenesis (shaded, 1&/100 km/3 h), 2-m isentropes (solid, every 1 &)d 10-m wind
(barbs, knots convention) forecast on the outer®64¢m domain at 0000 UTC 31 August
2006 in the experimental runs with relative hunyidéduced to 10 % in only two box
regions upstream of the CAD region at and below&®a using the BMJ CP scheme.
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Figure 5.18: CAPE (shaded, J/kg) forecast at 180Q B0 August 2006 for the experimental
run with relative humidity reduced to 10 % in aluf box regions at and below 900 hPa with
the CP scheme changed to KF.
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(b)

Figure 5.19: As in Fig. 5.17 except at 1200 UTCAByust 2006 and excluding the radar
reflectivity (shaded, dBZ) and MSLP (solid, hPa)efwast.
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Figure 5.20: As in Fig. 5.17 except at 0000 UTCeptBmber 2006 and excluding the 950-
hPa relative humidity (shaded, %), heights (saicry 3 dam), temperature

* < % " %

dBZ) and MSLP (solid, hPa) forecast.
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Figure 5.21: As in Fig. 5.20 except at 0000 UTCeptBmber 2006.
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(@)

(b)

Figure 5.22: Comparison of downward shortwave tamhalux (shaded, W/m2) at 1800
UTC 31 August between (a) the NCEP/DOE AMIP-II Ragsis and (b) the experimental
run with relative humidity reduced to 10 % in otlyo box regions upstream of the CAD
region at and below 900 hPa.
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Figure 5.23: Comparison of NHC Best Track (whitw) TC Ernesto to the outermost 36-km
domain from the control run witlveak CAD(blue), the upstream 10% RH run with
enhanced CADpurple), the no terrain run witio CAD(red), and the reduced RH run using

the KF CP scheme witho PRE or CAQorange).
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(@)

(b)

Figure 5.24: Comparison of 72 h accumulated preatipn difference forecast ending at
1200 UTC 2 September 2006 (experimental run - obniin) for (a)the enhanced CAD run
with RH reduced to 10% at and below 900 hPa in tmtybox regions upstream of the CAD
region and (bjhe no PRE or CAD ruwith RH reduced to 10% at and below 900 hPa over

all four box regions using the KF CP scheme.
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Table 5.1: Area-averaged precipitable water va{ugsvery 6 h from 0000 UTC 30 August
to 0000 UTC 31 August 2006 over the 12-km domaittiwvia box extending from 32 38

N, 72 - 83 W (as plotted in Fig. 5.7). Control run is witretlC vortex and the experimental
run is with the TC vortex removed.

Time Control Run Experimental Run
0000 UTC 30 August 2.03 2.04
0600 UTC 30 August 2.04 2.06
1200 UTC 30 August 2.03 2.06
1800 UTC 30 August 2.03 2.08
0000 UTC 31 August 2.06 2.09
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Table 5.2: Area-averaged 24 h precipitation fore@a$ ending at 1200 UTC 31 August over
the 4-km domain within a box extending from 338 N, 72 - 83 W (as plotted in Fig. 5.7).
Control run is with the TC vortex and the experita¢nun is with the TC vortex removed.

Model Initialization Time Control Run Experimental Run
0000 UTC 30 August 0.68 0.67
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6. Conclusion
6.1 Overview

Due to the complicated interplay of processesdhatmodulate landfalling TC
precipitation distribution and the high impactdreshwater flooding from landfalling TCs at
inland locations, improving QPFs for landfalling §@mains a critical forecast problem in
the Carolinas and Virginia. In order to address groblem, previous studies have sought to
improve the understanding of what role various g§iccand mesoscale processes play in
modulating precipitation distribution during lantlitag TCs at various locations. In this
study, synoptic scale and mesoscale processesispecnodulating precipitation
distribution during landfalling TCs in the Carolsyand Virginia are isolated for a specific
case, TC Ernesto (2006).

After performing a thorough observational analyssg subjective manual analyses
and objective RUC gridded analyses, it was initidiétermined that a PRE developed over
the Carolinas and Virginia along a cold front didhpeross the southeastern United States on
30 August 2006. However, since a warm, moist emvirent supportive of convective
development is not uncommon in the absence of geEEs which act as moisture sinks that
remove water vapor from the surrounding environmiga first hypothesis stated that in
some cases, such as TC Ernesto, the TC does remi@nmoisture or precipitation
associated with PREs in downstream locations. Aatthtly, in such cases, the PRE does not
necessarily depend on the TC to exist.

Following PRE dissipation, CAD developed over @aolinas and Virginia with a

surface thermal boundary along the Carolina casstin 31 August 2006 (Fig. 3.16a,b;
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Table 3.1). After making landfall near Oak IslaiM#rth Carolina on 1 September 2006, TC
Ernesto tracked northward over eastern North Gaa@nd Virginia leaving a large swath of
precipitation in excess of 7 in (Fig. 3.2). Howewshen attempting to produce an accurate
control simulation of the event, CAD did not deyela the model (Table 4.3) and a
persistent westward bias in TC track and precipmadistribution appeared in all members
of lagged-average, initial condition, and physinsembles (Figs. 4.1, 4.2, 4.3, 4.4).
Therefore, the second hypothesis stated that podehrepresentation of the PRE and
subsequent cold pool development led to a lackAdD @ model forecasts. As a result,
incorrect placement of the surface thermal bount&tyo a westward TC track bias and
associated precipitation distribution error in middeecasts.

While previous studies have investigated the imlahip of the PRE to the TC and
the PRE to CAD occurring in the case of TC Ernestiog observational analyses (Moore et
al. 2010; 2013), this study is unique in the usawherical modeling to perform
experimental runs isolating the relationship of HRE to the TC. Additional experimental
runs also attempt to isolate the role of the PREE@AD in modulating the precipitation
distribution and track associated with TC Ernebktough inserting dry low-level air beneath

the PRE region and at upstream locations to enh@A&ein the model.

6.2 Hypothesis Tests
6.2.1 Relationship of the PRE to the TC
The first hypothesis test isolated the role of Tiiein the PRE that occurred over

North Carolina and Virginia from 1800 UTC 30 Augu$i600 UTC 1 September 2006.
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Previous studies have found that removal of TCtedlanoisture (Schumacher et al. 2011)
and the TC vortex (Wang et al. 2009; Meng and ZI#01®) in numerical simulations led to
a decrease in accumulated precipitation totalserPRE region. However, this study
revealed that, in the case of TC Ernesto, remdvideoTC vortex actually led to a only a
1.5% decrease in the area-averaged 24 h preappittrecast in the PRE region when the
model was initialized at 0000 UTC 30 August 2006[E 5.2).

Additionally, when examining precipitable watetues in the region surrounding the
TC and PRE, high precipitable water values (> 2:)@re present over a larger region after
removal of the TC vortex (Figs. 5.2c). Therefohe TC acted as a moisture sink that
removed water vapor from the surrounding environmenese high precipitable water
values are then advected northward into the PRigmdxpth with (Fig. 5.2b) and without the
presence of the TC vortex (Fig. 5.2d). This higmiggthe importance of the larger-scale
environmental flow in advecting moisture northwartb the PRE region. These results
indicate that, in the case of TC Ernesto, the fggtothesis was correct and the TC did not
enhance moisture or precipitation associated wighRRE. However, additional experiments
in which the model is initialized (and the TC vorie removed) even earlier may be
necessary in order to rule out the possibility thatsture transport or jet dynamics
associated with the TC could have contributed ¢oittitial environment for PRE
development.

Unlike other PRE cases, where the presence of ap€eam enhanced moisture
advection and precipitation in the PRE region,RIRE associated with TC Ernesto was not

enhanced by the presence of a TC upstream. Wihildi#tibatic outflow of the TC helps to
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strengthen an upper-level jet streak downstreanpaftelvard of the PRE reinforcing ascent
over the PRE region, such an effect was not sedreinase of TC Ernesto (Fig. 5.3a,b,c,d).
Additionally, the PRE associated with TC Ernesteedeped in a warm, moist environment
(Figs. 3.12a,b,c) with forcing for lift provided lay approaching cold front (Fig. 3.4) and
upper level divergence in the right entrance regiban upper-level jet streak (Fig. 3.5a).
Such a synoptic-scale pattern is not uncommonearstiutheastern United States during the
warm season and is favorable for the poleward dabreof deep, tropical moisture and
production of heavy precipitation events regardtdgte presence of a TC upstream.
Overall, these results emphasize that the enhamtevhenesoscale convective systems
downstream of a TC does not always occur. As suahimportant that QPFs for mesoscale

convective systems downstream of a TC not be isectéor all cases.

6.2.2 Relationship of the PRE, CAD, and TC Precipdtion Distribution

The second hypothesis test attempted to isolateolk of the PRE in CAD
development and modulation of the surface thermahbary and the role of CAD in
modulating the TC track and precipitation distribat While previous studies indicated that
a PRE enhanced CAD over the Carolinas and Virgiregeding the landfall of TC Ernesto
(Moore et al. 2010; 2013), this study utilized nuiced modeling to test whether PRE
enhanced CAD preceding the landfall of TC Ernestbthe role CAD played in modulating
the TC track and precipitation distribution. Expeental runs, with dry low-level air inserted
beneath the PRE region to increase evaporatiomdihgp enhanced CAD development in

the model at 6 h following PRE dissipation (FigLlZd). However, since CAD was not
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maintained over the Carolinas at the time of TQifat in initial experimental runs (Fig.
5.13b), additional runs with dry low-level air imted at regions upstream of the CAD region
(Figs. 5.16c¢) were conducted in order to advectiamylevel air beneath the PRE, enhance
evaporational cooling, and maintain CAD at the twh@C landfall. However, the addition

of drier air upstream of the CAD region did not ntain CAD over the eastern Carolinas at
the time of TC landfall (Fig. 5.20). The lack of DAnaintenance likely occurred due to
excessive transmission of shortwave radiation enntlodel over eastern North Carolina (Fig.
5.22b). When using the KF CP scheme, PRE and CA®ldement did not occur. The lack
of PRE development occurred due to a lack of CAH& 6.18) which is necessary for
triggering convection in the KF CP scheme. Howeaestronger TC develops when using
the KF CP scheme possibly due to the developmestrafiger convection around the TC
center (Fig. 4.6d) due to the presence of highePEAouth of the Carolina coastline (Fig.
5.18).

Removal of the PRE resulted in no CAD developnietite model forecast.
However, when the PRE developed in the model, &well pool developed that was
further enhanced through the addition of low-ledsl air (Figs. 5.12a,b,c,d). Therefore,
numerical modeling confirmed that the PRE led tlal gmol production and the enhancement
of CAD in the case of TC Ernesto. When no CAD depslin the model, an increased
westerly deviation in TC track (Fig. 5.23) and ppé@ation distribution forecasts develops
only over Virginia (Fig. 5.24b). Additionally, whe®AD is enhanced in the model, little to
no change in TC track (Fig. 5.23) or precipitatthstribution (Fig. 5.24a) occurs over

Virginia and the Carolinas. Thus, it remains uncighether or not a lack of CAD in model
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forecasts preceding TC landfall leads to an in@@ad C track and precipitation distribution
error in model forecasts. However, the inabilitytie# model to maintain CAD over the
Carolinas at the time of TC landfall does not alkne effects of CAD over eastern North
Carolina at the time of TC landfall on TC track grdcipitation distribution to be tested.
Overall, these results are consistent with the fiest of the second hypothesis that the PRE
contributed to the enhancement of CAD. Howeveaentains unclear if CAD contributed to
the subsequent modulation of TC track and precipialistribution in the case of TC

Ernesto (Fig. 6.1).

6.3 Key Findings
While a number of processes likely contributetht® evolution of the PRE, CAD,
and TC track and precipitation distribution in tase of TC Ernesto, key findings from this
study are highlighted below:
The TC did not enhance moisture or precipitatiothinithe PRE region in the case
of TC Ernesto. This result shows that TCs do notasarily always enhance
downstream mesoscale convective systems, pariigutathe case of weak TCs.
The PRE enhanced CAD over the Carolinas due tpribduction of a cold pool and
caused an eastward modulation of the frontal boynoleceding TC landfall. This
emphasizes the importance of forecaster recognitidine potential for diabatically-
enhanced CAD within precipitating regions in thedliaas and Virginia preceding

TC landfall.
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The development of CAD over the Carolinas and Viigapproximately 24 h in
advance of TC landfall can potentially lead to aste/ard deviation in the TC track
and precipitation distribution. However, modelseafstruggle at accurately
representing diabatically-enhanced CAD events. $Shggests that forecasters should
incorporate an eastward shift in TC track forecasts QPFs when CAD is present in

observations preceding TC landfall but is poorlyresented in model forecasts.

6.4 Future Work

Testing the relationship of the PRE to the TC witimerical modeling can be
extended to other PRE cases. In the case of TGtexrteée TC did not enhance precipitation
associated with the PRE after removing the TC woit®wever, previous studies have also
indicated that removal of the TC vortex led to ardase in precipitation in the PRE region in
other cases. Additional numerical modeling studiesd to be conducted to better quantify
the overall contribution of TCs to precipitationtire PRE region. Moore et al. (2013)
identified a total of 55 PREs associated with 3&atic basin TCs during the 1988 - 2010
period. Removal of the TC vortex using numericadelong could be performed for each of
the 38 Atlantic basin TCs to quantify the averagetabution of the TCs to precipitation in
the PRE region.

Cases with CAD occurring in the Carolinas and Wi preceding TC landfall could
then be examined to determine which cases weregeedoy a PRE. Radar reflectivity can
be examined to determine if a PRE was presentdcn ef the CAD cases preceding TC

landfall from 1995 to 2012 identified by Smith a@drcia (2013). For cases with CAD
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development following PRE dissipation, the averageet time of CAD following PRE
dissipation can be calculated to help increasec&ster awareness for CAD development
following PREs in the Carolinas and Virginia. Addrtally, for each of the PRE cases
accompanied by CAD, the TC track forecast errorlmmexamined to determine what the
average model bias is when CAD precedes TCs méanall in the Carolinas or Virginia.
Finally, Smith and Garcia (2013) found that CARgeded TC landfall with 50% of
landfalling TC cases from 1995 to 2012 in the sea#itern United States. This finding
served as motivation for investigating the relagimp of CAD to the TC in the case of TC
Ernesto. However, the ability of numerical modelsapresenting CAD preceding TC
landfall for other cases remains unknown. The CAlBedtion algorithm could be applied to
model forecast data for each case to determinedfi@n the model represented CAD when
it was observed preceding TC landfall. The tradslior model forecasts with and without
CAD could then be compared to determine if modetesentation of CAD affects TC track
bias. Numerical modeling could also be performeadases where CAD was poorly
represented to better determine the causes ofrpodel representation of CAD preceding

TC landfall and what effects it has on TC track anetipitation distribution forecasts.
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Figure 6.1: Conceptual model of the key processearang during landfalling TC cases in
the Carolinas and Virginia featuring diabaticallyhanced CAD (blue) associated with a
PRE (green) leading to the eastward modulationfafrgal boundary (red). As a result an
eastward deviation in TC track and precipitatiostribution (dashed black) occurs as the
frontal boundary lifts poleward east of the TC eerats a warm front (dashed red).
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