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ABSTRACT

Anticipating Transitioning Tropical Storm

impacts in the Northeastern United States

by
Trent N. Tougas

Plymouth State University, May, 2022

Extratropical transition is a process which is known to oasuropical cyclones
move poleward over cooler sea surface temperatures and interact with the midlatitude
westerliesOncea tropical cyclone begins to interact with the cooler ocean temperatures
and the midlatitude westerlies, they begin to take ontespiaal characteristics which
can pose many operational forecasting challenges. The purpose of this research is to
anticipate transitioning tropical storm impacts in the northeastern United States and
improve forecasts up to three days before impactullp dnalyze and understand the
atmospheric features that are important in anticipating tropical cyclones impacts, cyclone
phase space diagrams, synoptic composite and anomaly charts were developed. Each
tropical cyclone in the cyclone phase space ardnore the year 200Qpresent were
evaluated to see if these cyclones were fit for use in this study. To qualify for this study a
tropical cyclone must: recurve in the Atlantic, fully undergo extratropical transition on
the phase space diagram, and the ingpat the cyclone produced after undergoing
extratropical transition occurred in the forecasting region of the NWS Gray, Maine CWA
office. A total of 13 storms met the criteria. lowa State Mesonet and the National Storm
Prediction Center archives wereliged to create an impact report for each tropical
cyclone that was included in the study. After the storm impacts were recorded, the
tropical cyclones were categorized based on what impacts they produced. The two
categories created were Wind & Rain egeraind Rain events. Once the impact
categories were created, synoptic composite and anomaly charts, and cyclone phase space
diagrams were created to try and understand the different atmospheric phenomena at play
in creating the different impacts producednh different tropical cyclones undergoing
extratropical transition in the northeast. The primary features responsible for Wind and
Rain vs Rain only impacts include: 1) system strength, 2) symmetry and warm core
depth, 3) system track, 4) location of theugh at 500mb and 5) jet streak strength and
location at 250mb. In addition to the conclusion made from this research, an atmospheric
ingredients checklist was created for the operational forecasters at the forecast office of
NWS Gray, Maine to help focasting impacts that cyclones undergoing ET will produce
in the northeastern United State
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Chapter 1. Introduction

Extratropical transition (ET) is a process which is known to occur as tropical
cyclones (TCs) move poleward over cooler sea surface temperatures and interact with the
midlatitude westerlies. Once a TC begins to interact with the cooler ocean temperatures
and the midlatitude westerlies, they begin to take on extratropical characteristics which
can pose many operational forecasting challenges. During ET, a TC begins to undergo
drastic changes which can pose many operational forecasting problems and dangerous
threats to life and property. These changes include increased baroclinity and vertical
shear, meridional humidity gradients, decreased sea surface temperatures (SST) or strong
SST gradients, and an increased Coriolis parameter (Jones et. al 2003). Asa TC
propagates up the East Coast a TC may also come into proximity and interact with an
upperlevel trough or a mature extratropical system. Once a TC makes landfall after
undergoing ET it will experience increased surface drag, a reduction of latent and
sensble heat flux, and lastly it may encounter orography which may also have an effect
on the weakening and or the impacts of the system Jones et. al (2003). Along with the
impacts that are mentioned by (Jones et al. 2003), astage ET classification was
created by (Evans et al. 2017) based on (Klein et al. 2000) indicating how the system
would be regarded by an operational forecast center (Fig. 1). Figure 1 depicts the life
cycle of ET as a TC interacts with the environmental changes in the midlatitubles an

demonstrates the change in physical properties of the cyclone itself.
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experience durings track up the east coast are increased baroclinicity & vertical shear,

upperlevel trough, strong moisture gradients and decreasing sea surface temperatures.
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The responses include decrease of TC intensity, increased forward motion, and loss of

warm core. When undergoing ET, the TC will either interact with a preexisting

extratropical system which includes an upfesel PV anomaly, mature extratropical

low, and asurface baroclinic zone. The other scenario in the extratropical stage on this
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chart is when the TC develops extratropical characteristics not through the interaction

with a previousextratropicakystem which is known as ET. In this case the TC becomes
extratropical in a satellite image, develops fronts, tilts away from vertical (vertically
speaking), and there is a dominant energy conversions change. A TC undergoing ET does
not guarantee that the cyclone will produce significant impacts in the nordfteast

completing ET. There is still a possibility that the cyclone will steadily decay in the

tropics and om the midlatitudes as the cyclones propagate northward and recurve in the
Atlantic. Along with the former, there is also a possibility that tr@aryes fully undergo

ET and create significant impacts after making landfall in the northeastern United States,

these scenarios are the cases which are investigated in this study.

Jones et al. 2003 mentioned in their research the need for the development
improved conceptual models to help diagnoseWithin the same yedtlart (2003)
published his research which included ¢iheation of the cyclone phase space diagram
(CPS) and the cyclone phase spdiegramarchive. CPS diagrams can be used as an ET
identification method which has been widely accepted in the field of ET research. The
CPS compares two variables the first being the thermal symmetry (B) of the TC. This
vari abl e i s -datidnrelatieedd00a08hPa thitknessasymmetry across
the cyclone within50&k m r adi uso (Hart 2003). On the CF
have B values of less than 10m, and a TC that has a front or has begun to develop frontal
structures will have a B value that exceeds 10m. Thismétr value correspondsda
across cyclone layeimean temperature gradient of 0.85°C. The second variable that is
on the CPS defined by Hart (2003) is an estimate of thédwel thermal wind between

900 and 600 hPa\(‘+). This variable is calculated from the change in thézbatal



geopotential height gradient with height. A TC is generally characterized as a warm core
system with a positive geopotential thickness anomaly near the center of the TC leads to
a positive-V-rvalue. When a TC undergoes ET, they begin to deveitspteopicall
characteristics including developing a cold core. This is characterized by a negative
geopotential thickness near the center of the system which in turn leading to a negative

value of-V'r.

Although the CPS is pivotal and has widespread use in ET research and
forecasting for the past two decades, it does have its limitations. The main problem
associated with the CPS is the fact that it does not resolve the inner core structure of the
TC. Instad, the CPS relies on other Numerical Weather Prediction products for this
information such as satellite data or analysis datasets (Evans et al. 2017). Although this
isnét a problem with the CPS itselfisrather
still an issue that does impact the accuracy and the resolution of the CPS. The CPS could
still be used with higlresolution models which could help mitigate the issue a little bit,
but not entirely. Due to some of the limitations with the CPS, sestrdies (Garde et al.

2010, Kofron et al. 2010, Harr and Elsberry 2000) have identified alternative variables
and ways to help increase precision and accuracy when it comes to the forecasting aspect
along with the ET identification. These other methodeewmt investigated, the CPS was

used as the primary definition and identification of ET in this study.
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As a TC undergoes ET, as mentioned previously they begin to take on different

characteristics as they interact with the midlatitude westerlies. Déspitaitations, the

CPS does an extraordingop at depicting the ET of TC. Shown in the figure above (Fig.

2) is an example of CPS diagram showing the lifecycle of Hurricane Sandy from its

infancy until it underwent cyclolosis over southern Canada on Noverith2012.

Hurricane Sandy is aperfeetx a mpl e of a «c¢l assi

from a strong TC (Symmetric War@ore) to an extratropical cyclone (Symmetric/

c pl ot

Asymmetric ColdCore). The CPS shows that this cyclone originatedSysrametric

Warm-Core system and maintained that structure for over three days. The majority of

strong TCs that originate in the Atlantic basin begin their lifecycyasmetricWarm
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Core cyclones. Some cyclones do begiam&symmetricWarm-Core system but those
stormstend to be much weaker and havedmless significant impacts. As the TC gains
strength, theVT, becomes larger while the B value remains close to 0 to +10
(symmetric)and the TC begins to move deeper intoSmametricWarm-Core quadrant

of the CPS. As Hrricane Sandy continues to move northward and interact with the
different atmospheric features in the midlatitudes, it is depicted on the CPS that the TC
has begun to develop extratropical characteristics. Sandy transforms into and remains an
AsymmetricWarm-Core system for three more days as its features continue become
more extratropical. According to the CPS Hurricane Sandy was finally deemed
iextratropi cR0od2, a b5 UDEwhen®@00 StBrthRelative

Thickness Symmetry and the Therridind became characteristic of an extratropical
cyclone. Figure 2 shows that the cyclone began to rapidly lose its warm core as it makes
landfallin the northeastern United Stat®$hen making landfall, the TC still did not fully
undergo ET quite yet, mainin part that the thermal wind variable was still positive. On
the CPS a cyclone is defined as fully undergoing ET once it is plotted either in the

AsymmetricCold-Core quadrant, or th®&ymmetricCold-Core quadrant.

One of the main problems that are asated with ET is the ability to develop an
accurate forecast days before impact. TCs impacting the northeastern United States are
often in some state of ET. When a TC undergoes ET, an extratropical cyclone can
produce impacts that are as strong as arghnme instances, more intense than when the
cyclone was characterized as a TC. These impacts include freshwater flooding, coastal
flooding, heavy rain, and high winds. Frequently, these impacts are associated with

infrastructure damage and loss of life €8k impacts vary widely due to the track of the



storm along with many other atmospheric factors that are at play which determine the

strength and the specific types of these impacts. One of the maiel&Ed operational

challenges is associated with tleenote assessment of cyclone intensity during ET

(Evans et. al 2017). The empirical relationships between cloud patterns and cyclone

intensity that underlie the Dvorak technique (Dvorak 1984) and the advanced Dvorak
technique are well known and commonhlized while forecasting TC impacts (Evans

et. al 2017). While a cyclone undergoes ET the Dvorak technique is very unreliable in
these situations resulting in unrepresenta
(Evans et. al 2017). This is the eatue to structural changes that lead to progressively

weaker Dvorak Technigu@and Advanced Dvorak Technigquderived intensity estimates

(Knaff et al. 2010). Maximum windspeed estimates have large errors of (14 kt) and a bias
(-13kt) during ET thatarsnte | ar gest when ET begins, espe:
al. 2017). The errors decrease only as the transitioning TC weakens toward the lowest

possible ADTF derived intensity estimates (Fogarty 2010).

The goal of this study is to examine the impaatsociated with ET in the
northeastern United States. The study investigeBssundergoind:T in the northeastern
United Statesitilizing CPS diagrams, synoptic composite and anomaly charts to
understand the synoptic features of these storms. Forecasters can use this information to
increase their situational awareness of ET and its impacts and improve forecasts and
warnings days ahead ofrte when transitioning TCs are affecting the area. Increased
accuracy in forecasts and warnings will lead to the ability to save lives and protect

infrastructure for decades to come.



Chapter 2: Data & Methods

A. Data Acquisition

To begin the dateollection for this study the first task to be completed was to
identify and document the storms that underwent ET and produced significant impacts on
the northeastern United States. To identify the systems that would be potential candidates
for this study the CPS archive was first used to identify all of the tropical systems that
experienced ET from the year 20pfesent. After all the TCs from the year 2000
present were recorded, the CPS archive was utilized once again to find which TCs
underwent ET andnpacted the northeasth United State€€ach TC included in hCPS
archive that impacted thertheast was then further analyzed to see if the tropical
cyclone fit the following criteria: 1) the storm recurved in the Atlantic, 2) impacted the
northeastern United States, and 3) created significant impacts resulting in damage to
infrastructure and loss of life at the time of closest approach. After looking through the
CPS archive, there were a total of 13 tropical cyclones from the year@2@9ént day
that fit the criteria to be used in this study. Although there were an abundance of systems
before the year 2000¢tuded inthe CPS archive, those systems did not have sufficient
data available in comparison to the systems that occurred aftgrah2000 so they were
not included. Secondary data sources were also utilized such as the National Hurricane
Center (NHC) Tropical Cyclone Reports, and the Hurricane Databases (HURDAT) to
ensure that impact locations, impact types, and impact spreacdeecemately accounted

for.



B. Event Type Criteria Classification

After the 13 tropical cyclones were selected from the CPS Archive, the impacts
that each tropical cyclones produced in the northeastern United States were analyzed.
This was done by gatheg local damage reports for each storm from the lowa State
University Mesonet, and the NHC Data Archive. Flooding, rainfall totals, wind speeds,
and wind damage caused by each tropical cyclone were recorded. This process utilized
the NWS Gray, Taunton, arglrlington offices cyclone damage reports to determine the
extent of the impacts that each system produced. After the lowa State University Mesonet
was used to gain the primary information on the impacts from each system, secondary
sources such as the NHfata archive and HURDAT were used to ensure that all of the

impacts produced from each system were accounted for.

Once the impacts for each tropical cyclone were documented, each system was
categorized based on the different impacts produced utilizendifferent cyclone impact
reports from each NWS office. The two different categories that each tropical cyclone
could be placed into are: rain, and wind & rain events. These events were categorized
using quantitative values based on maximum sustainedspreed (kts), and storm total
precipitation (IN.).For Wind & Rain events the criteria were rainfall totals greater than or
equal to 2 inches and sustained windspeeds greater than or equal to 35 knots (Table 1).
The criteria for Rain events were precipgattotals greater than or equal to 2 inches and
sustained windspeeds less than 35 knbable 3. Once these parameters were applied to
all of the systems, there were 7 storms categorized as wind and rain events, and there

were 6 tropical cyclones thatainthe criteria for rain events.



Ti me oflSt orm To|Max
Categ Greates[GreategPrecipit|Sus

| mpact
(UTC)

8/ 31/ 201827 3.37 I N 35 KT

9/ 9/ 20012727 4.5 | N 38 KT

9/ 18/ 2062 7.3 | N 45 KT

219/ 4/ 2010Z 5 | N 56 KT

8/ 28/ 20182 3.1 IN 38 KT

10/ 30/ 202Z 2.8 |IN 38 KT

8/ 5/ 20202z 2.2 I N 36 KT

Tablel: Wind & Rain Evest.ist of TCs that are included in this study. Along with the name of each TCs the category
of each system at peak strength, date of maximum impact, time of maximum impact (UTC), storm total precipitation
(IN.), and maximum sustained windspeed (Kt) weresatirded.
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Date offTi me offStorm T
Precipi
| mpact || mpact [Total (

(UTC)

ISRl 6/ 17/ 2(12Z 6 | N 25 KT

SIHGSEENe: O/ 11/ 2C122Z 2.1 | N 32 KT
Gustav
(CAT2)

: 10/ 12/ 2122 4. 91 I N20 KT

: 9/ 19/ 20122 2.2 30 KT

6/ 15/ 2012~Z 2.51 26 KT

6/ 5/ 20C02Z 2.3 23 KT

Table2: Rainevents List of TCs that are included in this study. Along with the name of each TCs the category of each
system at peak strength, date of maximum impact, time of maximum impact (UTC), storm total precipitation (IN.), and
maximum sustained windspeed (Kt) wexl recorded.
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C. CPS and Synoptic Composite and Anomaly CharCreation

After the storms were categorized based on the quantitative valu&fsnidi&
Rain events an&ain events, time of maximum impact for each system was recorded and
the location othe low at the time of maximum impactawalsglotted. This was done to
document the time and location in the northeast where the cyclonatsateximum
impact. Times up to three days before impact were also recorded and the center of the

low 24, 48, ad 72 hours before impact were also plotted.

The dates and times (UTC) that were retrieved for each system were then used to
create synoptic composite charts at the time of impact and 24, 48, and 72 hours before the
tropical cyclones made landfall. The syatic composites were made using-H®urly
NCEP/ NCAR Reanalysis Data. Using this dataset, the clodesir&time to (UTC)
maximum impact of each tropical cyclone were used to create synoptic composite charts
for bothWind & Rain and Rairevents at the time of impact and 24, 48, and 72 hours
before the time of impact. After synoptic composites were created, synoptic composite
anomaly charts were also produced to understand if there were any strong anomalies in
the atmosphere when the trogl cyclones made impact. To allow for easy comparison
between similar images, intervals for each value plotted on the synoptic composite and
anomaly charts were the same to easily compare and contrast the differences in the
values. Along with the use dfi¢ same intervals, the projection for all of the composites
were cylindrical equidistant and the longitude and latitude coordinates for each composite
were the samd=nsuing that the comparisons between each variable and each event were

the same allowindpr better interpretation and results from the data.
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After the synoptic composite and anomaly charts were produced, CPS diagrams
were created with each t rtlepamgphbase spagec| one 6 s
diagram for the time of impact and 24, 48d 72 hours before impazased on impact
type These charts were created to document and understand the progression of ET for
eachTC within each impadiype as they interact with the midlatitude westerlies. This
was important to understand as Wi#dRain and Rain producing impaetents have
much different cyclone structures, being able to qualify and quantify this information was
pivotal inunderstandingvhat causes the differences in impactgimd & RainandRain

events in the CPS diagram.

Once thdime series of the CPS diagrams, and synoptic composite and anomaly
charts were created an atmospheric ingredieased checklist was made for the National
Weather Service office in Gray, Maine. This checklist will be used by NWS operational
forecastersa help increase situational awareness and the precision of forecasting the
impacts a tropical cyclone undergoing ET will produce in the northeastern United States
days before impact. The first component i
conceptubdiagram for botiVind & Rain and Rain producing impact evetdays
before impact. This time frame was used as it best depicted the atmospheric differences
betweerWind & RainandRain events. The variables included on the conceptual
diagrams are 1000ndeopotential heights, 500mb heights (with trough and ridge axes
labeled), and 250mb winds (with jet streaks and jet cores labeled). This conceptual
diagram was created to show NWS meteorologists an example of what the atmosphere
may look like, along witlhwhat atmospheric features are most important to look at when

forecasting transitioning tropical cyclone impacts. In addition to a conceptual diagram,
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CPS diagrams were created for both categories of events as well. In this case, the CPS
diagram included ithe NWS ingredients list are different than the ones previously
created. These diagrams are an average location of each tropical ¢yahoieree days
before impact to two days after maximum impda make these diagrams, blank CPS
diagrams were usednd an average daily location was calculated for mogiact types

and were plotted on separ&®Sdiagrams. This process was repeated friomeedays

before impact towwo days after impadb depictthe full progression of ET fdVind &

Rain and Rairvents. Written kullet points anchdditionalnotes were also included to aid
NWS forecasters on what to look for along with other tendencies and atmospheric
properties specific to the differempact typeghat may not have been apparent on the

diagrams proned.

D. Sources of Error
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Figure3: Example of Geographic Smeari@@mposite analysis of séavel
pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Raiat Bve
time of maximunimpact (NOAA, 2022:-8ourly NCEP/NCAR Reanalysis Dz
Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/complheites)

Although the data collection and analysis was done meticulously over the course

of many weeks to ensure quality data and strong results, there are still some factors that
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coul dnét be controlled that mayydflomthis had
study. The first source of error is the sample size of this study. Unfortunately, the CPS
Archive only includes a limited number of storms, so there were only so many events that
met the criteria which limited the sample size to only 7 Windan, and 6 Rain events.

The possibility of using systems from before the year 2000 was considered, but the
retrievable data regarding winds and storm total precipitation for each TC diminished

greatly before the year 1995 leaving no choice but to onsethases from the study.

As a result of the low samples sizes for each event type, the synoptic composites
do have some geographic smearing as the center of each feature in the composite is not
geographically collocated. An example of geographic smearisigown above (Fig),
and it causes some of the synoptic composites plots to become a bit harder to distinguish
features because the averaging of the location of multiple storms smooths everything out.
This figure shows a large area of low SLP assodiatieh the 6 TCs that produce Rain
events (Fig3). Due to the averaging, the area of low SLP becomes larger which can

cause skewed data when looking for impacts produced by these TCs.
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Chapter 3: Results

After all of the steps involved with datallection were executed from the Data &
Methods chapter, the CRIt]agrams Synoptic Composite, and anomaly charts were then
analyzed to identify the most important atmospheric features when forecasting TC
impacts. In addition to studying the atmosphempaosition for Wind & Rain and Rain
events, the structure of the TCs were analyzed using the CPS to gain a further
understanding if there is any correlation between the TCs structure plotted on the CPS
and the atmospheric composition in comparison to tipaats that each TC produces.

This process was done to help aid operational forecasters with forecasting TC impacts by
providing them with specific atmospheric ingredients to better understand and identify
what atmospheric features and TC features are impstrtant to identify when

forecasting extratropical impacts in the northeast.
A. Cyclone Phase Space Diagran(8 V.S.-VTL)
1. Wind & RainVs. Rain Events 3 Days Before Impact

Three days before impact the Wind & Rain events on thedll®at one of the 7
TCs included in this study aptotted in the Symmetric War@ore quadrant (Figl).
Cyclones producing Wind & Rain events originate deep within the Symmetric \Warm
Core quadrandue to the strength and symmetry associated with these strong TCs. The
CPS for Rain events three days before impact @righows a similar distribution. The
CPS shows that all but one of these TCs that produce Rain impacts originate as a
SymmetricWarmCore system just like its Wind & Rain counterparts. The main
difference between the two types of events is that the symmetry values for the rain events

three days before impact are smaller. What is of importance to notice is the spread of the
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Rain eventgstems on the CPS. In comparison to the Wind & Rain events, the systems
originate as much weaker symmetric wazare systems and there is one event that has
already began ET and is already identified as an Asymmetric Wamne system. The

mean location o¥Vind & Rain and Rain events are located close to each other on the
CPS three days before impact. The Wind & Rain events mean location is plotted at (150,
0) in the Symmetric WarrCore quadrant whereas the Rain events are plotted at (150,12)
showing TCs thiaproduce only Rain impacts three days before impact originate with less

symmetry than TCs that produce Wind & Rain impacts.
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Figure4: Cyclone Phase Space Diagram (B/i§ for each Wind and Rain Event 3 days before impact (black dot) and
meanvalue for Wind and Rain events (red dot). Size of the dots on this composite diagram are not related to the
radius of winds. Diagram adapted from (Hart 2003)
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value for Rain events (red dot). Size of the dots on this composite diagram are not related to the radius of winds.
Diagram adapted from (Hart 2003)

2. Wind & Rain Vs. Rain Events 2 Days Before Impact

Two days before impact the CPS for iend & Rain (Fig.6) events depicts that
the majority of the systems have just begun to undergo ET. The systems gradually lose
their symmetry and strength of the warm core from the day before as the cyclones begin
to interact with the midlatitude westerlies and transitida an Asymmetric WaraCore
system. There is one TC that produced Wind & Rain impacts that has already been
classified as an Asymmetric Wai@ore system. The rest of the TCs in this category still

remain plotted in the Symmetric Wai@ore quadrant.

Like the Wind & Rain events, Rain impact producing events also have just one
cyclone further along in the ET process than the other cyclones7jFichis TC is much

further into the ET process than the TC that produced Wind & Rain impacts as this storm
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almost tas Thermal Wind and StorRelative Thickness Symmetry values that would
classify it as an extratropical cyclone. These results were surprising based on what the
CPS plots looked like just 24 hours previous. It would have been expected to see a
majority ofthe Rain events much further along in the ET process based on how weak the
symmetry in these systems three days before impact were. Instead, many of the cyclones
maintained their strength along with their tropical characteristics and remain classified as
an Asymmetric WarnCore cyclone. What is interesting to note two days before impact,

is the striking similarity in spread of the plots between Wind & Rain, and Rain events

which was not seen three days before impact.
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Figure6: Cyclone Phase Space DiagréB vsV') for each Wind and Rain Evehdays before impact (black dot) and
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3. Wind & Rain Vs. Rain Events 1 Day Before Impact

One day before impact the Wind & Rain events remwauch larger spread on the
CPS in comparison to the last two days before imaadt seems a few of the storms
have gained stronger warm core charactesigtg.8). There is now an obvious divide
between the Wind & Rain events; four of them still remain in the Symmetric/
Asymmetric WarmCore quadrants of the CPS, and the other three TCs have fully
completed ET and are classified as extratropisay(nmetrc Cold-Core). One of the
cyclones already have ®ilues high enoughnd-V ' values low enough to be plotted in
the Symmetric Col€Core quadrant. This was interesting to see especially since this
system is still 24 hours away from the time of maximum irhpHre mean location of
the TCs that produce Wind & Rain impacts still rersgiiottedin the Symmetric Warm
Core Quadrant.
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The Rain events have a quite similar spread on the CPS when compared to the
Wind & Rain events (Fig9). There are only two TCs producing Rain impacts that have
fully undergone ET. Of the two cyclones that have made ET, one was plotted in the
Symmetric Cal-Core Quadrant and the other was plotted in the Asymmetric Cald
guadrant on the CPS. In comparison to the Wind & Rain events the average location of
the Rain events are located quite close to each other on the phase space with Rain events
plotted at(85,12) and the Wind & Rain events plotted at (70,10). The Rain events mean
storm location on the CPS is located in in the Asymmetric \W@ome quadrant whereas
the Wind & Rain events average plot remains in the Symmetric Wamma quadrant.
The other twdl' Cs that produce Rain events are still plotted in the Symmetric Warm
Core quadrant of the CPS and have laryér (thermal windyvalues than any of the TCs

that produced Wind & Rain impacts one day before impact.
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4. Wind & Rain Vs, Rain Events Time of Maximum Impact

At the time of maximum impagch out of the 7 TCs that produce Wind & Rain
impacts have fully undergone ET and are plotted in the Asymmetric@uiel quadrant
of the CPS (Figl0). Within these 5 systemdydre is a tight spread between all of them
on the CPS as they are all have similar values in the AsymmetrieCookdquadrant.
There are two TCs that produce Wind & Rain impacts that have not fully transitioned
into an extratropical cyclone. These TC4 &tive high enough B ant¥ ", values to
remain as Asymmetric War@ore systems. The two TCs that were behind in the process
of ET both became extratropical 12 hours after the time of impact. Both making a very

quick transition after landfall which is likely due to the increased sudeagg and

further interaction with the midlatitude westerlsstlandfall.
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In comparison, the TCs that produce Rain only impacts have all fully completed
ET and are defined as extratropical cyclones at the time of maximum impactljFig. 1
The spreaaf these systems on the CPS is much tighter than the Wind & Rain events,
and the average location of these systems is also located in the Asymmetii@o@Gold
guadrant. In comparison, the TCs that produce Wind & Rain impacts average storm

location was stilplotted in the Asymmetric Wars@ore quadrant on the CPS.
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FigurelQ: Cyclone Phase Space Diagram (B/i for each Wind and Rain Evexitthe time of maximunimpact
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B. Cyclone Phase Space Diagras(-VTuV.S-VT.)
1. Wind & Rain Events ¢. Rain Events 24,48, and 72 Hours Before Impact

The TCs thaproduce Wind & Rain impacts (Fig2)loriginate as much deeper
warm core systems in comparison to the TCs that produce Rain impacts which originate
as systems with Moderate and Shallow W& ores (Fig. B). Two days before impact
the TCs that produce Wir& Rain (Fig. ¥) impacts remain in the Deep Wai@ore
guadrant. The TCs that produce Rain events (Fpgcdntinue to undergo ET as they
continue to move into the Shallow Wai@ore, and Deep Col@ore quadrants. In
comparison to the B VsV ' CPS discussd previously(Figs. 411), the TCs that
produced Rain events had large enough Thermal Wind and-Relative Thickness

Symmetry to be plotted in the same quadrant of TCs that produce Wind & Rain events.
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Due to the fact that this CPS focuses mainly omtlaéwind values, the storms that

produce Rain impacts originate as much weaker warm core systems on this chart in

comparison to Wind & Rain events.
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Figurel5: CyclonéPhase Space DiagrarV(y vs-V') for each Rain Evegtdays before impact (black dot) and mean
value for Rain events (red dot). Size of the dots on this composite diagram are not related to the radius of winds.
Diagram adapted from (Hart 2003)

One day bfre impact the systems that produce Wind & Rain impacts (B)g. 1
still retain their tropical characteristics as they remain plotted in the Deep-Gfaren
and the Moderate WamCore quadrant. While the Rain events (Fig. dontinue to
undergo ET, the spread of the TCs that produce Rain impacts is much tighter in
comparison to the Wind & Rain events one day before impact. There is also a large
discrepancy in the mean storm location between the two impact types. The Waid & R
TCs are plotted in the Deep Wai@ore quadrant, whereas the Rain TCs mean location is

plotted in the Moderate War@ore quadrant.
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