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Extratropical transition is a process which is known to occur as tropical cyclones 

move poleward over cooler sea surface temperatures and interact with the midlatitude 

westerlies. Once a tropical cyclone 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. 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 impact. To fully analyze 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 archive from the year 2000- present 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 impacts that 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. Iowa State Mesonet and the National Storm 

Prediction Center archives were utilized 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 events, and 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 produced from 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 the trough 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 forecasting impacts that cyclones undergoing ET will produce 

in the northeastern United States.
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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). As a TC 

propagates up the East Coast a TC may also come into proximity and interact with an 

upper-level 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 

sensible 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), a two- stage 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 midlatitudes and 

demonstrates the change in physical properties of the cyclone itself.  
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The first section (Transformation Stage) of the figure shows the initial 

interactions with the midlatitudes and the TC’s responses to the changing environment. 

Some of the important environmental changes in the midlatitudes that a TC may 

experience during its track up the east coast are increased baroclinicity & vertical shear, 

upper-level trough, strong moisture gradients and decreasing sea surface temperatures. 

When the cyclone interacts with the variables listed, the TC will have physical responses. 

These 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 upper-level PV anomaly, mature extratropical 

low, and a surface baroclinic zone. The other scenario in the extratropical stage on this 

Figure 1: A Two-Stage ET Classification based on Klein et al. (2000). The onset and completion times correspond to 
the definitions of Evans and Hart (2003). The “tropical” and “extratropical” labels indicate approximately how the 
system would be regarded by an operational forecast center. Figure reproduced from Jones et al.(2003, their Fig. 

11) 



3 
 

chart is when the TC develops extratropical characteristics not through the interaction 

with a previous extratropical system 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 northeast after 

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

tropics and or in the midlatitudes as the cyclones propagate northward and recurve in the 

Atlantic. Along with the former, there is also a possibility that the cyclones 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 of 

improved conceptual models to help diagnose ET. Within the same year Hart (2003) 

published his research which included the creation of the cyclone phase space diagram 

(CPS) and the cyclone phase space diagram archive. 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 

variable is defined as “storm-motion-relative 900-600-hPa thickness asymmetry across 

the cyclone within 500-km radius” (Hart 2003). On the CPS a mature symmetric TC will 

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. This 10-meter value corresponds to an 

across- cyclone layer-mean temperature gradient of 0.85ºC. The second variable that is 

on the CPS defined by Hart (2003) is an estimate of the low-level thermal wind between 

900 and 600 hPa (-VL
T). This variable is calculated from the change in the horizontal 
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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 -VL
T value. When a TC undergoes ET, they begin to develop extratropical 

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 -VL
T. 

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. Instead, 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 

isn’t a problem with the CPS itself rather the models used to create the diagnostics, this is 

still an issue that does impact the accuracy and the resolution of the CPS. The CPS could 

still be used with high-resolution models which could help mitigate the issue a little bit, 

but not entirely. Due to some of the limitations with the CPS, several studies (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 methods were not 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. Despite its limitations, the 

CPS does an extraordinary job 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 November 1st, 2012. 

Hurricane Sandy is a perfect example of a classic plot on the CPS of a TC’s lifecycle 

from a strong TC (Symmetric Warm-Core) to an extratropical cyclone (Symmetric/ 

Asymmetric Cold-Core). The CPS shows that this cyclone originated as a Symmetric 

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

strong TCs that originate in the Atlantic basin begin their lifecycle as Symmetric Warm-

Figure 2: Hurricane Sandy Cyclone Phase Space Diagram. Retrieved from Cyclone Phase Space Diagram 
Archive.(Accessed April 25, 2022, http://moe.met.fsu.edu/cyclonephase/archive/) 
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Core cyclones. Some cyclones do begin as an Asymmetric Warm-Core system, but those 

storms tend to be much weaker and have much less significant impacts. As the TC gains 

strength, the -VT
L becomes larger while the B value remains close to 0 to +10 

(symmetric) and the TC begins to move deeper into the Symmetric Warm-Core quadrant 

of the CPS. As Hurricane 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 

Asymmetric Warm-Core system for three more days as its features continue become 

more extratropical. According to the CPS Hurricane Sandy was finally deemed 

“extratropical” on October 30th, 2012, at 15 UTC when 900-600 Storm-Relative 

Thickness Symmetry and the Thermal Wind became characteristic of an extratropical 

cyclone. Figure 2 shows that the cyclone began to rapidly lose its warm core as it makes 

landfall in the northeastern United States. When making landfall, the TC still did not fully 

undergo ET quite yet, mainly in 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 

Asymmetric Cold-Core quadrant, or the Symmetric Cold-Core quadrant.  

One of the main problems that are associated 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 and, in some 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. These impacts vary widely due to the track of the 
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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 main ET- related operational 

challenges is associated with the remote 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 commonly utilized while forecasting TC impacts (Evans 

et. al 2017). While a cyclone undergoes ET the Dvorak technique is very unreliable in 

these situations resulting in unrepresentative estimates of the cyclone’s true intensity 

(Evans et. al 2017). This is the case due to structural changes that lead to progressively 

weaker Dvorak Technique- and Advanced Dvorak Technique- derived intensity estimates 

(Knaff et al. 2010). Maximum windspeed estimates have large errors of (14 kt) and a bias 

(-13kt) during ET that are the largest when ET begins, especially in strong TC’s (Evans et 

al. 2017). The errors decrease only as the transitioning TC weakens toward the lowest- 

possible ADT- derived intensity estimates (Fogarty 2010).  

The goal of this study is to examine the impacts associated with ET in the 

northeastern United States. The study investigates TCs undergoing ET in the northeastern 

United States utilizing 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 of time 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.  
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Chapter 2: Data & Methods 

A. Data Acquisition 

To begin the data collection 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 2000-present. After all the TCs from the year 2000- 

present were recorded, the CPS archive was utilized once again to find which TCs 

underwent ET and impacted the northeastern United States. Each TC included in the CPS 

archive that impacted the northeast 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 2000- present day 

that fit the criteria to be used in this study. Although there were an abundance of systems 

before the year 2000 included in the CPS archive, those systems did not have sufficient 

data available in comparison to the systems that occurred after the year 2000 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 spread were accurately accounted 

for.  
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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 gathering local damage reports for each storm from the Iowa 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, and Burlington offices cyclone damage reports to determine the 

extent of the impacts that each system produced. After the Iowa State University Mesonet 

was used to gain the primary information on the impacts from each system, secondary 

sources such as the NHC data 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 utilizing the different 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 sustained wind speed (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 precipitation totals greater than or equal to 2 inches and 

sustained windspeeds less than 35 knots (Table 2). 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 that met the criteria for rain events.  
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Storm Name 

& Category  
Date of 

Greatest 

Impact  

Time of 

Greatest 

Impact 

(UTC) 

Storm Total 

Precipitation 

(IN.) 

Max 

Sustained 

Wind Speed 

(Knots) 

Hurricane 

Gaston (CAT 

1) 

8/31/2004 18Z 3.37 IN 35 KT 

Hurricane 

Frances (CAT 

4) 

9/9/2004 12Z 4.5 IN 38 KT 

Hurricane 

Ivan (CAT 5) 
9/18/2004 6Z 7.3 IN 45 KT 

Hurricane 

Earl (CAT 4) 
9/4/2010 0Z 5 IN 56 KT 

Hurricane 

Irene (CAT 3) 
8/28/2011 18Z 3.1 IN 38 KT 

Hurricane 

Sandy (CAT 

3) 

10/30/2012 0Z 2.8 IN 38 KT 

Hurricane 

Isaias (CAT 1) 
8/5/2020 0Z 2.2 IN  36 KT 

Table 1: Wind & Rain Events 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) were all recorded.  
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Storm Name 

& Category 
Date of 

Greatest 

Impact  

Time of 

Greatest 

Impact 

(UTC) 

Storm Total 

Precipitation 

Total (IN.) 

Max 

Sustained 

Wind Speed 

(Knots) 

Tropical 

Storm Allison 
6/17/2001 12Z 6 IN 25 KT 

Hurricane 

Gustav 

(CAT2) 

9/11/2002 12Z 2.1 IN 32 KT 

Hurricane 

Kyle (CAT 1) 
10/12/2002 12Z 4.91 IN 20 KT 

Hurricane 

Isabel (CAT 

5) 

9/19/2003 12Z 2.2 30 KT 

Tropical 

Storm 

Alberto  

6/15/2006 12Z 2.51 26 KT 

Tropical 

Storm Barry 
6/5/2007 0Z 2.3 23 KT 

Table 2: Rain events 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) were all recorded.  

 

 

 



12 
 

C. CPS and Synoptic Composite and Anomaly Chart Creation 

After the storms were categorized based on the quantitative values for Wind & 

Rain events and Rain events, time of maximum impact for each system was recorded and 

the location of the low at the time of maximum impact was also plotted. This was done to 

document the time and location in the northeast where the cyclone made its maximum 

impact. Times up to three days before impact were also recorded and the center of the 

low 24, 48, and 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 synoptic composites were made using 6- Hourly 

NCEP/ NCAR Reanalysis Data. Using this dataset, the closest 6-hour time to (UTC) 

maximum impact of each tropical cyclone were used to create synoptic composite charts 

for both Wind & Rain and Rain events 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 tropical 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 of the same intervals, the projection for all of the composites 

were cylindrical equidistant and the longitude and latitude coordinates for each composite 

were the same. Ensuring that the comparisons between each variable and each event were 

the same allowing for 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 tropical cyclone’s location plotted on the same phase space 

diagram for the time of impact and 24, 48, and 72 hours before impact based on impact 

type. These charts were created to document and understand the progression of ET for 

each TC within each impact type as they interact with the midlatitude westerlies. This 

was important to understand as Wind & Rain and Rain producing impact events have 

much different cyclone structures, being able to qualify and quantify this information was 

pivotal in understanding what causes the differences in impacts in Wind & Rain and Rain 

events in the CPS diagram.  

Once the time series of the CPS diagrams, and synoptic composite and anomaly 

charts were created an atmospheric ingredients-based checklist was made for the National 

Weather Service office in Gray, Maine. This checklist will be used by NWS operational 

forecasters to 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 included in the ingredient’s checklist is a 

conceptual diagram for both Wind & Rain and Rain producing impact events 2 days 

before impact. This time frame was used as it best depicted the atmospheric differences 

between Wind & Rain and Rain events. The variables included on the conceptual 

diagrams are 1000mb geopotential 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 with what 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 in the NWS ingredients list are different than the ones previously 

created. These diagrams are an average location of each tropical cyclone from three days 

before impact to two days after maximum impact. To make these diagrams, blank CPS 

diagrams were used, and an average daily location was calculated for both impact types 

and were plotted on separate CPS diagrams. This process was repeated from three days 

before impact to two days after impact to depict the full progression of ET for Wind & 

Rain and Rain events. Written bullet points and additional notes were also included to aid 

NWS forecasters on what to look for along with other tendencies and atmospheric 

properties specific to the different impact types that may not have been apparent on the 

diagrams provided.  

D. Sources of Error 

  

 

 

 

 

 

 

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 

Figure 3: Example of Geographic Smearing: Composite analysis of sea-level 
pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Rain Events at the 

time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 
Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 



15 
 

couldn’t be controlled that may have had a minor impact on the results gained from this 

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 Wind & Rain, 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 omit these cases 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 smearing is shown above (Fig. 3), 

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 associated with the 6 TCs that produce Rain 

events (Fig. 3). 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 data collection were executed from the Data & 

Methods chapter, the CPS diagrams, Synoptic Composite, and anomaly charts were then 

analyzed to identify the most important atmospheric features when forecasting TC 

impacts. In addition to studying the atmosphere composition 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 the impacts 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 most important to identify when 

forecasting extratropical impacts in the northeast. 

A. Cyclone Phase Space Diagrams (B V.S. -VT
L) 

1. Wind & Rain Vs. Rain Events 3 Days Before Impact 

Three days before impact the Wind & Rain events on the CPS all but one of the 7 

TCs included in this study are plotted in the Symmetric Warm-Core quadrant (Fig. 4). 

Cyclones producing Wind & Rain events originate deep within the Symmetric Warm-

Core quadrant due to the strength and symmetry associated with these strong TCs. The 

CPS for Rain events three days before impact (Fig. 5) shows a similar distribution. The 

CPS shows that all but one of these TCs that produce Rain impacts originate as a 

Symmetric Warm-Core 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 event systems on the CPS. In comparison to the Wind & Rain events, the systems 

originate as much weaker symmetric warm-core systems and there is one event that has 

already began ET and is already identified as an Asymmetric Warm-Core system. The 

mean location of Wind & 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 Warm-Core quadrant whereas the Rain events are plotted at (150,12) 

showing TCs that produce only Rain impacts three days before impact originate with less 

symmetry than TCs that produce Wind & Rain impacts. 

 

Figure 4: Cyclone Phase Space Diagram (B vs -VT
L) for each Wind and Rain Event 3 days before impact (black dot) and 

mean value 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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Figure 5: Cyclone Phase Space Diagram (B vs -VT
L) for each Rain Event 3 days 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) 

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

Two days before impact the CPS for the Wind & 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 transition into an Asymmetric Warm-Core 

system. There is one TC that produced Wind & Rain impacts that has already been 

classified as an Asymmetric Warm-Core system. The rest of the TCs in this category still 

remain plotted in the Symmetric Warm-Core quadrant.  

Like the Wind & Rain events, Rain impact producing events also have just one 

cyclone further along in the ET process than the other cyclones (Fig. 7). This TC is much 

further into the ET process than the TC that produced Wind & Rain impacts as this storm 
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almost has Thermal Wind and Storm-Relative 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 of the 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 Warm-Core 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.   

 

Figure 6: Cyclone Phase Space Diagram (B vs -VT
L) for each Wind and Rain Event 2 days before impact (black dot) and 

mean value 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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Figure 7: Cyclone Phase Space Diagram (B vs -VT
L) for each Rain Event 2 days 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) 

3. Wind & Rain Vs. Rain Events 1 Day Before Impact 

One day before impact the Wind & Rain events have a much larger spread on the 

CPS in comparison to the last two days before impact as it seems a few of the storms 

have gained stronger warm core characteristics (Fig. 8). There is now an obvious divide 

between the Wind & Rain events; four of them still remain in the Symmetric/ 

Asymmetric Warm-Core quadrants of the CPS, and the other three TCs have fully 

completed ET and are classified as extratropical (Asymmetric Cold-Core). One of the 

cyclones already have B values high enough and -VT
L values low enough to be plotted in 

the Symmetric Cold-Core quadrant. This was interesting to see especially since this 

system is still 24 hours away from the time of maximum impact. The mean location of 

the TCs that produce Wind & Rain impacts still remains plotted in 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 (Fig. 9). 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 Cold-Core Quadrant and the other was plotted in the Asymmetric Cold-Core 

quadrant 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 Warm-Core quadrant whereas 

the Wind & Rain events average plot remains in the Symmetric Warm-Core quadrant. 

The other two TCs that produce Rain events are still plotted in the Symmetric Warm-

Core quadrant of the CPS and have larger -VT
L (thermal wind) values than any of the TCs 

that produced Wind & Rain impacts one day before impact.  

 

Figure 8: Cyclone Phase Space Diagram (B vs -VT
L) for each Wind and Rain Event 1 day before impact (black dot) and 

mean value 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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Figure 9: Cyclone Phase Space Diagram (B vs -VT
L) for each Rain Event 1 day 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) 

4. Wind & Rain Vs. Rain Events Time of Maximum Impact  

At the time of maximum impact, 5 out of the 7 TCs that produce Wind & Rain 

impacts have fully undergone ET and are plotted in the Asymmetric Cold-Core quadrant 

of the CPS (Fig. 10). Within these 5 systems, there is a tight spread between all of them 

on the CPS as they are all have similar values in the Asymmetric Cold-Core quadrant. 

There are two TCs that produce Wind & Rain impacts that have not fully transitioned 

into an extratropical cyclone. These TCs still have high enough B and -VT
L values to 

remain as Asymmetric Warm-Core 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 surface drag, and 

further interaction with the midlatitude westerlies post landfall.  
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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 impact (Fig. 11). 

The spread of 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 Asymmetric Cold-Core 

quadrant. In comparison, the TCs that produce Wind & Rain impacts average storm 

location was still plotted in the Asymmetric Warm-Core quadrant on the CPS.  

 

 

Figure 10: Cyclone Phase Space Diagram (B vs -VT
L) for each Wind and Rain Event at the time of maximum impact 

(black dot) and mean value 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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Figure 11: Cyclone Phase Space Diagram (B vs -VT
L) for each Rain Event at the time of maximum 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) 

B. Cyclone Phase Space Diagrams (-VT
U V.S -VT

L) 

1. Wind & Rain Events Vs. Rain Events 24,48, and 72 Hours Before Impact 

The TCs that produce Wind & Rain impacts (Fig. 12) originate as much deeper 

warm core systems in comparison to the TCs that produce Rain impacts which originate 

as systems with Moderate and Shallow Warm-Cores (Fig. 13). Two days before impact 

the TCs that produce Wind & Rain (Fig. 14) impacts remain in the Deep Warm-Core 

quadrant. The TCs that produce Rain events (Fig. 15) continue to undergo ET as they 

continue to move into the Shallow Warm-Core, and Deep Cold-Core quadrants. In 

comparison to the B Vs. -VT
L CPS discussed previously (Figs. 4-11), the TCs that 

produced Rain events had large enough Thermal Wind and Storm-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 on thermal wind values, the storms that 

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

comparison to Wind & Rain events.  

 

 

Figure 12: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Wind and Rain Event 3 days before impact (black dot) 
and mean value 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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Figure 13: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Rain Event 3 days 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) 

     

Figure 14: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Wind and Rain Event 2 days before impact (black dot) 
and mean value 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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Figure 15: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Rain Event 2 days 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 before impact the systems that produce Wind & Rain impacts (Fig. 16) 

still retain their tropical characteristics as they remain plotted in the Deep Warm-Core 

and the Moderate Warm- Core quadrant. While the Rain events (Fig. 17) continue 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 Wind & Rain 

TCs are plotted in the Deep Warm-Core quadrant, whereas the Rain TCs mean location is 

plotted in the Moderate Warm-Core quadrant.   
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Figure 16: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Wind and Rain Event 1 day before impact (black dot) 
and mean value 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) 

             

Figure 17: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Rain Event 1 day 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) 
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2. Wind & Rain Events Vs. Rain Events at the Time of Maximum Impact 

At the time of impact, 5 out of the 7 TCs that produce Wind & Rain impacts (Fig. 

18) have fully completed ET and are plotted in the Deep Cold-Core quadrant. Also, there 

are two systems that are still located in the Deep Warm-Core sector. The same two 

systems that were located in the Asymmetric Warm-Core quadrant on the other CPS at 

the time of impact (Fig. 10). The mean location of the systems, however, is plotted in the 

Deep Cold-Core quadrant. The Rain events at time of impact (Fig. 19) have a majority of 

the systems plotted in the Deep Cold-Core quadrant on the CPS, except for one system 

plotted in the Moderate Warm-Core sector. The mean location for both systems at the 

time of impact are located in the Deep Cold-Core quadrant. Conversely, the Rain events 

are further along in the ET process with the mean location plotted further in the Deep 

Cold-Core quadrant. 

 

Figure 18: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Wind and Rain Event at the time of maximum impact 
(black dot) and mean value 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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Figure 19: Cyclone Phase Space Diagram (-VT
U vs -VT

L) for each Rain Event at the time of maximum 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) 

  

C. Synoptic Composite Diagrams 

1. Wind & Rain Vs. Rain Events 3 Days Before Impact 

When comparing the synoptic composites created for the TCs that produce Wind 

& Rain (Fig. 20) and Rain impacts (Fig. 21) in the northeast there are patterns and 

features that remain similar to the results gathered from analyzing the CPS diagrams in 

the previous subchapter. The Wind & Rain Sea Level Pressure (SLP) (Fig. 20) synoptic 

composite shows that these TCs are usually located further northward along the East 

Coast and have lower pressures in comparison to Rain events three days before impact. 

Another important feature is the strong high-pressure located over the East Coast and the 

Atlantic Ocean in association with Wind & Rain impact producing TCs. The high-

pressure system plotted in the Rain (Fig. 21) events synoptic composite diagram is 
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weaker and located further out in the Atlantic, with lower pressure located over the East 

Coast three days before impact.  

     

Figure 20: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 21: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Rain Events 
3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 
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The 500mb geopotential heights synoptic composite chart for Wind & Rain (Fig. 

22) producing impact events depicts a neutrally tilted upstream trough centered over the 

northern Plains that is shifted westward in comparison to the Rain events (Fig. 23). The 

trough plotted on the synoptic composite for the Rain impact producing TCs is neutrally 

tilted as well but is weaker in comparison. The ridge in the Atlantic associated with Wind 

& Rain events is also much more pronounced than the ridge in the Rain events, which is 

likely due to the significantly stronger region of high pressure at the surface depicted in 

the SLP composites.  

 

Figure 22: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 23: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

At 250mb, the speed of the jet streaks are similar, with jet cores ~35 m/s, in both 

Wind & Rain (Fig. 24) and Rain producing impact events (Fig. 25). A significant 

difference between these two composites is the orientation of the jet streak. In the TCs 

that produce Wind & Rain impacts the jet is in southwesterly flow downstream of the 

trough over the northern Plains, and the jet in the Rain events composite is northwesterly 

flow downstream of a ridge in central Canada (Fig. 24). Along with the orientation of the 

jet streak being vastly different, the width of the jet streak itself is much larger in the 

Wind & Rain events. 
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                           Figure 24: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR 
Reanalysis for Wind & Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 

Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

                  

                          Figure 25: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR 
Reanalysis for Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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2. Wind & Rain Vs. Rain Events 2 Days Before Impact 

Two days before impact the TCs producing Wind & Rain impacts continue to 

move slowly up the East Coast (Fig. 26) with low center located east of northern Florida 

and south of Cape Hatteras. The high-pressure system in the Atlantic is still a prominent 

feature in both composites as the high pressure slightly begins to back off of the east 

coast as the TCs continue to move northward. Unfortunately, there is some geographic 

smearing occurring on some of the Rain impact SLP composites (Fig. 27), leading to 

some of the SLP values being “smoothed out”. It can be inferred however that the-low 

pressure associated with the Rain events is located on the east coast off of Florida in a 

similar location as the TCs that produced Wind & Rain impacts. The high pressure in the 

Wind & Rain events synoptic composite has moved westward into the Atlantic slightly 

from the day before. 

 

Figure 26: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour) 
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Figure 27: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Rain Events 
2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 

  At 500mb, the trough in the Wind & Rain events composites (Fig. 28) has begun 

to become more neutrally tilted and has continued to move eastward now located over the 

western Great Lakes. The ridge at 500mb is continuing to build despite the fact that at the 

surface the high pressure has begun to weaken and recede from the northeastern United 

States. At 500mb in the Rain producing impacts composite (Fig. 29) there is a much more 

zonal flow pattern in comparison to the Wind & Rain composite with a short-wave trough 

over Missouri and Arkansas. The ridge over the western Atlantic in the Rain events 

composite is also continuing to build though not as amplified as the Wind & Rain events. 

The trough in the Rain events composite is not as strong nor does it extend as far 

southward into the Continental United States (CONUS) as the trough at 500mb in the 

Wind & Rain composite.  
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Figure 28: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 29: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/)  

At 250mb, the jet in the Wind & Rain and Rain events (Fig. 30) differ in speed 

and orientation two days before impact. In the Wind & Rain events composite there is a 

southwesterly jet maximum of >45 m/s. The orientation of the jet itself has remained 

almost the same, just a slight shift northeastward from the day before. In the Rain events 
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(Fig. 31), the northwesterly jet streak loses strength with a maximum wind speed contour 

~30 m/s and the orientation of the jet has remained the same.  

 

Figure 30: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 31: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Rain 
Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/)  
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3. Wind & Rain Vs. Rain Events 1 Day Before Impact 

At one day before impact, the center of the low pressure in the Wind & Rain (Fig. 

32) and Rain impact producing events (Fig. 33) are located off the coast of the Carolinas 

as the TCs continue to propagate up the east coast. In the Rain events composite (Fig. 

33), the area of low SLP values are much more concentrated in addition to having slightly 

stronger SLP values in comparison to the Wind & Rain event values. This indicates 

weaker system strength from TCs that produce Rain only impacts. Also, in both 

composites the high pressure located in the Atlantic continues to recede eastward as the 

TCs move further north and continue to interact with the midlatitude westerlies. The 

high-pressure system in the Wind & Rain events is located further northwestward (Fig. 

32), implying that the high pressure still has a significant impact on the track of the TCs 

that produce Wind & Rain impacts. The Rain events composite also has a much stronger 

ridge axis over New England in comparison to the Wind & Rain events composites.  

 

Figure 32: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 33: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Rain Events 
1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 

The trough at 500mb in the Wind & Rain events composite (Fig. 34) has shifted 

slightly eastward in the last 24 hours. The orientation of the trough has now shifted from 

a predominantly neutral tilt to a slightly negative tilt. Surprisingly, the ridge over the 

Atlantic has continued to maintain strength. Normally this is not expected, usually it is 

expected and observed that the trough and ridge patterns strengthen and weaken together, 

in these composites this is not the case. The composites for the TCs that produce Rain 

impacts (Fig. 35) have lost the zonal flow pattern from the day previous. The trough that 

was located over Missouri and Arkansas at two days before impact has shifted eastward 

to the North Carolina coast and has become much more negatively tilted. The ridge also 

continued to maintain strength just like what was observed in the Wind & Rain events 

composites and is much more pronounced from the day before.  
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Figure 34: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 

20 April 2022, https://psl.noaa.gov/data/composites/hour/)  

 

Figure 35: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 
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The jet at 250mb in the Wind & Rain events (Fig. 36) has maintained the same 

orientation but the jet streak has lost some strength from the day before, with no 45 m/s 

contours in the jet streak 24 hours before impacts. The transitioning TC is located in the 

equatorward entrance of this jet (Fig. 32). The jet streak in the northwesterly flow from 

the previous period has moved offshore in the Canadian Maritimes and maintained a 

similar intensity. However, 25 – 30 m/s west-southwesterly flow has developed to the 

north of the transitioning TC placed the TC broadly in the equatorward entrance region of 

this developing jet. 

 

Figure 36: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 37: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Rain 
Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 

4. Wind & Rain Vs. Rain Events Time of Maximum Impact 

At the time of maximum impact, the low-pressure systems in both the Wind & 

Rain events (Fig. 38) and the Rain events (Fig. 39) are located over the northeast. In the 

Wind & Rain events, the center of the low is located over southwestern New England 

with closed contours extending from Main to the Carolinas depicting widespread impacts 

across the entire northeast. The low pressure in the Rain events composite (Fig. 39) is 

located further south and east and shows less of a landfall impact and more of a coastal 

impact. Although the center of the low is located further eastward than the Wind & Rain 

events (Fig. 38), both systems, have similar SLP values at the time of maximum impact 

and have not weakened over the 24-hour period. The system of high pressure located in 

the Atlantic in both composites have continued to move further east into the Atlantic as 

the systems moved up the east coast. Yet, the ridge axis located northeast of the low 

center over eastern Canada remains stronger for the Rain events.  
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Figure 38: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 

20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

    

Figure 39: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Rain Events 
at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 
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The trough at 500mb in the Wind & Rain events  (Fig. 40) has moved further 

eastward from the previous day. The ridge in the Atlantic that has continued to build 

throughout the composite period has slowly begun to weaken in the last 24 hours. The 

weakening of the ridge has allowed for the atmosphere in the Wind & Rain events to 

begin to take on a much more zonal flow pattern than in the previous 72 hours before 

impact. In the Rain events composite (Fig. 41) the trough is continuing to weaken in a 

similar fashion to the Wind & Rain events as the atmosphere quickly transitions from a 

predominantly meridional to zonal flow. The ridge in the Rain events has also weakened 

significantly from the past 24 hours before impact.  

 

Figure 40: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 

Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 41: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 

20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

The jet streak at 250mb has increased significantly in the Wind & Rain events 

composite (Fig. 42). This is mainly in part due to the fact that the TCs underwent ET 

while located in the equatorward entrance region of the jet. This leads to diabatic outflow 

that in turn implies an enhancement of the jet at 250mb, leading to an increase in the size 

of the jet core and the speed of the jet streak at 250mb in the Wind & Rain events. Since 

a similar increase in the jet north of the TC did not occur for Rain events (compare Fig. 

42 with Fig. 43), it appears that the transitioning TCs did not influence the jet through 

diabatic outflow as much as the Wind & Rain events.  
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Figure 42: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 

20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 43: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Rain 
Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 
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D. Synoptic Composite Anomaly Charts  

1. Precipitable Water Anomaly 

In the Wind & Rain events (Fig. 44) it is evident that there is a strong positive 

precipitable water anomaly located directly over the northeastern United States centered 

near Cape Cod. This is indicative of  the strength of the systems being greater in the 

Wind & Rain events in comparison to the Rain producing impact events. The TCs that 

produce Wind & Rain impacts are stronger TCs which are able to drive more moisture 

northward and are also able to bring wind in addition to rain impacts to the coast. The 

positive precipitable water anomaly that is associated with the Rain events (Fig. 45) is 

much weaker in comparison to the Wind & Rain events, showing that these TCs are 

weaker and transport less moisture up the east coast.  

 

Figure 44: Composite anomaly analysis of precipitable water (kg/m2, color shaded) from the NCEP/NCAR Reanalysis 
for Wind & Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 

Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/)  
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Figure 45: Composite anomaly analysis of precipitable water (kg/m2, color shaded) from the NCEP/NCAR Reanalysis 
for Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/)   

2. 500mb Geopotential Height Anomaly 

At 500mb, the Wind & Rain events have a strong positive and negative 

geopotential height anomaly (Fig. 46). As expected, the strong positive anomaly (>120 

m) is associated with the system responsible for the strong ridge and blocking high 

pattern in the Atlantic mentioned throughout the composite period. Located in the 

Midwest, there is a strong negative height anomaly with heights over 100m below the 

average. This anomaly is due to the strong trough in the Midwest which was present and 

proved to be a major atmospheric factor in predicting TC impacts throughout the 

forecasting period and at the time of maximum impact. The events that produce Rain 

impacts (Fig. 47) also have a positive and negative 500mb geopotential height anomaly 

present. In comparison to the Wind & Rain events these anomalies cover a significantly 

smaller area of the CONUS and have much weaker values, yet they are still located in the 
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same location just like the precipitable water composite anomaly charts mentioned 

previously.  

 

Figure 46: Composite anomaly analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR 
Reanalysis for Wind and Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis 

Data Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 47: Composite anomaly analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR 
Reanalysis for Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 

Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

3. 250mb Vector Winds Anomaly 

Unlike the other synoptic composite anomaly charts created for this study, the 

Wind & Rain and Rain producing impact events have drastically different locations of the 

main 250mb positive wind anomaly. In the Wind & Rain producing impact events (Fig. 

48) there is a strong positive anomaly located in Canada just to the north of New York 

State. This anomaly is associated with the entrance region of the strong polar jet and jet 

streak located over eastern Canada (see Fig. 42) is in the same location as the synoptic 

composite chart created for Wind & Rain events. This anomaly acquired much of its fuel 

from the TCs undergoing ET in the equatorward entrance region, implying that the 

diabatic outflow from the TCs are helping to intensify the jet. In the Rain events 

composite anomaly chart (Fig. 49), there are two much weaker positive anomalies. One is 

located in a similar location as the strong positive anomaly in the Wind & Rain events 
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anomaly composite (Fig. 48). This anomaly is associated with a weak jet streak located in 

the polar jet at the time of maximum impact. The second positive anomaly is located in 

the Atlantic and is associated with the main jet streak that was mentioned in the 

composite charts at the time of impact. 

 

Figure 48: Composite anomaly analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis 
for Wind & Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 

Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 49: Composite anomaly analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis 
for Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

 After comparing and contrasting both CPS diagrams, synoptic composite and 

anomaly charts for both Wind & Rain and Rain events, a single Wind & Rain event 

(Hurricane Irene) was chosen to be compared to the Wind & Rain events composites 

created in this study. This case study was completed to understand how a singular TCs 

atmospheric composition will compare to the composites and CPS diagrams that were 

created for all 7 of the Wind & Rain events included in this study. This case study was 

also used to help prove whether or not the diagrams created for Wind & Rain and Rain 

producing impact events are valid forms of forecasting materials that can be used to help 

increase precision of forecasting transitioning TC impacts in the northeastern United 

States.  
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Chapter 4: Hurricane Irene Case Study  

 In this chapter, a case study on a singular event was completed to understand how 

the synoptic composite charts that were created in chapter 3 for the Wind & Rain 

producing impact events to understand if these composites can be utilized as forecasting 

tools for future Wind & Rain impact producing events. The composites will be deemed as 

“fit” forecasting tools if there are strong trends in the atmospheric composition between 

the Irene case and the Wind & Rain impact producing events composite. Hurricane Irene 

was chosen for this case study as it doesn’t differ from the data set in any significant way, 

it is a typical TC that undergoes ET in the northeastern United States and produces 

significant widespread impacts leading to significant damage to infrastructure and the 

loss of life. Although hurricane Irene was known mostly for its intense precipitation and 

flooding in the northeastern United States (Fig. 50). This event is in fact categorized as a 

Wind & Rain event in this study. According to the Iowa State Mesonet, the Taunton 

NWS office reported a 38-knot sustained wind speed at the time of maximum impact and 

the NWS gray office also reported a 36-knot sustained wind speeds in associated with 

Hurricane Irene. Although it did not have significant windspeeds nor was Irene 

notoriously known for its wind damages, it did meet the criteria for a Wind & Rain event.   
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Figure 50: Hurricane Irene Track & Storm Total Precipitation from August 24th Through August 30th, 2011.  

 Hurricane Irene was a large and destructive tropical cyclone which impacted 

much of the Caribbean and the East Coast of the United States during late August 2011. 

Irene was the ninth named storm of the 2011 Hurricane season and it was the first major 

hurricane of the season. Irene was at its strongest just before making landfall in the 

Bahamas with a one-minute sustained wind speed of 120 mph categorizing it as CAT 3 

system. As Irene moved northward and began to interact with the midlatitude westerlies, 

the TC slowly began to weaken and was classified as a CAT 1 system on August 27th 

before making landfall on the Outer Banks in North Carolina. After making landfall in 

N.C., the system then moved back into the Atlantic remaining hurricane strength until 

making landfall once again in southeastern New Jersey. Irene made landfall in the 

northeastern United States in Brooklyn, New York on August 29th. Irene fully 

transitioned into an extratropical cyclone while over Vermont and New Hampshire where 
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it remained inland for 12 hours producing significant impacts throughout the entire 

northeastern United States. 

A. Cyclone Phase Space Comparison: Irene vs. Wind & Rain Events 

1. Cyclone Phase Space Before and at the Time of Maximum Impact 

 In this section of the case study, the Hurricane Irene CPS will be compared to the 

average location of the Wind & Rain events on the CPS from three days before impact to 

two days after the time of maximum impact. This was done to understand how the 

structure of an individual event compares to the average structure of all 7 Wind & Rain 

producing impact events throughout the TCs lifecycle. The first figure shown below is 

the CPS diagram for Hurricane Irene retrieved from the CPS data archive (Fig. 51). The 

second figure is the average location of each system plotted on the CPS created for this 

study (Fig. 52). Three days before impact Hurricane Irene and the average CPS for Wind 

& Rain events are both plotted in the Symmetric Warm-Core quadrant of the CPS. Not 

only are they plotted in the same quadrant, both the average CPS location for 3 days 

before impact and the location of the plot of Irene 3 days before impact are located in 

very similar locations to each other.  
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Figure 51: Cyclone Phase Space Diagram (B vs -VT
L) for Hurricane Irene. Diagram retrieved from the Cyclone Phase 

Space Diagram Archive (http://moe.met.fsu.edu/cyclonephase/archive/) 

 

Figure 52: Cyclone Phase Space Diagram (B vs -VT
L) mean location of each Wind & Rain events from 3 days before 

impact (black dot) to 2 days after the time of maximum impact. Size of the dots on this composite diagram are not 
related to the radius of winds. Diagram adapted from (Hart 2003)  



58 
 

 At two days before impact there is a large discrepancy between the location of the 

average Wind & Rain events plot and Hurricane Irene on the CPS. Hurricane Irene 

continues to maintain its tropical characteristics (Fig. 51) on the CPS as the TC continues 

to move further into the Symmetric Warm-Core quadrant of the CPS. The Wind & Rain 

events CPS (Fig. 52) plot shows decreasing thermal wind values from the day before 

(storm losing their warm core) and an increase in the 900-600 Storm- Relative Thickness 

Symmetry values (storms becoming more asymmetric). Obviously, the average of all of 

the systems are going to have lower thermal wind and higher symmetry values (showing 

faster onset of ET) in comparison to a single system plotted on the CPS. Yet the Wind & 

Rain events being plotted so far apart just 24 hours after having quite similar values on 

the CPS shows how Irene continued to maintain its TC characteristics two days before 

impact on the CPS as the other TCs begin losing the TC characteristics more quickly.  

 One day before impact Irene is starting to slowly lose its tropical features from the 

24 hours before (Fig. 51). Irene has now started to move into the Asymmetric Warm-

Core quadrant of the CPS on August 27th at 18Z. Although Irene has now started to 

become more asymmetric as it begins to lose its tropical characteristics and undergo ET, 

it still remains solidly warm core in comparison to the Wind & Rain events average 

location on the CPS one day before impact (Fig. 52). What is important to point out is the 

Thermal Wind values are smaller  in the average CPS in comparison to Irene. 

 At the time of maximum impact, August 28th 18Z (Fig. 50), Irene has continued to 

gain asymmetry and lose its warm core. On the CPS (Fig. 51), Irene is located on the 

border of the Asymmetric Warm- Core quadrant and the Asymmetric Cold-Core quadrant 

of the CPS. When comparing this location to the average Wind & Rain CPS (Fig. 52) the 
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locations between the two are almost identical. The B values on the CPS associated with 

Hurricane Irene are higher (showing less symmetry in the storm structure) in comparison 

to the mean location of the average Wind & Rain plot on the CPS which have lower B 

values (showing more symmetry). Although these values are different from each other, 

Irene and the average of the Wind & Rain events are plotted in a very similar location.  

2. Days After Maximum Impact 

 Twenty- four hours after maximum impact Hurricane Irene has completed 

extratropical transition and is plotted deep within the Asymmetric Cold-Core quadrant of 

the CPS (Fig. 51) as Irene continues to produce impacts throughout the northeastern 

United States. The average Wind & Rain events (Fig. 52) location on the CPS is also 

located in the Asymmetric Cold-Core quadrant of the CPS. What is important to note is 

that although the two plots between Irene and the Wind & Rain events average are 

located quite far from each other 24 hours after impact within the Asymmetric Cold-Core 

quadrant, the main difference lies within the B values (extent of asymmetry). Irene is 

plotted at (-100, 80) whereas the average Wind & Rain plot had coordinates of (-100, 40). 

This shows that the main factor is not the difference in values between the thermal wind, 

instead the symmetry values are what are differentiate these two values 24 hours post 

maximum impacts.  

 Two days after impact Irene (Fig. 51) has now left the impact region focused on 

in this study and has begun to lose its structure as an extratropical cyclone and remains a 

cold core system as Irene has begun the process of becoming a fully occluded 

extratropical cyclone beginning to become more symmetric. As Irene continues to 

weaken after undergoing ET thermal wind values increase and symmetry values decrease 
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as Irene curls back into the Asymmetric Cold-Core quadrant on the CPS. The average 

plot for Wind & Rain events (Fig. 52) two days after impact shows TCs continuing to 

undergo ET as they remained positioned over the impact region. At two days after 

impact, the TCs thermal wind values are continuing to decrease yet there is little to no 

change in the values of symmetry from 24 to 48 hours after maximum impact.  

B. Synoptic Composite Diagrams 

 In this section, the synoptic composite diagrams that were created for the Wind & 

Rain events in chapter 3 are once again utilized to compare and contrast to the synoptic 

diagrams that were created for Hurricane Irene. In order to compare Irene with the 

Composite the same charts from the ESRL NCEP/NCAR composite generating program 

were used to create the charts for just Hurricane Irene. Along with the same program 

being used, the same intervals, and parameters were used to maintain continuity within 

the study and to accurately show the direct differences between the Wind & Rain 

synoptic composites and Hurricane Irene.  

1. Three Days Before Impact: 

When comparing the SLP synoptic composite charts from the Wind & Rain 

events (Fig. 54) to Hurricane Irene(Fig. 53), there are many significant differences 

between the two different diagrams. The central pressure of Irene is lower than the 

composite and the low SLP values associated with Hurricane Irene are much more 

widespread in comparison to the Wind & Rain synoptic composite diagram. The high-

pressure system located in the Atlantic is much stronger in the Irene case, but it does not 

extend as far into the northeastern United States as it does in the Wind & Rain events 



61 
 

composite. Also of note is the location of a trough (which is likely to be a cold front) that 

is stronger and further east in the Irene case (just west of New England) vs the composite 

(western Great Lakes).  

 

Figure 53: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Hurricane 
Irene 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 
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Figure 54: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

At 500mb the biggest difference to point out is the location of the trough axis in 

the Hurricane Irene case (Fig. 55). In the Wind & Rain events (Fig. 56) the trough is 

shifted much further to the west (over the central U.S.) and the ridge that is associated 

with the surface high-pressure out in the Atlantic is also shifted east.  

 

Figure 55: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 56: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

At 250mb, the polar jet in the Wind & Rain event composite (Fig. 58) looks much 

different in comparison to the jet in the Irene case (Fig. 57). Although both composites 

feature a southwesterly jet streak on the downstream side of a trough axis, the jet in the 

Irene case is stronger over northern New England in comparison to the Wind & Rain 

composites. There is also a second jet maximum in the Irene case that is located north of 

the Great Lakes on the upstream side of the trough axis with values of over 45 m/s within 

the jet streak. Both jet streaks in the Irene case are much stronger than 45 m/s (to 

maintain continuity in the charts 45 m/s was used as the max threshold) and maintains 

this stronger strength throughout the forecasting period.  
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Figure 57: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 58: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/)  
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 When comparing the Wind & Rain events with Hurricane Irene three days before 

maximum impact it seems that the Irene case features a more well-developed trough at 

upper-levels located over the Great Lakes located east of the composite trough. As will 

be demonstrated in the next sections, this trough passes to the north of Irene without any 

significant interaction. 

2. Two Days Before Impact 

At 48-hours before impact the SLP composite shows a similar trend from the 

composite 24 hours previous. Once again, Irene (Fig. 59) has a much more widespread 

area of low SLP values in comparison to the Wind & Rain events (Fig. 60). The Wind & 

Rain composite and Hurricane Irene have similar forward progression speeds as the 

center of the lows were located in almost the exact same location at 48 hours before 

impact. The high-pressure system in the Irene case has taken on a similar form when 

comparing it to the Wind & Rain events composite in both cases the ridge has extended 

further into the northeastern United States. The key difference is that the high-pressure 

system in the Irene case is much stronger in comparison to the high-pressure associated 

with the Wind & Rain events composite.  
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Figure 59: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Hurricane 
Irene 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 

 

Figure 60: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

At 500mb, there is a much different flow pattern in the Irene (Fig. 61) case in 

comparison to the Wind & Rain events composite (Fig. 62) three days before impact. The 

trough that was shifted over the Great Lakes at 3 days before impact in the Irene case has 

weakened and lifted to eastern Canada. As a new trough further west has formed over 
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Canada and the Midwestern United States. This western trough has a positive/ neutral tilt 

and is located slightly further to the west in comparison to the trough in the Wind & Rain 

events composite. The ridge axis in both the Wind & Rain and Irene case are very similar 

in location out in the Atlantic and extend over the northeastern United States.  

 

Figure 61: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/)  

 

Figure 62: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/)  



68 
 

The polar jet at 250mb in the Irene (Fig. 63)case has developed a similar form to 

the polar jet associated with the composite Wind & Rain events (Fig. 64) at 48 hours 

before impact. The first jet streak in the Irene case is located in a similar location as the 

Wind & Rain composite with a similar southwesterly orientation. The jet streak on the 

downstream side of the trough over central Canada associated with Hurricane Irene was 

much stronger than the Wind & Rain composite with wind speed values exceeding 80 

m/s. The other jet streak in the Irene case on the upstream side of the trough is also much 

stronger (>45 m/s) in comparison to wind speeds in the second jet streak (<30 m/s) 

located to the west in the Wind & Rain composite.  

 

Figure 63: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 64: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events 2 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

3. One Day Before Impact  

The trends in the SLP values at 24 hours before impact have remained the same as 

the previous comparisons to the composites at earlier lead times. Once again, there is 

strong similarity in the forward speeds between the Irene case (Fig. 65) and the Wind & 

Rain composites (Fig. 66) as the centers of the lows for both Irene and the composite are 

located off the coast of the Carolinas. Again, the SLP values associated with the Irene 

case have lower values around the center of the low and they are more widespread in 

comparison to the Wind & Rain events composite. The high-pressure system in both plots 

has receded from the Northeast as the TCs continue to propagate up the east coast.  
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Figure 65: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Hurricane 
Irene 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 2022, 

https://psl.noaa.gov/data/composites/hour/) 

 

Figure 66: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 
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  At 500mb one day before impact there is a very similar structure between Irene 

and the Wind & Rain events composite. The trough in the Wind & Rain composite (Fig. 

68) and Irene case (Fig. 67) are located over the Great Lakes with a negative tilt. The 

Irene case shows the formation of a cutoff low in the last 24 hours, whereas the Wind & 

Rain indicate a negatively tilted short- wave trough over NC/VA associated with the 

composite TC. The ridge out in the Atlantic still remains stronger in the Irene plot and the 

ridge axis is shifted further to the east.  

               

 

Figure 67: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 68: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 

20 April 2022, https://psl.noaa.gov/data/composites/hour/)  

The polar jet at 250mb one day before impact shows similarities between 

Hurricane Irene (Fig. 69) and the Wind & Rain events composite (Fig. 70). The jet in the 

Wind & Rain events has much smoother contours in comparison to the jet associated with 

Hurricane Irene, but that is mainly in part due to the averaging of multiple TCs locations/ 

atmospheric compositions put together into a single composite. The orientation of the jet 

between both composites are very similar with a southwesterly orientation. The main 

differences are the jet streak is shifted slightly east and the strength of the jet streak is 

significantly stronger in the Irene case.   
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Figure 69: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 70: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events 1 day prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/)  
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4. Time of Maximum Impact 

At the time of impact, the Irene case (Fig. 71) and the Wind & Rain events (Fig. 

72) SLP composites once again look strikingly similar. The trend observed over the 

previous lead times continues where Irene has lower and more widespread SLP values 

around the center of the low and stronger values associated with the high-pressure system 

in the Atlantic. The structure of the SLP contours throughout the CONUS maintain their 

continuity from the past 48 hours.  

 

Figure 71: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Hurricane 
Irene at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 

April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 72: Composite analysis of sea-level pressure (Pa, color shaded) from the NCEP/NCAR Reanalysis for Wind and 
Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 

20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

At 500mb at the time of impact the Irene case (Fig. 73) has a stronger trough and 

ridge pattern (meridional flow) in comparison to the Wind & Rain (Fig. 74) events 

composite has a much more zonal flow in comparison. The main cause of this is the ridge 

out the Atlantic, which has continued to build up until the time of maximum impact 

whereas the ridge in the Wind & Rain composites have weakened slightly in the past 24 

hours before impact.  
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Figure 73: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 

 

Figure 74: Composite analysis of 500mb Geopotential Heights (M, color shaded) from the NCEP/NCAR Reanalysis for 
Wind and Rain Events at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data 

Composites. Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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The polar jet at 250mb again look quite similar when comparing the Irene case 

(Fig. 75) and the Wind & Rain event composites (Fig. 76) at the time of maximum 

impact. The orientations of both jet streaks are in the exact same direction, and both 

composites show a rapid intensification in the jet from one day before impact to the time 

of maximum impact. The jet associated with Hurricane Irene is much larger and stronger, 

but the main process within in the atmosphere remain the same between both the Wind & 

Rain events composite and the Irene case. 

 

Figure 75: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for 
Hurricane Irene at the time of maximum impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. 

Accessed 20 April 2022, https://psl.noaa.gov/data/composites/hour/) 
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Figure 76: Composite analysis of 250mb Vector Winds (m/s, color shaded) from the NCEP/NCAR Reanalysis for Wind & 
Rain Events 3 days prior to impact (NOAA, 2022: 6-Hourly NCEP/NCAR Reanalysis Data Composites. Accessed 20 April 

2022, https://psl.noaa.gov/data/composites/hour/) 

C. Takeaways and Conclusions: 

 This case study was completed to understand how well the synoptic composites 

created in this study compare to an individual Wind & Rain event that underwent ET and 

produced impacts in the northeastern United States. The composites do a fantastic job of 

showing a rough outline of the atmospheric composition at the surface, 500mb and 

250mb the days leading up to the greatest storm impact. The differences between Irene 

and Wind & Rain composite were greatest at three days before impact. As shown above, 

while the surface position of Irene was similar to the composite, the upper-level flow was 

quite different. Irene had a significant upper-level trough in eastern North America which 

is absent in the composite, but this trough passed to the north and didn’t impact Irene. 
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From 48 hours before impact until the time of impact, all of the main features associated 

with Irene strongly aligned with the Wind & Rain composites. The most important 

features mentioned throughout this study such as jet orientation, location of trough and 

ridge axis, rapid jet streak intensification one day before impact, and a TC undergoing ET 

in the equatorward entrance region of the jet all occurred. An examination of this event 

shows that these composites can be trusted as useful forecasting tools to help with 

anticipating transitioning TC impacts in the northeastern United States.  
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Chapter 5: Conclusions 

A. General Conclusions 

 The conclusions that are made in chapter are produced from the analysis 

conducted in chapter 3 and chapter 4 based on the CPS diagrams and synoptic composite 

and anomaly diagrams for Wind & Rain and Rain producing impact events and the 

Hurricane Irene case study. The purpose of this study is to examine the impacts 

associated with ET in the northeastern United States. The study investigates TCs 

undergoing ET in the northeastern United States utilizing 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 of time 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.  

Looking back at the B vs. -VT
L CPS diagrams, (Figs. 4-11) it was found that Wind 

& Rain producing impact TCs originate as significantly stronger systems when 

comparing thermal wind and storm relative thickness symmetry values. Three days 

before impact the systems that produce Wind & Rain impacts originate much deeper in 

the symmetric warm core quadrant of the CPS in comparison to the Rain impact 

producing TCs. All but one of the TCs that produce Rain impacts also originate in the 

Symmetric Warm- Core quadrant but with larger B and -VT
L values (less symmetry and 

weaker warm core) in comparison to Wind & Rain events. At the time of impact (Figs. 

10-11), both Wind & Rain and Rain events have 2 systems that have not fully became 

extratropical (not located in the Asymmetric Cold-Core quadrant), but the location on the 

CPS where these storms are located is much different. The TCs that produce Wind & 
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Rain events (Fig. 10) are still plotted deep within the Asymmetric Warm-Core quadrant, 

indicating that these TCs still maintain their warm cores as they make landfall in the 

northeast. These systems, however, do fully undergo ET and become fully extratropical 

just 12 hours after landfall. The TCs that are not fully extratropical at the time of impact 

in the Rain producing impact events (Fig. 11) have lower thermal wind values in 

comparison to the Wind & Rain events as the two TCs not fully extratropical are located 

right on the cusp of the Asymmetric Cold- Core quadrant. These TCs are right on the 

cusp of being considered extratropical on the CPS, but they do not have low enough 

thermal wind values to be plotted in the Asymmetric Cold-Core quadrant.  

Another factor that plays quite a significant role in the impacts produced by both 

types of TCs is the track of the systems themselves. It is shown that the TCs that produce 

Wind & Rain impacts average location (Fig. 77) is located over the northeastern United 

States in comparison to Rain producing impact events(Fig. 78). This is consistent with 

the idea that the highest winds for TCs are often close to the warm core. The average 

location of the center of the low at the time of maximum impact for Rain events are much 

more scattered and only one TC is actually located on land over New England. Most of 

the Rain producing TCs in fact did not make a direct landfall on the northeast. Although 

the Rain producing TCs were shifted further to the east in comparison to Wind & Rain 
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events, they still sent rainfall inland away from the storm track causing significant rainfall 

impacts in the Gray, Maine NWS forecasting office region.  

The sea-level pressure synoptic composites (Figs. 20,21,26,27,32,33,38 and 39) 

demonstrate that the track of the TCs that produce Wind & Rain events were impacted 

significantly by the high-pressure system present over the northeastern United States and 

the Atlantic Ocean in the three days before impact. The high-pressure system associated 

with the Wind & Rain composite is much stronger than the high-pressure system in the 

Rain events composite. In the Wind & Rain events composite the high pressure extends 

over the east coast as well whereas in comparison the majority of the high pressure is 

located further east in the Atlantic Ocean in the Rain event synoptic composite.  

Another atmospheric feature that is important to note when forecasting TC 

impacts in the northeast is the location of the upstream trough at 500mb. After reviewing 

Figure 77: Wind & Rain events plot of the center of low 
pressure at the time of maximum impact for all 7 Wind & 

Rain producing impact events included in this study 

Figure 78: Rain Events plot of the center of low pressure at 
the time of maximum impact for all 6 Rain producing 

impact events included in this study  
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the 500mb synoptic composites (Figs. 22,23,28,29,34,35,40 and 41) for both Wind & 

Rain and Rain impact producing TCs, the trough at 500mb is an important feature to 

analyze as they are distinctly different in both impact types. At the time of maximum 

impact, the trough axis in the Wind & Rain events is shifted further to the east in 

comparison to the Rain events. In addition to the actual location of the trough, the 

orientation of the trough axes are different as well. During the 3-day period leading up to 

the greatest impacts, the trough in the Wind & Rain events composite remains either 

positively or neutrally tiled. The Rain events 500mb composite begins the forecasting 

period with a neutrally tilted trough and the trough axis quickly transitions to a negative 

orientation. Looking for the different trough position/ orientation days before impact may 

allow forecasters to differentiate the impacts these cyclones will produce days before 

impact. A trough at 500mb with a positive/ neutral tilt throughout the forecasting period 

along with rapid eastward propagation may be a good indication that a TC will produce 

Wind & Rain impacts. When the trough at 500mb originates as a weaker neutrally tilted 

trough that moves east slowly it may be implied that the TC will produce mainly Rain 

impacts.  

 The last atmospheric feature to analyze that can help anticipate the impacts a TC 

will produce as it undergoes ET is the orientation of the jet and jet streak at 250mb. The 

250 mb wind speed composites Figs (24, 25,30,31,36,37,42 and 43) show that the jet in 

the Wind & Rain and Rain events have drastically different maximum windspeeds within 

the jet streak and different orientations of the jet. The Wind & Rain events have stronger 

jet streak values throughout the entire 3-day period along with southwesterly flow. The 

Rain Events have a much weaker jet and jet streak overall with the orientation of the 
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polar jet being northwesterly, one more important feature to note is in what region of the 

jet a TC undergoes ET. From this study, it was found that the majority of the TCs that 

produce Wind & Rain impacts tend to undergo ET in the equatorward entrance region of 

the southwesterly polar jet. Because these systems undergo ET in the equatorward 

entrance region, it is evident that from 24 hours before impact to the time of maximum 

impact there is a significant increase in wind speed values within the jet streak. This is in 

part due to the diabatic outflow produced by the TCs that enhances the jet streak at 

250mb. Rapid jet streak intensification 24 to 36 hours before impact at 250mb along with 

a southwesterly jet orientation may be a strong indication that a TC will produce both 

Wind & Rain Impacts in the northeastern United States.  

 In conclusion, it was found that: TCs that produce Wind & Rain impacts are 

stronger systems with deeper central pressure and stronger windspeed values in 

comparison to Rain impact producing TCs; Wind & Rain events typically originate as 

significantly deeper and more symmetric warm core systems (not only at the time of 

impact, but throughout the entire 3-day period before impact); Wind & Rain events track 

closer to the coast than Rain events; The trough axis at 500mb (at the time of maximum 

impact) in Rain events is shifted to the West; Wind & Rain events have a stronger ridge 

over the Atlantic at 500mb; The jet streak at 250mb in the Wind & Rain events is much 

stronger throughout the forecast period and at the time of maximum impact; and the 

direction of the jet at 250mb is much different in Wind & Rain (southwesterly) events in 

comparison to Rain events (northwesterly). In addition to all of the conclusions made in 

regard to anticipating transitioning TC impacts in the northeast, an atmospheric 
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“ingredient” based checklist of Wind & Rain and Rain events was created for the NWS 

Forecast office in Gray, Maine.  

B. Atmospheric Ingredients Checklist  

In order to provide forecasters at NWS Gray, Maine a summary of the key points 

to be able to recognize the potential differences between Wind & Rain impacts and Rain 

only impacts have been created for both Wind & Rain and Rain events (Figs.79 and 80 

below). In the conceptual diagrams the variables that are contoured are 1000mb heights 

(Black), 500mb heights (Red), and 250mb vector winds (Blue) two days before impact. 

The center of the jet streak is marked with the letter “J”, the center of low pressure 

associated with the TCs are marked with a tropical storm symbol and the regions of high 

pressures are marked with an upper case “H”. The CPS that is included for both impact 

types shows the average location of each TC on the CPS from three days before impact to 

two days after maximum impact. For the sake of forecasting purposes six days were 

plotted on the CPS to fully depict the structure of the TCs as they undergo ET and 

become extratropical. In addition to the two diagrams included, there are written bullet 

points included which explains the differences in the atmospheric features between the 

Wind & Rain and Rain impact producing TCs to help further distinguish the key 

differences between the TCs that produce different impacts in the NWS Gray, Maine 

forecasting region.  
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Figure 79: Wind & Rain impact producing events atmospheric ingredients checklist created for NWS Gray, Maine 
forecasting office. Included on this list is a conceptual diagram two days before impact with 1000mb height contours 
(Black), 500mb height contours (Red), 250mb winds contours (blue), jet streaks are labeled with a ( J), areas of high 
pressure are plotted with an (H). Also included the average location for each Wind & Rain event on the CPS adapted 

from Dr. Robert Hart (2003) from three days before impact to two days after impact. A bulleted list is also included to 
describe the atmospheric factors that are important when forecasting Wind & Rain producing impact events.   
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 The main purpose for the creation of this list is to help aid NWS operational 

forecasters anticipate transitioning TC impacts by providing them with real world 

comparisons of TC structure to atmospheric composition to help increase the precision of 

TC impact forecasting days before the time of impact. The implementation of these 

checklists into the forecasting process may lead NWS forecasters to put a higher priority 

on analyzing different atmospheric features that may have been underutilized or 

overlooked previously when forecasting transitioning TC impacts. This checklist also 

Figure 80: Rain impact producing events atmospheric ingredients checklist created for NWS Gray, Maine 
forecasting office. Included on this list is a conceptual diagram two days before impact with 1000mb height 

contours (Black), 500mb height contours (Red), 250mb winds contours (blue), jet streaks are labeled with a ( J), 
areas of high pressure are plotted with an (H). Also included the average location for each Rain event on the 
CPS adapted from Dr. Robert Hart (2003) from three days before impact to two days after impact. A bulleted 
list is also included to describe the atmospheric factors that are important when forecasting Rain producing 

impact events.   
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compares and contrasts the differences between both impact types allowing for the 

National Weather Service to better fulfill its mission of protection of lives and property. 

C. Areas for Future Work 

 Although this study has generated a significant number of results in regard to 

anticipating transitioning tropical storm impacts in the northeastern United States, there is 

still much more work in the future that can be done to further increase the precision of 

forecasting TC impacts days before impact. First is to continue with the in-depth analysis 

of the forcings behind the atmospheric compositions for both Wind & Rain and Rain 

events. This includes looking further into the three-dimensional structure of the 

atmosphere to get a more in-depth analysis over additional layers days before a TC makes 

impact. An increased knowledge of the atmospheric variables included in this study at all 

levels will help improve forecast accuracy in addition to how many days in advance these 

forecasts can be broadcasted to the local governments and to the general population. 

Another future work endeavor would be to perform TC- relative composites to be able to 

avoid the geographic smearing from the synoptic composites. Lastly, other atmospheric 

variables other than SLP, 500mb heights, and 250mb winds may show the differences 

between storm impacts. Other atmospheric features that may be interesting to examine 

through composite analyses are vertical velocity, potential vorticity, and zonal/ 

meridional wind. Being able to uncover more atmospheric features with distinct 

characteristics of a TC undergoing ET will help to further increase the precision of 

forecasting TC impacts days before maximum impact helping to save property and lives.  
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