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ABSTRACT 

 

ANALYSIS OF EXTRATROPICAL TRANSITION OR DISSIPATION OF TCS 

THAT MADE LANDFALL IN THE CONTIGUOUS UNITED STATES FROM  

2000-2019 

by 

Manuel Iván Ramos Rodríguez 

Plymouth State University, May, 2021 

TCs that made landfall over the contiguous US for the past 20 years were studied 

to further examine the difference in synoptic patterns between land falling TCs that 

underwent extratropical transition (transitioning storms) and those that didn’t 

(became subtropical or dissipate out as lows; dissipating storms). Using the 

HURDAT database, TCs with similar tracks and similar landfall areas in the US 

were selected, areas that experienced both land falling TCs that became 

extratropical and TCs that didn’t were highlighted. Focus was brought to two main 

groups of land falling TCs, those that made landfall in the Gulf of Mexico Coast 

and those that made landfall on or near Florida. These two main groups were 

further divided into dissipating storms and transitioning storms. Upper and surface 

level maps, along with PV maps, phase space diagrams and satellite imagery were 

used to analyze these four groups of land falling TCs. Both composite analyses 

and individual case studies were done. Preliminary results indicate that most of the 

TCs that underwent ET interacted with a significant low level baroclinic boundary 
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while inland but with some of them being officially classified as extratropical 

sometime later than when it had all of the characteristics of one. Most case studies 

only had slight differences with their respective composites with TC Ivan having 

the higher discrepancy when it made landfall in the west gulf area. Future work 

includes increasing the time frame of the analysis and coalescing the different 

synoptic conditions present for TCs that underwent ET to simulate upper and 

surface level synoptic environments that would be beneficial for this transition to 

take place and would help forecasters to better predict them. 
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CHAPTER 1 

1. Introduction 

This research focuses on studying Tropical Cyclones (TCs) that made landfall 

over the contiguous US for the past 20 years, to examine differences in synoptic 

patterns between land falling TCs that underwent extratropical transition (ET) and 

land falling TCs that didn’t (became subtropical or dissipated out as lows). The 

primary motivation for this study was the more in depth look that was given to 

these topics in the Advanced Synoptic Meteorology class, helping TC and ET 

forecast and wanting to know more about the characteristics and hazards of TCs 

at the end of their lifetime.  

a. Tropical Cyclones vs Extratropical Cyclones  

According to the Tropical Cyclone Names and Definitions Directive by the 

National Weather Service (NWS 2018) a Tropical Cyclone (TC) is defined by the 

following characteristics: having a warm-core, being non-frontal cyclone, having a 

synoptic-scale, originating over tropical or subtropical waters, having organized 

deep convection and having a closed surface wind circulation about a well-

defined center. The term encompasses hurricanes of the Western Hemisphere 

and their typhoon and cyclone equivalents elsewhere (AMS 2020). Depending on 

how strong the maximum 1-minute sustained surface wind is, a TC can be 

categorized as Tropical Depression, Tropical Storm, or Hurricane. The Atlantic, 

Caribbean, Gulf of Mexico and central North Pacific and eastern Pacific basins 

experience a high incidence of TCs during either Hurricane or Typhoon Season  
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which occurs from June 1 through November 30 in the Atlantic, Caribbean, Gulf 

of Mexico and central North Pacific basins and from May 15 through November 

30 in the eastern Pacific Basin (AMS 2020; NWS 2018). In comparison to the 

very strict definitions of a TC, the Extratropical Cyclone has a more general 

definition. The Tropical Cyclone Names and Definitions Directive by the National 

Weather Service (NWS 2018) defines an Extratropical Cyclone as a cyclone (of 

any intensity) for which the primary energy source is baroclinic (results from 

temperature contrasts between warm and cold air masses).  

Evans et al. (2017) provide more insight into the differences between these 

two types of cyclones. They state that a TC’s main source of energy comes from 

barotropic processes, warm ocean waters through evaporation and subsequent 

latent heat release by deep, moist convection. As a result, the cyclone develops 

a warm core. This structure leads to a TC usually generating its strongest winds 

just above the boundary layer (AMS 2020). In the case of extratropical cyclones, 

their main source of energy is from large temperature and moisture gradients. 

Extratropical cyclones have frontal boundaries that separate warm, moist air from 

cool, dry air. They also have more asymmetric structures and are vertically tilted 

in comparison to a TC’s generally symmetric and vertically stacked structure. 

TCs can also become more asymmetric as they mature. TCs have their strongest 

winds near the surface with winds decreasing in strength with height while 

Extratropical Cyclones wind speed increases with height due to the cold-core 

structure that they have (Evans et al. 2017). 
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b. Post-Tropical Cyclones 

The Tropical Cyclone Names and Definitions Directive by the National Weather 

Service (NWS 2018) defines a Post-tropical cyclone as a generic term that 

describes a former TC that no longer possesses sufficient tropical characteristics 

to be considered a TC. Two specific classes of post-tropical cyclones are 

remnant lows and cyclones that have become fully extratropical (NWS 2018). 

Remnant lows are defined as a class of post-tropical cyclone that no longer has 

the convective organization required of a TC and has maximum sustained winds 

of less than 34 knots. A dissipated tropical cyclone is defined as a former TC 

where now the circulation is no longer closed.  

 Subtropical Cyclones are non-frontal low pressure systems that have 

characteristics of both tropical and extratropical cyclones. Tropical characteristics 

that subtropical cyclones have are the following: non-frontal structure, synoptic 

level scale, originate over tropical or subtropical water, and have a closed 

surface wind circulation (NWS 2018). Extratropical characteristics include lacking 

a dense central overcast, using energy from baroclinic sources, having a cold-

core in the upper troposphere and being associated with an upper-level low or 

trough (NWS 2018). Subtropical cyclones are generally less symmetric in terms 

of wind field and convection. Subtropical cyclones are commonly an intermediate 

stage for TCs that are undergoing extratropical transition.  

c. Extratropical Transition 

Post-tropical cyclones include extratropical cyclones that have their origins  
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from transitioning TCs. Extratropical Transition (ET) is the process by which a TC 

gradually loses its tropical characteristics and transforms into an extratropical 

cyclone (Jones et al. 2003). As it encounters a more baroclinic environment and 

reduced sea surface temperature at higher latitudes as it moves poleward, a 

transitioning TC goes from a warm core/symmetric structure to a cold 

core/asymmetric structure, transforming into an extratropical cyclone (Hart 2003; 

Hart and Evans 2003). Extratropical transition is influenced by, and influences, 

phenomena from the tropics to the midlatitudes and from the meso- to the 

planetary scales varying between individual events (Evans et al. 2017). Even 

though over 50% of TCs in the North Atlantic undergo ET there are still ET 

forecast challenges (Bieli 2019; Evans et al 2017). Apart from increased 

baroclinicity and reduced sea surface temperature, a TC also encounters 

increased vertical shear, meridional humidity gradients, strong sea surface 

temperature gradients, moisture gradients and an increased Coriolis parameter 

(Jones et al. 2003). In this baroclinic environment, colder, drier air intrudes into 

the warm core, causing the TC to lose its radial symmetry and begin to tilt toward 

the cold upper-level air (Bieli et al. 2019). The TC completes the transition into an 

extratropical cyclone by becoming a cold-core system with asymmetric, frontal 

structure (develops surface fronts) (Bieli et al. 2019). The TC can also come 

close to an upper-level trough or a mature extratropical system and transition 

(Evans et al. 2017).  

Landfalling TCs experience increased surface drag, a reduction of surface 

fluxes of latent and sensible heat, and can encounter orography (Jones et al, 
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2003; Evans et al. 2017). Only a fraction of TCs complete ET and become fully 

extratropical. However, a cyclone that only begins ET is still able to produce 

hazards (Evans et al. 2017). During ET, a storm may re-intensify as it starts to 

tap baroclinic energy in addition to its original energy source (Bieli et al. 2019). A 

decaying tropical cyclone transforms into a fast-moving and occasionally rapidly 

developing extratropical cyclone that can cause more damage (Jones et al. 

2003). During ET a transitioning cyclone frequently produces intense rainfall and 

strong winds and has increased forward motion, posing a threat to land 

(extending TC conditions over a larger area) and maritime activities (high wind 

speeds and large translation speeds contribute to the generation of large ocean 

surface waves and swell) (Jones et al. 2003). 

CYCLONE PHASE SPACE  

The Cyclone Phase Space Diagram (Hart 2003) has become a widely 

accepted means of diagnosing ET in reanalysis, observational and model-

forecast datasets (Evans et al. 2017). In the Cyclone Phase Space Diagram, the 

physical structure of cyclones is based on three parameters (Bieli et al, 2019). 

The B parameter measures the asymmetry in the layer-mean temperature 

surrounding the cyclone (Hart 2003; Bieli et al 2019) while the two thermal wind 

(VT) parameters measure the warm or cold core structure of the cyclone in the 

upper and lower troposphere (Hart 2003; Bieli et al 2019). 

In terms of the Cyclone Phase Space Diagram, the start of ET can be defined 

as the moment the B parameter exceeds a value of 10, and when the lower VT 

parameter drops below zero it marks the end of the transition (Evans and Hart 
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2003). This means that the TC has lost its symmetry and then starts forming a 

cold core. The reverse can also happen in a Tropical Transition (TT) (Evans and 

Hart 2003). 

d. Following Chapters 

To better understand the difference between TCs that undergo ET 

(Transitioning Cyclones) and TCs that dissipate (Dissipating Cyclones) that make 

landfall over the contiguous US this study examines the composite environments 

of both types of storms for the past 20 years. The methodology for choosing 

storms and developing the composites is described in Chapter 2. In order to 

focus on storms that make a clear landfall, this study encompasses landfalling 

TCs along the U.S. Gulf of Mexico coast, home to 5 states and 10 weather 

forecast offices. Chapter 3 focuses mainly on composite analysis for each group 

of landfalling TCs. Variables that will be used for the different analyses include 

Geopotential Heights (850mb, 700mb, 500mb, and 200mb), Air Temperature (2m 

and 850mb), Precipitable Water, and Mean Sea Level (MSL) pressure) due to 

how often they are used in synoptic analysis and how they show different 

characteristics of the environment the TCs and composite TCs would find 

themselves in. Chapter 4 presents 4 case studies and investigates whether the 

individual storms align with or diverge from the composite analysis. A concluding 

discussion encapsulates chapter 5. 
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CHAPTER 2 

2. Data and Methods 

a. Extratropical Transition Climatology in the Atlantic Basin 

In order to gain a better understanding of the scope of Extratropical 

Transition in the Atlantic Basin, a general climatology from 1960-2019 of Tropical 

Cyclones (TCs) that achieved extratropical transition was created. Data from TCs 

was taken from the Atlantic Hurricane database provided by the National 

Hurricane Center (NHC). This dataset is also known as the Atlantic HURDAT or 

HURDAT2 (Landsea and Franklin 2013). For this study, the database will be 

referred to as “HURDAT.” The database is “a comma-delimited, text format with 

six-hourly information on the location, maximum winds, central pressure, and 

(beginning in 2004) size of all known tropical cyclones and subtropical cyclones.”   

ArcGIS (ArcMap 10.5.1) software was used to analyze the HURDAT data 

(ESRI, 2021). Spatial locations (i.e., latitude and longitude) positions of the 

different tracks of TCs through 1960-2019 and the first classification location for 

each were suggested. Point shapefiles were created for each timestamp 

(generally every six hours) for each TC using the HURDAT data. These included 

information about the storm at that time including wind speed, coordinates, 

classification and time. New information (columns) was added to the shapefiles’ 

attribute tables for the purpose of this study, including “Importance” (highlights if 

it’s an important moment for the TC), “ETorT” (if the cyclone underwent 

extratropical transition) and “Region” (which group the TC belongs to). Definition 

queries were used to manipulate the shapefiles and create the specific maps that 
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were needed using the HURDAT data. Figure 2.1 shows the location of 

extratropical transition (i.e., location of the first point where TCs are noted as 

extratropical in HURDAT) by decade (1960s-2010s). In the 1960s, 57 cyclones 

were classified as EX; subsequent decades had 41 (1970s), 40 (1980s), 57 

(1990s), 71 (2000s) and 65 (2010s). The percentage of storms undergoing 

transition was analyzed by year and by decade (Figs. 2.2 and 2.3). The annual 

percentage of TCs with EX classification (Fig 2.2) showed the highest 

percentages in 1962 (85.7%), 1997 (77.8%) and 2006 (70%). The highest 

percentage in the 2010s was 56.3% (shared by 2016 and 2018). To look at the 

variability of ET by decade, a graph of the percentage of transitioning storms by 

decade was created (Fig. 2.3). The decade the highest percentage of 

transitioning storms was the 1960s with 47.1%. The 2000s had 41.7% and the 

2010s had 38.6% of Extratropical Transitioning Storms. TCs that underwent 

extratropical transition and made landfall in the contiguous United States were 

classified and independent point shapefiles were derived for each. Maps of 

landfall locations for US landfalling cyclones were created using HURDAT tracks 

of TCs that underwent extratropical transition and tracks of TCs that did not.  

b. Focus on the last 20 years – Two Main Groups 

The sample size of landfalling TCs that underwent extratropical transition 

and TCs that dissipated without undergoing transition was further narrowed to 

focus on the last 20 years (2000-2019). TCs with comparable tracks (i.e., same 

development region, similar recurving area, close landfall site) but different 

lifetimes (i.e., extratropical transition versus dissipation) were selected for further 
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analysis. Areas that experienced a significant amount of landfalling transitioning 

TCs and landfalling dissipating TCs during 2000-2019 were investigated. The 

overwhelming majority of TCs along the East Coast became extratropical or 

didn’t navigate far inland, but recurved and continued toward the north Atlantic. 

The Gulf of Mexico coast experienced more balanced events regarding TCs that 

ultimately underwent extratropical transition and TCs that dissipated. Landfalling 

storms along the Gulf of Mexico coast were divided into two main: the West Gulf 

group, composed of TCs that made landfall in Texas or Louisiana, and the East 

Gulf group, composed of those that made landfall in Mississippi, Alabama or 

Florida. These two groups were further divided into TCs that underwent 

extratropical transition and TCs that dissipated (Table 2.1).  

Maps of landfall locations (Fig. 2.4) and Tropical Depresion locations (Fig. 

2.5) of West Gulf and East Gulf TCs that dissipated were created. Landfall 

locations (Fig. 2.4) were relatively spread out for the West Gulf Dissipating Group 

while they were more clustered for the East Gulf Dissipating Group, with all of the 

cyclones here being in the Florida Panhandle with the exception of Irma. Tropical 

Depresion locations (Fig. 2.5) for the West Gulf Dissipating Group appear to be 

clustered in two locations while they are clustered in one location for the East 

Gulf Dissipating Group. Maps of landfall locations (Fig. 2.6) and Extratropical 

locations (Fig. 2.7) of West Gulf and East Gulf TCs that underwent Extratropical 

Transition were created. Landfall locations (Fig. 2.6) were relatively spread out 

for both the West Gulf Transitioning Group and the East Gulf Transitioning 

Group. EX locations (Fig. 2.7) were more spread out throught the US for both 
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groups. Cyclones that were clustered together for both groups are shown under 

their respectives circles. These maps were created to better visualize the 

distribution of the storms and their respective landfall, extratropical (for 

transitioning cyclones) and tropical depression (for dissipating cyclones) points 

throught the two groups. 

Cyclones from the 2000s had slightly different classification rules (NWS 

2010), but they were verified to have extratropical characteristics to confirm the 

classification. Cyclones in these two groups were both individually analyzed and 

analyzed as composites, which is discussed in chapter 3. For individual case 

study analyses, several upper and surface level maps were used, including 

Geopotential Height and Wind Speed (200mb and 250mb), Geopotential Height 

and Temperature (500mb, 700mb and 850mb), and surface analyses. These 

were used to identify important benchmarks in the life of the TCs (landfall, 

transition, weakening). In addition Potential Vorticity (PV) maps, Phase Space 

Diagrams (Hart and Evans 2003) and satellite imagery were used to verify and 

further analyze the tropical cyclones. For composite analyses, several maps 

were created using NOAA’s Physical Science Laboratory (PSL) (PSL, 2020) with 

NCEP NCAR 3-Hourly North American Regional Reanalysis (NARR) data. These 

includ, Geopotential Heights (850mb, 700mb, 500mb, and 200mb), Air 

Temperature (at 2m and 850mb), Precipitable Water and Mean Sea Level (MSL) 

pressure. These composite maps are further discussed in chapters 3 and 4.  
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Table 2.1: West Gulf and East Gulf group of TCs that were studied, shown here 

further divided into TCs that underwent ET (column 1 and 3) and TCs that 

dissipated (column 2 and 4).  

West Gulf 

Transitioning 

West Gulf 

Dissipating  

East Gulf 

Transitioning 

East Gulf 

Dissipating 

Cindy (2005) Barry (2019) Arlene (2005) Alberto (2018) 

Gustav (2008) Bill (2015) Charley (2004) Barry (2001) 

Harvey (2017) Cindy (2017) Ernesto (2006) Dennis (2005) 

Ike (2008) Claudette (2003) Frances (2004) Helene (2000) 

Isidore (2002) Edouard (2008) Ivan (2004) Irma (2017) 

Katrina (2005) Isaac (2012) Michael (2018) 

Lee (2011) Ivan (2004)* 

Matthew (2004) Lili (2002) 

Nate (2017) Rita (2005) 

*After reforming, Ivan eventually made landfall in the East Gulf (see Chapter 4) 
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Figure 2.1: HURDAT location of the first point where TCs were first classified 

as extratropical (EX), 1960-2019. 
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Figure 2.2: Annual percentage of TCs with EX classification in HURDAT. The 

solid blue line represents percentage of transitioning cyclones (cyclones with EX 

classification) and the dotted line represents a moving average trend line with a 

period of 5 years. 
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Figure 2.3: Percentage of Extratropical Transitioning Storms (storms that have 

the EX classification at the end of their lifetime to according to HURDAT), by 

decade. 
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Figure 2.4: Landfall locations of selected East Gulf and West Gulf dissipating 

cyclones. 
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Figure 2.5: Tropical Depression locations of selected East Gulf and West Gulf 

dissipating cyclones.  
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Figure 2.6: Landfall locations of selected East Gulf and West Gulf transitioning 

Cyclones.  
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Figure 2.7: Extratropical Classification Map. Extratropical (EX) locations of 

selected East Gulf and West Gulf transitioning Cyclones. Blue circle indicates 

cyclones included in West Gulf cluster composites. Red Circle indicates cyclones 

included in East Gulf cluster composites. 
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CHAPTER 3 

3. Composite Analysis 

For the purpose of comparing the synoptic environment encountered by the 

landfalling Tropical Cyclones that underwent Extratropical Transition 

(transitioning cyclones) and the Tropical Cyclones that dissipated without 

undergoing Extratropical Transition (dissipating cyclones), composite analyses 

were created using NCEP NCAR 3-Hourly North American Regional Reanalysis 

(NARR) data from NOAA’s Physical Science Laboratory (PSL) (PSL, 2020). To 

analyze the synoptic environment that the TCs found themselves in at landfall 

and dissipation or ET several composites of different variables were created. 

Maps of the following composite variables include: Geopotential Height (at 

850mb, 700mb, 500mb, and 200mb), Air Temperature (at 2m and 850mb), 

Precipitable Water and Mean Sea Level (MSL) pressure. Composites were 

created for all storms at landfall. In addition, cluster composites were created to 

minimize composite smoothing due to spatial variability in the positions of the 

storms. 

a. Cluster Composites – Transitioning Cyclones 

For tropical cyclones that underwent extratropical transition, clusters of 

storms were identified for both the East Gulf group and the West Gulf group. 

These clusters are composed of storms whose coordinates at the first 

classification as an extratropical cyclone (according to HURDAT) were close 

together. For the transitioning cyclones in the West Gulf group cyclones with 
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coordinates of first ET classification closest to the coordinates of the first ET 

classification of Tropical Cyclone Matthew (2004) were chosen since they were 

less spread out (cf. blue circle in Fig 2.7). The area were these transitioning 

cyclones were located included Louisiana, Mississippi and Arkansas. Since 

sometimes the 3-Hourly NARR data differed from the (generally) 6-Hourly 

HURDAT data, the closest available time in the 3-Hourly NARR data to the time 

of first ET classification of the cyclones was used, when necessary. This West 

Gulf Cluster includes the following tropical cyclones and their respective closest 

available time to the ET classification time (Table 3.1). For the transitioning 

cyclones in the East Gulf, four noticeably close coordinates of first ET 

classification of four different tropical cyclones were selected. Like the West Gulf 

group, the closest available time in the 3-Hourly NARR data to the time of first ET 

classification of the cyclones was used. The area where these cyclones were at 

that time includes Virginia, Maryland and North Carolina (cf. red circle in Fig 2.7). 

The East Gulf cluster includes the following tropical cyclones and their respective 

closest available time to the ET classification time (Table 3.1). 
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Table 3.1: West Gulf and East Gulf Group transitioning cyclone clusters (cf. 

circles in Fig 2.7) and the time they were first classified as EX. 

West Gulf Cluster East Gulf Cluster 

Matthew  

(0000 UTC 11 October 2004) 

Ivan 

(1800 UTC 18 September 2004) 

Gustav  

(1200 UTC 4 September 2008) 

Michael  

(0000 UTC 12 October 2018) 

Lee  

(0600 UTC 5 September 2011) 

Ernesto  

(1200 UTC 1 September 2006) 

Harvey  

(0600 UTC 1 September 2017) 

Charley  

(0000 UTC 15 August 2004)  

 

 

 

 

 

 

 

 

 



22 
 

b. Composites – Transitioning/Dissipating storms at landfall 

Composites that included every East Gulf and West Gulf cyclone (one for 

each) that underwent extratropical transition at the moment when the HURDAT 

first classified as a landfall were also created. For tropical cyclones in the two 

groups that dissipated without undergoing extratropical transition, composites 

were created that included every cyclone at the moment they made landfall 

according to HURDAT.  

To further compare the synoptic conditions after landfall between the 

transitioning cyclones and dissipating cyclones, the average time that 

transitioning tropical cyclones in the selected groups took from making landfall to 

being classified as extratropical was calculated. The average time that cyclones 

took from making landfall to being classified as extratropical by the HURDAT for 

the West Gulf group was 31.4 hours and 35.3 hours for the East Gulf group. 

Composite maps were created by adding the landfall time and the average time 

that was calculated. This was done for both transitioning and dissipating cyclones 

in each of the two main groups.  

c. West Gulf Group Composite Results 

 TRANSITIONING CYCLONES 

At 200mb, the Geopotential Height composite map (Fig. 3.1) for the 

cluster of transitioning cyclones belonging to the West Gulf group was created. 

The general location of the composite cyclone is around Louisiana. Generally, 

flow is fairly zonal with small amplitude troughs and ridges. Features close to the 
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transition area are a slightly negatively tilted short-wave trough reaching the area 

of Texas and Louisiana. Downstream of the trough is a ridge with its axis 

crossing from Alabama/Georgia to Michigan.  

At 500mb, the Geopotential Height composite map (Fig. 3.2) of the cluster 

of transitioning cyclones belonging to the West Gulf group shows a more 

noticeable influence from the composite cyclone as a trough is collocated with 

the surface cyclone. Two other relevant features are the positively tilted 

shortwave trough north of the composite cyclone over the Great Lakes and the 

deeper long wave trough over eastern Canada and the Atlantic Ocean.  

At 700mb, the Geopotential Height cluster composite map (Fig. 3.3) 

shows the trough related to the composite cyclone with a center of northwest 

Mississippi and the trough further east with its axis going through Canada and 

the Atlantic more pronounced in between other features. A negatively tilted 

shortwave trough is present near the Dakotas. Generally zonal flow across 

Canada stops at the trough at the eastern side of the country.  

At 850mb, the Geopotential Height (Fig. 3.4) and an Air Temperature 

cluster composite maps (Fig. 3.5) were created. The region of low geopotential 

height related to the composite cyclone is even more noticeable in the Louisiana-

Mississippi border. The composite cyclone is surrounded by areas of higher 

geopotential height to its northwest and east. An area of lower geopotential 

height can continue to be seen at eastern Canada, also creating a positively tilted 

trough pattern. Warmer temperatures (21 to 24°C) range from central western 

United States to northern Mexico at 850mb with most of western United States 
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having relatively warm temperatures. A colder air mass related to the low 

pressure in eastern Canada seen in other maps show cold air advection a 

moderate baroclinic zone just south of the Great Lakes with a stronger 

temperature gradient around the northeast border of the United States and 

Canada. Temperature gradients show values ranging from below freezing to 9°C. 

Sharp temperature gradients can show the position of a cold frontal boundary in 

the area. The 2m air temperature composite map (Fig. 3.6) shows the mass of 

relatively cold air from the Northeast region of the United States to the Midwest, 

with the moderate/strong baroclinic zone slightly further south of the position at 

850 mb. The 2m air temperature around the location of the composite cyclone is 

more than 25°C on Gulf waters and varying from 17-25°C on land. 

The Precipitable Water composite map (Fig. 3.7) shows the high moisture 

content (around 50 kg/m2) to the east of the composite cyclone reaching 

northward to Tennessee and Missouri. Dryer areas (around or less than 10 kg/m2 

of precipitable water) are located north of the Great Lakes and in northeast 

Canada. A significant moisture gradient is coincident with the enhanced 2m 

temperature baroclinic zone in the Ohio River Valley. When analyzing the Mean 

Sea Level Pressure composite map (Figure 3.8), the area of low pressure related 

to the composite cyclone and the area of low pressure in eastern Canada 

becomes more visible. A weak surface trough connecting the low over eastern 

Canada to the composite location of the transitioning cyclone is collocated with 

the temperature and moisture gradients associated with the low-level frontal 

boundary.  
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Figure 3.1: NCEP NCAR 3-Hourly North American Regional Reanalysis (NARR) 

200mb Geopotential Height (m, color shaded every 50 m) cluster composite of 

transitioning West Gulf TCs at first time of ET designation. Location of Composite 

TC shown with “L”. 

 

L 
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Figure 3.2: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) cluster composite of transitioning West Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

L 
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Figure 3.3: NCEP NCAR 3-Hourly NARR 700mb Geopotential Height (m, color 

shaded every 25 m) cluster composite of transitioning West Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

L 
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Figure 3.4: NCEP NCAR 3-Hourly NARR 850mb Geopotential Height (m, color 

shaded every 15 m) cluster composite of transitioning West Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

 

L 
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Figure 3.5: NCEP NCAR 3-Hourly NARR 850 Air Temperature (°C, color shaded 

every 1.5 °C) cluster composite of transitioning West Gulf TCs at first time of ET 

designation. Location of Composite TC shown with “L”. 

L 
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Figure 3.6: NCEP NCAR 3-Hourly NARR 2m Air Temperature (°C, color shaded 

every 2.5 °C) cluster composite of transitioning West Gulf TCs at first time of ET 

designation. Location of Composite TC shown with “L”. 

L 
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Figure 3.7: NCEP NCAR 3-Hourly NARR Precipitable Water (kg/m2, color shaded 

every 2.5 kg/m2) cluster composite of transitioning West Gulf TCs at first time of 

ET designation. Location of Composite TC shown with “L”. 

 

L 
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Figure 3.8: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) cluster composite of transitioning West Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

 

 

 

 

 

L 
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   DISSIPATING CYCLONES 

For the 200mb Geopotential Height cluster composite map (Fig 3.9) of all 

dissipating West Gulf tropical cyclones shows a general zonal flow with a broad 

ridge over the southeastern United States. Indication of the position and 

presence of the composite cyclone appears in the 500mb Geopotential Height 

composite map (Fig. 3.10) as a closed low on the coast of Texas and Louisiana. 

An area of larger geopotential height values appear to be surrounding (both to 

the north and to the east) the area related to the composite cyclone, somewhat 

serving as a wall between it and the zonal flow to the north. Most of the same 

pattern is also shown in the 700mb Geopotential Height composite map (Fig. 

3.11) with an area of higher values disconnecting the composite cyclone from the 

geopotential height values in the northern United States.  

At 850mb, the Geopotential Height composite map (Fig. 3.12) shows an area 

of low geopotential height located from northwest to southwest over the western 

United States not observed at upper-levels. Similar to the upper-level 

composites, the area of lower geopotential heights related to the composite 

cyclone, located in the border of Texas and Louisiana, is surrounded by an area 

of greater geopotential height values to its northeast and east. This area of 

greater geopotential height values extends to the Atlantic and “disconnects” the 

area related to the composite cyclone from the area further north. A weak trough 

over eastern Canada extends southward toward the Carolina coast. With regards 

to air temperature at 850mb there are relatively higher temperatures (21-24°C) in 

southwestern United States reaching through northern Mexico. No significant 
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temperature gradients appear to be affecting the area related to the composite 

cyclone. However, the trough associated with the 850 temperature gradient likely 

represents the position of a stationary front (parallel to upper-level flow). The 2m 

air temperature of the area around the composite cyclone is around 25°C (Fig. 

3.14). Similar to 850 mb there is an enhanced temperature gradient from the 

Dakotas southeastward to the Mid-Atlantic States which is displaced from the 

composite cyclone. The Precipitable Water map (Figure 3.15) shows the high 

atmospheric moisture in the area of the composite cyclone. The center of that 

area reaches around 55 kg/m2, moisture related to this area covers east Texas 

and the Gulf Coast states and stretching north to Indiana. Like its extratropical 

composite counterpart, dryer areas are seen in west-northwest United States and 

amounts of around 30 kg/m2 appear along the northeast region. The Mean Sea 

Level Pressure composite map (Fig. 3.16) shows a weak trough trailing westward 

from the Canadian Maritimes across the mid-Atlantic separating the area of weak 

high pressure over New York from the subtropical ridge over the Southeast. This 

trough coincides with the temperature and moisture gradients (2m, 850 mb and 

precipitable water) and is further indication of a weak stationary frontal boundary 

far to the north and east of the composite cyclone.  

  

 

 



35 
 

 

Figure 3.9: NCEP NCAR 3-Hourly NARR 200mb Geopotential Height (m, color 

shaded every 50 m) composite of dissipating West Gulf TCs. Location of 

Composite TC shown with “L”. 

L 
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Figure 3.10: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) composite of dissipating West Gulf TCs. Location of 

Composite TC shown with “L”. 

L 
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Figure 3.11: NCEP NCAR 3-Hourly NARR 700mb Geopotential Height (m, color 

shaded every 25 m) composite of dissipating West Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.12: NCEP NCAR 3-Hourly NARR 850mb Geopotential Height (m, color 

shaded every 15 m) composite of dissipating West Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.13: NCEP NCAR 3-Hourly NARR 850mb Air Temperature (°C, color 

shaded every 1.5 °C) composite of dissipating West Gulf TCs. Location of 

Composite TC shown. 

LL 
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Figure 3.14: NCEP NCAR 3-Hourly NARR 2m Air Temperature (°C, color shaded 

every 2.5 °C) composite of dissipating West Gulf TCs. Location of Composite TC 

shown.  

L 
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Figure 3.15: NCEP NCAR 3-Hourly NARR Precipitable Water (kg/m2, color 

shaded every 2.5 kg/m2) composite of dissipating West Gulf TCs. Location of 

Composite TC shown.  

 

L 
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Figure 3.16: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) composite of dissipating West Gulf TCs. Location of 

Composite TC shown.  

 

 

 

 

 

L 
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d. East Gulf Group Composite Results 

 TRANSITIONING CYCLONES 

The 200mb Geopotential Height composite map (Fig. 3.17) for the cluster 

of transitioning cyclones belonging to the east gulf group generally shows a more 

meridional flow compared to the west gulf counterpart. There is a negatively tilted 

trough over the lower Mississippi valley with a ridge over the western Atlantic. 

The general location of the composite cyclone is between Virginia and North 

Carolina; between the trough in the Midwest and the downstream ridge over the 

Atlantic. The 500mb Geopotential Height composite map (Fig. 3.18) starts to 

show the influence of the composite cyclone. There is a broad trough over the 

southeastern US with the shortwave trough associated with the composite 

cyclone in eastern Virginia. An additional shortwave trough is located just 

upstream over the Midwest. The composite cyclone seems to be more 

embedded in the trough pattern in the central east coast. The influence of the 

composite cyclone can also be seen at 700mb. At this level, the Geopotential 

Heigh composite (Figure 3.19) continues to show the same general pattern as 

the 500mb map except for the 700 mb composite cyclone has more closed 

contours. 

At 850mb, the Geopotential Height and an Air Temperature cluster 

composite maps (Figs. 3.20 and 3.21) were created. The region of low 

geopotential height related to the composite cyclone appears more detailed 

along the Virginia-North Carolina border. The area of greater geopotential height 

related to the Bermuda High can be better appreciated at this level. Like their 
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west gulf counterpart, warmer temperatures range from central western United 

States to northern Mexico. Colder air appears to be further southward to the west 

of the cyclone. The cyclone is in the vicinity of the SST gradient on the north side 

of the Gulf Stream. An area of enhanced temperature gradient reaches from 

northeast United States to the area related to the composite cyclone. A similar 

pattern appears in that area in the 2m air temperature composite (Fig. 3.22). The 

Precipitable Water composite (Fig. 3.23) shows the high moisture content in the 

area of the composite cyclone (around 50 kg/m2). There is significant asymmetry 

in the moisture with tropical moisture values to the south and east covering 

Florida, the Carolinas, Virginia, Delaware and Maryland. Drier air with values < 

30 kg/m2 is found north and west of the composite cyclone.  The Mean Sea Level 

Pressure composite (Fig. 3.24), shows areas of higher pressure in northeast 

Canada and in the Great Lakes area. These along with the Bermuda high 

surround the composite cyclone.  
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Figure 3.17: NCEP NCAR 3-Hourly North American Regional Reanalysis (NARR) 

200mb Geopotential Height (m, color shaded every 50 m) cluster composite of 

transitioning East Gulf TCs at first time of ET designation. Location of Composite 

TC shown with “L”. 

 

L 
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Figure 3.18: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) cluster composite of transitioning East Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

L 
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Figure 3.19: NCEP NCAR 3-Hourly NARR 700mb Geopotential Height (m, color 

shaded every 15 m) cluster composite of transitioning East Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

L 



48 
 

 

Figure 3.20: NCEP NCAR 3-Hourly NARR 850mb Geopotential Height (m, color 

shaded every 10 m) cluster composite of transitioning East Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

L 
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Figure 3.21: NCEP NCAR 3-Hourly NARR 850 Air Temperature (°C, color 

shaded every 1.5 °C) cluster composite of transitioning East Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 

 

 

L 
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Figure 3.22: NCEP NCAR 3-Hourly NARR 2m Air Temperature (°C, color shaded 

every 2.5 °C) cluster composite of transitioning East Gulf TCs at first time of ET 

designation. Location of Composite TC shown with “L”. 

L 
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Figure 3.23: NCEP NCAR 3-Hourly NARR Precipitable Water (kg/m2, color 

shaded every 2.5 kg/m2) cluster composite of transitioning East Gulf TCs at first 

time of ET designation. Location of Composite TC shown with “L”. 

 

L 
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Figure 3.24: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) cluster composite of transitioning East Gulf TCs at first time 

of ET designation. Location of Composite TC shown with “L”. 
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   DISSIPATING CYCLONES 

Geopotential Height composite maps were created for all tropical cyclones 

belonging to the east gulf group that dissipated without undergoing extratropical 

transition. The location of the composite cyclone in this set of maps is around the 

Florida panhandle and Alabama. The 200mb Geopotential Height composite 

(Fig. 3.25) shows a general meridional flow pattern. A ridge is located across 

north central United States with a positively tilted trough in Eastern Canada. A 

shortwave trough is centered over Arkansas just upstream of the composite 

cyclone with a shortwave ridge downstream over the southeastern U.S. At this 

level that trough seems to be the closest feature to the composite cyclone. The 

position of the composite cyclone appears at the 500mb Geopotential Height (m) 

composite map (Fig. 3.26) with a closed low over the Gulf Coast. A significant 

ridge east of the composite cyclone extends northwestward toward the Great 

Lakes disconnecting the trough over eastern Canada from the composite 

cyclone. The same general pattern can appears in the 700mb Geopotential 

Height composite (Fig. 3.27). Although the trough pattern in northeast United 

States is more prominent, the area of high geopotential height values still comes 

between it and the composite cyclone. The larger geopotential height values 

between the composite cyclone and the trough to its northeast is more prominent 

in the 850mb Geopotential Height composite (Fig. 3.28), reaching north to the 

Great Lakes and surrounding the composite cyclone from the north to the east. 

The 850mb Air Temperature composite (Fig. 3.29) shows low 

temperatures in eastern Canada and higher temperatures in the south western 
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part of the United States like its west gulf counterpart. No significant temperature 

gradients appear close to the composite cyclone. The 2m air temperature 

composite (Fig. 3.30) doesn’t show any significant temperature gradient near the 

composite cyclone. The Precipitable Water composite (Fig. 3.31) shows weak 

asymmetry with higher amounts of moisture (around 55 kg/m2) located east of 

the composite cyclone. On the Mean Sea Level Pressure composite (Fig. 3.32), 

the significant feature continues to be the ridge to the north and east and higher 

pressures that surround the composite cyclone. 

 

 



55 
 

 

Figure 3.25: NCEP NCAR 3-Hourly NARR 200mb Geopotential Height (m, color 

shaded every 50 m) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.26: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.27: NCEP NCAR 3-Hourly NARR 700mb Geopotential Height (m, color 

shaded every 25 m) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.28: NCEP NCAR 3-Hourly NARR 850mb Geopotential Height (m, color 

shaded every 15 m) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.29: NCEP NCAR 3-Hourly NARR 850mb Air Temperature (°C, color 

shaded every 1.5 °C) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 



60 
 

 

Figure 3.30: NCEP NCAR 3-Hourly NARR 2m Air Temperature (°C, color shaded 

every 2.5 °C) composite of dissipating East Gulf TCs. Location of Composite TC 

shown with “L”. 

 

L 
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Figure 3.31: NCEP NCAR 3-Hourly NARR Precipitable Water (kg/m2, color 

shaded every 2.5 kg/m2) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 

 

L 
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Figure 3.32: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) composite of dissipating East Gulf TCs. Location of 

Composite TC shown with “L”. 
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e. Alternative Composites – transitioning composites at landfall and dissipating 

composites after landfall 

A 500mb geopotential height composite map for all West Gulf transitioning 

storms at the moment the HURDAT classifies landfall was created (Figure 3.33). 

At this geopotential height the composite cyclone makes its “landfall” in 

Louisiana. A generally zonal flow is located around northern US/Canada with 

some shortwaves troughs present. Higher values of geopotential height reach 

Florida. At 850 Air Temperature, the composite cyclone is still noticeable as a 

contour of higher temp (Fig 3.34). No noticeable other low pressure system 

appears, only a trough north of the Great Lakes (Fig 3.35). For the composite 

500mb geopotential height map for all East Gulf transitioning storms at the 

moment HURDAT classifies landfall the composite storm is of the coast of the 

Florida Panhandle/Alabama border with a trough northwest of it, in northern 

United States (Fig 3.36). In the 850 Air Temperature composite map the 

composite cyclone is not noticeable, colder air can appears to be reaching down 

from Canada to central US (Figure 3.37).  This area (north of the Great Lakes) is 

also home to a low pressure system; the Composite Cyclone and a low pressure 

in California also appear on the Mean Sea Level Pressure (MSLP) map (Figure 

3.38).  

In the 500mb composite map of the dissipating West Gulf cyclones 31.4 

hours after landfall (average time for transitioning cyclones of that group to 

compete their ET) a generally zonal flow is present and there is no indication of 

the composite cyclone (Figure 3.39). The 850 air temperature map (Figure 3.40) 
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shows an area of lower temperature in northern Louisiana and in the MSLP map 

(Figure 3.41) while this area is not a closed contour it appears as an area of low 

pressure. The 500mb composite map of the dissipating east gulf cyclones (35.3 

hours after landfall (average time for transitioning cyclones of that group to 

compete their ET) shows generally zonal flow dominates north US and an area of 

lower geopotential height appears in east central US (Figure 3.42). The pattern 

continues in the 850 air temperature map and the low pressure related to the 

composite cyclone appears in east central US (Fig. 3.43 and Fig 3.44). 

f. Comparisons between the East and West transitioning storm composites 

The cluster composites for transitioning cyclones belonging to the West 

Group and East Group both show the composite cyclone interacting with a pre-

existing upper-level trough to the west and a low-level baroclinic zone to the 

north and east. At 200 mb, both the West Gulf and East Gulf composites (Figs. 

3.1 and 3.17) show the cyclones being in proximity to a 200 mb preexisting 

trough just to the west.  The 850 Air Temperature, 2m Air Temperature and 

Precipitable Water composites for the West Gulf transitioning cyclones (Figs. 3.5, 

3.6, and 3.7) and the East Group transitioning cyclones (Figs. 3.21, 3.22, and 

3.23) show the composite cyclone being in proximity to a significant low level 

temperature/moisture gradient. At the time of ET, the composites show 

significant asymmetry (characteristic of extratropical cyclones) in the moisture 

field (Figs. 3.7 and 3.23).  For the East Gulf cyclones, additional baroclinicity 

associated with SST gradients along the Gulf Stream (not shown) may also be a 
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factor in the transition, given the known effects of baroclinicity on advancing the 

extratropical transition of landfalling TCs. 

Cluster composites for both West Gulf and East Gulf dissipating cyclones 

feature broad upper-level ridging in the vicinity of cyclone and any low-level 

temperature and moisture gradients far removed from the cyclone. At 200mb, the 

dissipating cyclones belonging to the West Gulf (Fig. 3.9) and East Gulf (Fig. 

3.25) show the composite cyclones being in proximity to ridges to the north and 

east with zonal flow located far to the north.  The 850 Air Temperature, 2m Air 

Temperature and Precipitable Water composites for the West Gulf (Figs. 3.12, 

3.13, and 3.14) and the East Gulf dissipating cyclones (Figs. 3.28, 3.29, and 

3.30) show a distinct lack of low-level temperature/moisture gradients near the 

composite cyclones. Some asymmetry is evident in the precipitable water (Figs. 

3.14 and 3.30) mostly due to the circulation associated with the cyclones 

themselves. 
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Figure 3.33: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) composite of transitioning West Gulf TCs at landfall. 

Location of composite cyclone is shown with “L”. 
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Figure 3.34: NCEP NCAR 3-Hourly NARR 850 Air Temperature (°C, color 

shaded every 1.5 °C) composite of transitioning West Gulf TCs at landfall. 

Location of composite cyclone is shown with “L”. 

 

 

L 
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Figure 3.35: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) composite of transitioning West Gulf TCs at landfall. Location 

of composite cyclone is shown with “L”. 
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Figure 3.36: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) composite of transitioning East Gulf TCs at landfall. Location 

of composite cyclone is shown with “L”. 
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Figure 3.37: NCEP NCAR 3-Hourly NARR 850 Air Temperature (°C, color 

shaded every 1.5 °C) composite of transitioning East Gulf TCs at landfall. 

Location of composite cyclone is shown with “L”. 

 

 

L 
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Figure 3.38: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) composite of transitioning East Gulf TCs at landfall. Location 

of composite cyclone is shown with “L”. 

 

L 
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Figure 3.39: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) composite of dissipating west gulf cyclones 31.4 hours after 

landfall (average time for transitioning cyclones of that group to compete their 

ET). 
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Figure 3.40: NCEP NCAR 3-Hourly NARR 850 Air Temperature (°C, color 

shaded every 1.5 °C) composite of dissipating west gulf cyclones 31.4 hours 

after landfall (average time for transitioning cyclones of that group to compete 

their ET). 
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Figure 3.41: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) composite of dissipating west gulf cyclones 31.4 hours after 

landfall (average time for transitioning cyclones of that group to compete their 

ET). 
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Figure 3.42: NCEP NCAR 3-Hourly NARR 500mb Geopotential Height (m, color 

shaded every 25 m) composite of dissipating east gulf cyclones 35.3 hours after 

landfall (average time for transitioning cyclones of that group to compete their 

ET). 
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Figure 3.43: NCEP NCAR 3-Hourly NARR 850 Air Temperature (°C, color 

shaded every 1.5 °C) composite of dissipating east gulf cyclones 35.3 hours after 

landfall (average time for transitioning cyclones of that group to compete their 

ET). 
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Figure 3.44: NCEP NCAR 3-Hourly NARR Mean Sea Level Pressure (Pa, color 

shaded every 1 Pa) composite of dissipating east gulf cyclones 35.3 hours after 

landfall (average time for transitioning cyclones of that group to compete their 

ET).  
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CHAPTER 4 

4. Case Studies 

This following chapter will focus on the landfall and either transition or 

dissipation of 4 tropical cyclones. These include 2 tropical cyclones from the 

West Gulf group and 2 tropical cyclones from the East Gulf group. These 4 

tropical cyclones were selected out of the other tropical cyclones included in 

Table 2.1 by taking into account how well known they are and how they would 

compare with the full composites. The objective of this comparative analysis is 

examining the synoptic environment that these cyclones encountered as they 

made landfall, how these singular events fit or diverge from the composite, and 

how fronts (which are not specifically marked in the composites) behave in each 

case study. West Gulf tropical cyclones in this chapter include Harvey (2017) and 

Barry (2019). East Gulf tropical cyclones include Ivan (2004) and Irma (2017). 

a. Tropical Cyclone Harvey (2017) – West Gulf Transitioning Cyclone 

After rapidly intensifying into a category 4 hurricane (according to the Saffir 

Simpson Hurricane Wind Scale) Harvey made landfall and then stalled near the 

Texas coast. The center of the tropical cyclone was located over or near the 

southeast coast of Texas for four days. During this time Harvey produced more 

than 60 inches of rainfall over southeastern Texas.  According to Blake and 

Zelinsky (2018), Harvey is the second-most costly hurricane in U.S. history, 

behind Katrina (2005), as it caused catastrophic flooding, along with the death of 

68 people due to direct effects of the tropical cyclone in Texas.  
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According to HURDAT, after several days Harvey reemerged over the Gulf of 

Mexico moved northeast and made a final landfall on 0800 UTC 30 August 2017 

with 40-kt sustained winds in southwestern Louisiana. Figure 4.1 shows a WPC 

surface analysis one hour after landfall. Several significant features include a low 

pressure system with its related occluded, cold and warm fronts south of New 

England, and a cold and stationary front in central Canada and north central U.S. 

On August 30th, Harvey weakened over land and became a tropical depression. 

It was classified as an extratropical cyclone on 0600 UTC 1 September over 

Tennessee. Figure 4.2 shows a WPC surface analysis valid at the time the storm 

was classified as extratropical. Even though this surface analysis still classifies 

Harvey as a tropical depression instead of an extratropical cyclone, as was done 

in the tropical cyclone report and the HURDAT reanalysis, the analysis shows the 

general recipe for the transition as Harvey moved north and interacted with the 

cold front stemming from a low pressure system in eastern Canada similar to the 

composite West Gulf cyclone (Figs. 3.4 and 3.5). The now Extratropical Cyclone 

dissipated on September 2nd over Kentucky. Figure 4.3 shows the 500 hPa upper 

air analysis valid 3 hours after Harvey made landfall. The closed contour related 

to Harvey appears between Louisiana and Texas with a negatively tilted trough in 

northeastern U.S. A slightly positively tilted trough is located in central Canada. 

Figure 4.4 shows a 500 hPa upper air analysis valid 6 hours after Harvey was 

first classified as extratropical by the HURDAT. The closed contour related to 

Harvey has moved north and is closer to the trough in eastern Canada. 

According to the cyclone phase space diagram (Fig 4.5a), Harvey started losing 
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its symmetry (which is related to tropical cyclones) before August 30 but 

remained warm core. Afterward, Harvey started to become slightly more 

symmetrical and started becoming a cold core cyclone. By September 1, it was 

fully an asymmetric cold core cyclone before it ultimately dissipated a day later 

as a more symmetric cold core cyclone (Fig 4.5a; Fig 4.5b). 

At the time that Harvey was classified as EX by the HURDAT (Fig. 4.2), the 

synoptic environment matched that of the cluster composites for West Gulf 

transitioning cyclones described in Chapter 3. The position of the composite 

cyclone’s center at 850mb (Fig. 3.4) and at MSLP (Fig. 3.8) is more 

southwesterly from Harvey’s location, according to the surface analysis. Harvey’s 

influence in the composite analysis is noticeable in figures 3.4 and 3.8 where the 

composite’s area of low pressure (or lower geopotential height) extends to the 

location where Harvey is marked in the surface analysis. The low pressure in 

eastern Canada is also significant in the composites and in Harvey’s surface 

analysis. A pattern similar to the cold front from that low pressure system in 

eastern Canada can be seen in the 850 mb Air Temperature (Fig. 3.5), 2m Air 

Temperature (Fig. 3.6) and, to a slightly lesser extent, the Precipitable Water 

maps (Fig 3.7). When comparing the 500mb geopotential height map of Harvey 

at the time it was classified as extratropical (Fig. 4.4) to the 500mb geopotential 

height map of the West Gulf cluster composite cyclone (Fig. 3.2), the 500 mb low 

associated with the composite cyclone appears slightly more westward. The 

strong closed low   in eastern Canada appears as a trough in the composite map. 
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Figure 4.1: WPC surface analysis valid at 0900 UTC 30 Aug 2017. Surface 

analysis shows Harvey one hour after landfall according to HURDAT. 
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Figure 4.2: WPC surface analysis valid at 0600 UTC 1 Sep 2017. Surface 

analysis shows Harvey at the time it was first classified as Extratropical by the 

HURDAT. 

 

 



83 
 

 

Figure 4.3: 500-hPa SPC upper air analysis valid at 1200 UTC 30 Aug 2017, 3 

hours after Harvey made landfall according to HURDAT. 
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Figure 4.4: 500-hPa SPC upper air analysis valid at 1200 UTC 1 Sep 2017, 6 

hours after Harvey was first classified as extratropical by the HURDAT. 
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Figure 4.5a and 4.5b: Phase Space Diagram and track of tropical cyclone 

Harvey. Phase Space Diagram shows 900-600hPa Storm-Relative Thickness 

Symmetry and 900-600hPa Thermal Wind (Hart and Evans, 2020). 
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b. Tropical Cyclone Barry (2019) – West Gulf Dissipating Cyclone 

 Tropical Cyclone Barry made landfall at 1500 UTC 13 July 2019 as a 

category 1 hurricane over southern Louisiana. According to Cangialosi et al. 

(2019), this cyclone produced a large area of heavy rainfall and flooding along 

and to the east of its center. This tropical cyclone emerged from a non-tropical 

origin in the Gulf of Mexico. Figure 4.6 shows the surface analysis at the time of 

Barry’s landfall. Significant features include Barry off the coast of Louisiana as a 

category 1 hurricane and a low pressure system located on the Atlantic Ocean 

east of Canada with a trailing cold/stationary front extending westward from 

North Carolina to northern Louisiana just north of the cyclone. While this front is 

near the landfalling cyclone, the surface temperatures on either side of the front 

indicated that there wassn’t much low-level baroclinicity associated with this 

feature (Fig. 4.7). Another low pressure system is located in northeastern 

Canada with its cold front crossing northern U.S. and what is marked as a 

stationary front reaching western U.S.   

 Barry weakened to tropical storm strength 3 hours after landfall and was 

classified as a tropical depression on 0000 UTC 15 July 2019 south of the 

Arkansas border (Fig. 4.8). Several features and fronts were present but none 

are close to the location of the tropical depression. The east-west front continued 

to weaken and moved northward such that Barry did not interact with a low-level 

baroclinic zone. Cangialosi et al. (2019) mention that the cyclone continued to 

weaken, becoming a remnant low about 12 h later with surface observations 

indicating that the low opened into a trough shortly after 0600 UTC 16 July.  
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 A closed contour related to the tropical cyclone can be seen south of 

Louisiana in the 500 hPa upper air analysis valid 3 hours before Barry made 

landfall (Fig. 4.9). Here a generally zonal flow located in the northern U.S similar 

to the West Gulf composite of dissipating cyclones (Figs. 3.12 and 3.13). Fig 4.10 

is a 500 hPa upper air analysis valid at the time Barry was first classified as a 

tropical depression. Generally the same pattern appears with the closed contour 

related to Barry located further north but still not in contact with the flow in 

northern U.S. The trough in northeastern Canada is far removed from Barry. The 

Phase Space Diagram and track (Fig 4.11a) shows the generally non-tropical 

origins of the cyclone as it did not start off as a symmetric warm-core. By the 13th 

it was a fully symmetric warm-core system until the end of its lifetime (Fig 4.11b). 

When comparing the surface analysis at the time Barry is classified as 

making landfall by the HURDAT (Fig. 4.6) to the composite for the West Gulf 

dissipating cyclones, the position of the composite cyclone’s center at 850mb 

(Fig. 3.12) and at MSLP (Fig. 3.16) was eastward of Barry’s location. The low 

pressure in east-central Canada (Fig. 4.6) is not as defined in the composite 

analysis. Neither the cold front that originated in that low pressure system nor the 

stationary front that is seen in central US are prominent in the 850 Air 

Temperature (Fig 3.13) but are somewhat in the 2m Air Temperature (Fig. 3.14). 

When comparing the 500mb geopotential height map of Barry at the time it made 

landfall (Fig 4.9) to the 500mb geopotential height map of the West Gulf 

composite cyclone (Fig 3.10) the pattern is similar with a zonal flow north of the 

US not interacting with the cyclone. 
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Figure 4.6: WPC surface analysis valid at 1500 UTC 13 July 2019. Surface 

analysis shows Barry at the time of landfall according to HURDAT. 
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Figure 4.7: 850-hPa SPC upper air analysis valid at 1200 UTC 13 July 2019, 3 

hours before Barry made landfall according to HURDAT.  

 



90 
 

 

Figure 4.8: WPC surface analysis valid at 0000 UTC 15 July 2019. Surface 

analysis shows Barry at the time it was first classified as a Tropical Depression 

by the HURDAT. 
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Figure 4.9: 500-hPa SPC upper air analysis valid at 1200 UTC 13 July 2019, 3 

hours before Barry made landfall according to HURDAT. 
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Figure 4.10: 500-hPa SPC upper air analysis valid at 0000 UTC 1 July 2019, the 

time Barry was first classified as a tropical depression by the HURDAT. 
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Figure 4.11a and 4.11b: Phase Space Diagram and track of tropical cyclone 

Barry. Phase Space Diagram shows 900-600hPa Storm-Relative Thickness 

Symmetry and 900-600hPa Thermal Wind (Hart and Evans, 2020). 
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c. Tropical Cyclone Ivan (2004) – East Gulf Transitioning Cyclone (and West 

Gulf Dissipating Cyclone) 

 Hurricane Ivan caused considerable damage and loss of life as it passed 

through the Caribbean Sea and was also the strongest hurricane on record, at 

the time, that far southeast of the Lesser Antilles (Stewart, 2004). This Cape 

Verde hurricane made landfall at category 3 on 0650 UTC 16 September 2004 in 

Alabama. Significant features from half an hour before landfall (0600 UTC 16 

Sep. 2004, Fig 4.12) include Ivan off the coast of the Florida panhandle and a 

strong low pressure system north of the Great Lakes with a warm front and a 

cold front reaching south to Texas. An upper air analysis (500 hPa) from 5 hours 

and 30 minutes after Ivan made landfall (1200 UTC 16 Sep 2004, Fig 4.13), 

shows 2 prevalent closed lows (Ivan itself and the low north of the Great Lakes). 

A short wave trough can also be seen in New England.  

 Ivan weakened as it moved northeastbecoming a tropical depression 

over Alabama on 0000 UTC 17 September 2004. As Ivan continued to move 

northeastward it merged with the frontal system to its north (Fig 4.12) and was 

classified as extratropical on 1800 UTC 18 September 2004 (Fig 4.14) as it 

reached the Virginia coast. The 500 hPa upper air analysis from 6 hours before 

Ivan was classified as extratropical (Fig 4.15) shows Ivan as part of a trough over 

the Carolinas rather than a separate trough. The surface analysis from the time 

Ivan was first classified as extratropical shows a very developed frontal system 

with asymmetrical/frontal structure. The cyclone phase space diagram shows a 

transition from a symmetric warm core system at landfall on the 16th to a fully 
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asymmetric cold core cyclone by the 18th (Fig 4.16a). According to Stewart 

(2004), extratropical Ivan moved south-southwest and eventually crossed the 

southern Florida peninsula from the Atlantic the morning of 21 September and 

emerged over the southeastern Gulf of Mexico later that afternoon. Ivan 

reacquired tropical cyclone characteristics, including a warm core, and became a 

tropical depression again over central Gulf of Mexico (Fig. 4.16b). Ivan became a 

tropical storm before weakening again to a tropical depression before making 

landfall on the U.S. again (this time in Louisiana) on 0200 UTC 24 Sep 2004. A 

low pressure is located west of the Great Lakes with a cold front and weak 

stationary front reaching Texas (Fig. 4.17). A reformed Ivan was not prevalent in 

the 500 hPa upper air analysis from 2 hours before it made landfall (Fig. 4.18) 

but a closed circulation over the northern Plains associated with the Great Lakes 

surface low is evident. After landfall, Ivan dissipated over the Texas coastal area 

without interacting with a low-level baroclinic zone. Ivan existed for 22.5 days and 

produced a track more than 5600 n mi long (Stewart 2004). 

 The closed low in the Great Lakes at landfall (Fig. 4.13) matches its 

location to its counterpart in the composite compared to the composite analysis 

(Fig. 3.37). At the time that it was classified as extratropical by the HURDAT (Fig. 

4.14), the synoptic environment in which Ivan found itself compares to the 

environment that the composite cyclone from composites East Gulf transitioning 

cyclones would find themselves. The position of the composite cyclone at 850mb 

(Fig. 3.20) and at MSLP (Fig. 3.24) is south of Ivan’s location in the surface 

analysis. The front that reaches from the Atlantic to Ivan’s location in the surface 
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map appear in the Air Temperature (Fig. 3.21) and the 2m Air Temperature map 

(Fig 3.22). When comparing the 500mb geopotential height map of Ivan at the 

time it was classified as extratropical (Fig 4.15) to the 500mb geopotential height 

map of the East Gulf cluster composite cyclone (Fig 3.18) the trough related to 

the composite cyclone reaches slightly more south and the ridge behind it is not 

as pronounced in the composite. The time after Ivan reformed and made landfall 

in Texas (Fig 4.17) can be compared to the composite map of dissipating 

cyclones in the West Gulf. This synoptic environment is different than the 

composites, for example the MSLP map (Fig 3.16) and the 850 Air Temperature 

map (Fig 3.13) for the composite do not show the low pressure system west of 

the Great Lakes seen in the surface analysis. The same is true when comparing 

Ivan’s 500mb geopotential height map (Fig 4.18) and the composite cyclone’s 

500mb geopotential height map (Fig 3.10).  
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Figure 4.12: WPC archived surface analysis valid at 0600 UTC 16 Sep 2004. 

Surface analysis shows Ivan half an hour before landfall according to HURDAT.  
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Figure 4.13: 500-hPa SPC upper air analysis valid at 1200 UTC 16 Sep 2004, 5 

hours and 30 minutes after Ivan made landfall according to HURDAT. 
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Figure 4.14: WPC archived surface analysis valid at 1800 UTC 18 Sep 2004. 

Surface analysis shows Ivan at the time it was first classified as extratropical by 

the HURDAT. 
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Figure 4.15: 500-hPa SPC upper air analysis valid at 1200 UTC 18 Sep 2004, 6 

hours before Ivan was classified as extratropical according to HURDAT. 
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Figure 4.16a and 4.16b: Phase Space Diagram and track of Ivan (4.16a does not 

show Ivan after its reformation). Phase Space Diagram shows 900-600hPa 

Storm-Relative Thickness Symmetry and 900-600hPa Thermal Wind (Hart and 

Evans, 2020). 
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Figure 4.17: WPC archived surface analysis valid at 0300 UTC 24 Sep 2004. 

Surface analysis shows a reformed Ivan one hour after making landfall again 

according to HURDAT. 
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Figure 4.18: 500-hPa SPC upper air analysis valid at 0000 UTC 24 Sep 2004, 2 

hours before a reformed Ivan made landfall according to HURDAT. 
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d. Tropical Cyclone Irma (2017) – East Gulf Dissipating Cyclone   

Tropical Cyclone Irma made a total of seven landfalls as it made its way from 

Cape Verde to the contiguous U.S. The Northern Caribbean islands were subject 

to four of those landfalls (each of those were category 5 landfalls). This tropical 

cyclone was one of the costliest and strongest hurricanes ever in the Atlantic 

basin (Cangialosi et al. 2018). The final landfall by Irma was near Marco Island, 

Florida, at 1930 UTC 10 September 2017 with maximum winds of 100 kt 

(category 3). A cold front appears in northwestern U.S. in the surface analysis 

that includes Irma one hour and thirty minutes before it made landfall (Fig 4.19; 

1800 UTC 10 Sep 2017). Even though this front appears it is a high pressure 

centered over the Great Lakes that is dominating the weather in central and 

eastern U.S. 

 Irma experienced strong wind shear. This combined with the reduced heat 

and moisture fluxes over land caused it to weaken as it moved through the U.S. 

By 11 September at 0600 UTC it weakened to a category 1 hurricane and by 

1200 UTC it weakened to a tropical storm. The system was classified as a 

remnant low on 0600 UTC 12 September 2017 as it entered Alabama. By the 

time Irma was classified as a Remnant Low (Fig 4.20) by the HURDAT, high 

pressures still surround it. Despite the WPC frontal analysis at this time, it did not 

undergo extratropical transition as there were no other low pressure systems and 

related fronts in the vicinity of Irma. Upper air analysis at 500 hPa (Fig 4.21) 

seven hours and thirty minutes before Irma made landfall near Marco Island 

(1200 UTC 17 Sep 2017) shows two troughs in the northern stream. One, slightly 
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negatively tilted in north central U.S. and one positively tilted in eastern U.S. and 

Canada. A weak mid-level circulation can be identified in the 500 hPa winds over 

the central Gulf Coast just north and west of the circulation associated with Irma. 

Upper Air Analysis at 500 hPa 6 hours before Irma was classified as a Remnant 

Low (0000 UTC 12 Sep 2017) (Fig 4.22) reveals the closed low related to Irma 

while also revealing a west-east oriented ridge over the lower Great Lakes . As 

Irma started dissipating, it made its way from symmetric warm core to symmetric 

cold core in the phase space diagram (Fig 4.23a). The diagram shows that Irma 

was briefly categorized as asymmetric cold core around the time of the WPC 

frontal analysis (0600 UTC 12 Sep 2017), despite a lack of interaction with any 

significant low-level baroclinic zone. Irma dissipated at around 1200 UTC 13 

September 2017 over Missouri (Fig 4.23b). 

Irma is very noticeable in the MSLP composite map for dissipating East 

Gulf cyclones (Fig 3.32), this composite map shows an area of low pressure near 

the composite cyclone which matches the location of Irma in the WPC surface 

analysis as it made landfall (Fig 4.19). No other significant structures are near 

Irma at the time of landfall, the 850 Geopotential Height composite (Fig 3.28) 

shows an area of higher geopotential height disconnecting Irma form any 

structures to its north. When comparing the 500mb geopotential height map of 

Irma at the time it made landfall (Fig 4.21) to the 500mb geopotential height map 

of the East Gulf composite cyclone (Fig 3.26) the pattern is similar with a trough 

in eastern Canada but not interacting with the cyclone.  
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Figure 4.19: WPC surface analysis valid at 1800 UTC 10 Sep 2017. Surface 

analysis shows Irma one hour and thirty minutes before landfall near Marco 

Island. 
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Figure 4.20: WPC surface analysis valid at 0600 UTC 12 Sep 2017. Surface 

analysis shows Irma at the time it was first classified as a Remnant Low by the 

HURDAT. 
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Figure 4.21: 500-hPa SPC upper air analysis valid at 1200 UTC 10 Sep 2017, 7 

hours and thirty minutes before Irma made landfall near Marco Island according 

to HURDAT. 
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Figure 4.22: 500-hPa SPC upper air analysis valid at 0000 UTC 12 Sep 2017, 6 

hours before Irma was first classified as a Remnant Low by the HURDAT. 
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Figure 4.23a and 4.23b: Phase Space Diagram and track of tropical cyclone 

Irma. Phase Space Diagram shows 900-600hPa Storm-Relative Thickness 

Symmetry and 900-600hPa Thermal Wind (Hart and Evans, 2020).  
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CHAPTER 5 

5. Concluding Discussion  

This study focused on TCs that made landfall over the contiguous US for 

2000-2019 to examine differences in synoptic patterns between land falling TCs 

that underwent ET (transitioning storms) and land falling TCs that didn’t (became 

subtropical or dissipated out as lows) (dissipating storms). The synoptic 

environments showed in the composite and case analyses (for both the West 

Gulf Cyclones and the East Gulf Cyclones) can be used to better forecast how a 

future tropical cyclone making landfall in those areas might behave. These 

results can be used to find the onset, completion (and corresponding synoptic 

environments) of ET for TCs. 

a. Summary of Results 

Two main groups were identified from areas with similar tracks for TCs that 

both underwent ET and dissipated: the West Gulf group and the East Gulf group. 

These two groups were further divided by transitioning cyclones and dissipating 

cyclones. Composites maps for areas that had a high density of ETs points were 

created and analyzed using NCEP NCAR 3-Hourly North American Regional 

Reanalysis (NARR) Composites. For these composites, several variables were 

analyzed, including Geopotential Height maps (at 850mb, 700mb, 500mb, and 

200mb), Air Temperature maps (at 2m and 850mb), Precipitable Water maps 

and Mean Sea Level (MSL) pressure maps. East Gulf composites showed similar 

results to West Gulf storms; however west gulf storms that transitioned seem to 
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generally have a longer lifetime than their counterparts in the East Gulf. Most of 

the TCs that underwent ET interacted with a significant low-level baroclinic 

boundary after landfall. Composites of upper tropospheric features (not shown) 

were similar for both sets of TCs having slight differences. Interactions with 

upper-level troughs and jets occurred for both TCs that underwent ET and those 

that dissipated. Similarities between the east and west transitioning storm 

composites include proximity to the 200 mb pre-existing trough just to west and 

proximity to a low level temperature /moisture gradient. Similarities between east 

and west dissipating storm composites include proximity to ridges to the north 

and east and lack of low-level temperature/moisture gradients.  

When comparing the west gulf composites (both dissipating and transitioning) 

to the case studies of Harvey and Barry, the synoptic environment there were 

slight differences. The west gulf transitioning composite cyclone was more 

southwesterly from Harvey at 850mb and at MSLP. A low pressure system in 

eastern Canada and a pattern similar to the cold front from Harvey’s surface 

analysis are also seen in the 850 Air Temperature, 2m Air Temperature and 

Precipitable Water map. The west gulf dissipating composite cyclone was more 

eastward from Barry at 850mb and at MSL. The cold front and the stationary 

front that is seen in central US in Barry’s surface analysis do not appear in the 

850 Air Temperature but do somewhat in the 2m Air Temperature. The east gulf 

composites (both dissipating and transitioning) also showed slight differences to 

the case studies of Ivan and Irma. The transitioning composite was south of 

Ivan’s location while the dissipating composite was north of Irma’s location (850 
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mb). The front that reaches from the Atlantic to Ivan’s location in the surface map 

appear in the Air Temperature and the 2m Air Temperature map. An area of low 

pressure near the composite cyclone (in the 850 mb composite) matches the 

location of Irma in the WPC surface analysis as it made landfall. No other 

significant structures were near Irma at the time of landfall, the composite shows 

an area of higher geopotential height disconnecting Irma form any structures to 

its north. Comparisons between surface (and 500mb) analysis of Ivan when it 

reformed and made landfall again in Texas and the west gulf dissipating cyclone 

composite had differences including that the composites do not show the low 

pressure system west of the Great Lakes seen in the surface analysis.  

b. Future Work 

The research can be expanded in the future upon by including more years 

into the study, both from the 20th century and from the 2020 Atlantic Hurricane 

Season. With additional storms, it might be possible to investigate the 

relationship between the strength of the frontal boundaries and baroclinic 

environments or features that TCs found themselves after landfall to speed and 

location of ET. In addition, it might be interesting to examine comparisons (in 

transition time, reintensification, etc.) between landfalling storms that underwent 

ET over land and storms that underwent ET in the open Atlantic. Further looking 

into which tropical characteristics are lost first for both main groups and analyzing 

precipitation differences (amount, type of) and forecast verification for ET or 

dissipating TCs between both East and West groups can also expand this study. 
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