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ABSTRACT 

  

While coastal areas along the United States Atlantic and Gulf Coasts have become 

increasingly accustomed to dealing with landfalling hurricanes and tropical storms, populations 

further inland can often be surprised by powerful storms that retain their intensity more than 

forecast.   Hurricane Ike in 2008 is one of the more recent examples of such surprise, as it 

generated gusts to hurricane force well into the Ohio Valley after interaction with an unusually 

strong baroclinic trough.   Considerable research has studied the development and intensification 

of hurricanes; however, there is a comparative lack of research on the topic of the variety in their 

decay over land.  Statistical studies of the decay problem date back to the 1950s, and many of the 

tropical cyclone modeling studies of the 1960s and 1970s refined the debate as to the primary 

cause of overland decay (or intensification) of tropical cyclones.  Several seminal works have 

created a partial climatology of the overland decay of cyclones in the Atlantic basin; however, 

few have been comprehensive in nature and none have examined in detail the characteristics 

associated with anomalous decay rates.  This study presents that comprehensive climatology 

based on all available reliable tropical cyclone data in the Best Track Data Set.  The mean decay 

rate of US landfalling tropical cyclones between 1950 and 2006 (in terms of pressure and wind 

decay), its variability in time and space, and its overall distribution, are determined empirically 

once the storm makes landfall along the coastline. 

  

The second focus of this study is to analyze the particular characteristics of a storm and 

the synoptic setup that allow the TC to maintain strength (or weaken unusually quickly) while 

traversing a landmass.  The size, structure, and strength at landfall of storms that exhibit an 

abnormally slow or fast decay rate will be analyzed and physically interpreted to determine what 

enables a TC to retain or lose an unusual fraction of its strength.  Composite maps of the 

synoptic setup associated with slowly and quickly decaying storms, normalized to the point of 

landfall, will lend insight into how the environment contributes to their anomalous decay.   
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CHAPTER 1 

INTRODUCTION 

                          

When a hurricane approaches a coastline, the most pressing scientific questions are 

usually, “Where is it going to make landfall?” and “How strong will it be at landfall?”  With the 

primary focus on the intensity and location of landfall, the impacts on inland locations after 

landfall are often overshadowed.  The importance of anticipating a storm’s rate of inland decay 

was recently demonstrated as Tropical Storm Fay (2008) actually intensified as it traversed the 

Florida peninsula. Later in the same year, Hurricane Ike (2008) was also particularly damaging 

since it was able to sustain tropical storm force winds (and gusts to hurricane force) for a long 

part of its journey through the central part of the nation. It is undeniable that the most 

catastrophic damage associated with tropical cyclones occurs at or near the coastline where these 

storms make landfall.  However, while this coastal damage often steals the news headlines, these 

storms are often still very intense as they move inland.  Areas which are of great distance from 

the ocean are often caught off guard from such inland wind impacts given the increased rarity.  

As a result, correctly predicting intensity as the storms move far inland is certainly of significant 

value to the operational meteorology and emergency management communities. The goal of this 

study is to present a climatology of the decay of tropical storms in the United States, and to 

examine potential causes of significant anomalies from that climatology.   

This thesis will be separated into five chapters. Chapter 2 addresses the previous 

research, motivation, and goals of this study, while Chapter 3 describes the data used and the 

methodology. Chapters 4 and 5 represent the results of the study, presenting the climatology of 

the decay of tropical cyclones and the departures of various storms from that climatology. Lastly, 

Chapter 6 presents the conclusions of the study with a brief discussion of recommendations for 

future research.  
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CHAPTER 2 

MOTIVATION AND PRIOR RESEARCH 

 

While much research has been dedicated to the mechanisms that govern the 

intensification of tropical cyclones when they are out to sea, a comparatively small amount of 

research has been dedicated to describing the varying decay rates of tropical cyclones after 

landfall. Much of the previous research in this area has been highly specialized, tending to focus 

on simplified idealized models, the decay of individual storms, or a collection of storms in a 

small area. The research performed here builds on the foundation of those important prior 

studies, after first summarizing their key findings. 

Hurricanes are complex systems with many factors contributing to their intensification 

and decay. If one considers the problem simply from a mass conservation framework, whether a 

storm intensifies or decays is simply related to the amount of mass that is removed from the 

center of a storm aloft compared to the amount of mass that flows into the storm at low levels. 

As noted in Hubert (1955), while the total amount of mass that is either flowing into or being 

evacuated from a storm’s core is immense, the rate at which this mass is moved results from a 

very small imbalance between large opposing forces. Our understanding of the processes of 

hurricane intensity change has evolved considerably since this early framework, but the basic 

definitions that describe TC intensity and its change have remained the same, as discussed next.  

  

a. Definitions 

 

There are various ways to describe the characteristics of a storm and to determine which 

storms are quantitatively more intense than others. One of the simplest metrics to describe a 

hurricane is its minimum central surface pressure. Although this is one of the most fundamental 

characteristics of a storm, it only describes the mass of the column of air above a single point, 

rather than any measure of horizontal spatial scale. By definition, storms that undergo changes in 

central pressure are said to be deepening if the pressure is falling, or filling if the pressure is 

rising. While it is true that storms with very low minimum central pressures are generally more 

intense, there is an important distinction between a storm that is undergoing intensity change and 
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a storm that is filling or deepening.  As Malkin (1959) noted, filling and deepening refer to 

changes in the minimum pressure of a storm, while intensification and weakening refer to 

changes in pressure gradient (and thus wind speed through geostrophic or gradient wind 

balance). The structure of a tropical cyclone (hereafter TC) is such that the maximum pressure 

gradient, and hence the radius of maximum winds (hereafter RMW), is on average located 50 km 

from the center of the storm (Hsu and Yan 1998). This disconnect between the two approaches 

can produce instances when a TC may deepen yet weaken or, as might be more common, 

intensify and fill at the same time. Such phenomena can occur during events such as eyewall 

replacement cycles (Houze et al. 2007) and during the early stages of extratropical transition 

(Hart and Evans 2001). Because of this ambiguity between intensity and pressure measures of a 

storm, the primary focus of the remainder of this work will be on changes based on wind speed.  

We next summarize the prior research in this area to provide a foundation on which this research 

is built. 

 

b. Early Understanding and Statistical Works 

 

The earliest attempts to quantify TC decay after landfall were put forth in the 1950’s. 

There was some debate at that time as to what was the primary cause of the decay of TCs over 

land. One argument was that increased friction over land was the root cause of the decay of TCs.  

The increased surface roughness acts to slow the tangential winds of the TC, and 

correspondingly, the radial component of the wind is able to increase convergence near the 

center of the storm. Without an equal increase in upper level divergence, the TC fills due to mass 

convergence over the center, thereby weakening the pressure gradient.  The process then feeds 

back on itself as the tangential winds decrease further.  

Hubert (1955) acknowledged the partial validity of the frictional filling hypothesis, but 

further argued that frictional convergence by itself was not enough to explain the decay of TCs.  

He showed that friction could only theoretically account for a 20 percent increase in the low 

level convergent mass transport to the center of TCs when they move from land to water. In 

contrast, careful analysis of empirical data showed a 100 percent increase in the low level 

convergent mass transport of storms when they moved from land to water. Hubert (1955) 

concluded that any attempt to forecast the dissipation of TCs over land in the Atlantic Basin 
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should not be based solely on frictional convergence but also on energy budgets, citing that the 

intrusion of dry air played a large role in their dissipation. At the time, however, the lack the data 

coverage and necessary scientific foundations prohibited the quantification of such effects. 

 Hubert (1955) also analyzed the changes in pressure gradient in hurricanes after landfall 

in the inner most 70 km of the storm. He found that storms traversing the East Coast decay more 

rapidly compared to Florida or Gulf storms. The work also showed that the decay of storms was 

the greatest, on a percentage basis, between the 9
th

 and 12
th

 hours after landfall. Prior to the 9
th

 

hour, some portion of the TC is likely still over water, and the effects of the regime change at the 

surface have not yet maximized. Further, one could argue that there is a time lag in the response 

of the upper levels to surface changes, just as there exists between eyewall contraction and 

intensification. It should be noted that Hubert’s selection of storms was very focused on TCs that 

decayed in an idealized manner: traveling approximately perpendicular to the coast and moving 

“great distances” inland at a significant forward speed (greater than 5-8 kt).  

Malkin (1959) sought to comprehensively describe the mean decay of hurricanes after 

landfall; however, just as in Hubert (1955), he chose TCs of a similar idealized nature. Malkin 

(1959) restricted his selection to storms that had a central pressure less than 29.00 in Hg (981 

hPa) and at least a 300 nm track across land. Only twelve well-documented storms from 1928 to 

1955 met the criteria, and a 13
th

 was added with a central pressure just above 29.00 in Hg. 

Despite the limitations of the research, Malkin (1959) still put forth an early analysis of the post-

landfall decay of TCs. The work showed that the pressure gradient of a TC initially decays very 

quickly after landfall, then much more slowly 12 to 24 hours after landfall, beyond which the 

change in the wind field slowly approaches zero 

Most other published works that studied the decay of TCs through the rest of the 1950’s 

and 1960’s were dedicated to case studies of major storms such as Hurricane Donna (1960). 

Using the relatively large amount of data that was collected on this historic storm, Miller (1964) 

was the first to calculate energy budgets before and after a TC’s landfall. His results showed that 

there were significant changes in the sensible and latent heat budgets supplied to the storm 

before and after landfall. While not demonstrating causation, this work further bolstered Hubert 

(1955) by arguing that the decay of a TC is accompanied by a reduction in the latent and sensible 

heating.  
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c. Evolution to a Modern Understanding  

 

It was not until the development of numerical models that the magnitude of energy 

change could be robustly quantified. While searching for ways to explain why storms did not 

approach a steady state in his model and “accelerated catastrophically”, Ogura (1964) suggested 

that the recirculation of dry air may create a limit to the continual deepening of a storm.  This is 

an argument that could be applied to the decay of TCs over land as well. Soon thereafter, 

Ooyama (1969) was one of the first to numerically model the entire TC lifecycle through decay. 

He quantified the impacts that changes in sea surface temperature and air-sea flux could have on 

the intensity of a TC. He further argued that heat and moisture from the ocean are likely not only 

provided in the inner rain area of a storm, but that the inflow of moisture from the periphery of a 

storm is also likely important in providing the necessary energy for the hurricane to grow.  This 

insight would later be revisited and formalized by the WISHE theory of Emanuel (1986, 1988) 

and Rotunno and Emanuel (1987). The logical conclusion of this theory is that storms making 

landfall likely begin to feel the effects of a landmass’ diminished moisture and heat capacity long 

before the center of the storm makes landfall. This portrays the decay of a storm after landfall not 

as an abrupt process, but rather a gradual process that begins while the storm is offshore, and 

reaches a maximum when the storm entire circulation is over land.  

A modern description of the dynamics behind TCs decay after making landfall can be 

presented using multiple conceptual frameworks. One of the most straightforward is that of 

angular momentum considerations and is detailed by Holton (2004). The conceptual framework 

begins by assuming that there is mass convergence in low pressure centers and divergence in 

high pressure centers at low levels. Therefore, by mass continuity, there must be vertical motion 

out of the boundary layer near centers of low pressure. Tangential winds at low levels experience 

increased friction as they pass over rougher land surface as compared to water surface. 

Consequently, the surface wind slows down and loses a fraction of its angular momentum.  As 

the secondary circulation moves this air upward near the center of the vortex, the stable air of the 

stratosphere prevents the air from continuing upward; therefore, the tropopause serves as a semi-

rigid boundary.  Dines compensation principle and mass continuity then argue that the parcels 

must diverge throughout the depth of the free atmosphere above the boundary layer.   As this 

happens, the parcels approximately conserve their angular momentum and replace the existing 
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parcels in the upper levels, which possess higher angular momentum. This process is inherently 

quicker at dissipating a vortex than frictional convergence theory or mere diffusion alone.  

Arguing from a force balance perspective, as air parcels diverge in the upper levels of the 

vortex, the Coriolis force causes deflection of these air parcels to the right of their trajectory in 

the northern hemisphere. This deflection induces an upper level circulation (anti-cyclonic) that is 

of the opposite sense of the primary cyclonic circulation. These two superimposed circulations 

oppose one another, and consequently serve to speed up the demise of the primary circulation 

after central convection is suppressed.  

 The most recent study to numerically model the spindown of TCs is Montgomery et al. 

(2001) who subjected hurricane-like vortices to a quadratic drag forcing in the surface layer.  

This work examined the theory presented by Eliassen and Lystad (EL; 1977) utilizing an 

axisymmetric Navier-Stokes numerical model.  This theory algebraically described the half life 

(the time needed for a storm to decay to half of its initial intensity) as proportional to the depth of 

the free atmosphere above the storms boundary layer and inversely proportional to the relative 

tangential velocity and drag coefficient prescribed in the boundary layer. The study validated   

EL’s theory for the decay of vortices of tropical storm and hurricane intensities.  One minor 

departure from previous EL theory was that the model predicted a brief period of spin-up in low 

level vorticity near the center of the storm just after simulated landfall. This brief spin-up was 

attributed to an initially increased secondary circulation, as inflow is temporarily increased due 

to increased friction at low levels.  However, without any increase in latent or sensible heat flux 

following the increased convergence, there would be no thermodynamic response to balance the 

low-level forcing.  Sensitivity tests performed by Montgomery et al. (2001) also found that a 

larger radius of maximum winds (RMW) corresponded to a storm that decayed more slowly in 

the model, though the dependence was weak.  

 

d. Recent Statistical Works  

 

The most comprehensive modern statistical description of the decay of TCs over land to 

date is a series of works by Kaplan and DeMaria. Kaplan and DeMaria (1995) (hereafter KD95)  

developed an empirical model using TCs that made landfall in the U.S. between 1967 and 1993. 

Based on previous research by Hubert (1955) and Malkin (1959), the model related a TC’s decay 



7 
 

rate as proportional to the TC’s current maximum wind speed. The model was originally 

developed for storms that made landfall in the southeast United States. Subsequent works by the 

same authors expounded upon the original model, by broadening its scope and improving its 

accuracy.  

Kaplan and DeMaria (2001) next performed a more extensive study of storms that make 

landfall in New England, and DeMaria et al. (2006) upgraded the model to account for storms 

that pass over narrow landmasses. The latter work was intended to better handle storms making 

landfall in Florida where decay rates of storms are notably less than in other locations, as will be 

examined later in more detail. The model was modified in DeMaria et al. (2006) to account for 

storms that only have a certain portion of their circulation over land. One key finding of KD95 

was that regardless of the initial intensity of a storm at landfall, nearly all storms decay to a 

similar intensity 24 to 30 hours after landfall provided that they make sufficient progress inland 

during that time period. This asymptotic decay to minimal tropical storm level (Figure 1.1) 

further confirms Malkin (1959), EL, and the modeling of Montgomery et al. (2001).  

A major contribution of the KD95 was a series of maps defining the maximum inland 

wind penetration for hurricanes along the U.S. coastline. Several of these maps are shown below 

(Figures 1.2 and 1.3) based on storms with intensities of 75 kt and 135 kt, respectively, and 

traveling at various forward motions. Such maps have proven extraordinarily useful for 

insurance companies trying to approximate worst-case scenarios for hurricane wind damage 

away from the immediate coast. Aside from developing the model, KD95 also produced the most 

extensive climatology of the decay of TCs to date, utilizing 67 landfalling storms from the 

National Hurricane Center’s Best Track dataset (Jarvinen et al. 1984; Neumann et al. 1993). 

KD95 noted that they began their study with the best track at 1967, as prior to that year some TC 

storm reports were archived at with a frequency greater than 6 hours. Consequently, linear 

interpolation would be necessary to determine the 6 hourly decay values between time steps. 

Since the decay of tropical storms has been shown to be a non-linear process, linear interpolation 

would likely produce inaccurate results that would mitigate the benefit of a larger dataset.  

Very few additional works specifically deal with the decay of TCs. One notable work, 

however, was Rogers and Davis (1993) which examined the effect that a curved coast line can 

have on the decay of TCs. Their conclusion was that stronger filling, in both rate and magnitude, 

occurs when storms make landfall along concave coasts rather than convex coasts. Thus, TCs 
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that make landfall along the South Florida coastline will tend to decay more slowly than TCs that 

make landfall along the Carolina coast. They attributed the difference to the fact that the area 

underneath a storm striking a concave coast has a lower land to water ratio than a storm striking 

a convex coast. As in Hubert (1955), they also found that storms that made landfall along the 

East Coast generally fill more rapidly than storms in other portions of the continent.  However, 

several other studies have disagreed with these results.  Both Schwerdt et al. (1979) and Ho et al. 

(1987) found that TCs making landfall along the Gulf Coast decay most quickly. The 

discrepancy between these studies can most notably be attributed to the selections of storms in 

each case. As mentioned before, Hubert (1955) had a very limited set of storms, whereas 

Schwerdt et al. (1979) and Ho et al. (1987) considered a much larger set of storms. In contrast to 

all of these works, KD95 found only negligible differences between the decay rates of storms in 

the different geographic regions of the US.  

The dilemma faced by all prior researchers seeking to create a comprehensive 

climatology is how to treat storms that make landfall in the eastern portion of the US, and mainly 

the Northeast. TCs that make landfall along the northern Gulf of Mexico coast are often traveling 

in nearly a northward direction, moving directly inland. Very few storms make this type of 

landfall along the Atlantic coastline, since many are moving almost parallel to the coast. Storms 

that take this track decay more slowly because of proximity to the coast, which provides elevated 

amounts of moisture at low levels. Their position on the western edge of the Atlantic subtropical 

high also provides additional low level atmospheric heat and humidity from the lower latitudes, 

due to the clockwise flow around the high pressure system.   

 

e. Goals of this Study 

 

The first goal of this study is to expand and refine the climatology of previous studies. By 

examining 56 years of data (191 storms), this study will present the most extensive climatology 

to date and will nearly triple the number of storms used in Kaplan and DeMaria’s original work. 

Furthermore, while this study will examine the decay rates of storms across the entire the US 

coastline, it will also examine individual geographic regions to determine what differences may 

exist between them.  Such regional quantification will be a major step forward, building upon the 

more generalized (but seminal) prior research. 
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Second, the goal of this work is to study anomalies from this decay climatology. By 

considering all storms, and not restricting our study to those that have made an “idealized 

landfall”, we can determine what storm and environment characteristics lead to anomalous TC 

decay rates. Previous studies have focused on computing the mean decay rate of a group of 

storms, while others have provided case studies to examine the decay of a particular storm. This 

study will, however, be the first to examine what factors can contribute to anomalous decay 

across an entire dataset of storms. Such anomalies represent the greatest forecast challenges since 

they are more likely to lead to surprises, especially a great distance inland where TCs are less 

frequent.  
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Figure 2.1: Kaplan and DeMaria’s (1995) representation of the decay of tropical cyclones of 

varying intensities after landfall.  
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Figures 2.2: The worst case scenarios of wind impact from Kaplan and DeMaria (1995) of the 

decay of tropical cyclones of varying intensities and forward speed after landfall.  
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CHAPTER 3 

DATA AND METHODOLOGY 

 

a. Data 

 

The data used in this study is the National Hurricane Center’s Best Track data set, from 

1950 to 2006 (Jarvinen et al. 1984; Neumann et al. 1993). While the database goes back as far as 

1871, it was judged that data before 1950 may be suspect due to evolving observational data 

sources and calculated sudden changes in landfall percentages (Landsea 2007). The data is 

composed of 6 hourly storm reports that include the position, the maximum sustained wind, and 

the minimum central pressure for every TC in the Atlantic Basin. Since this study is only 

concerned with the overland decay of TCs, the dataset was limited to storms that touched land at 

least once during their lifespan (one six hourly data point). Storms that touched land at times 

other than the standard 6 hourly time step were not included. Such events would be limited to 

storms crossing extreme southern Florida or rapidly moving storms crossing extreme eastern 

portions of the United States. The resulting analysis includes 191 individual storms and 1,888 

six-hour points over land. As mentioned before, some data prior to 1967 were archived at time 

intervals greater than six hours; these data points consequently were not considered in this study. 

Figures 3.1 and 3.2 show the full tracks for all storms used, and all individual storm reports that 

were found to be over land, respectively. Figure 3.2 also shows the regions that will be examined 

later for possible differences in rates of decay.  

Before the dataset is used, an important caveat of the best-track dataset should be 

discussed. The maximum winds reported in the best-track at any six hour storm report can be 

determined by a variety of means, from ground observation stations to reconnaissance flights to 

weather radar to satellite observations. Since NHC reports storm intensity by the maximum 

sustained wind, very rarely is an actual ground observation used as that maximum value given 

the scarcity of surface observations. Regardless of how the 6 hourly maximum wind in the best-

track was arrived at, it is critical to remember that maximum value represents an extremely small 

percentage of the storm’s entire surface wind field. These important caveats stress that there is a 
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great potential for large uncertainty in the historical archive of hurricane intensity, and a 

likelihood for large variance in any relationships derived from them.  

The Extended Best Track (EBT; DeMuth et al. 2006) dataset is used for the examination 

of the radial wind profile. Variables used are RMW, radius of the outermost closed isobar 

(ROCI), and the furthest extent of the gale force winds. However, the EBT is only available for 

storms since 1988. A Rapid Update Cycle (RUC) analysis land/sea mask on a 13 km resolution 

grid (Benjamin et al. 2004) is used to determine the underlying surface at every 6 hourly time 

step (land, water, or a fraction in between). Later portions of the study examine the 

environmental surroundings of storms in an attempt to determine what factors may have been 

associated with, or contributed to, anomalous decay in a particular region. For this purpose we 

use NCEP reanalysis data (Kalnay et al. 1996) for various atmospheric variables such as 500hPa 

and 300hPa geopotential height, 850hPa temperature, and surface relative humidity.  

 

b. Creation of the Climatology 

 

As mentioned before, there is a lack of a comprehensive study of TC decay after landfall 

that describes not only the broad climatology but also the characteristics associated with 

significant departures from this climatology. Previous studies, while a major step forward, have 

only focused on a limited number of cases, such as KD95 which only included 67 storms. In 

order to analyze what TCs have decayed anomalously, the following climatology was developed 

to define the normal decay of storms in the western Atlantic Basin.  

Using the National Hurricane Center’s best track data set, the maximum winds and 

change in maximum winds (hereafter referred to as v and Δv, respectively) and central pressure 

and change in central pressure (hereafter referred to as p and Δp, respectively) between each 6 h 

period were calculated. The value of a Δp or Δv in any 6 h period was associated with the later 

point in the calculation; thus, values of Δp or Δv refer to the change in v and p during the 

previous 6 h. Using the gridded land/sea mask described earlier, it was determined if the storm 

was over land or water at the time of the storm report.   

  The mean decay characteristics of TCs were determined from several different quantities. 

Initially, several fundamental assumptions needed to be made before proceeding into the 

quantitative analysis. First, it is assumed that a storm can be treated as a point object. Thus, a 



14 
 

storm is either over land or over water at any given time, and hence will decay at a 

fundamentally different rate in either of the two regimes. The caveat is that in grid cells where 

the RUC land/sea mask showed a fractional amount of water compared to land, any grid cell that 

contained more than 20 percent land was considered to be part of the land regime. In the worst 

case scenario, this will introduce an error such that the center of the storm is still 13 km out to 

sea. However, a large portion of the circulation in this case is still over land, and the storm 

therefore can justly be considered as interacting with the land regime. The benefit of making this 

assumption is that it provides a common reference point in all storms to say definitively when 

inland decay began. DeMaria et al. (2006) showed this to be a flawed framework by which to 

describe the decay of a single storm, since the rate of vortex decay increases as a larger portion 

of the storm proceeds over water. However, over an entire dataset, even though some storms may 

be partially over water during their “landfall” point, a similar number of storms will be far 

inland, having interacted with the land for up to 6 h before the best track dataset recorded any 

overland point. With a sufficiently large database, any bias created by storms that are only 

partially inland should be balanced by storms that are well inland at their first point after landfall 

given the 6 hourly temporal resolution. However, we acknowledge that future research should 

more precisely prevent this bias.  

Second, to determine which storms decayed at anomalous rates, it is assumed that a 

storm’s decay rate is purely a function of its time over land, and not dependent on its rate of 

movement inland. This assumption is also is likely flawed; however, examining the decay of 

these systems from purely a time framework will help determine to what extent a storm’s 

forward motion affects its decay rate.  

 

i.  Storm Decay Dependence on Geographic Area 

Based on the prior work of Schwerdt et al. (1979) and Ho et al. (1987), it has been shown 

that TCs that are progressing across different geographic regions should display different decay 

characteristics. To examine the geographic dependence on storm decay, the mean decay rate of 

storms crossing a particular area of the US is calculated on a 1˚ x 1˚ resolution grid. The mean 

decay rate in this instance is examined using three different measures: the mean value of Δv or 

Δp for all storms in the region, and the mean value of intensity change as a percentage current 
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intensity of the storm (Δv/v or Δp/p). In this case the Δv is divided by the intensity of the storm 

at the former 6 h storm report, not the latter.  

 

ii.  Storm Decay Dependence upon Current Intensity 

Previous research has shown that the greatest factor affecting the rate at which a storm 

will decay is its current intensity (Malkin 1959). To confirm and possibly further refine this 

relationship, Figure 3.3 shows the decay rates of all TCs in each geographic region as a function 

of their current intensity, using a 20-kt rolling window.  For example, the calculation of the 

decay rate of all Gulf storms with an intensity of 70 kt is produced from the average of the decay 

rate of storms having maximum winds between 60 and 80 kt. This rolling window was used to 

create a smoothed relation of decay rate to intensity, and acknowledges the non-continuous scale 

of the best-track dataset. This 20 kt window approximately mimics the size of the Saffir-Simpson 

scale bins, and was also found to be the smallest binning window that could successfully smooth 

the relation to usable levels.  

The Gulf region had the greatest number of data points (N = 586), and the Florida region 

had the fewest points (N = 109). Storms of similar intensity are treated the same, regardless of 

their current location within the geographic boundaries, their intensity at landfall, or how long 

they have spent over land. This means that a formerly major TC that is currently in northern 

Alabama that has spent 4 consecutive points over land and currently has a maximum intensity of 

45 kt is treated the same as a tropical storm that is just making landfall in the Houston area with a 

maximum intensity of 45 kt. While further subsetting of the dataset would be preferred, the 

overall frequency of TC landfall for a given intensity is sufficiently rare in many regions that the 

resulting higher-resolution analysis would likely have no statistical significance.   

Figure 3.3a verifies that stronger storms decay more quickly than weaker storms 

after making landfall (Malkin 1959) based on our 56 year database. It also shows that storms in 

the Gulf decay most quickly, while storms in Florida decay the most slowly out of the four 

basins studied. While this geographic dependence will be reviewed more stringently in Chapter 

4, this finding is contrary to Hubert (1955) who found that storms in the Eastern US decayed the 

quickest. However, the finding does agree with Schwerdt et al. (1979) and Ho et al. (1987), and 

does not entirely disagree with KD95 which acknowledged that there may have been minimal 

differences in the decay rates of storms in each region. The degree to which these differences can 
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be considered minimal will be examined later as well.  It is necessary to present this figure at this 

time, as these results will be used later in this chapter to determine what storms decayed at 

anomalous rates per the basin they are located in.  

As an ancillary note, Figure 3.3a also shows an interesting change in the decay rate of 

storms that are over land with intensity greater than hurricane strength. The relationship of decay 

rate to current intensity increases at a very smooth rate through the tropical depression and 

tropical storm categories. When the intensity reaches hurricane strength, the rate of decay begins 

to level off. This argues that there may be two distinct regimes of the physics behind decay, 

although a rigorous statistical significance test would be required to determine this.  

Storms of hurricane strength generally have a well developed eye, eyewall structure, and 

a pronounced secondary circulation (Salby 1996). This complete eyewall and enhanced 

secondary circulation potentially provides additional stability to the vortex, and must first break 

down as storms decay. However, the leveling off of the decay curve at this point may imply that 

the structure of hurricanes may allow them to retain their intensity more efficiently than tropical 

storms or depressions. Reasor and Montgomery (2004) found similar related results showing the 

resiliency of intense vortices as compared to weaker ones in the presence of vertical shear. In the 

Gulf region specifically, it seems as though there are specific regimes where the decay rate of 

storms seem to “plateau” as a function of intensity. Piech (2007) also demonstrated that there are 

favored intensity and eye size regimes that are more favorable for concentric eyewall structures 

to be observed.  Though it is speculation in this study, it is possible that these preferred intensity 

regimes may also contribute to vortex stability and intensity maintenance after landfall. It should 

be noted, however, that above hurricane intensity, the total number of cases that contribute to the 

mean decay rate calculation begins to significantly decrease. Because of this, the statistical 

significance of the relation between decay rate and intensity inherently diminishes. This is shown 

by the increasing values of standard deviation in storms exceeding hurricane strength in Figure 

3.3b, although future research should more rigorously perform standard significance tests. 

 

c. Anomalous Decay Criteria 

 

To begin the analysis of the storms that decayed at anomalous rates from climatology, we 

use the mean decay rates as a function of intensity in Figure 3.3 as a climatology model. Based 
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on the current intensity of the TC at each point over land, a forecast is made as to what the 

intensity of the storm should normally be in six hours based on the long-term climatology of the 

specific geographic region. It is important to remember that the current maximum wind speed of 

storms in the best track data set is reported in increments of 5 kt. Because of this coarse 

resolution, it is clear that nearly all climatology-based forecasts, which are provided down to 

fractional amounts, will be in error by several knots.  A variety of factors could also lead to 

errors in the forecast at any individual 6 h time step, from inaccuracies in the data to mesoscale 

interactions which are not the intended focus of this study.  

In order to account for these intervening factors, and improve the stability of the 

climatology, the decay of these TCs was examined over three consecutive time periods for which 

the TC was over land. The total cumulative departure from the mean decay is found for each 18 

hour series of data points as described by the schematic in Figure 3.4 (further discussions will 

refer to the points A, B, and C as described in this figure). The total cumulative decay for all 

three-point sets is then compared for all cases within each geographic region’s climatology.   

Finally, the 20
th

 and 80
th

 percentiles are treated as thresholds for anomalous decay. Positive 

values of decay anomaly are associated with storms that decayed significantly more slowly than 

the mean, and negative values of the decay anomaly are associated with storms that decayed 

more quickly than the mean decay rate for that basin. The values representing the 20
th

 and 80
th

 

percentiles are shown in Table 3.1. Note that for the purpose of identifying anomalous decay, the 

Carolina and East datasets have been treated as one geographic area since their decay 

characteristics are very similar. Also, because of the relatively few cases in the Northeast, and 

the consistent nature of the decay of storms in the region, the 20
th

 and 80
th

 percentile values of 

the wind decay anomaly were less than +/- 5 kt. This means that when examining the intensity 

change of all storms that moved over land for 18 h, very few storms significantly deviated from 

the mean decay rate of wind as a function of their current intensity. Further, note that in the 

Florida region storms are only examined for a period of 12 hours (two rather than three 

consecutive periods). Given the narrow nature of the landmass, there are a very limited number 

of cases when storms spent a full 18 h period over land.  

KD95 described how storms below tropical storm strength begin to decay at an 

asymptotic rate, and will commonly maintain an intensity of 25kt to 30 kt for many consecutive 

time periods, resulting in a very small standard deviation at these intensities. The climatology 
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presented in the next chapter will verify those results. Due to the resolution of intensity data, TCs 

at these intensities often can fluctuate in intensity between 25 kt and 30 kt. Knowing this, it was 

desirable to eliminate these storms from consideration as having undergone possible anomalous 

decay. If storms of this strength were to be considered multiple times in the database, they could 

skew the results of the study and shift the focus away from more physically significant decaying 

or non-decaying storms. Therefore, it was required that a storm have at least one point of the 

three with maximum sustained winds of 35 kt or greater.  

Also, very often in the database, some storms remained very near the coast for an 

extended period of time, especially storms tracking along the East Coast. In order to avoid this, 

there was a requirement that the storms studied must be at least 50 km inland, measured in a 

straight line distance to the nearest coastal point for points B and C of each 18 h period of study 

(nearest coastal point is determined using the same convention as before, that any point that is 

less than 20 percent land is considered water). This requirement ensures that the oceanic heat 

source is no longer directly providing energy to changing the TC intensity through eyewall 

fluxes. The requirement was set at 50 km to be consistent with Hsu and Yan (1998), who found 

that 50 km is the mean value for the RMW in TCs. This value differed from Samsury and Zipser 

(1995) who found a mean value of 35 km. KD95, however, found their model over predicts the 

initial decay of TCs that have an RMW greater than 70 km, indicating that in storms with 

broader circulations, portions of the eyewall remained over water resulting in less decay. 

Considering all these sources, a 50 km inland distance requirement seemed adequate to define a 

storm as being primarily influenced by an inland regime. Note that due to the narrow nature of 

the landmass, this 50 km minimum distance was not required of storms to be analyzed in the 

Florida region.  

After determining which storms were considered to have undergone anomalous decay, 

the next task was to determine the prevailing characteristics about storms that decay at 

significantly anomalous rates. Chapter 5 explores the differences between storms that decay 

anomalously slowly and quickly. The chapter will be split into two sections, the first analyzing 

the characteristics of the storm itself and the second examining the characteristics of the storm 

environment.  
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Figure 3.1: Plot of the tracks of all storms that have touched land in the US between 1950 to 

2006, with the origination point of each storm.   
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.  

Figure 3.2: All 6h storm points that have been over land between 1950 to 2006, color coded by 

the intensity of the storm at that point. The number of cases in each region has been labeled. 
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Figure 3.3: (a) Mean decay rate in terms of maximum wind (kt/6 h) vs. current intensity of the 

storms in the four areas of concern in this study and (b) the mean decay of storms in the entire 

basin with plus or minus one standard deviation from the mean decay at every intensity. 
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Decay Anomaly Calculation 

 

 

 

Figure 3.4: Schematic of method for decay anomaly calculation for each set of three points 

spanning 18 h. Forecast decay comes from empirical results of the mean decay rate of storms of 

similar intensity that are located over land in the same geographic area.  
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Table 3.1: The departure criteria that determine if an 18 h period of a storms motion over land is 

anomalous for each basin. These values represent the 20
th

 and 80
th

 percentiles of 18 h decay 

anomalies of all storms that make landfall in a particular geographic region.  

 

 

Basin Slow Anomaly Threshold Fast Anomaly Threshold 

Gulf States < -8.9 (kt/18 h) > 6.9 (kt/18 h) 

Florida Pen. < -5.9 (kt/12 h) > 11.9 (kt/12 h) 

East States < -8.5 (kt/18 h) > 7.0 (kt/18 h) 
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CHAPTER 4 

RESULTS:  CLIMATOLOGY 

 

a. Decay by Geographic Region 

 

There are two potential competing factors that determine which geographic regions see 

the greatest decay of TCs: 1) the initial intensity of TCs in that region and 2) the environmental 

conditions driving decay in that region. As shown in Figure 2.1 from KD95, intense storms 

decay more on an absolute basis than do weaker storms. Yet, the most intense storms are 

typically closer to energy sources maintaining them.  Thus, storms that are well inland tend to 

decay more quickly than storms that are closer to a coastline. This means that there is likely 

some intermediate inland distance where these two effects work together to decay storms the 

most. Said another way, there is likely an optimum inland distance where intense storms 

encounter a regime that is relatively cool and dry compared to their oceanic origins, and where 

storms will decay the most.  

Figures 4.1 and 4.2, demonstrate that the general pattern for how storms decay is the 

same whether measured by maximum sustained wind or minimum central pressure. There is a 

maximum rate of decay in the mountains of east central Mexico, and another maximum in the 

southern U.S. in the region of Mississippi and Alabama. The area of maximum decay along the 

Mexican Gulf Coast is easily explained by the region’s mountainous terrain which efficiently 

undercuts the inflow to storms making landfall in this region. Initial impressions are that this area 

of maximum decay in the central Gulf Coast states can partially be attributed to the stronger 

storms that make landfall in that region. Figure 4.11 shows a corridor in the central Gulf of 

Mexico through which the strongest storms pass on their way north to the central Gulf Coast.  

This is where it becomes valuable to examine the decay of these storms as a percentage of their 

current intensity, since it normalizes all storms to one another. From this analysis we will be able 

to examine regions that undergo the most decay independent of the intensity of storms that make 

landfall in that region. 

Figure 4.5 shows that regardless of intensity, storms decay the most in this Gulf region as 

a percentage of their current intensity. The Appalachian Mountains also appear to be an area of 
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increased decay activity in terms of absolute magnitude of decay (as measured by Δv and Δp); 

yet, on a percentage basis, storms in this region tend to decay much slower than in the central 

Gulf region. Referring back to Figure 3.3a, the trend for Gulf storms to decay more quickly 

extends over all initial storm intensities and is not limited to storms with higher intensities. 

Figures 4.3 and 4.4 show the values of standard deviation that accompany the mean decay shown 

in Figures 4.1 and 4.2. Figure 4.6 shows the standard deviation of the decay of TCs on a 

percentage basis (that is, the decay of the TC as a percentage of the current intensity of the TC).  

We find that the standard deviation of the magnitude of decay is most dependent on the value of 

the mean decay in a particular location. However, Figure 4.6 shows that the largest variability in 

decay on a percentage basis is along the coastlines. This maximum in variability along the coasts 

may be a product of the 6 h time step between data points. That is, a storm that has been over 

land for only one hour will likely have decayed much less than a storm that has been over land 

for five hours. Also, because of the smoothing process, coastal bins denote the decay of storms 

that are up to 1.5° (~166 km) inland, or 1.5° out to sea. These storms will often have very 

different magnitudes of decay that contribute to the variability in these regions. 

 

b. Decay as a Function of Time After Landfall. 

 

Previous work (KD95) has shown that all storms, regardless of initial intensity at landfall, 

decay on average to approximately the same strength (25-30 kt) within 24-30 h after landfall. To 

characterize the decay of TCs over time, the mean maximum sustained winds and mean 

minimum central pressure of these storms is presented as a function of time after landfall. The 

mean decay profiles are found for TCs that make landfall as tropical depressions, tropical storms 

and Category 1 and 2 hurricanes on the Saffir-Simpson Scale in Figures 4.8 and 4.9. This portion 

of the study mirrors similar work by KD95. Note that if a storm changed from a land regime 

back over water and then back again to a land regime, the second transition was treated as a 

second landfall, just as though the TC were making landfall for the first time.  

The findings of this study agree with the conclusions of KD95; however, when 

considering all storms in the database, the decay of some of the stronger storms appears to take 

slightly longer than KD95 indicated. Figure 4.6a shows that while it takes only 24 to 36 h for an 

average category 2 hurricane to decay within 15 kt of storms that were tropical depressions at 
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landfall, it takes approximately 48 h for the remnants of each to become virtually 

indistinguishable from one another in terms of intensity. Figure 4.6b also shows a unique feature 

of hurricanes compared to tropical storms or depressions. For hurricanes, the second point after 

landfall (6 h after initial landfall) shows the most decay on average (as a function of the absolute 

value of Δv). Conversely, weaker storms (tropical storms or depressions) show the most decay at 

the first point after landfall (t = 0 h). It is not entirely unexpected that hurricanes typically decay 

more during the second recorded data point after landfall. In many cases, the first point after 

landfall may reflect the decay of a storm for only a few hours, not a full 6 h time frame. 

Correspondingly, the storm will not have had much chance to decay under the influence of a land 

mass. This is consistent with Hubert (1955) who found that on a percentage basis, storms decay 

the most between the 6
th

 and 9
th

 hours after landfall. It is at this stage after landfall that the 

majority of a storm’s circulation is over land, and the decay of the system is maximized 

(DeMaria et al. 2006).  However, what is surprising is the difference between storms above and 

below hurricane status. Similar results are found in the filling of hurricanes in Figures 4.9a and 

4.9b, which describe the changes in minimum central pressure of a storm after landfall. This may 

be further evidence of hurricane’s vortex having increased stability due to a complete eyewall, 

more pronounced secondary circulation, and/or inertial stability of the primary circulation.  

 

c. Maximum Historical Inland Wind Penetrations 

 

One of the key results of KD95 was to show a series of maps that depict the worst case 

scenario of inland wind penetration for a fictional storm moving at a variable forward speed 

based on the empirical model that they had developed. Some of these maps were presented 

previously in Chapter 2. KD95’s worst case scenario model run was an arbitrary 135 kt storm 

making idealized landfall, at 16 kt forward speed. In an attempt to show the worst case scenario 

during the 56 year period of this study, and to show in what geographic areas the worst case 

scenario might be a more plausible reality, Figures 4.10 and 4.11 show the historical record of 

the strongest storm to pass through a particular region.  

Figure 4.10 was created using the same scale as KD95, and the same 1˚x 1˚ resolution 

grid used in previous portions of this research. As expected, much of Florida has experienced a 

storm with a best-track intensity above a 95 kt at some time during the 56 year period of record. 
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Likewise, a large portion of the northern Gulf Coast has been influenced by a major hurricane. 

The Texas and Carolina Coasts have only been influenced by a few major hurricanes that retain 

their intensity over land. Therefore, the majority of these coastlines have only seen storms with 

intensities less than 95 kt. There is a very large area in northern Georgia and portions of Alabama 

that has never been influenced by a storm of hurricane intensity. This regional minimum of 

maximum storm intensity is likely a reflection of the “shadow” that the Florida peninsula and 

Cuba both project upon the eastern panhandle of Florida. That is to say that storms that make 

landfall in this region often have interacted with either the Florida peninsula or with Cuba, and 

are consequently weaker than they might have been in the western panhandle. Figure 4.11 is a 

wider-looking version of the same plot and was smoothed using a nine-point smoothing function 

(note that the scale has changed). It clearly shows a “corridor” of maximum intensity through the 

central Gulf of Mexico, as well as the aforementioned shadowing effect that Cuba has to mitigate 

the storms that may otherwise impact the Florida coastline with stronger intensities. 

It is important to also note that this map does not imply that a wind speed actually 

occurred in that grid cell, but rather that the storm was centered in that bin at the time when the 

best-track reported that value of maximum winds. For example, Hurricane Ivan (2004) made 

landfall along the Gulf Coast, near Mobile, AL, with its strongest winds at landfall (~110 kt) 

near Pensacola, FL. For the purposes of this study, the storm was located over Mobile when it 

displayed those winds, so the bin surrounding Mobile shows maximum historical winds of 110 kt 

for the 56 year period of study.  

Finally, one should again note that the maximum sustained wind speed in the best-track 

dataset is a value that is very rarely observed by surface observations. Since observations cover a 

very small percentage of the surface, the estimated maximum surface wind speed in the best-

track is often considerably above the observed maximum and thus represents an upper bound.  

Consequently, as in KD95 and other studies, the analysis of inland wind penetration presented 

here is an upper bound rather than an average of what is observed at any given surface station.  

This certainly does not discount the possibility that a future storm may produce inland winds  

exceeding those described here (e.g. Hurricane Ike in 2008). 
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Figure 4.1: Smoothed plot of the mean decay rate (kt/6 h), as measured by change in maximum 

winds over a 6 h period, of all storms that have passed through each 1°x1° bin (1950-2006). Each 

1° x 1° box represents the mean decay rate of storms that pass through anywhere in the 

surrounding 3° x 3° bin. The number in the center of each bin is the number of storms that have 

passed through the 3° x 3° bin and consequently entered the mean decay rate calculation. 
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Figure 4.2: Same as Figure 4.1 except for change in central pressure over a 6 h period. 
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Figure 4.3: Same as Figure 4.1, except the standard deviation (kt /6 h) from the mean value in 

Figure 4.1) of change in maximum winds over a 6 h period. 
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Figure 4.4: Same as Figure 4.1, except the standard deviation (hPa /6 h) from the mean value in 

Figure 4.2) of change in central pressure over a 6 h period. 

 



32 
 

 
 

 

Figure 4.5: Same as Figure 4.1 except for the decay of wind as a percentage of current intensity. 
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Figure 4.6: Same as Figure 4.3, except the standard deviation from the mean value in Figure 4.5) 

of change in maximum winds as a percentage of current intensity over a 6 h period. 
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Figure 4.8: Mean decay curves of all storms that make landfall in the western Atlantic Basin as a 

function of the time after landfall. Depicted here are the mean values of (a) maximum sustained 

wind speed, and (b) mean 6 h change in max winds for storms as a function of time after landfall. 
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Figure 4.9: Same as 4.6 except for (a) mean minimum central pressure and (b) mean change in 

minimum central pressure respectively.  
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Figure 4.10: Maximum historical inland wind (kt) penetration during the 56 years of study. Plot 

was created by recording the maximum sustained winds from any storm in the database centered 

over a particular grid square. Resolution for each bin was 1° x 1°. 
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Figure 4.11: Same as Figure 4.10, but smoothed using a nine-point smoother and with a larger 

domain. 
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CHAPTER 5 

RESULTS: SIGNIFICANT DEPARTURES FROM CLIMATOLOGY 

 

a. Storm Characteristics Associated with Anomalous Decay 

 

 While we know that there is variability in how storms decay between regions as just 

described, we must also examine the variability in how storms decay within a given region.  As 

defined earlier in Chapter 3c, in order to be considered anomalous decay, a storm must exhibit a 

large anomaly in a period of 18 hours (12 hours for Florida) over land from the mean decay rate 

for that particular region. A large anomaly is considered to be beyond the 20
th

 and 80
th

 

percentiles of each region.  Additionally, it must be at least 50 km inland after the first data 

point. Figures 5.1 (a, b, and c) show the tracks of storms that decayed relatively quickly, slowly, 

or non-anomalously (the latter defined as the middle 60 percent). 

 

i. Storm Location and Motion 

 Figure 5.1 shows the plot of storm tracks during each 18 h time period for storms that 

decayed at anomalous (slow or fast) or nonanomalous rates. The line in the figure is drawn from 

point A to point C for each set of three points, corresponding to the schematic shown in Figure 

3.4. The maps show that one of the greatest influences on how a storm will decay is its direction 

of travel and the rate at which it moves inland after making landfall. Storms that decay quickly 

(Figure 5.1a) are generally moving nearly perpendicular to the coast, and advancing inland very 

quickly with a very large forward speed (also documented in Table 5.1). In contrast, storms that 

decay slowly (Figure 5.1b) are generally moving slower and are traveling either parallel to the 

coast or very slowly inland. The plot of the tracks of these storms is color coded according to 

their intensity at point A. Figure 5.2 is a plot of the mean starting location of point A in each set 

of three points, and the line is the mean motion vector between points A and C for storms that 

decayed more slowly, quickly or non-anomalously. One should note that the vector does not 

represent the mean location where storms ended up at point C, but rather the mean direction and 

forward speed TCs were traveling with respect to their own original starting position at point A.  
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Gulf storms show a tendency to decay more quickly over the eastern Gulf region and 

more slowly over the western portion. Storms that decay more quickly in this region are typically 

are moving inland rapidly. In Florida, the starting location of storms does not differ much 

between the datasets. However, Figure 5.1 shows that a greater influence on the decay of Florida 

storms is how far the storms are from the coast and if they cross the entire peninsula during their 

movement across the state. Several storms travel parallel to the East Coast in the slow database, 

indicating that they still may have been largely under the influence of the heat and moisture 

fluxes from the warm waters of the Atlantic. In the Northeast region, the storms that decay both 

non-anomalously and more slowly are found farther north and have generally already recurved. 

In contrast, storms that decay more quickly are found farther south and are moving in a more 

northerly direction, resulting in a more rapid inland penetration. Figure 5.3 shows the complete 

tracks of these storms.  The figures show that there is no preference for storms that have decayed 

anomalously slowly or quickly to have originated in any particular portion of the basin. To 

examine the unique individual properties of each storm that decayed anomalously, Tables 5.1 

and 5.2 show several key characteristics about the storms in each dataset, while Tables 5.3 and 

5.4 list the full population of the two anomalous intensity change datasets, as discussed next.  

Table 5.1 shows the mean distance from the nearest coastline to the center of the storm at 

point A in each of the 3 point data sets, and the mean change in the distance from the nearest 

coastline between points A and C for all three-point periods in each dataset. The uncertainty in 

each distance measure is 24 km, accounting for an 0.1° (approximately 11 km) resolution in the 

position of a storm’s center in the best track data set (Jarvinen et al. 1984; Neumann et. al 1993) 

and the 13 km resolution of the RUC land/water mask used as a reference for the nearest water 

point (Benjamin et al. 2004). Table 5.2 shows the mean maximum sustained winds, minimum 

central pressure, and the mean size of storms in each dataset. The mean initial intensity of all 

storms that decay quickly or slowly, as determined by the above methods, was 49 kt. However, 

the storms that decay non-anomalously are much weaker. This is not surprising as storms that are 

stronger will likely show the most departure from mean decay. Storms that decay quickly tend to 

have slightly higher central pressures, although a difference of 2 hPa between the averages for 

slowly and quickly decaying storms is not statistically significant.  
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ii. Prior Motion Over Land 

 The two data sets exhibit differences in the number of 18 h periods that are the first after 

landfall, as well as the number of total individual storms that contribute to the data set. The set of 

storms that decayed anomalously quickly consists of more points that were the first to make 

landfall and has more total individual storms than the set of periods that decayed anomalously 

slowly (Table 5.2). This means that the anomalously slow decay data set is composed of more 

storms that persist over land for an extensive amount of time, and contribute multiple three point 

sets to the data set. This makes sense given a slowly decaying storm will tend to exist over land 

for a longer period of time, taking longer to reach dissipation.  

 

iii. Initial Intensity  

Figure 5.5a shows the distribution of storms versus their decay anomaly in 5 kt bins.  The 

peak of the graph is skewed just below the origin, and the tail on the positive anomaly side is 

longer and more extensive than on the negative side, indicating a distribution that departs 

considerably from normality. Figure 5.5b on the other hand is a plot of the average intensity of 

storms at point A that display varying amounts of decay anomaly. The figure shows that the 

storms with a large anomaly in their decay tend to be stronger.  While the mean intensities of 

storms that decayed anomalously quickly compared to slowly were previously shown to be 

similar, this distribution indicates that there is a propensity for storms that decayed at extremely 

slow rates to be stronger in general than storms that decayed more quickly.  It is difficult to find 

statistical significance in these relationships, however, as the above histogram shows that there is 

a very small number of these extreme cases.   

 

iv. Storm Wind Structure 

Table 5.3 and its corresponding schematic, Figure 5.21, shows the mean values of several 

variables that define the fundamentals of a TC’s radial wind profile. These values were 

calculated for all storms that were found to decay at anomalous rates and were present in the 

more limited EBT dataset (DeMuth et al. 2006). While 54 of the storms that were found to have 

decayed anomalously quickly had data records in the EBT, only 11 storms that were determined 

to have decayed slowly were found in the EBT. The mean intensity of storms was found to be 

similar for both types of storms, but slightly less for storms that decayed slowly.  The radius of 
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gale force winds and the radius of the outermost closed isobar do not show differences that are 

statistically significant from a Student t-test, as indicated by resulting p-values of 0.72 and 0.27 

respectively.  However, the difference in the mean RMW between the two types of storms did 

show a very significant difference as indicated by a p-value of less than 0.01.  The magnitude of 

the difference is quite substantial, as storms that decayed slowly on average had a very large 

radius of maximum winds (76 nm), as compared to storms that decayed quickly (41 nm).  This 

finding confirms the results of Montgomery et al. (2001), although this previous study showed a 

much weaker sensitivity of RMW to decay rate (more specifically decay half life). The lack of 

statistical significance in the differences between other values may partially be reflective of the 

limited number of cases used to calculate these mean values.  It is also worth noting that 

examining storm size characteristics at landfall may prove more physically insightful than 

examining all 18 h storm segments over land, though the further reduction in the number of cases 

would also preclude statistical significance.   

While the above shows differences in the idealized symmetrical storm structure between 

these anomalous storms, it is also valuable to examine possible asymmetries in the wind field. To 

do this, the extent of the gale force winds as a percentage of the radial distance to the outermost 

closed isobar (ROCI) by quadrant is calculated for each storm ( Figure 5.4).  Results show that 

storms that decayed slowly are the most asymmetric, as there is a large disparity in the extent of 

the gale force wind field between eastern and western quadrants of the storms.  Conversely, 

storms that decayed more quickly seem to be the most symmetric, as the difference in gale force 

wind extents between eastern and western quadrants is not as great.   The physical explanations 

for such relationships should be pursued in future research, since such asymmetry may be a key 

characteristic during events such as extratropical transition where the threat to inland New 

England is enhanced. 

 

v. Time of Year and Day 

 Figures 5.6 and 5.7 show the percentage of 18 h periods in each dataset that occur during 

different months of the year and at different times of the day. There is no preference for TCs to 

decay anomalously slowly or quickly during any particular month. However, there is some 

preference for storms to decay more quickly when we examine them for an 18 h period that 

includes the daytime (beginning at 0600 UTC). Conversely, storms tend to decay more slowly 
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during the overnight period (beginning at 1800 UTC). This implies that there may be diurnal 

effects that cause storms in the middle of the day to weaken to a greater extent over land, while 

storms in the middle of the night retain more of their strength. This is a curious result because 

one expects that during the daytime hours, increased heat fluxes available to the periphery of a 

storm would provide more energy to sustain its intensity. However, during night time, increased 

boundary layer atmospheric stability would decrease convective activity in the outer portions of 

the storm, concentrating the most vigorous convection around the eyewall. Convection in the 

eyewall is important to maintain the secondary circulation of a storm, which in turn, is crucial to 

the maintenance of the vortex. More simply, a stable night time atmosphere is a better 

environment for maintaining a well organized symmetric vortex, which is important for 

maintaining a TC’s surface winds.   Additionally, cloud tops with their higher emissivity will 

radiate more effectively to space during the nighttime (compared to the surrounding dry air), 

cooling the cloud tops, and potentially increasing the lapse rate and instability above the clouds.   

Such diurnal (and semi-diurnal) variability previously has been noted for hurricanes over water 

(Kossin 2002) and mesoscale convective complexes over land (Tollerud and Rodgers 1991). 

 Finally, Figure 5.8 shows the percentage of storms in each database as a function of 

intensity. Results show that the storms that decayed quickly span a narrow range of storm 

intensities, but are more evenly spread among intensities below 100 kt. Conversely, the storms 

that decayed more slowly are spread out among a wider range of intensities, with the peak of 

number storms comes around the weaker intensities. Now that the storm characteristics 

associated with anomalous decay have been examined, we next investigate the meteorological 

environment of the storms undergoing anomalous decay. 

 

b. Analysis of the Environmental Characteristics 

 

  History has demonstrated that the environment of a TC can influence the rate at which it 

weakens or strengthens.  Prior work has shown that shear, dry air, trough interaction, oceanic 

heat content anomalies, and elevated terrain can all act to weaken (or, occasionally, intensify) a 

hurricane at sea.  Further, this influence has been suggested for hurricanes over land as well.  

When Danny (1997) moved over Virginia, it reclaimed tropical storm status well before its track 

brought it back over water. This rare event may have been a result of the unusually warm, wet 
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surface over Virginia due to heavy rains the week prior. Further, when Fay (2008) passed over 

the Florida peninsula, it intensified rather than weakened as was forecast.  Finally, interaction 

with a strong baroclinic trough in late 2008 reintensified former Hurricane Ike, producing gusts 

to hurricane force over the Ohio Valley and Great Lakes region.  All of these cases argue that 

there may be preferred atmospheric patterns that aid the rapid weakening or delayed weakening 

of TCs over land.  We next examine synoptic scale fields to ascertain whether these patterns 

exist in composites from our storm populations.  

For storms that decayed anomalously from the mean rate in each region, the 

meteorological characteristics of the TC’s environment are examined in Figures 5.9-5.20. 

Variables that are examined include 500 hPa and 300 hPa geopotential heights (to examine the 

overall long-wave pattern at mid and upper levels), as well as 850 hPa temperature and surface 

relative humidity (to examine the low level availability of heat and moisture). Using NCEP 

reanalysis data (Kalnay et al. 1996), a composite mean field of each variable was created at all 

times denoted by point A. All of the composite mean fields are examined independently in each 

of the three regions studied, for storms that displayed anomalous (quick or slow) decay and 

nonanomalous decay. No attempt is made to remove the storm itself from any of the fields, and 

thus the analysis must be viewed as a synthesis of the TC itself with the environment. However, 

prior research by Manning and Hart (2007) illustrated that the representation of the TC itself in 

NCEP reanalysis was sufficiently muted that the dominant signal in the reanalysis is the larger-

scale environment. 

A series of three maps is used to examine the anomalies in each region. The first is the 

mean field of all nonanomalous cases. Since the nonanomalous TCs represent decay for the 

middle 60 percent of cases, this plot represents our control. The following two plots in each case 

are the same type of plot as described above, but for the anomalously slow and fast cases. These 

second and third maps also shade the anomalous values of each variable as a departure from the 

control case.  An examination of these anomalies reveals differences in the environmental 

characteristics of storms that decayed anomalously quickly or slowly. 

 

i. Mid Level Patterns  

  Mean 500 hPa height composites and anomalies are presented for all regions in Figures 

5.9 through 5.14.  The 500 hPa height field for storms that underwent nonanomalous decay in the 
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East region, (Figures 5.9, 5.11, and 5.13) reveals that the Atlantic Subtropical high pressure 

system is extended to the northwest. It is located relative to a trough over the southeast U.S. such 

that the storms tend to follow the general flow toward the northeast into the mid latitudes. This 

steering pattern is consistent with the work of Dong and Neumann (1986) who showed that the 

basic flow in the middle troposphereserves as a proxy for the steering flow for TCs. Newer work 

by Velden and Leslie (1991) showed that the optimum steering flow layer for a TC is strongly a 

function of its intensity, a factor that likely plays a considerable role here given the rapidly 

changing intensity of the TC as it moves inland. 

In the Florida region, the 500 hPa height composite for nonanomalous storms shows a 

large ridge over the central United States. In the Gulf of Mexico region, the field associated with 

nonanomalous decay includes an Atlantic high that extends well across the Gulf and into 

northern sections of Mexico and the Southeast U.S. The break in the Atlantic high over the Gulf 

itself is likely a reflection of the storms themselves influencing the pattern, lowering the mean 

heights in the region, although this argument would need to be tested by filtering the data and 

attempting to remove the TC itself. North of the Gulf, the height field exhibits a very zonal 

orientation. This is possibly because of the very large latitudinal extent of the distribution of 

storms. Since TCs generally follow mean mid layer steering current (Chan and Gray 1982; 

Velden and Leslie 1991), northward movement of storms into this coast would generally be 

driven by the passage of a trough through the region. It is likely that there is some cancellation 

between the trough/ridge pattern of storms that make landfall in the western portion of this 

region and the eastern portion of this region.   

  For storms that decayed quickly in the East region (Figure 5.10), the 500 hPa pattern 

exhibits a large ridge anomaly to the northeast of the position of storms. On the southwest side of 

this anomalous ridge, the height contours are oriented in nearly a meridional direction over the 

Carolinas and Appalachian states.  While a 500 hPa pattern cannot explicitly serve as an 

indicator of steering flow by itself, a ridge in this region of sufficient vertical depth would 

influence steering flow throughout the troposphere. When this steering is combined with effects 

such as beta drift (Chan and Williams 1989), it would serve to quickly force these storms in an 

inland direction. With these storms moving inland more rapidly, their source of moisture would 

be cut off more quickly, which would in turn encourage a more rapid decay. The opposite is true 

for storms that decayed more slowly. There is a large trough anomaly to the northwest of the 
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storm tracks. On the east side of this trough anomaly, the isobars, while not explicitly zonal in 

direction, are oriented nearly parallel to the coast between the Carolinas and the Northeast.  

Using similar arguments as in the case of storms that decayed anomalously quickly, storms on 

the southeast side of a trough in this region would likely experience a steering flow that would 

carry the storms very rapidly along the coast.  Remaining on a trajectory which is parallel to the 

coast, they would maintain their close connection to the heat and moisture fluxes off the Atlantic 

Ocean. Also, for storms that are developing baroclinic properties, it is possible that the 

positioning of this trough to the west helps them to intensify. The ability of TCs to intensify 

through trough interactions has also been documented (Hanley et al. 2001), although the ability 

to anticipate such rare positive interactions from the more common destructive interaction is still 

a great challenge (e.g. Charlie 2004). However, prior composites (Hanley et al. 2001; Hart et al. 

2006) have begun to demonstrate the differences and the trough-TC combinations that are most 

conducive for tropical or non-tropical intensification. 

 In the case of anomalous decay in the Gulf region, (Figure 5.14) there is a muted signal 

over the northeast United States.  Specifically, for storms that decayed quickly there is an 

anomalous ridge in the northeast, which would increase the southerly steering flow and force 

storms to progress inland at a faster rate, and again decay more rapidly. The opposite is true for 

storms that decayed more slowly. There is an anomalous trough over the northeast United States, 

which produces northerly winds in the central portion of the nation. This northerly flow would 

serve to slow the progress of storms to the north and keep them in the southern Gulf States, 

closer to the water for a longer period of time.  

 The 500 hPa patterns surrounding the anomalous decay cases in Florida (Figure 5.12) are 

much different than the amplified trough/ridge patterns found in the previous Gulf and East 

cases. Storms that decay anomalously quickly in Florida are influenced by a large ridge to the 

north. Conversely, storms that decayed slowly are surrounded by an anomalous trough to the 

north. This pattern does not clearly indicate any shift in the winds that might steer these storms, 

although examination of the mean wind vector at all levels in the troposphere would be needed to 

identify differences conclusively. Further, with the subsidence that is often associated with 

ridges, one would expect smaller values of surface moisture, which would reduce or cut off the 

TC’s source of moisture. The opposite effect would occur with troughs, and correspondingly the 

storm might have more moisture to utilize.  
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 Overall, the cases in the northeast that exhibit the most dramatic environmental 

differences between storms that decayed rapidly or slowly. This finding is likely due to the 

relatively large amount of latitudinal variability and the small amount of longitudinal variability 

in the position of TCs in the region, along with the increased prevalence of baroclinic troughs. 

For this reason, variations between rapidly and slowly decaying storms for the next three 

environmental parameters are only shown for the Northeast cases.  

 

ii. Upper Level Patterns 

At 300 hPa, the height anomaly patterns (Figure 5.16) appear very similar to the height 

anomaly patterns at 500 hPa.  Thus, the same logic is used to explain why storms decay 

anomalously slowly or quickly. A key result is the lack of a large amount of variability in the 

patterns between 500 hPa and 300hPa. If there were a lot of variations between the two patterns 

that would indicate a large amount of directional shear in the atmosphere, and the storm would 

decay more quickly than expected.   The analysis as performed cannot discount the possibility of 

wind speed shear, however. 

 

iii. Low Level Patterns 

 The field of surface relative humidity (Figure 5.18) shows that storms that decayed 

quickly are surrounded by a large area of moist air (on the order of 8-10% greater amounts of 

relative humidity). On the other hand, storms that decayed slowly are surrounded by an area of 

relatively dry air compared to storms that underwent nonanomalous decay. This result is curious 

as one would expect that storms surrounded by relatively moist air would stand a better chance 

of sustaining their intensity for longer periods of time. Referring back to Figure 5.10a, when 

storms decay more quickly than normal, the trough of the long wave pattern in located further to 

the west than in the case of non-anomalous decay.  Flow on the east side of this trough will likely 

be out of a southerly direction, enabling winds to advect air with higher moisture content from 

the Gulf into the southern portions of the United States.  From this perspective, the higher 

moisture values surrounding storms that decayed more quickly might just be indicative of 

influences from the longwave pattern and may not indicate any physical means by which these 

storms retain their intensity.  Further, relative humidity doesn’t directly account for changes in 

absolute moisture, such as measured by dewpoint or specific humidity.  Consequently, it’s 
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possible that the higher relative humidity values simply result from colder air temperatures.    

Considering what other key differences have been shown previously between each of the storm’s 

environments, and the tracks that storms take over land, it would be speculation to try and draw 

any physical insight as to why these storms that are be surrounded by such moisture anomalies 

show a tendency to decay quickly. However, this result is again curious, and may warrant further 

study at a later time. 

 Finally, temperature anomalies at 850 hPa (Figure 5.20) show that storms that decayed 

slowly have an associated warm anomaly to their east, whereas storms that decayed quickly have 

a warm anomaly to the north. The warm anomaly on the eastern side of storms that decayed 

anomalously slowly may be self induced since flow around the systems would be out of the 

south on the eastern side of the storms, transporting warmer air northward out of the southern 

latitudes. Storms that decayed more quickly likely show a warm anomaly far north of their 

locations not because of any physical process, but rather in the way the data were processed. 

Specifically very few rapidly decreasing storms in the dataset reached the far northern latitudes. 

Therefore, when you compare these fields to the nonanomalous dataset, a comparison is being 

made against an area that does have warm moist air brought to the northern regions by 

hurricanes.   
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Figure 5.1a:  Tracks of storms that decayed abnormally quickly as defined by their departure 

from the mean decay rate of storms in their particular region over an 18 h span. Each dot 

represents the starting point of the storm in a succession of three points, each line is drawn to the 

final point of three. Plots are color coded by initial intensity of the first point.  
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Figure 5.1—continued  

 

 
 

 
Figure5.1b: Tracks of storms that decayed abnormally slowly as defined by their departure from 

the mean decay rate of storms in their particular region over an 18 h span. Each dot represents 

the starting point of the storm in a succession of three points; each line is drawn to the final point 

of three. Plots are color coded by initial intensity of the first point.  
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Figure 5.1—continued  

 
 

 
Figure5.1c:  Tracks of storms that decayed non-anomalously as defined by their departure from 

the mean decay rate of storms in their particular region over an 18 h span. Each dot represents 

the starting point of the storm in a succession of three points; each line is drawn to the final point 

of three. Plots are color coded by initial intensity of the first point.  
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Figure 5.2: Mean starting positions and vector directions of travel for storms that decayed 

quickly, slowly, or non-anomalously in each study area.  
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Figure 5.3:  Complete tracks for storms that decayed anomalously (a) slowly, (b) quickly, and 

(c, next page) non-anomalously.
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Figure 5.3—continued  
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Figure 5.4: Graph of the radial extent of gale force winds (represented as a percentage of 

distance to the outermost closed isobar in the storm) by quadrant. 
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Figure 5.5: (a) Histogram of the varying amounts of anomaly in the datasets and (b) the average 

intensity of storms that displayed various amounts of decay anomaly.  
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Figure 5.6: The month of occurrence of storms in each dataset as a percentage of all storms that 

occur in that particular dataset. 
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Figure 5.7: The time of occurrence of storms in each dataset as a percentage of all storms that 

occur in that particular dataset. 
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Percentage of Points vs. Current Vmax Fast Dataset
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Percentage of Points vs. Current Vmax Slow Dataset
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Percentage of Points vs. Current Vmax Middle Dataset

0%

5%

10%

15%

20%

25%

5 15 25 35 45 55 65 75 85 95 10
5

11
5

12
5

13
5

14
5

15
5

16
5

Vmax

P
e
rc

e
n

ta
g

e
 o

f 
P

o
in

ts

Middle

 
 

a) 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.8: The percentage of points in each dataset at various wind speeds for the storms that 

decayed (a) quickly, (b) slowly, and (c) non-anomalously. 
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Figure 5.9: Mean 500 hPa height field (meters) for storms that made landfall in the eastern 

region of the United States and decayed at nonanomalous rates.  The locations of nonanomalous 

decay are represented by the dots within the box.
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Figure 5.10: Mean 500 hPa height anomalies (meters) for storms that made landfall in the 

eastern region of the United States and decayed at anomalously (a) fast and (b) slow rates. 
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Figure 5.11: Mean 500 hPa height field (meters) for storms that made landfall over the Florida 

Peninsula and decayed at nonanomalous rates. 
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Figure 5.12: Mean 500 hPa height anomalies (meters) for storms that made landfall over the 

Florida Peninsula and decayed at (a) anomalously fast and (b) slow rates.   The anomaly here is 

from the composite mean field for the nonanomalous storms, given in Figure 5.11. 
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Figure 5.13: Mean 500 hPa height field (meters) for storms that made landfall over the Florida 

Peninsula and decayed at nonanomalous rates. 
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Figure 5.14: Mean 500 hPa height anomalies (meters) for storms that made landfall in the Gulf 

region of the United States and decayed at (a) anomalously fast and (b) slow rates.   The anomaly 

here is from the composite mean field for the nonanomalous storms, given in Figure 5.13. 
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Figure 5.15: Mean 300 hPa height field (meters) for storms that made landfall in the eastern 

region of the United States and decayed at nonanomalous rates.  
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Figure 5.16: Mean 300 hPa height anomalies (meters) for storms that made landfall in the 

eastern region of the United States and decayed at (a) anomalously fast and (b) slow rates.  The 

anomaly here is from the composite mean field for the nonanomalous storms, given in Figure 

5.15. 
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Figure 5.17: Mean surface relative humidity (%) for storms that made landfall in the eastern 

region of the United States and decayed at nonanomalous rates. 
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Figure 5.18: Mean surface relative humidity (%) anomalies for storms that made landfall in the 

eastern region of the United States and decayed at (a) anomalously fast and (b) slow rates.  The 

anomaly here is from the composite mean field for the nonanomalous storms, given in Figure 

5.17. 
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Figure 5.19: Mean 850 hPa temperature (°C) field for storms that made landfall in the eastern 

region of the United States and decayed at nonanomalous rates. 
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Figure 5.20: Mean 850 hPa temperature (°C) anomalies for storms that made landfall in the 

eastern region of the United States and decayed at (a) anomalously fast and (b) slow rates. The 

anomaly here is from the composite mean field for the nonanomalous storms, given in Figure 

5.19. 
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Table 5.1: The mean distance from point A (as defined in Figure 3.4) to the nearest coastline for 

all three point sets each dataset, and the mean change in minimum distance between point A and 

C for each three point dataset. Distances are calculated from the storm center to the nearest grid 

point designated as being over water in a 13 km RUC land/water mask. Error in each 

measurement is +/- 24 km. 

 

 Minimum Distance to nearest 

Body of Water (at Point A) (km) 

Change in Minimum Distance 

(from Point A to C) (km) 

Anomalously  

Slow Decay 

242.4  78.0 

Normal 

Decay 

326.2 172.8 

Anomalously  

Quick Decay 

172 201.7 

 

 

Table 5.2: Various characteristics of each intensity change subset.  

 

 # of Total 2 

or 3 point 

sets 

# of 

Individual 

Storms 

# of Pts that 

were the first 

after landfall 

Mean V(max) at 

the first point  (kt) 

Mean P(min) at 

the first point 

(hPa) 

Anomalously  

Slow Decay 

97 54 20 49.1 987  

Nonanomalous 

Decay 

286 124 56 38.8 996  

Anomalously  

Quick Decay 

101 69 45 49.2 989 
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Table 5.3: Mean values that describe various aspects of the radial wind structure of storms that 

decayed at anomalous rates.  Data used to calculate these values came from the EBT Dataset 

(DeMuth et al. 2006).  Values in parentheses represent the standard deviation from the mean 

provided.  The p-value is a measure of the statistical significance of the difference of the above 

values, as provided by a student t-test.  The p-value falls somewhere between 0 and 1, with 

values approaching 0 representing increasing levels of statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21: A schematic (not drawn exactly to scale) of the mean radial wind profile for storms 

that decayed anomalously quickly or slowly, using the mean values in Table 5.3.  Data used to 

calculate these values came from the Extended Best Track Dataset (DeMuth et al. 2006). 

 Mean 

Intensity 

(kt) 

Mean RMW  

 

(nm) 

Mean Radius 

of Gale Force 

Winds (nm) 

Mean Radius of 

Outermost Closed 

Isobar (nm) 

Anomalously Slow 

Decay  

(N = 54) 

 

44 (+/-16) 

 

76 (+/-53) 

 

77 (+/-48) 

 

168 (+/-49) 

Anomalously Quick 

Decay 

(N = 11) 

 

48 (+/-17) 

 

41 (+/-33) 

 

84 (+/-44) 

 

194 (+/-75) 

 

p-Value 

 

 

0.51 

 

0.01 

 

0.72 

 

0.27 
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Table 5.4:  Listing of times qualifying as “anomalously fast decaying”, sorted by the magnitude 

of the anomaly (final column). Date and wind, and position are reflective of point A in the 18 

hour time segment of study. 

 

Year Name Date Latitude Longitude Wind Climatology Error 

1975 ELOISE 1800 UTC 23 Sep 33 -85.7 55 41.8 

2005 DENNIS 0000 UTC 11 Jul 31.5 -87.7 45 40.8 

1957 AUDREY 1800 UTC 27 Jun 30.7 -93.5 60 34 

1989 JERRY 0600 UTC 16 Oct 30.4 -94.9 35 32.7 

2004 JEANNE 1200 UTC 26 Sep 27.7 -81.6 75 27.3 

1996 FRAN 0600 UTC 06 Sep 35.2 -78.7 65 27.2 

1950 KING 1800 UTC 18 Oct 28.6 -81.5 65 27 

2000 GORDON 0600 UTC 18 Sep 29.8 -83 40 23.9 

1950 LOVE 1200 UTC 21 Oct 29.8 -83 35 23.7 

1992 ANDREW 1200 UTC 26 Aug 30.1 -91.7 80 23.6 

2001 BARRY 1200 UTC 06 Aug 31.8 -86.9 25 23.3 

1988 FLORENCE 1200 UTC 10 Sep 30.7 -90.7 30 22.8 

1975 ELOISE 0000 UTC 24 Sep 35.5 -84.3 30 21.6 

1989 HUGO 0600 UTC 22 Sep 33.5 -80.3 85 20.6 

2004 JEANNE 1800 UTC 26 Sep 28.3 -82.3 55 20.1 

1983 ALICIA 1800 UTC 18 Aug 30.5 -96 40 19.9 

1995 OPAL 0000 UTC 05 Oct 31 -86.8 80 19.9 

1974 CARMEN 1800 UTC 08 Sep 30.5 -92.6 45 18.9 

2005 TAMMY 0600 UTC 06 Oct 31.3 -82.8 35 18.4 

1950 EASY 0000 UTC 06 Sep 28.3 -82.6 85 18.1 

1974 CARMEN 1200 UTC 08 Sep 30 -92.1 75 17.5 

1996 FRAN 1200 UTC 06 Sep 36.7 -79 40 17.2 

1985 ELENA 1800 UTC 02 Sep 31 -90.4 60 16.7 

1992 ANDREW 1800 UTC 26 Aug 30.9 -91.6 50 16.4 

1995 ERIN 0000 UTC 04 Aug 31.4 -88.5 45 16.3 

1978 DEBRA 0600 UTC 29 Aug 30.7 -93.3 30 15.9 

2004 GASTON 1800 UTC 29 Aug 33.5 -79.6 45 15.8 

2004 IVAN 1200 UTC 16 Sep 31.4 -87.7 70 15.7 

2005 KATRINA 0000 UTC 30 Aug 32.6 -89.1 50 15.3 

2004 JEANNE 0600 UTC 26 Sep 27.3 -80.6 95 15.2 

1963 CINDY 0600 UTC 18 Sep 30.1 -94.9 35 14.6 

1986 BONNIE 1800 UTC 26 Jun 30.9 -94.7 35 14.6 

2003 ISABEL 0000 UTC 19 Sep 36.7 -77.7 65 14.5 

2004 FRANCES 1200 UTC 05 Sep 27.4 -80.7 80 14.3 

1959 CINDY 0600 UTC 09 Jul 33 -79.8 50 14 

2003 ISABEL 0600 UTC 19 Sep 38.6 -78.9 50 14 

1971 EDITH 1800 UTC 16 Sep 30.5 -91.6 60 13.7 

1965 BETSY 0600 UTC 10 Sep 29.6 -90.7 90 13.6 

1952 ABLE 0600 UTC 31 Aug 33.1 -80.8 70 13.5 

1979 BOB 1800 UTC 11 Jul 31 -90.2 40 13.5 
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Table 5.4--Continued 

1992 DANIELLE 0000 UTC 26 Sep 38.3 -75.6 40 13.5 

1988 CHRIS 1800 UTC 28 Aug 32.8 -81.1 35 13.4 

1969 CAMILLE 1200 UTC 18 Aug 32.2 -90 65 13.3 

2001 GABRIELLE 1800 UTC 14 Sep 28 -81.8 45 13.3 

2002 ISIDORE 1800 UTC 26 Sep 32.2 -89.8 40 13.2 

1985 BOB 1200 UTC 25 Jul 34.8 -80.5 45 13 

1995 ERIN 0600 UTC 02 Aug 27.7 -80.4 75 13 

1988 FLORENCE 0600 UTC 10 Sep 29.7 -89.7 60 12.9 

2004 FRANCES 1800 UTC 05 Sep 27.8 -81.7 60 12.8 

1999 DENNIS 0600 UTC 05 Sep 35.5 -77.7 35 12.6 

2003 ISABEL 1200 UTC 19 Sep 40.9 -80.3 35 12.6 

2004 FRANCES 0000 UTC 07 Sep 31 -84.6 35 12.6 

1968 CANDY 0600 UTC 24 Jun 30.1 -97.8 30 12.3 

1999 BRET 1200 UTC 23 Aug 27.3 -98.3 60 12.2 

2002 EDOUARD 0600 UTC 05 Sep 29.2 -81.6 25 12.1 

2004 IVAN 1800 UTC 16 Sep 32.5 -87.4 50 12.1 

2002 HANNA 1800 UTC 14 Sep 30.8 -88 30 12 

1983 BARRY 1200 UTC 25 Aug 27.9 -80.8 30 11.9 

1989 CHANTAL 1800 UTC 01 Aug 30.2 -95.2 50 11.5 

2002 FAY 1200 UTC 07 Sep 29.1 -96.9 30 11.5 

2004 IVAN 0000 UTC 17 Sep 33.8 -86.5 30 11.5 

2005 ARLENE 0000 UTC 12 Jun 31.4 -87.6 30 11.5 

1994 ALBERTO 1800 UTC 03 Jul 30.7 -86.3 45 11.1 

1998 CHARLEY 1200 UTC 22 Aug 27.9 -97.4 35 11.1 

2002 LILI 1800 UTC 03 Oct 30.5 -92.4 60 11.1 

1950 BAKER 1800 UTC 31 Aug 33.2 -88.1 35 10.9 

1989 CHANTAL 0000 UTC 02 Aug 30.8 -96.1 35 10.9 

1999 DENNIS 0000 UTC 05 Sep 35 -76.8 50 10.2 

2005 RITA 1200 UTC 24 Sep 30.5 -94.1 65 10.2 

1964 ABBY 0600 UTC 08 Aug 28.9 -97.3 25 10 

1971 EDITH 0000 UTC 17 Sep 31.8 -89.9 40 10 

2002 LILI 0000 UTC 04 Oct 31.9 -92.1 40 10 

2005 KATRINA 1800 UTC 29 Aug 31.1 -89.6 80 9.97 

2004 GASTON 0000 UTC 30 Aug 34.2 -79.4 30 9.49 

1994 ALBERTO 0000 UTC 04 Jul 31.2 -86.1 25 9.47 

1950 BAKER 1200 UTC 31 Aug 32.2 -87.9 50 9.43 

1985 BOB 0600 UTC 25 Jul 32.9 -80.7 55 9.43 

2001 ALLISON 0600 UTC 06 Jun 30.1 -95.2 30 8.94 

1983 ALICIA 1200 UTC 18 Aug 29.7 -95.5 80 8.82 

1964 DORA 0600 UTC 11 Sep 30.2 -84 55 8.71 

1990 MARCO 0600 UTC 12 Oct 30.7 -83 20 8.68 

1952 ABLE 1200 UTC 31 Aug 34.4 -81 45 8.6 

1998 EARL 1200 UTC 03 Sep 31.3 -84 45 8.6 
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Table 5.4—continued  

1957 BERTHA 0600 UTC 10 Aug 30.2 -94.1 45 8.45 

1985 ELENA 0000 UTC 03 Sep 31.9 -91.8 45 8.45 

2003 BILL 0600 UTC 01 Jul 31.6 -89.3 30 8.42 

2005 DENNIS 0600 UTC 11 Jul 32.6 -88.5 30 8.42 

1995 ERIN 0600 UTC 04 Aug 32.3 -89.1 35 8.32 

1994 BERYL 1800 UTC 16 Aug 32.3 -84.5 25 7.95 

1979 FREDERIC 1200 UTC 13 Sep 32.2 -88.7 65 7.9 

2001 BARRY 0600 UTC 06 Aug 30.6 -86.4 60 7.86 

1959 CINDY 1200 UTC 09 Jul 33.7 -80.2 35 7.68 

2001 ALLISON 0000 UTC 06 Jun 29.3 -95.3 45 7.67 

1959 GRACIE 0000 UTC 30 Sep 33.6 -81.1 60 7.5 

1950 BAKER 0000 UTC 01 Sep 34.3 -88.5 25 7.18 

2002 BERTHA 1200 UTC 05 Aug 30.5 -90.1 25 7.18 

1995 OPAL 0600 UTC 05 Oct 33.2 -86.2 50 7.05 

1988 CHRIS 0000 UTC 29 Aug 34.1 -81.1 25 7.03 

1995 ALLISON 1800 UTC 05 Jun 30.7 -83.8 45 7.02 

1972 AGNES 0000 UTC 20 Jun 30.5 -85.2 45 6.95 

2002 ISIDORE 0000 UTC 27 Sep 33 -89 20 6.6 

 

Table 5.5:  Listing of times qualifying as “anomalously slow decaying”, sorted by the magnitude 

of the anomaly (final column). Date and wind, and position are reflective of point A in the 18 

hour time segment of study. 

 

Year Name Date Latitude Longitude Wind Climatology Error 

1985 JUAN 1200 UTC 29 Oct 29.6 -91.3 65 -38 

1980 ALLEN 1200 UTC 10 Aug 26.7 -98.1 85 -30.6 

1996 BERTHA 1200 UTC 13 Jul 38.3 -76.1 60 -30 

1955 DIANE 1800 UTC 17 Aug 35.4 -78.5 60 -25 

1998 EARL 0000 UTC 04 Sep 33.2 -80.5 40 -24.4 

1979 DAVID 1800 UTC 06 Sep 43.3 -73.7 40 -23.5 

2001 ALLISON 0600 UTC 11 Jun 30 -90.5 35 -21.1 

1953 FLORENCE 1800 UTC 26 Sep 30.4 -86.1 70 -21 

1955 DIANE 1200 UTC 17 Aug 34.3 -78 60 -21 

1964 DORA 0000 UTC 13 Sep 32.2 -82.2 35 -20.9 

1985 KATE 0000 UTC 22 Nov 30.2 -85.1 80 -19.9 

1955 5 0600 UTC 27 Aug 30.1 -89.7 40 -18.9 

1955 5 1200 UTC 27 Aug 30.3 -91.1 40 -18.9 

1955 DIANE 0000 UTC 18 Aug 36.6 -79 60 -18.9 

1998 EARL 1800 UTC 03 Sep 32.4 -82.4 40 -18.5 

1979 DAVID 0000 UTC 04 Sep 28 -80.5 85 -18.1 

1979 DAVID 1800 UTC 03 Sep 27.2 -80.2 85 -18.1 
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Table 5.5—continued  

1959 DEBRA 1200 UTC 25 Jul 29.6 -95.1 65 -18 

1979 DAVID 1800 UTC 04 Sep 31.5 -81.2 80 -17.5 

1979 DAVID 1200 UTC 06 Sep 41.5 -76.3 40 -17.1 

1989 ALLISON 1800 UTC 26 Jun 29.1 -95.7 45 -17.1 

1964 HILDA 0600 UTC 04 Oct 30.2 -91.2 60 -16.7 

1957 AUDREY 1200 UTC 28 Jun 34.5 -89.5 35 -16.1 

1964 DORA 1800 UTC 12 Sep 31.9 -83.3 35 -15.3 

1959 GRACIE 1800 UTC 29 Sep 32.4 -80.4 105 -15 

1999 IRENE 0000 UTC 16 Oct 26.1 -80.6 65 -14 

1955 5 1800 UTC 27 Aug 30.5 -92.3 40 -13.9 

1961 CARLA 0000 UTC 12 Sep 28.6 -96.8 100 -13.8 

1959 DEBRA 1200 UTC 26 Jul 32.1 -95.4 30 -13.7 

1979 CLAUDETTE 1800 UTC 25 Jul 30.5 -95.2 30 -13.7 

1985 DANNY 1800 UTC 16 Aug 33.7 -90.4 30 -13.7 

1998 FRANCES 0600 UTC 12 Sep 30.2 -96.8 30 -13.7 

1954 HAZEL 1800 UTC 15 Oct 36.8 -78.2 80 -13.6 

1980 ALLEN 1800 UTC 10 Aug 27.3 -99 70 -13.3 

1955 5 0000 UTC 28 Aug 30.6 -93.3 40 -12.8 

1960 DONNA 1800 UTC 10 Sep 26.2 -81.7 115 -12.8 

1994 BERYL 0000 UTC 16 Aug 30 -85.6 50 -12.5 

1965 1 1200 UTC 15 Jun 30.4 -86 45 -12.1 

1979 CLAUDETTE 1800 UTC 24 Jul 29.6 -93.9 45 -12.1 

1979 DAVID 0000 UTC 06 Sep 37.6 -79.5 40 -12.1 

1979 DAVID 0600 UTC 06 Sep 39.2 -78.5 40 -12.1 

1989 HUGO 1200 UTC 23 Sep 49 -69 40 -12.1 

1955 5 0600 UTC 28 Aug 30.8 -93.9 35 -11.7 

1971 FERN 0000 UTC 12 Sep 27.1 -98.4 35 -11.7 

2003 CLAUDETTE 1800 UTC 15 Jul 28.6 -96.9 70 -11.7 

1967 BEULAH 0000 UTC 21 Sep 27.3 -98.1 70 -11.5 

1967 BEULAH 1800 UTC 20 Sep 26.4 -97.7 90 -10.9 

1976 SUBTROP_3 0000 UTC 15 Sep 32.2 -80.8 40 -10.9 

1995 OPAL 1200 UTC 05 Oct 35.4 -85.7 30 -10.7 

1955 5 1200 UTC 28 Aug 31.3 -94.5 35 -10.6 

1967 BEULAH 0000 UTC 22 Sep 26.7 -99.5 35 -10.6 

1971 FERN 0600 UTC 12 Sep 27.1 -98.8 35 -10.6 

1995 ERIN 1800 UTC 04 Aug 34.1 -90.2 20 -10.6 

2002 ISIDORE 0600 UTC 27 Sep 35 -86.5 20 -10.6 

1964 DORA 0600 UTC 12 Sep 31.6 -84.8 35 -10.3 
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Table 5.5—continued  

1964 DORA 1200 UTC 12 Sep 31.5 -84.6 35 -10.3 

1955 DIANE 0600 UTC 18 Aug 37.7 -79 55 -10.2 

1955 5 1800 UTC 28 Aug 32.2 -95 35 -10 

1957 DEBBIE 1800 UTC 08 Sep 30.7 -86 35 -10 

1967 BEULAH 0600 UTC 22 Sep 26.5 -99.7 35 -10 

1971 FERN 1800 UTC 11 Sep 27.3 -98 40 -9.42 

1979 FREDERIC 0000 UTC 14 Sep 35.2 -87 40 -9.42 

2006 ALBERTO 0000 UTC 14 Jun 31.3 -82.8 35 -9.41 

2006 ALBERTO 0600 UTC 14 Jun 32.8 -81.9 30 -9.41 

1960 1 1200 UTC 24 Jun 28.4 -97.5 30 -9.39 

1961 CARLA 1200 UTC 13 Sep 34.3 -96.8 30 -9.39 

1973 DELIA 1800 UTC 06 Sep 30.3 -98.1 30 -9.39 

1979 CLAUDETTE 1200 UTC 25 Jul 30.5 -94.8 30 -9.39 

1989 ALLISON 1200 UTC 27 Jun 30.6 -94.9 30 -9.39 

1998 FRANCES 0000 UTC 12 Sep 29.3 -96.9 30 -9.39 

1954 CAROL 1800 UTC 31 Aug 43.1 -71.8 75 -8.96 

1961 CARLA 0600 UTC 12 Sep 29.5 -97.2 80 -8.91 

1955 BRENDA 1800 UTC 01 Aug 29.9 -89.5 55 -8.83 

1960 1 1800 UTC 24 Jun 29.1 -98 30 -8.77 

1977 BABE 0600 UTC 06 Sep 30.6 -90.7 30 -8.77 

1982 CHRIS 0600 UTC 12 Sep 32.8 -92.8 30 -8.77 

1993 ARLENE 1800 UTC 20 Jun 27.2 -97.9 30 -8.77 

1979 DAVID 1800 UTC 05 Sep 36.2 -80.1 40 -8.55 

1984 DIANA 0000 UTC 14 Sep 34.6 -78.5 45 -8.44 

1967 BEULAH 1800 UTC 21 Sep 27.2 -99.2 35 -8.33 

1950 EASY 0000 UTC 08 Sep 33.4 -85.9 30 -8.24 

1955 5 0600 UTC 29 Aug 35 -95.5 30 -8.24 

1970 CELIA 0600 UTC 05 Aug 30.9 -104.8 30 -8.24 

1970 FELICE 1800 UTC 16 Sep 31.4 -97.1 30 -8.24 

1999 BRET 0600 UTC 24 Aug 28 -100.4 30 -8.24 

1972 CARRIE 1200 UTC 04 Sep 44.8 -67.5 50 -8.11 

1968 ABBY 0600 UTC 05 Jun 28.1 -80.9 50 -7.39 

1968 ABBY 1200 UTC 06 Jun 29.1 -80.9 50 -7.39 

1968 ABBY 1800 UTC 06 Jun 29.9 -81.2 50 -7.39 

1960 DONNA 0000 UTC 11 Sep 27.3 -81.9 105 -5.98 
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CHAPTER 6 

 

SUMMARY AND CONCLUSIONS 
 

 

The ability to forecast the persistence of a TC’s intensity after landfall is of paramount 

importance for the operational meteorology and emergency management communities. The 

focus of this work was to describe the climatology of inland TC decay along different regions of 

the U.S., and to investigate the factors that may lead to the anomalous decay of storms in these 

various regions. This climatology of the decay of storms presented is the most broad-based to 

date, representing the results of 191 storms that have made some type of landfall along the U.S. 

shoreline between 1950 and 2006. 

As in previous research, the mean decay rate of storms increases in all regions as a 

function of the current intensity of the TCs. However, the nature of the relationship changes for 

storms greater than hurricane strength. When examining the decay rate of storms as a function of 

time after landfall, results showed that the second 6 hourly point after landfall typically decays 

the most for storms greater than hurricane strength. This is not the case for tropical depressions 

or tropical storms, where the first point after landfall shows the most decay. When considering 

these two findings together, there is the possibility (as also indicated by prior modeling studies) 

that hurricanes have increased stability associated with their structure that allows them to more 

efficiently maintain strength after landfall.  A rigorous statistical significance test and high 

resolution numerical modeling would be required to prove such a relationship, and both are 

beyond the scope of this research and data availability.  

Mean decay rates of TCs did show regional variations, a result that was in dispute with 

previous research. Most notably, storms passing through the Gulf of Mexico region, specifically 

inland portions of Alabama and Mississippi were found to have the greatest decay rates. Further, 

coastal locations showed the greatest variability in their decay rates. Not surprisingly, storms 

making landfall along the Florida Peninsula decay the most slowly. Analysis of the maximum 

best-track winds showed that during the past 50 years, much of the state of Florida has had a 

best-track category 3 storm pass within 100 km of any point on the peninsula.  One must 

remember, however, that the actual amount of land that has observed such sustained category 

three winds is comparatively much smaller since the best-track represents the maximum 

sustained wind speed estimated anywhere in the storm. Along the other coasts of the United 
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States, major hurricanes only penetrate a very short distance inland from the coast before 

dissipating to minor hurricane strength (or less). When analyzing 1888, six-hourly storm reports 

over land, it was found that all storms decay on average to minimal tropical storm strength 

within 24-48 h after landfall, regardless of landfall intensity. Previous research on this topic had 

come to similar conclusions; however, those authors had determined the time period was much 

shorter, only 24-30 h.   

Utilizing the mean decay rate as a function of intensity per each basin, individual storms 

were examined on an 18 h basis (12 h basis for Florida) to determine if they decayed at rates near 

the mean, or at significantly anomalous rates. The methods of this study ensured that storms 

were only deemed to have undergone anomalous decay when they were compared to the decay 

of other storms of similar intensity. Not surprisingly one of the biggest single factors in 

determining if a storm decayed quickly or slowly was found to be the track that it took while 

over land. Storms that decayed anomalously quickly were found to penetrate inland much more 

quickly. Conversely, storms that decayed anomalously slowly were found to remain near the 

coast, be moving at relatively slow forward speeds, or traveling in directions nearly parallel to 

the coastline.   

Previous modeling studies have shown that there is a small sensitivity of the decay rate of 

storms to their RMW.  This study confirmed that relation to even stronger significance, showing 

that storms that decayed slowly have a significantly larger RMW as compared to storms that 

decayed quickly.  Storms that decay quickly tend to have a more symmetric shape, as measured 

by the extent of their gale force wind field by quadrant, whereas slowly decaying storms tend to 

be asymmetric. There also appears to be a diurnal variation, such that storms that are over land 

during mostly nighttime hours decay more slowly than storms that are over land during mostly 

daytime hours. This is consistent with prior studies on diurnal and semi-diurnal variability of TC 

intensity over water and mesoscale convective complexes over land.  

Composite mean maps were used to determine environmental differences between storms 

that decayed at anomalous and nonanomalous rates. Due to the small amount of longitudinal 

variation in the Eastern region’s geographic boundaries, this method had more success in 

determining the mean differences in the environments of storms that made landfall in that 

Eastern region. The greatest differences in mid level (500 hPa) geopotential height patterns were 

changes in the long wave pattern which contributes to the steering flow of storms. As mentioned 
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previously, storms that decayed at anomalously quick rates generally followed steering currents 

that carried the circulation inland more quickly, while storms that decayed at anomalously slow 

rates followed steering currents that kept them closer to a coastline. The upper level geopotential 

patterns were similar to the mid level patterns, suggesting that directional vertical wind shear 

was not a major factor in explaining post-landfall anomalous decay.  

A perplexing result was observed when examining the low level heat and moisture 

anomalies associated with storms that decayed at anomalous rates. Storms that decayed at 

anomalously quick rates were located in a region of anomalously high surface relative humidity, 

and the converse was found for storms that decayed anomalously slowly.  This result defied 

logic, as storms that decay slowly are generally associated with regions of increased low level 

moisture.  Examination of more absolute measures of moisture (such as dewpoint or specific 

humidity) may reveal the physical explanation for this finding. The 850 hPa temperature 

anomaly pattern did not appear to have a notable difference in the regions surrounding the 

anomalous and non-anomalous storms.  

This study was intended first and foremost to educate the forecasting community on the 

climatology of decaying tropical systems in the United States. Second, it was meant to aid 

forecasters to recognize regions of the U.S. where decay rates may be different, and to determine 

the factors that may lead to anomalous decay in tropical cyclones after landfall. 

 

a. Suggestions for Further Research 

 

As many other researchers have found, there is a disconnect between the databases of 

tropical cyclones in the Atlantic Basin and the similar, yet underutilized, databases of 

extratropical cyclones. Future research could involve merging the two databases, examining the 

continuity of storms that decayed anomalously quickly or slowly in this database to extratropical 

status. Secondly, this work primarily focused on the decay of storms from an intensity 

perspective; however, since large amounts of inland damage associated with TCs can be 

attributed to excessive amounts of rainfall, a possible research topic could examine the impact 

that anomalous intensity, month of occurrence, or track can have on the hydrological impact of 

the storm. Determining answers to these questions could also prove helpful to the operational 

community at large.  
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