
ABSTRACT 
 
CROKE, MEREDITH S.  EXAMINING PLANETARY, SYNOPTIC AND 
MESOSCALE FEATURES THAT ENHANCE PRECIPITATION ASSOCIATED 
WITH LANDFALLING TROPICAL CYCLONES IN NORTH CAROLINA.  (Under 
the direction of Drs. Lian Xie and Michael L. Kaplan) 
 
 Landfalling tropical cyclones (TCs) over North Carolina often produce excessive 

rain well inland from the location of landfall.  A three-part study consisting of a 

precipitation analysis, climatological analysis and numerical model simulations was 

performed to determine the dominant mechanisms that influence precipitation associated 

with TCs that move over North Carolina.  The goal was to determine the intrinsic or 

environmental features that enhance precipitation associated with the TCs influencing 

North Carolina and create a conceptual model to enable forecasters to better assess the 

likelihood of enhanced precipitation during TCs.   

 In the precipitation analysis of 28 TCs that made landfall or tracked along North 

Carolina’s immediate coastline from 1953-2003, the spread of precipitation and track of 

each storm across North Carolina was considered.  The potential correlation between 

several intrinsic features (i.e. maximum storm intensity, landfall intensity and translation 

speed) and the 3-day storm average precipitation from 52 rain gauge stations across 

North Carolina were examined.  The results indicated no statistically significant 

correlation between precipitation and any of the above features.  Due to this lack of 

correlation, the preexisting synoptic/dynamic environment the TC was entering at 

landfall was examined to determine if the environmental features could be the dominant 

precipitation enhancing mechanism.   



In the climatological analysis the 28 TCs were divided into relatively heavy and 

relatively light rainfall groups so that composite analyses of several environmental 

features from 72 hours prior to landfall could be examined.  The features included 250 

hPa geopotential heights, 850-700 hPa and 500-250 hPa potential vorticity, 925-850 hPa 

moisture flux, 1000 hPa frontogenesis, temperatures, winds and mean sea level pressure.  

The results indicated that there are several significant planetary, synoptic and mesoscale 

climatological differences from 72 to 6 hours prior to landfall between the heavy and 

light rainfall groups. 

 The numerical simulations served to test the agreement between the 

climatological analysis and two case studies.  The two case studies used were Hurricane 

Floyd (1999) and Tropical Storm Arthur (1996) which represented heavy and light rain 

events, respectively.  All numerical simulations were performed using the Non-

Hydrostatic Mesoscale Atmospheric Simulation System (NHMASS) model.  The model 

was run at four different scales to allow features from the synoptic to meso- β scales to be 

examined.  The results were consistent with the climatological study, showing that 

preexisting environmental features influence the mesoscale environment, leading to 

enhanced precipitation well inland from the location of landfall.  A conceptual model 

from 72-hours prior to landfall is now available for forecasters to incorporate into their 

tropical forecasting routine. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.  Introduction 

1.1 Motivation 

 

Forecasting heavy rain associated with a landfalling tropical cyclone (TC) is a 

difficult task, which can be complicated by existing external features that may enhance 

the precipitation preceding or during landfall of the TC.  The damage of inland 

freshwater floods can often exceed the coastal damage of these life-threatening storms 

(Rappaport 2000).  In the United States (U.S.), inland flooding is the predominant cause 

of deaths associated with TCs (Elsberry 2002).  The most recent example of this was 

during Hurricane Floyd (1999), when inland floods claimed 50 lives in the U.S.  Another 

1400 people were saved from Floyd’s flood waters, thanks to a massive rescue mission 

(Rappaport 2000; J. Cline, Raleigh, North Carolina National Weather Service (NWS) 

Forecast Office, 1999, personal communication).  Rainfall totals during Hurricane Floyd 

of over 46 cm (18 in.) were reported at several locations in eastern North Carolina (Cline 

2003), with many locations exceeding 100-year flood levels (Elsberry 2002).  The 

meteorological environment during Hurricane Floyd, from the planetary to the meso-β  

scales, was conducive to producing an enhanced rain event.   

Konrad et al. (2002) examined TCs that made landfall along the Southeastern 

United States, focusing on the intrinsic features of TCs.  This study examined only 
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translation speed, intensity, and size of the TC as they related to precipitation totals, and 

did not account for the environment the TC was entering.  Several studies accounting for 

the atmospheric environment outside the TC that enhanced precipitation from a 

landfalling TC have previously been performed.  Hurricane Hazel (1954) (Palmén 1958; 

Anthes, 1990), Tropical Storm Agnes (1972) (Carr and Bosart 1978; DiMego and Bosart 

1982a, b; Bosart and Dean 1991) and Hurricane David (1979) (Bosart and Lackmann 

1995) all had precipitation patterns similar to Hurricane Floyd’s in which the intense 

precipitation was displaced downstream and to the west of the landfall location.  The 

heavy precipitation that occurred during Hurricane Floyd was examined in depth by Colle 

(2003) and Atallah and Bosart (2003); however, these studies used rawinsonde data, 

which has coarse spatial and temporal resolution, not allowing full simulation of the 

subsynoptic or mesoscale adjustment process.   

Bosart and Lackmann (1995) examined the baroclinic forcing upstream from 

Hurricane Hazel, Tropical Storm Agnes and Hurricane David.  The evolution of 

Hurricane Hazel into an extratropical storm due to the synoptic to meso-α  characteristics 

of the jet stream was analyzed by Palmén (1958) and Anthes (1990) using conventional 

rawinsonde data and coarse mesh numerical model simulations, respectively.  The 

concurrence of latent heat release and a highly baroclinic polar jet/front system was 

found to be the primary mechanism that allowed Hurricane Hazel to maintain its strength 

as it transitioned to an extratropical cyclone.  A lower tropospheric analysis of the heavy 

rain producing mechanisms associated with Tropical Storm Agnes was the focus of 

Bosart and Dean’s (1991) study.  They deemed two environmental characteristics 

significant in this heavy rain event.  First, there was significant amplification of the 
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upper-level cyclone during the heavy rain.  Second, the rawinsonde data analyses 

indicated that there was a substantial deviation from geostrophic wind flow at 500 and 

200 hPa near the region of extreme rainfall.  This ageostrophy was primarily due to a 

diffluent trough/ridge structure moving over the surface confluence zone. 

The reintensification of Hurricane David was examined by Bosart and Lackmann 

(1995), who showed synoptic scale evidence of the vertical extension of the dynamic 

tropopause when an upstream wave interacts with the ridge above the hurricane.  Curved 

flow at 200 hPa was indicated by their potential vorticity analysis.  Lin et al. (2001) 

found that a curved flow (e.g. when an upper level negatively tilted trough encounters a 

slow moving negatively tilted high pressure ridge) is often highly diffluent and associated 

with extreme orographic rainfall events.   

These studies did not provide a thorough investigation of both the intrinsic and 

extrinsic features that influence precipitation over North Carolina.  Konrad et al. (2002) 

focused on the entire southeastern United States and did not examine any extrinsic 

features while other studies focused on the meteorological conditions that were highly 

influential in precipitation enhancement on specific case studies.  No previous study has 

been performed using both a climatological analysis and a numerical modeling 

simulation on different temporal and spatial scales to examine both the intrinsic and 

extrinsic features of TCs making landfall over North Carolina. 
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1.2 Objectives  

 

North Carolina’s geographic location makes it a prime target for Cape Verde TCs 

that recurve in the Atlantic Ocean near the U.S.  The hypothesis for this study is that 

there are extrinsic features that exist from 72-hours prior to landfall that can enhance the 

precipitation associated with a landfalling TC over North Carolina.  A conceptual model 

will be created to determine the potential of enhanced precipitation due to the interaction 

of the TC with other meteorological features as early as 72-hours prior to landfall.  This 

conceptual model would give forecasters an indication of the potential for an enhanced 

precipitation event.  We will attempt to show that meteorological features exist at 

different temporal and spatial scales (i.e. planetary, synoptic, meso-α  and meso- β ) and 

intensify as landfall is approached.  Determining the multi-scale features that enhance 

precipitation during a TC could give forecasters greater lead-time and skill in determining 

the potential for an enhanced precipitation event.   

This research consists of three parts; the first part is a statistical analysis of TC 

induced precipitation.  The second part is a climatological analysis of the meteorological 

conditions that the 28 TCs were entering as they made landfall or tracked along the 

coastline of North Carolina.  The third part is a numerical modeling study of Hurricane 

Floyd (1999) and Tropical Storm (TS) Arthur (1996), two TCs that influenced North 

Carolina and were heavy and light precipitation events respectively.   

The main objectives of this study are: 
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1. Examine the spread of precipitation across North Carolina associated 

with 28 TCs that made landfall over North Carolina, or tracked along 

North Carolina’s coastline. 

2. Examine the relationship between mean precipitation and the intrinsic 

features of each TC (two groups of TCs a relatively heavy and a 

relatively light rainfall group will be used for comparison of features).  

3. Determine planetary, synoptic and subsynoptic environmental 

conditions prior to, and during landfall that enhance precipitation. 

4. Compare the results of the climatological study to the numerical model 

simulations. 

5. Examine the meso-α  and meso- β  scale features of each of the two 

case studies, to examine the influence of the large-scale environment 

on fine scale geostrophic adjustment processes. 

 

In short, this is a multi-scale study that began with the large-scale climatological 

analysis of planetary features from 72-hours prior to landfall using a 28-storm database.  

The study then transitions in a step-wise fashion to the meso-α  and meso- β  scale 

features of the two case studies beginning 18-hours prior to landfall.   

The remainder of this chapter will present a review of relevant literature.  Chapter 

2 will discuss the methodology for each subsequent chapter, including a description of 

the model used, and background information on the primary variables discussed in the 

composite analysis.  Chapter 3 will explore the intrinsic features of each of the 28 TCs 

that occurred between 1953 and 2003.  Chapter 4 is a climatological analysis of the 
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planetary, synoptic and mesoscale environment that the 28 TCs that influenced North 

Carolina entered.  Chapter 5 is the modeling study, in which we will test the agreement 

between the results from the climatological analysis and the two case studies (Hurricane 

Floyd and TS Arthur).  Chapter 5 will help to clarify the linkage between quasi-

geostrophic and mesoscale dynamical processes in creating a favorable environment for 

heavy and light precipitation events.  Finally, Chapter 6 will summarize and present 

conclusions. 

 
1.3 Literature Review 

 

In order to understand the influence of the planetary and synoptic scale 

organization of the environment on precipitation enhancement, one must diagnose the 

key mechanisms for mesoscale heavy precipitation.  The jet structures and coastal fronts 

in the heavy events are very different than ones found in the light events, as noted in the 

planetary, synoptic and subsynoptic observational analyses.  Therefore, we need to 

determine what implications these different larger scale flow patterns may have for 

organizing enhanced rainfall.  The role of PV coupling, ageostrophic thermally direct 

diabatically-forced circulations in jet entrance regions and massive divergence tendencies 

forced by mass and momentum imbalances accompanying geostrophic adjustment 

processes are likely candidates for controlling the vertical circulation difference in the 

heavy versus light rainfall events at the meso-α  to meso- β  scales of motion.  The 

numerical simulations will show these features in higher spatial and temporal detail than 

the available observations could depict. 
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1.3.1 Potential Vorticity/Trough Interaction Literature 

 Molinari et al. (1998), following the work of Hoskins et al. (1985), McIntyre 

(1993), and many others found that Ertel potential vorticity (PV) provides a useful 

dynamical framework for studying the influence of upper-tropospheric trough 

interactions on TCs.  There are two main advantages of using PV:  it is quasi-conserved 

for adiabatic, frictionless motion, and it directly relates dynamics and adiabatic heating 

(Molinari et al. 1998; Kimball and Evans 2002; Molinari et al. 1995).  PV is given by 

θΩα ∇×∇+= )u2(PV rr
               (1) 

where α is the specific volume, Ω
r

 is the angular velocity vector of the earth’s rotation, 

ur  is the three dimensional vector velocity relative to the rotating earth, and θ is the 

potential temperature (Glickman 2000).  The above equation can be simplified to become  

θω
ρ

∇•
−

= absPV 1      (2) 

where ωabs is the absolute vorticity, θ is the potential temperature, and ρ is the density 

(Kimball and Evans 2002).  PV represents the product between absolute vorticity on an 

isobaric surface and static stability, and can be thought of as a measure of the potential to 

create vorticity when latitude and the distance between the isentropic layers are changed 

by an adiabatic process (Kimball et al.2002; Hoskins et al. 1985).   

Kimball and Evans (2002) and DeMaria et al. (1993) determined that trough 

interactions lead to a sudden and rapid intensification of some TCs while causing 

weakening or little change to others.  The effect of the trough on a TC is highly 

dependent on the location of the trough relative to the TC.  The ideal location for a trough 
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to have a positive influence on the TC is believed to be several hundred kilometers to the 

west and poleward of the storm (DeMaria et al. 1993).  Strong vertical wind shear has a 

negative influence on intensification and is correlated with a weakening of the TC; 

however, the positive PV anomalies and upper-level divergence associated with trough 

interactions can be strong enough to mitigate the negative influence of vertical wind 

shear (Hanley et al. 2001).  Trough interactions can contribute to intensification of the TC 

if the vertical wind shear is below a threshold value (Kimball and Evans 2002).   

The critical factor in determining if a trough interaction will increase or decrease 

the intensity of a TC is the orientation of the upper-level meteorological features relative 

to the storm.  Hanley et al. (2001) examined four categories of trough interactions; 

favorable superposition, unfavorable superposition, favorable distant interaction and 

unfavorable distant interaction.  The results indicated that over warm water and away 

from land trough interactions lead to intensification in 78% of the superposition cases and 

61% of the distant interaction cases (Hanley et al. 2001).  The PV associated with 

superposition and distant interaction had different structures.  The superposition of the 

trough with a favorable interaction has a PV reservoir located to the north with a narrow 

upper-level PV maximum extending southward approaching the TC center.  During the 

distant favorable interaction the PV maximum was large in horizontal scale and intense 

but did not superimpose on the TC (Hanley et al. 2001).  The distant unfavorable 

interaction was similar in structure to the favorable distant interaction; however a 

stronger and larger PV maximum was present.  The larger PV maximum created 

additional flow leading to higher values of vertical wind shear and ultimately changing 

the interaction from favorable to unfavorable (Hanley et al. 2001).  Conversely, in an 
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idealized numerical simulation by Kimball and Evans (2002), the authors found that the 

stronger initial environmental PV source located to the northwest of the TC results in a 

strengthening of the vortex when compared to a weaker PV source, and this result was 

also supported by Möller and Montgomery (2000).  Other features of potential 

significance in TC intensification due to a trough interaction include the location and 

depth of the trough.  The proximity of the PV associated with the trough to the radius of 

maximum winds of the TC is correlated to the rate of intensification (i.e. the further 

away, the slower the intensification).  Deep troughs that have maximum PV between 

200-450 hPa often produce strong and deep shear that lasts for a long period of time and 

prevents significant deepening of the storm.  Shallow troughs, with a positive PV 

anomaly located between 300-200 hPa may temporarily delay and reduce the vortex 

intensification.  These two conditions both result in less intense TCs than ones that do not 

interact with troughs.  However, the TCs are often larger in size and often are associated 

with a greater coverage of destructive winds and rainfall (Kimball and Evans 2002; 

Guard 1995).   

 

1.3.2  Latent Heating and Geostrophic Adjustment Literature 

 The numerical simulation analyses (Chapter 5) examine the subsynoptic to 

mesoscale processes that contributed to the intense precipitation to the south and west of 

Hurricane Floyd’s track.  Chapter 5 will demonstrate the link between the contracting 

trough/ridge system, coastal frontogenesis, and the formation of mesoscale convective 

systems (MCS) that contribute to the enhanced precipitation.  The latent heating and 
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geostrophic adjustment processes that contribute to the formation of these MCSs are 

discussed in the following sections. 

 

1.3.2.a The Role of Latent Heating on Jet Adjustments 

 Mesoscale convective complexes (MCC) are systems that range in size from 250 

to 2500 km and last for at least six hours.  These systems can interact with the synoptic-

scale environment and are capable of producing heavy rain across wide geographic 

regions (Maddox et al. 1981).  The organization and intensification of MCCs involve 

nonlinear mass, momentum and energy exchanges within the large-scale environment 

(Wolf and Johnson 1995).  One such process is latent heating.  The latent heat that is 

released during a MCC is thought to be a primary factor in intensifying the upper-level 

synoptic scale flow (Keyser and Johnson 1984; Ninomiya 1971a,b).  This intensification 

is due to strengthening of the horizontal temperature gradient (Keyser and Johnson 1984; 

Ninomiya 1971a,b).  Maddox et al. (1981) showed, using a mesoscale numerical model, 

that convective warming resulting from latent heating enhanced the mesoscale mass 

circulation and increased the heights to the north of the MCC.  Conversely, in response to 

the convectively driven mesohigh the heights to the south of the MCC lower due to 

divergent flow. 

 Keyser and Johnson (1984) focused on the impact of diabatic circulations within 

the associated MCC and the entrance region of an upper-tropospheric polar jet streak.  

Observational data from NASA’s fourth Atmospheric Variability Experiment (AVE IE) 

from 24-25 April 1975 was used to fulfill two main goals: first, to examine the interaction 

between the mass circulations within the MCC and the synoptic scale upper tropospheric 
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jet streak, and second, to better understand how the diabatic heating influences the 

synoptic-scale environmental flow.  The ageostrophic components present in the vicinity 

of the MCC and the impact of these motions on the jet streak entrance region were also 

examined.  The adiabatic and diabatic terms of the isallobaric component of ageostrophic 

motion can be explicitly separated to reveal several key features.  The diabatic 

component is induced by the lower and upper tropospheric latent heat release within the 

MCC.  This drives the increased horizontal temperature gradient between the 

environment and region of convection.  Conversely, the adiabatic component of 

isallobaric motion is induced by the decrease in the horizontal temperature gradient 

between the MCC and the environment.  These adjustments typically accelerate the 

upper-level flow and enhance the thermally direct ageostrophic circulation in the vicinity 

of the jet’s entrance region. 

 

1.3.3 Geostrophic Adjustment Literature 

Precipitation intensity and distribution has been shown to be influenced by 

mesoscale wave disturbances (Uccellini and Koch 1987).  Examining possible genesis 

mechanisms and energy sources for mesoscale wave disturbances could give further 

insight into the mechanisms that enhance precipitation during TCs.  Uccellini and Koch 

(1987) examined convection and geostrophic adjustment, for possible gravity wave 

genesis mechanisms.  Although convection was often present near the genesis region, 

there was little correlation between the gravity wave amplitude and the convection.  A 

useful parameter for determining if flow is in geostrophic balance is the Rossby number.  
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It is the ratio of inertial to Coriolis forces for a given flow of a rotating fluid (Glickman 

2000).  The Rossby number is represented by: 

fL
URo =      (3) 

where U is the velocity scale, f is the Coriolis parameter and L is the horizontal length 

scale.  If the Rossby number is less then or equal to .1, the flow is considered to be in 

geostrophic balance.  Uccellini and Koch (1987) showed a high Rossby number 

associated with 13 case studies.  This, combined with two other significant features (the 

similarity of the upper-level flow associated with the gravity waves to an unbalanced 

flow regime, and previous theoretical and modeling studies indicating that gravity-inertial 

waves can restore the environment to a balanced state), allowed the authors to conclude 

that the geostrophic adjustment process was the predominant genesis mechanism for 

these waves (Uccellini and Koch 1987).  This is important for this study because the 

precursor to wave genesis during high Rossby number flow is a substantial Lagrangian 

increase in velocity divergence tendencies.  This is so because these very strong mass 

adjustments results in inertial gravity waves.  

Koch and Dorian (1988) used synoptic and mesoscale observations taken during 

the Cooperative Convective Precipitation Experiment (CCOPE) to examine the multi-

scale environment prior to and during gravity wave activity, as well as possible source 

mechanisms.  A substantial portion of this study involved understanding the 

environmental characteristics that are conducive to the development of severe convection 

in the CCOPE region (the Upper-Midwest and Western U.S.).  The authors found an 

environmental structure that was similar to other mesoscale gravity wave events, and 
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conducive to the formation of gravity-inertia waves throughout the geostrophic 

adjustment process (Koch and Dorian 1988; Uccellini and Koch 1987).  The gravity 

waves were found in the region between the axis of inflection to the southwest, a ridge in 

the 300 hPa height field located to the northeast, a jet streak to the northwest and a 

stationary front to the southeast.  The bulk Richardson number, which is a ratio of the 

total available energies due to buoyancy and vertical shear can be expressed as 

 

( ) ( )[ ]2
6

2
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CAPERi
−+−

=    (4) 

where ( )6 and ( )zi  represent density-weighted means over the lowest 6 km and 

the depth of the boundary layer respectively (Koch and Dorian 1988).  CAPE is the 

convective available potential energy, or buoyant energy.  Koch and Dorian (1988) 

examined the bulk Richardson number since Weisman and Klemp (1986) concluded that 

storm type can be determined by the value of the bulk Richardson number.  The authors 

determined that supercell development is favored for 40R10 i ≤≤ , and multicell growth 

is favored for larger values of Ri.   

Koch and Dorian (1988) presented further evidence of unbalanced flow in the 

wave source region; this included unbalanced ageostrophic winds in the exit region of a 

geostrophic wind streak that approached a ridge axis and large Rossby numbers for the 

region (Ro ≈  0.5-0.7).  The combination of the high Rossby numbers and the unbalanced 

ageostrophic winds is conducive to the generation of inertia-gravity waves throughout the 

geostrophic adjustment process where substantial velocity divergence tendencies disrupt 
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the mass field.  The authors concluded that the likely wave source mechanisms were 

geostrophic adjustment and shear instability due to the presence of strong vertical wind 

shear, along with a critical layer with the Richardson number less then 0.25 along the 

path of wave propagation (Koch and Dorian 1988).  

More recent research on geostrophic adjustment by Kaplan et al. (1998) proposed 

the importance of three primary concepts for severe weather occurring over the southeast 

U.S.  The first is the role of the transverse secondary circulations and the deep quasi-

geostrophic vertical motions that are found in both the polar jet (PJ) entrance region and 

the subtropical jet (STJ) exit region.  Second, the geostrophic adjustment of the mass 

field to the wind field near the continental air and polar air interface (i.e., where the low 

level fronts accompanying the return branch of the STJ streak and return branch of the PJ 

streak, resulting in an unbalanced midtropospheric mesoscale jet streak (i.e. jetlet)).  

Third, air parcels undergo intense stretching and tilting due to the thermally direct 

unbalanced circulation in the right front quadrant of the geostrophically adjusting jetlet.  

The combination of air originating from two different source regions in the PJ and STJ 

results in a strong cross-stream frontal zone and a mid-level unbalanced jetlet.  The jetlet 

is considered unbalanced because it is developing in a region that Uccellini and Johnson 

(1979) showed was conducive to decelerating flow.  The unbalanced jetlet in the model 

presented by Kaplan et al. (1998) can contribute to severe weather formation, since the 

adiabatic cooling process occurs closer to the maritime tropical air mass than it does in 

the Uccellini and Johnson (1979) model.  The air parcels that converge into the 

unbalanced region by the Kaplan et al. (1998) conceptual model are violating balanced 
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flow constraints and hence are undergoing large Lagrangian divergence tendencies 

consistent with substantial nonlinear balance equation sums.   

In a region of unbalanced flow, there will be accelerations in an attempt for the jet 

to balance itself: these accelerations can be seen within regions of large Lagrangian 

velocity divergence tendencies.  The previous discussion showed the importance of the 

role of latent heating and the geostrophic adjustment process in creating enhanced 

divergence and MCS formation.  An analysis of the divergence fields will be completed 

in the modeling portion (Chapter 5) to help us understand the mass adjustments that are 

occurring in the atmosphere, during Hurricane Floyd to contribute to an enhanced rain 

event.   
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CHAPTER 2 

METHODOLOGY 

 

2.1 Precipitation Analysis 

 

The precipitation analysis of the climatological portion of this research (Chapter 

3) used rain gauge data from the National Climatic Data Center (NCDC).  There are over 

100 rain gauge stations across North Carolina.  However, this study examines storms that 

date back to 1953; therefore many of the rain gauge stations have been relocated, 

removed or added to the dataset.  To account for the inconsistencies in the dataset only 

stations that were present for the entire 51 year time period were used.  Although this 

greatly reduced the number of stations used in the study, there was still an acceptable 

spatial resolution of the rain gauge data.  Fifty-two stations were used to analyze 

precipitation for all 28 storms.  By removing stations that were not present for the entire 

51 year period, the possibility of a certain storm appearing to produce higher precipitation 

due to the placement of a rain gauge station in that year is eliminated.  None of the 

studied storms tracked through western North Carolina.  For this reason, data from the 

Northern and Southern Mountain regions were exempt from the study.  The six North 

Carolina climate regions that were used included: Northern Piedmont, Central Piedmont, 

Southern Piedmont, Northern Coastal Plain, Central Coastal Plain, and Southern Coastal 

Plain.  A map of North Carolina with the six climate regions labeled and the 52 rain 

gauge stations marked is shown in Fig. 2.1.   
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The precipitation totals were generated by determining the mean precipitation that 

occurred over the 3-day period at all 52 rain gauge stations for each TC (Table 2.1).  A 3-

day period was used in an attempt to account for all precipitation that was associated with 

the TC, it includes the precipitation that occurred one day prior to landfall, the day of 

landfall, and one day after landfall, where landfall is defined by the National Hurricane 

Center (NHC) as the intersection between the surface center of a TC and the coastline 

(Glickman 2000).  For TCs that did not officially make landfall over North Carolina, the 

time at which the storm was closest to the North Carolina coast as determined by the 

NHC was used.  Using the 3-day period is also more consistent, since there is currently 

no standard for when rain-gauge measurements should be made; therefore some gauges 

are measured in the early hours of the day, while others are read in the evening.  

Appendix A shows the 3-day mean precipitation of the 52 stations for each of the 28 TCs 

that affected North Carolina.  One should note that all of the precipitation that is 

accounted for may not be directly related to the TC, but also to pre-existing synoptic 

systems or systems that may develop during landfall, such as a coastal front.  Since 

flooding occurs in part due to a preexisting saturated surface, and the purpose of this 

study is to examine environmental features that enhance precipitation, all of the 

precipitation that occurs in the 3-day period is extremely important for this study. 

Various intrinsic features such as maximum storm intensity, landfall intensity and 

translation speed were examined to test the correlation between these features and the 

precipitation associated with the TCs.  All storm intensities, tracks and speeds were 

determined from the NHC hurricane archive. 
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As mentioned previously, the climatology study required the TCs to be divided 

into two categories: relatively heavy and relatively light (heavy and light) rainfall groups.  

Ideally there would have been a third category for transitional storms, whose 

precipitation was near the mean precipitation value for all storms, however due to the 

relatively small numbers of TCs that have impacted the North Carolina coast during the 

past 51 years, and to make the study more statistically significant, the study is limited to 

two groups.  The twenty-eight storms were gathered originally by a North Carolina State 

University Master’s degree student (Hilderbrand 2002).  Only storms back to 1953 were 

used in the climatological study because prior to this year there is little data available for 

analysis.  The groups were divided by calculating the total 3-day daily mean precipitation 

for all storms.  This mean was found to be 15.36 mm.  Therefore, if an individual storm 

had produced a daily station average precipitation greater then 15.36 mm, it was 

classified as a heavy event.  Conversely, if a storm resulted in less then 15.36 mm it was 

classified as a light event.  The heavy and light categories each contained fourteen 

storms, as shown in Table 2.1.   

 

2.2 Climatological Study 

 

The planetary scale analyses were performed using the National Center for 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 

Reanalysis 1 Data.  This dataset uses data assimilation of past data from 1948 to present.  

The Climate Diagnostics Center (CDC) uses the 00, 06, 12, and 18 UTC forecasted 

values for all meteorological variables (NOAA-CIRES Climate Diagnostics Center).  The 
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data has global grid spacing of 2.5 degrees latitude by 2.5 degrees longitude with 144 x 

73 points (NOAA-CIRES Climate Diagnostics Center).  Plots were created using the daily 

mean composite and 6–hourly NCEP/NCAR reanalysis composites user interface.   

The NARR data were employed to verify the planetary analysis and examine the 

synoptic and mesoscale features in both the heavy and light precipitation group for 

storms that occurred since 1979, when the data became available.  The NARR data uses 

fully cycled 3–hr Eta Data assimilation (EDAS) and the lateral boundary conditions were 

supplied by the Global and Regional reanalysis 2 dataset, which has a resolution of 32-

km, and 45 vertical layers.  The Global and Regional reanalysis both use radiosondes, 

dropsondes, pibals, aircraft, surface and geostationary satellites to obtain temperatures, 

winds, moisture, pressure and cloud drift winds (Rutledge 2004).  Table 2.2 indicates the 

instruments used (e.g. radiosondes, dropsondes, etc.), fields derived from the dataset (i.e. 

temperature, wind, etc.) and the source of the data.  Table 2.3 shows the data that were 

added or improved upon for the Regional Reanalysis, as well as details, and the source of 

the data.  Features that were examined in depth during this analysis included PV, 

moisture flux and frontogenesis. 

 

2.2.1  Background of PV 

 Potential vorticity can be used by forecasters as a quantitative measurement of the 

intensity of an upper-level trough that will influence the environment the TC will enter.  

General Meteorology Package (GEMPAK) derived PV on isobaric coordinates was used 

in this study.  It is represented as follows:  
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where pζ denotes isobaric relative vorticity and the overbar denotes a layer average.  PV 

was calculated at upper and lower levels to demonstrate the connection between the PV at 

both levels.  During a TC there will be high values of PV near the surface due to intense 

latent heat with the storm.  Latent heating is associated with these processes due to the 

vertically varying heating rates inside a TC.  An upper-level trough of PV could act to 

intensify a TC in two ways.  The PV anomaly can intensify a TC directly by being 

superimposed on the existing lower-level PV anomaly associated with the TC.  The PV 

anomaly can also act to intensify a TC indirectly by driving enhanced convection 

(Kimball et al. 2002). 

 

2.2.2  Background of Moisture Flux 

 The amount of moisture that is moving through an area (i.e. the moisture flux) is 

an important variable to study when examining the potential for rainfall during a TC.  

The precipitation rate is known to be proportional to the moisture flux convergence 

(Lackmann et al. 1998).  The kinematic moisture flux was calculated by multiplying the 

layer-mixing ratio by the layer total wind at a point.  Note that moisture flux is different 

from the advection of moisture.  Moisture flux is the mixing ratio at a point multiplied by 

the wind at that point, so it is always a positive value.  However, moisture advection 

accounts for the level of moisture in the environment the wind is coming from so may be 

either a positive or negative value.  Plotting the moisture flux, moisture flux vectors and 
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divergence allows us to note where the moisture is moving and locate regions where 

strong moisture convergence, and hence enhanced precipitation, exists.   

 

2.2.3 Background of Frontogenesis 

 There are combinations of several surface features that also act to intensify 

precipitation associated with landfalling TCs.  Strong convergent wind flow in a 

baroclinic zone often results in the formation of a coastal front.  DeLuca et al. (2004) 

demonstrated that Hurricane Connie (1955) did not have a significant interaction with an 

upper level trough, but was still a heavy precipitation event due to the combination of a 

low-level jet and a tropical air mass, giving rise to coastal frontogenesis.  A similar study 

by Strock et al. (2005) showed that a coastal front served to augment the precipitation 

near the coastline during T.S. Marco (1990). 

 To assess the contributions of frontogenesis, a 2-dimensional form of the Miller 

(1948) frontogenesis equation in height coordinates was employed, defined by: 
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 Terms 1, 2, 4, and 5 are the horizontal deformation terms.  Specifically, terms 1 

and 5 are the confluent deformation terms, while terms 2 and 4 represent shearing 

deformation.  Terms 3 and 6 account for the effects of tilting in the x- and y-directions 

respectively, while terms 7 and 8 are the diabatic heating terms (Rozumalski 1997).  
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Frontogenesis of the NARR data was calculated using the GEMPAK derived form, which 

calculates surface frontogenesis by the following equation:  

[ ])~()2cos(
2
1 VDIVEcF −∇= βθ    (3) 
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 The above equation only considers the horizontal deformation terms; GEMPAK 

neglects both the tilting and diabatic terms that are present in the original form of the 

equation. 

 

2.3 Numerical Model  

  

Due to the lack of high-resolution spatial and temporal observational data, 

numerical simulations were employed to understand the meteorological environment 

prior to and during the landfall of both a heavy (Floyd 1999) and light (Arthur 1996) 

precipitation event.  The model chosen for this study is the Non-Hydrostatic Mesoscale 

Atmospheric Simulation System (NHMASS) version 6.3 (MESO Inc. 1995).  Four 

simulations were run for each storm.  Performing this many simulations enabled a 

thorough analysis of the synoptic to subsynoptic to mesoscale features.  A one-way 

nested grid with initial coarse resolutions of 36 km and 18 km horizontal spacing and fine 

scale nested grid resolutions (within the 18 km simulation) of 6 km and 2 km were 
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performed for both Hurricane Floyd and Tropical Storm Arthur.  A detailed summary of 

the simulations can be found in Table 2.4.  Initialization for the 36 km and 18 km 

simulations were performed using the Global NCEP Reanalysis data.  The subsequent 

nested runs used the output from the previous nest (i.e. the 6 km nest used the output data 

from the 18 km run) for the initial and lateral boundary conditions.  The model grid for 

the four simulations (36 km, 18 km, 6 km and 2 km) used in the analysis are shown in 

Fig. 2.2.  The NCEP Reanalysis is a gridded dataset that uses available rawindsonde, 

profiler, satellite, radar and surface observations employing a 3-D Optimal Interpolation 

scheme (Daley 1991).   

All simulations used the 162x162 grid matrix with the domain center position 

shifted southeast as landfall approached.  Turbulent Kinetic Energy (TKE) PBL physics 

(Therry and Lacarrerre 1983); mixed-phase moisture physics (Lin et al. 1983; Rutledge 

and Hobbs 1983) and the Kain-Fritsch cumulus parameterization (CP) scheme (Kain and 

Fritsch 1993) were used in the first six simulations (36 km, 18 km and 6 km for each 

Floyd and Arthur).  As grid resolutions improve the question arises as to when the CP 

scheme should be turned off.  A CP scheme is required for grid spacing greater then 50-

100 km (Molinari and Dudek 1992; Ooyama 1982; Frank 1983; Arakawa and Chen 1987; 

Tiedtek 1988; Cotton and Anthes 1989).  However, studies have shown that below 2 km 

the model may be able to explicitly handle the structure and evolution of convection 

(Weisman et al. 1997).  Molinari and Dudek (1992) suggest that modelers studying 

convectively driven disturbances should either increase grid spacing to avoid grid-scale 

cumulus clouds, or decrease grid spacing to 1-2 km to avoid the need for a CP scheme.  

According to this, the CP scheme was turned off for the 2 km simulation of this study, 
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while the other physics modules remained the same.  A detailed description of the 

settings used in the simulations, and the specifications of MASS version 6.3 can be found 

in Table 2.5.  The model runs consisted of 90 vertical sigma levels with staggered 

spacing, which allowed for higher resolution in the PBL and lower stratosphere.  Since 

the depth of the divergence associated with the TCs used in this study extends well into 

the lower stratosphere, the model lid was set at approximately 30 km.   
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FIG. 2.1 North Carolina climate regions.  Dots represent rain gauge stations.
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Table 2.1 Twenty-eight TCs names, landfall date, approximate landfall time (UTC), 
classification and daily station average precipitation (mm).  
 

TC Name 
 
 

Landfall Date 
 
 

Approximate 
Landfall Time 
(UTC) 

Classification 
Heavy/Light 

Daily Station 
Average 
Precipitation (mm) 

Hurricane Isabel 9/18/2003 1700 Heavy 18.27 
Hurricane Floyd 9/16/1999 0630 Heavy 50.86 
TS Dennis  9/4/1999 2100 Heavy 22.68 
Hurricane Bonnie 8/27/1998 0400 Light 14.85 
Hurricane Fran 9/6/1996 0300 Heavy 36.79 
Hurricane Bertha 7/12/1996 1200 Light 15.22 
TS Arthur 6/20/1996 0000 Light 3.64 
Hurricane Emily 8/31/1993 2100 Light 0.17 
Hurricane Charley 8/17/1986 1400 Light 5.01 
Hurricane Gloria 9/27/1985 0530 Light 10.85 
Hurricane Diana 9/13/1984 0700 Heavy 15.86 
TS Dennis  8/20/1981 0300 Heavy 16.40 
Hurricane Ginger 9/30/1971 2000 Heavy 18.13 
TS Doria 8/27/1971 1800 Light 13.64 
TS 4 8/17/1970 1200 Light 3.22 
Hurricane Gladys 10/20/1968 No Landfall Heavy 21.91 
TS Doria  9/12/1967 1200 Light 0.68 
Hurricane Isbell 10/16/1964 1200 Heavy 16.84 
Hurricane Alma 8/28/1962 No Landfall Light 4.63 
TS 6 9/14/1961 0600 Light 3.45 
Hurricane Donna 9/12/1960 0300 Heavy 22.87 
Hurricane Helene 9/27/1958 No Landfall Light 4.90 
Hurricane Ione 9/19/1955 0600 Heavy 18.48 
Hurricane Diane 8/17/1955 1200 Heavy 24.83 
Hurricane Connie 8/12/1955 1200 Heavy 19.98 
Hurricane Hazel 10/15/1954 1200 Heavy 35.00 
Hurricane Carol 8/31/1954 No Landfall Light 4.32 
Hurricane Barbara 8/14/1953 0000 Light 6.54 
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Table 2.2  Data used in Global and Regional Reanalysis. [Reprinted from: 
http://wwwt.emc.ncep.noaa.gov/mmb/rreanl/narr.ppt] 

 
Dataset Details Source 
Radiosondes Temperature, winds, 

moisture 
NCEP/NCAR Global 
Reanalysis (GR) 

Dropsondes Same as above GR 
Pibals Wind GR 
Aircraft Temp. and wind GR 
Surface Pressure GR 
Geostationary Satellite Cloud drift winds GR 

 
Table 2.3  Data added or improved upon for regional reanalysis, [Reprinted from:  
http://wwwt.emc.ncep.noaa.gov/mmb/rreanl/narr.ppt] 
 
Dataset Details Source 
Precipiation CONUS (with PRISM), 

Mexico, Canada, CMAP 
over oceans (<42.5o N) 

NCEP/CPC, Canada, 
Mexico 

TOVS-1B radiances Temperature, precipitable 
water over ocean 

NESDIS 

NCEP Surface Wind, moisture GR 
TDL Surface Pressure, wind, moisture NCAR 
COADS (ships/buoys) Pressure, wind, moisture NCEP/EMC 
Air Force Snow Snow depth COLA and NCEP/EMC 
SST 1-degree Reynolds, with 

Great Lakes SSTs 
NCEP/EMC, GLERL 

Sea and lake ice Contains data on Canadian 
lakes, Great Lakes 

NCEP/EMC, GLERL, Ice 
Services Canada 

Tropical cyclones Locations used for blocking 
of CMAP Precipitation 

Lawrence Livermore 
National Laboratory 
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Table 2.4  Summary of MASS Simulations performed 
 

Initialization 
(UTC) 

Duration 
(hours) 

Resolution 
(km) 

Matrix size 
(x, y, z) 

Hydrostatic/Non-
hydrostatic 

09/13/1999 
0000 

72 36 162, 162, 90 Non-hydrostatic 

06/16/1996 
0000 

72 36 162, 162, 90 Non-hydrostatic 

09/15/1999 
1200 

51 18 162, 162, 90 Non-hydrostatic 

06/18/1996 
1200 

51 18 162, 162, 90 Non-hydrostatic 

09/16/1999 
0300 

18 6 162, 162, 90 Non-hydrostatic 

06/19/1996 
0900 

18 6 162, 162, 90 Non-hydrostatic 

09/16/1999 
0500 

9 2 162, 162, 90 Non-hydrostatic 

06/19/1999 
1100 

9 2 162, 162, 90 Non-hydrostatic 
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FIG.  2.2 NHMASS grid meshes, 36 km domain (light shading), 18 km domain 
(medium shading), 6 km domain (dark shading), and 2 km domain (darkest shading).
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Table 2.5  MASS model (version 6.3) characteristics 
 
MODEL NUMERICS 
 

• Non-hydrostatic primitive equation model (hydrostatic for 36-km run) 
• 3-D equations for u, v, T, q, and p 
• Cartesian grid on a polar stereographic map 
• Sigma-p terrain-following vertical coordinate system 
• Vertical coverage from 10 m to ~29600m 
• Energy-absorbing sponge layer near top of domain 
• Fourth-order horizontal space differencing on an unstaggered grid 
• Split explicit time integration schemes (a) forward-backward for the gravity mode 

and (b) Adams-Bashforth for the advective mode 
• Time-dependent lateral boundary conditions 
• Positive-definite advection scheme for scalar variables 
• Massless tracer equations for ozone and aerosol transport 

 
INITIALIZATION 
 

• First guess/lateral boundary conditions from NCEP Reanalysis data for 36-km and 
18-km runs 

• First guess from next larger-scale simulation for 6-km and 2-km nests 
• High resolution terrain database derived from observations 
• High resolution satellite or climatological sea surface temperature database 
• High resolution land use classification scheme 
• High resolution climatological subsoil moisture database derived from antecedent 

precipitation 
• High resolution normalized difference vegetation index 

 
 
PBL SPECIFICATION 
 

• 1.5-order Turbulence Kinetic Energy PBL 
• Surface energy budget 
• Soil hydrology scheme 
• Atmospheric radiation attenuation scheme 

 
MOISTURE PHYSICS 
 

• Grid-scale prognostic equations for cloud water and ice, rainwater, and snow 
• Kain-Fritsch convective parameterization scheme 
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CHAPTER 3 

PRECIPITATION ANALYSIS OF 28 TROPICAL 

CYCLONES 

 

3.1 Introduction 

 

 Tropical cyclones (TCs) are devastating events that are responsible for loss of life 

and major property damage in the United States, as well as throughout regions of the 

coastal Pacific and Indian Oceans each year (Rappaport 2000).  Although wind and storm 

surge are the primary source of damage along coastal regions, once the storm moves 

inland precipitation is often the primary source of damage.  The danger of inland flooding 

was emphasized in October 1998 during Hurricane Mitch, where flash flooding and 

landslides contributed to over 11,000 deaths throughout Central America (Cerveny et al. 

2000).  Flash flooding can have similar, albeit smaller scale impacts in North Carolina, 

with an estimated 41% of TC damage from 1925 to 2000 caused by inland flooding 

(Hilderbrand 2002).  Two recent storms to strike North Carolina, Hurricane Floyd (1999) 

and Hurricane Fran (1996) have sparked interest in the relation between tropical cyclones 

and inland flooding.  Hurricane Floyd had a death toll of 56, 50 of which were attributed 

to inland flooding, another 1400 lives were saved due to a massive rescue mission.  

Hurricane Fran was responsible for 19 deaths, 11 were attributed to inland flooding 

(Hilderbrand 2002).  Hilderbrand (2002) examined damage estimates over North 

Carolina associated with TCs and concluded that: 59% of the structural damage during 

31



tropical depressions, tropical storms and category 1 and 2 hurricanes is caused by 

flooding, while only 26% of the damage is due to wind, and 15% is due to storm surge.   

 This study examines the extent of precipitation from the 28 TCs that affected 

North Carolina from 1953 to 2003.  The storms were divided into heavy and light 

precipitation categories based on 3-day running average of daily station mean 

precipitation (hereafter the daily average precipitation).  Konrad et al. (2002) 

demonstrated that using a running daily average precipitation is a useful way to divide the 

TCs into groups.  Konrad et al. (2002) determined in their study of TCs affecting the 

southeastern United States (U.S.) that precipitation amounts over smaller scales were 

strongly correlated with tropical cyclone speed and intensity.  This study showed that 

overall there may be a relation between the TCs precipitation and the intrinsic features 

such as TC intensity, track and translation speed, however when examining TCs that 

solely influence North Carolina the extrinsic features (upper-level trough, high values of 

PV, and a coastal front) play a large role in forecasting precipitation.  A coastal front is 

often accompanied by cold air damming east of the Appalachian Mountains (Doyle and 

Warner 1993; Richwein 1980; Forbes et al. 1987; Stauffer and Warner 1987; Bell and 

Bosart 1988) and is often a precursor for inclement weather along the U.S east coast 

(Doyle and Warner 1993).  TCs that are influencing regions of the Gulf coast are not 

likely to be influenced by coastal frontogenesis, therefore do not present the same 

challenges of forecasting precipitation for a TC making landfall along the southeast U.S. 

coast.  One should also note that the intrinsic and extrinsic features of a TC could not be 

completely separated; the environment often has an impact on the speed, intensity and 

track of a TC.   
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The hypothesis of this study is that the intensified precipitation over North 

Carolina from landfalling TCs was in a large extent due to their interaction with other 

synoptic/dynamic features and the precipitation was not exclusively caused or enhanced 

by the TCs’ translation speed, storm track or storm intensity.  Hurricane Floyd and 

Tropical Storm Arthur are the two systems that are studied in-depth in following 

chapters, a brief analysis of Floyd and Arthur’s characteristics of landfall will be 

discussed to test the agreement between the climatological study and the case studies.  

These two storms were chosen because they represent relatively recent TCs made direct 

landfall over North Carolina, tracked along the coast and are classified as relatively heavy 

(Floyd) and relatively light (Arthur) rain events. 

 Within this chapter, section 3.2 will present the precipitation analysis.  Sections 

3.3 and 3.4 focus on the track and intensity analyses respectively.  Section 3.5 will 

examine the relation of translation speed to precipitation.  Section 3.6 will briefly 

examine the intrinsic features associated with the two case studies.  Finally, section 3.7 

will summarize and present conclusions. 

 

3.2 Precipitation Analysis 

 

The spatial pattern of the daily average precipitation for each group was analyzed 

using ArcGIS and kriging.  Kriging is a method of interpolation based on a geostatistical 

model that is a linear combination of all the data values, i.e., 

 ( ) ( )i
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it is also unbiased, i.e. it satisfies 

 ( )[ ] ( )[ ]00
ˆ sZEsZE =  (2) 

 

Kriging is a common spatial interpolation method to determine values at specific 

locations because it minimizes the variance of the prediction error, var[ ( )0
ˆ sZ - ( )0sZ ], 

thus leading to a more accurate interpolation (Cressie 1993). 

Figure 3.1 shows the locations of the heaviest precipitation for the heavy group, 

while Fig. 3.2 shows the spread of precipitation for the light rainfall group.  The heaviest 

precipitation associated with both of these groups occurred along the Coastal Plain, and 

decreased over central North Carolina.  The heavy group has three local maxima of 

precipitation along the east-central Coastal Plain.   

Overlaying the tracks of the storms gives a better indication of where the 

precipitation fell in relation to the storm track.  A notable aspect is that the TCs that 

produced heavier precipitation tended to track further inland than the lighter events.  

There were, however, a few exceptions to this, two of the light rain producing storms 

tracked inland, and several of the heavy rain producing storms remained offshore.  The 

most notable heavy rain producing storms that did not penetrate to inland North Carolina 

included Hurricane Connie (1955) and Hurricane Donna (1960).  The tracks of the heavy 

and light events are shown in Fig. 3.3.  To understand the relationship between the TCs 

track and the precipitation associated with the TCs, a composite track for the heavy and 

light groups was created.  The composite track was created by plotting each storm’s track 

individually and determining the longitude location every 0.5o latitude from 30.0oN to 

37.5 oN.  Fig. 3.4a shows the composite track line and the kriged precipitation analysis for 
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the heavy rain producing storms, Fig. 3.4b is the same as Fig. 3.4a but for the light rain 

producing storms.  To determine if the difference in track between the light events and 

the heavy events was significant, the standard deviation was taken for each group (Fig 

3.5).  The standard deviation for both groups is larger at the beginning and end of the 

time period, this is because many of the storms originated from different locations but 

shared the commonality that they tracked along or inland over North Carolina’s coast.  

The standard deviations demonstrate that the composite track for the heavy rain events is 

within the standard deviation range for the light events, while the composite for the light 

events are within and along the eastern boundary of the standard deviation for the heavy 

events.  Interpretations of the composite tracks leads to the conclusion that although the 

light events track to the east of the heavy events, they are within one standard deviation 

of the heavy events, therefore although the track may play some role in the precipitation, 

it is not one of the dominant factors influencing precipitation.  

A notable difference in the track composites occurs once the storms reach just 

south of Cape Lookout, North Carolina (CLKN7).  At this point the lighter event TCs 

tend to take a northeast turn while the heavier event TCs turn northwestward.  The 

direction of the storm tracks is highly dependent on the steering mechanisms that are 

dominating at that time.  The location of the semi-permanent Bermuda High and the 

presence of a trough or a ridge over the Ohio River Valley will influence the track of 

each storm.  The different setups will be discussed at length in the following chapter. 
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3.3 Track Analysis 

 

The 28 TCs that are used in this study have various track histories prior to 

reaching the North Carolina coast.  Figure 3.6 exhibits that 20 of the storms made direct 

landfall over North Carolina, 4 had an initial landfall over Florida, followed by a second 

landfall over North Carolina.  Two storms had an initial landfall over Florida, followed 

by no landfall over North Carolina, and two storms did not make any landfall over North 

Carolina.  The four general tracks that the storms took are 

1.  Direct landfall over North Carolina  

2.  Tracked along the North Carolina coast  

3.  Initial landfall over Florida, reentering the Atlantic and a second landfall over 

North Carolina  

4.  Initial landfall over Florida, reentering the Atlantic Ocean and tracked along 

North Carolinas coast  

The breakdown of the landfall characteristics and precipitation is shown in Fig. 

3.7.  Analyzing the heavy and light groups separately we found that 10 out of 14 of the 

heavy rainfall events made direct landfall over North Carolina, 3 heavy events made 

landfall over Florida followed by a second landfall over North Carolina, and 1 event 

made landfall over Florida followed by no landfall over North Carolina.  The light events 

had a more diverse breakdown of landfall characteristics with 10 storms making direct 

landfall over North Carolina, 1 storm making an initial landfall over Florida followed by 

a secondary landfall over North Carolina, 1 storm making landfall over Florida and no 

landfall over North Carolina, and 3 storms not making any landfall over North Carolina.  
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Figure 3.8 shows the daily average station precipitation as a function of landfall 

characteristics, this indicates that with the exception of the storms that did not make 

landfall over North Carolina, the remaining categories have similar precipitation totals.  

When this is further broken down, in order to examine the precipitation distribution 

within the heavy and light groups, there is little variation of the average precipitation 

within each landfall characteristic (Fig. 3.9). 

 

3.4 Intensity Analysis 

 

A TCs intensity has a major impact on storm surge and wind damage of a 

landfalling TC, this section will focus on the impact of intensity on precipitation.  The 

intensity scale used for this analysis is based on the Saffir-Simpson Hurricane Scale.  The 

Saffir-Simpson scale is a 1-5 rating based on the storm’s current intensity, where 

intensity is determined by the U.S. 1 minute average wind (NHC).  This section will 

discuss the intensity of the 28 TCs used in this study and the associated precipitation.  

Both the maximum TC intensity and the TC intensity at the time of landfall were 

examined to see if any correlation existed between the daily average precipitation and the 

maximum and landfall intensity.   

The TC intensity data was obtained from the National Hurricane Centers (NHC) 

TC archives.  In the event that the post-landfall analysis leads to a storm being 

reclassified by the NHC, the highest intensity was used for the maximum TC intensity, 

and if applicable that higher intensity was also used for the landfall intensity.  Prior to 

1984 the NHC did not record exact landfall time so, NHC archives and track maps were 
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studied to determine an approximate time of landfall for each TC that occurred prior to 

1984.  These approximate landfall times are given in Table 3.1.   

The Saffir-Simpson Hurricane Scale categories one through five were used for the 

TC criteria, however for any storm whose maximum or landfall intensity fell below a 

category 1 storm the following numerical values were assigned for the purpose of 

statistical analysis.  

Tropical Storm = 0 

Tropical Depression = -1 

No Landfall = -2 

The breakdown of the number of TCs in both the heavy and light rainfall groups 

by their maximum storm intensity is shown in Fig. 3.10.  It is difficult to reach any 

significant conclusion by this chart, however Fig. 3.11 clearly exhibits a very small 

relation between the daily average precipitation and maximum TC intensity, this is 

further seen by use of the F-test, which is a statistical method of determining the F and P-

values to test the null hypothesis.  The p-value for the maximum storm intensity to 

precipitation is 0.178, since p<.05 is typically considered significant; one can conclude 

that there is no evidence that supports a relationship between maximum storm intensity 

and precipitation.  Further evidence that intensity does not have a direct relationship to 

precipitation is given in Fig. 3.12; the landfall intensity of the TC is displayed as a 

function of precipitation.  The p-value for landfall intensity is 0.503 again indicating that 

there is no evidence to support a relationship between landfall intensity and precipitation.   
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3.5 Translation Speed 

 

There are a number of studies that discuss the relationship between precipitation 

intensity and storm translation speed.  Konrad et al. (2002) found that heavy precipitation 

is often tied to the slowest moving storms.  Konrad’s study and many of the other studies 

examine a large coastline such as the entire Southeastern U.S.  This current study only 

takes into account TCs that made landfall over North Carolina; therefore many of the 

steering factors that often cause a TC to suddenly speed up or slow down are removed.  

To ensure consistency in the climatology study it was necessary to justify that the 

translation speed was not a dominant factor in producing heavy or light rainfall events.  

The translation speed was calculated using the NHCs best track data, and calculated for 

the same 3-day period that was used for the precipitation analysis.  The average speed in 

this 3-day period is the translation speed for the storm in knots (Table 3.1).  Figure 3.13 

shows that for the 28 storms used in this study there is virtually no statistically significant 

relationship between 3-day precipitation and translation speed.  There is a linear 

correlation coefficient of 0.0074, suggesting that as translation speed increases there is 

virtually no influence on precipitation.  The p-value lends further support to this with a 

value of 0.6629, indicating no clear evidence supporting a relationship between 

translation speed and precipitation. 

Further investigation consisted of removing the largest outliers, Hurricane Floyd 

and Hurricane Fran from the dataset, the correlation coefficient remains extremely small, 

with a value of: -0.023 (not shown).  The low correlation coefficient suggests that for 

TCs tracking near or over North Carolina there is no significant correlation between 
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translation speed and precipitation.  An explanation for this could be that in the 3-day 

period examined, the majority of the storms did not experience any major external 

influences such as a trough that would cause the storm to drastically speed up or slow 

down.  None of the systems that were studied stalled over North Carolina, instead they 

moved at a quasi-consistent speed north or northeastward.  This could also mean that the 

rate of precipitation is more important than the longevity of precipitation, thus 

implicating some larger scale environmental forcing function.   

 The track analysis and translation speed were further examined by selecting a rain 

gauge station located in eastern North Carolina but not along the immediate coastline.  

Kinston, North Carolina that has a latitude-longitude value of 35.27 and -77.58 was 

selected (Fig. 3.14).  The distance between the TC and Kinston was calculated for the day 

prior to, day of and the day after landfall.  This was correlated with the station 

precipitation for each day (Fig. 3.15a).  The 28-storms had a correlation coefficient of -

0.1247.  To link the translation speed to the storm track and relate to precipitation, the 

average distance between the TC and Kinston, North Carolina over the 3-day period was 

compared to the total 3-day precipitation at Kinston.  Figure 3.15b shows an even smaller 

negative correlation coefficient of -0.0002 between the 3-day average distance from 

Kinston and the 3-day total precipitation, this has a p-value of 0.937, further indication 

that the precipitation is not related to the distance from Kinston.  Relating the daily 

station average precipitation across the state for each storm to the 3-day average distance 

from Kinston results in a small positive correlation of 0.037 (Fig. 3.15c).  The 

combination of these results suggests that the proximity of the TC may have a small 

influence on the intensity of precipitation.  However, when the speed of the storm and the 
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proximity are linked, there is little correlation to the total precipitation.  This is a small 

sample size, so the results may be some what skewed, however we can conclude that the 

intrinsic features such as translation speed and distance from North Carolina for these 28 

storms are not the dominant cause for enhanced precipitation.  

 

3.6 Case Studies 

 

3.6.1 Hurricane Floyd 

 Hurricane Floyd devastated regions of North Carolina causing massive flooding 

throughout the state, and will be remembered as a five-hundred year flooding event.  

Hurricane Floyd made landfall near Cape Fear, North Carolina at 0630 UTC 16 

September 1999 as a category 2 hurricane.  Floyd tracked over eastern regions of North 

Carolina during the morning hours of the 16, and reached central Long Island, New York 

by 0000 UTC 17 September.  The kriged analysis of Hurricane Floyd’s daily average 

precipitation over the 3-day period (Fig. 3.16) shows a wide swath of extremely intense 

precipitation (> 100 mm/day) from the Southern Coastal Plain and eastern Southern 

Piedmont extending northward into the Northern Coastal Plain and eastern Northern 

Piedmont.  Heavy rainfall (>30 mm/day) also extended westward throughout North 

Carolina’s Piedmont.  Floyd’s track characteristics would not necessarily raise concern 

about it being an extreme rain producing event.  Floyd tracked close to the coast of North 

Carolina and never reached more than 100 miles inland.   

Hurricane Floyd was a powerful Category 4 hurricane during its lifecycle; 

however, by the time Floyd was rapidly approaching the North Carolina coastline it had 
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weakened significantly to a category 2 hurricane.  Although winds would no longer be a 

major concern with this storm, the intensity of precipitation ranked Floyd as one of the 30 

deadliest storms in to strike mainland United States since 1900 (Blake et al. 2005).  

Hurricane Floyd was an extremely fast moving storm and continued to accelerate 

as it moved through North Carolina.  Floyd’s average translation speed on 16 September 

was 28.70 kts, as Floyd continued to track northeastward the translation speed increased 

to 29.38 kts on 17 September.  Hurricane Floyd actually had a reverse relationship 

between translation speed and precipitation relative to what one would expect from a 

hurricane, as the translation speed increased the precipitation also increased (Fig. 3.17).  

As shown earlier in this study, the composite studies did not show a significant 

relationship between translation speed and rainfall.   

Hurricane Floyd’s track, intensity and translation speed would lead the typical 

forecaster to believe that this would not be a major precipitation event; however, as will 

be shown in the following chapters, larger scale environmental factors are often the 

primary mechanism that enhances precipitation associated with a TC.  Hurricane Floyd 

was a rare event in which synoptic and mesoscale features came together to produce an 

extreme rain event 

 

3.6.2 Tropical Storm Arthur 

Tropical Storm Arthur was a minimal tropical storm, but did bring some heavy 

rains to the coastal regions of North Carolina.  TS Arthur made landfall near Cape 

Lookout (K77W) on the North Carolina Outer Banks at 0000 UTC 20 September 1996.  

The kriged precipitation analysis (Fig. 3.18) shows that there was a local maximum of 
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precipitation near Kinston, North Carolina (KISO), of with a daily station average 

precipitation value of 3.64 mm.  Light precipitation (<10 mm/day) fell over central 

regions of North Carolina’s Piedmont, with a secondary swath of heavy precipitation 

over the western Piedmont.  Shortly after TS Arthur made landfall it took an east-

northeasterly turn and reentered the Atlantic.  The track of the storm is well correlated 

with the precipitation pattern, which shows that the heavier precipitation does not reach 

into northern regions of the state.  TS Arthur had a translation speed of 13.44 kts (Fig. 

3.19), which is significantly slower then Hurricane Floyd’s landfall translation speed of 

23.32 kts.  Arthur’s translation speed decreased after it made landfall over North 

Carolina, with an average translation speed of 17.26 kts the day after landfall.  TS Arthur 

exhibited a more typical relationship than Hurricane Floyd between translation speed and 

precipitation, where as the translation speed increased the precipitation decreased; 

however the relationship was still not statistically significant with a correlation 

coefficient of -0.099.  TS Arthur’s decrease in speed after landfall did not influence the 

precipitation significantly since it had already taken an east/northeast turn and was 

located off the coast of North Carolina.  Even though Arthur’s translation speed was 

significantly slower then Hurricane Floyd’s, it did not become capable of becoming a 

heavy rainfall event.  Arthur did not have the synoptic and mesoscale setup that would 

contribute to high levels of precursor velocity divergence and convergence, which could 

ultimately produce extremely heavy rainfall as the analyses in chapter 4 will demonstrate. 

 

 

 

43



3.7 Precipitation Analysis Summary and Conclusions 

 

The kriged precipitation analysis for the heavy and light events indicated that the 

precipitation patterns did differ slightly.  The heavy events caused precipitation to reach 

further west into North Carolina with several areas of intense precipitation along the 

North Carolina Coast (Fig. 3.3).  The precipitation associated with the light events was 

concentrated along coastal North Carolina with light precipitation reaching into the 

Northern or Southern Piedmont (Fig. 3.4).   

The precipitation analysis was performed to separate the 28 TCs into two groups 

which can be used for the climatology study.  Once the two groups were created, analyses 

were performed to assure that none of the TCs’ intrinsic features (track, intensity, and 

translation speed) were the primary cause of a TC being classified as a heavy or light 

event.  

The following was determined during the analyses: 

• There appears to be little relation between the storms landfall 

characteristics and the daily average precipitation. 

• There is no evidence to reject the null hypothesis for the relation between 

maximum storm intensity (P = 0.178) or landfall intensity (P = 0.503) and 

daily average precipitation. 

• There is no statistically significant correlation between average daily 

precipitation and storm translation speed (R = -0.0675). 

Hurricane Floyd and TS Arthur were both events that one could argue should 

have had different precipitation intensities than were observed.  Hurricane Floyd did 
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track over North Carolina, however it tracked near the coast, it had weakened 

considerably prior to landfall and had a very fast translation speed, all characteristics that 

in many instances lead to a light precipitation event.  However, Hurricane Floyd was 

observed as a heavy event.  Conversely, TS Arthur had a slower translation speed then 

Hurricane Floyd, which could be an argument for a heavy rain event.  TS Arthur was 

weak system that tracked along the coast, and was classified as a light rain event.   

This chapter shows that the intrinsic features of the storms used in the 

climatological study do not appear to be correlated with rainfall.  Neither light nor heavy 

events were influenced by the storm translation speed, intensity or landfall 

characteristics.  Analysis of two storms, Hurricane Floyd and TS Arthur agreed with the 

group analyses.  However, since this was a small sample size, the conclusion of this study 

are that the intrinsic features may have some influence on precipitation but are not the 

dominant mechanism that determines a heavy or light rain event.  Therefore, the extrinsic 

features will be studied in the proceeding chapters to determine if the environment the TC 

is entering influences the precipitation.  
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FIG.  3.1 Average daily precipitation for a 3-day period surrounding heavy events tropical 
cyclone landfall.  Dots represent rain gauge stations.
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FIG. 3.2  Average daily precipitation for a 3-day period surrounding light events   
tropical cyclone landfall.  Dots represent rain gauge stations.

47



FIG. 3.3  Tracks of 14 storms in the (a) heavy and (b) light precipitation    
 groups.

a.

b.

48



FIG. 3.4 Kriged precipitation and composite tracks for (a) heavy and (b) light events.

a.

b.
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 FIG. 3.6 Landfall type of 28 tropical cyclones. 
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FIG. 3.7 Characteristics of landfall for 14 heavy and light events. 
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FIG. 3.8  Average daily station precipitation for each group of landfall characteristics.  
Accounts for all 28 TCs. 
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FIG. 3.9 Average daily station precipitation for heavy and light rainfall groups for each 
group of landfall characteristics.  14 TCs in each group. 
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FIG. 3.10 Tropical cyclones in heavy and light rainfall categories divided by maximum 
tropical cyclone intensity. 
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FIG. 3.11 Maximum tropical cyclone category as a function of average daily station 
precipitation (mm).  Saffir-Simpson hurricane scale is used for categories 1-5, 0 
represents TS. 
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FIG. 3.12 Same as Fig. 3.11 except for storm category at landfall, Saffir-Simpson 
hurricane scale is used for categories 1-5, 0 represents TS, -1 represents TD, -2 represents 
no landfall. 
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Table 3.1 Twenty-eight TCs names, landfall date, approximate landfall time (UTC), daily 
station average precipitation (mm), and translation speed (kts). Intensity is based on the 
Saffir-Simpson scale 
 

TC Name 
 
 

Landfall Date 
 
 
 

Approximate 
Landfall Time 
(UTC) 
 

Daily Station 
Average 
Precipitation 
(mm) 

Translation 
Speed (kts) 
 
 

Maximum 
Intensity 

Landfall 
Intensity 

Hurricane Isabel 9/18/2004 1700 18.27 13.35 5 2 
Hurricane Floyd 9/16/1999 0630 50.86 23.32 4 2 
TS Dennis  9/4/1999 2100 22.68 4.9 2 TS 
Hurricane Bonnie 8/27/1998 0400 14.85 9.13 3 2 
Hurricane Fran 9/6/1996 0300 36.79 13.84 3 3 
Hurricane Bertha 7/12/1996 1200 15.22 17.96 3 2 
TS Arthur 6/20/1996 0000 3.64 13.44 TS TS 
Hurricane Emily 8/31/1993 2100 0.17 10.38 3 3 
Hurricane Charley 8/17/1986 1400 5.01 10.19 1 1 
Hurricane Gloria 9/27/1985 0530 10.85 31.49 4 1 
Hurricane Diana 9/13/1984 0700 15.86 5.06 4 2 
TS Dennis 8/20/1981 0300 16.40 21.57 1 0 
Hurricane Ginger 9/30/1971 2000 18.13 4.98 2 1 
TS Doria 8/27/1971 1800 13.64 25.24 TS TS 
TS 4 8/17/1970 1200 3.22 25.05 TS TD 
Hurricane Gladys 10/20/1968 No Landfall 21.91 30.59 1 No Landfall 
TS Doria  9/12/1967 1200 0.68 9.79 TS TS 
Hurricane Isbell 10/16/1964 1200 16.84 19.35 3 TS 
Hurricane Alma 8/28/1962 No Landfall 4.63 21.35 2 No Landfall 
TS 6 9/14/1961 0600 3.45 29.91 TS TS 
Hurricane Donna 9/12/1960 0300 22.87 37.49 5 2 
Hurricane Helene 9/27/1958 No Landfall 4.90 14.55 4 No Landfall 
Hurricane Ione 9/19/1955 0600 18.48 13.02 3 1 
Hurricane Diane 8/17/1955 1200 24.83 11.05 3 TS 
Hurricane Connie 8/12/1955 1200 19.98 10.11 4 1 
Hurricane Hazel 10/15/1954 1200 35.00 29.39 4 1 
Hurricane Carol 8/31/1954 No Landfall 4.32 26.75 2 No Landfall 
Hurricane Barbara 8/14/1953 0000 6.54 19.77 1 1 
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FIG. 3.13 Daily station average precipitation (mm) as a function of tropical cyclone 
translation speed (kts).  
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FIG. 3.14 Location of Kinston, NC denoted by cross.
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R2 = 0.0002
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R2 = 0.0372
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FIG. 3.15 Relationship between (a) precipitation of 28 TCs at Kinston, NC (b) 3-day 
accumulated precipitation at Kinston, NC for 28 TCs and (d) daily station average 
precipitation across NC for 28 TCs and average distance from Kinston, NC.  
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FIG. 3.16  Hurricane Floyd, kriged analysis of daily station average precipitation (mm) 
over a 3-day period surrounding landfall.
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FIG. 3.17 Average daily station precipitation (mm) as a function of translation speed (kts) 
for Hurricane Floyd. 
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FIG. 3.18  Tropical Storm Arthur kriged analysis of daily station average precipitation 
(mm) over a 3-day period surrounding landfall.
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FIG. 3.19 Average daily station precipitation (mm) as a function of translation speed (kts) 
for Tropical Storm Arthur. 
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CHAPTER 4 

CLIMATOLOGICAL STUDY OF 28 TROPICAL 

CYCLONES INFLUENCING NORTH CAROLINA 

 

4.1 Introduction 

 

 The investigation of the interactions between tropical cyclones (TCs) and 

environmental influences has resulted in numerous publications relating trough 

interactions to the storm’s intensity.  This current study examines planetary, synoptic and 

mesoscale features that are attributed to producing an intense precipitation event over 

North Carolina during a landfalling TC.   

Trough interactions may lead to heavy precipitation due to the coupling between 

the TC and the upper-level trough creating a favorable mass divergence aloft thus 

enhancing precipitation.  The hypothesis of this study is that the planetary, synoptic and 

mesoscale features present from 72-hours prior to landfall can be employed in a 

conceptual model to aid in forecasting enhanced precipitation events.  In examining the 

planetary scale we will reveal that, 72-hours prior to landfall, if there is an upper-level 

trough over northwestern North America (NA), eastern NA is dominated by a ridge and 

there is a quasi-stationary negatively tilted upper-level trough over the Southern Plains, 

the impending TC will more likely be a heavy rainfall event.  Conversely, if northwestern 

and northeastern NA are dominated by a ridge, while the Upper-Midwest is influenced by 

a trough, the resulting TC will more likely be a light rain producer.  The study will also 
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illustrate significant differences between the heavy and light events in the moisture flux, 

and presence of a surface ridge over Northeast U.S. that ushers cool air into central North 

Carolina in the heavy.  Analysis of potential vorticity (PV) will reveal that a negatively 

tilted tongue of high values of upper-level (500-250 hPa) PV located over the Ohio River 

Valley from 24 to 6 hours prior to landfall can enhance precipitation when compared to 

low or near-zero values of PV over the same region.  The planetary-scale analyses consist 

of composites of the 14 storms in each of the heavy and light rainfall groups.  The 28-

storm planetary-scale analysis was further verified by examining anomalies of the data, 

as well as by constructing composites using the North American Regional Reanalysis 

(NARR) for six TCs in each the heavy and light rainfall categories.  The NARR data 

features a 32 km grid spacing and resolution dataset that dates back to 1979.  These 

datasets are useful in studying the synoptic and mesoscale features associated with 

landfalling TCs due to higher resolution.   

Composites are an extremely useful tool to recognize characteristics that are 

similar within a group of storms.  However, composites may smooth out or falsely 

enhance certain features; hence, the features present in a composite may not be indicative 

of the behavior for individual events (Lackmann et al. 1996).  To obtain a better 

understanding of the significance of the composite analyses, composite anomalies were 

examined for the 250 hPa geopotential heights.  The student t-test was used to verify both 

the significance of the difference in upper-level PV and frontogenesis between the two 

groups of TCs.  

Within this chapter, section 4.2 will examine the 72 to 24 hour planetary scale 

precursors in the heavy versus light rainfall events.  Section 4.3 focuses on the influence 
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of the synoptic and mesoscale environment for the 48 to 00 hours prior to landfall.  

Finally, section 4.4 will summarize and present conclusions. 

 

4.2 Planetary Scale Precursors 72-24 hours Prior to Landfall 

 

4.2.1 Twenty-Eight Storm Composite Analysis  

4.2.1.a. Association between Geopotential Height and Precipitation 

 This section will focus on the difference in upper tropospheric geopotential height 

for the heavy and light rainfall events.  Geopotential height is a useful quantity for 

examining planetary scale signals of upper-tropospheric troughs from 72-hours prior to 

landfall.  Composite analyses of 250 hPa geopotential heights were plotted for the heavy 

and the light rainfall groups at four time periods.  The analyses were created at 24 hour 

increments from 72-hours prior to landfall until landfall.  To determine the intensity of 

the troughs and ridges that existed over NA, plots of height anomalies for the same heavy 

and light groups were created.  The height anomalies represent the difference between the 

heights of the fourteen storms in each group compared to the total mean height for the 

day requested from 1968–1996.  The data available for the composites had 6-hour 

temporal frequency; therefore, the closest 6-hour time to the time of landfall was used in 

the composites. 

 Three days prior to landfall the heavy event composite exhibits signs of a trough 

over northwestern NA, that stretches southeastward across the country to the Southern 

Plains and a ridge over eastern NA (Fig. 4.1a).  Conversely, the composite analysis of the 

light events has a weak trough located over the Upper-Midwest and shows signs of a 
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ridge over both northwestern and eastern NA (Fig. 4.1b).  Figure 4.2a indicates a distinct 

positive anomaly over northeastern NA, verifying the ridge, a negative anomaly over 

western NA and the Southern Plains.  The anomalies agree with the composites, 

indicating the existence of troughs over these regions in the heavy events.  Conversely, 

the composite anomalies for the light events illustrate two positive geopotential height 

anomalies that connect over the Southern Plains, with an intense negative anomaly over 

the Upper-Midwest (Fig. 4.2b).   

The differences between the heavy and light events that are seen in the planetary 

scale analyses from 72-hours prior to landfall strengthen as landfall is approached.  The 

heavy events had a strong trough over northwest NA, a strong ridge over northeast NA, 

and a quasi-stationary negatively tilted trough over the Southern Plains was prevalent at 

each 24-hour period nearing landfall (Fig. 4.3a-4.4a).  Conversely, the light events 

continued to be dominated by a zonal flow near landfall, with a strengthening broad ridge 

over northeast NA (Fig. 4.3b-4.4b).  At landfall, of the heavy events, the upper-level 

trough over the Southern Plains continued to dominate the flow, while a weaker broad 

trough dominated the light events (Fig 4.5).   

The anomalies of geopotential height were used to further examine the differences 

between the heavy and light events that existed from 48-hours prior to landfall.  The plot 

of heavy event anomalies indicates that both the negative and positive anomalies are 

strongest at 48-hours prior to landfall (Fig. 4.6a).  Also, note the continued presence of a 

negative anomaly over the Southern Plains in the heavy events.  Conversely, the light 

events at 48-hours prior to landfall are dominated by a weakening trough over the upper 

Midwest and a strengthening ridge over the East Coast that stretches through the 
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Southern Plains to the Pacific Northwest (Fig. 4.6b).  At 24-hours prior to landfall the 

anomalies in the heavy events begin to weaken.  The positive anomaly in the northeast 

shifted southward and the negative anomaly over the Southern Plains remained stationary 

(Fig. 4.7a).  This indicated that the ridge associated with the positive anomaly has moved 

southward, while there was a weak quasi-stationary trough over the Southern Plains.  

Hence, the distance between these two systems contracted.  The anomalies in the light 

events 24-hours prior to landfall also indicated weakening features and no longer spread 

across the entire Southern Plains to the Pacific Northwest (Fig. 4.7b).  Instead, there were 

two separate positive anomalies over the east and west coasts of the U.S.  The maximum 

positive anomaly over the east coast was located further to the north than in the heavy 

events.  However, the entire mid-Atlantic coast through the Southern Plains was 

dominated by a positive anomaly.  Figure 4.8a indicates that on the day of landfall for the 

heavy events, the original strong negative anomaly over western NA shifts northeast 

slightly, but the intensity remains constant, while the positive anomaly continues to 

dominate New England.  In addition, a strong negative anomaly redevelops over the 

Southern Plains in the heavy events.  The light events exhibit a strong positive anomaly 

that is located over northeastern NA and the formation of a trough over the Upper-

Midwest (Fig. 4.8b).   

To further investigate the differences between the 250 hPa geopotential heights in 

heavy versus light events, the storms that produced rains totals near the average 

precipitation for the entire 28-storms (15.36 mm) were removed.  Only storms that 

produced over 20 mm or less than 10 mm of rain were used for the heavy and light 

composites respectively.  Table 4.1 shows the 7 storms that were considered heavy events 
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and the 10 storms that were light events.  The heights and anomalies for these two 

reduced groups are consistent with the above analysis of the 28 storms, except the signals 

are even stronger.  At 72-hours prior to landfall of the heavy events (Fig. 4.9a) there is a 

strong negatively tilted trough over the Southern Plains, as further indicated by the 

intense negative anomaly that reaches from Texas northwestward into the Pacific 

Northwest (Fig. 4.9b).  Over the following 24 hours, a strong negative anomaly continued 

to develop over the Southern Plains, and the positive anomaly maintained its strength but 

shifted eastward.  At 24 hours prior to landfall (Fig. 4.10c) the negative anomaly 

weakened slightly, however by landfall there was a significant negatively tilted trough 

over the Southern Plains (Fig. 4.10b), consistent with a strong negative anomaly (Fig. 

4.10d) over that region.  There was a strong height gradient between the upper-level 

trough over the Southern Plains and the building upper-level ridge over the Northeast.  

Conversely, the light events exhibit a strong positive anomaly from 72-hours prior to 

landfall that stretches across the Southern Plains to the Central Pacific U.S. (Fig. 4.11c).  

A negative anomaly exists over the Pacific Northwest at this time.  The positive anomaly 

continues to dominate the U.S. through 24 hours prior to landfall (Fig. 4.11-4.12).  At the 

time of landfall the positive anomaly persists over the Northeast and the negative 

anomaly has moved eastward and is centered over the Upper-Midwest (Fig. 4.12d).  Even 

though a negative anomaly exists, it is located too far to the north to have any significant 

effect on TCs that are influencing North Carolina.   

The reduced groups show the consistency between the 28-storm composites and 

the reduced composite using only ‘extreme’ heavy or light rain events.  This signal will 
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further be tested in the following section, examining the 12 more recent TCs using the 

NARR high-resolution data. 

 

4.2.2 Composite Analysis of 12 Tropical Cyclones that Occurred Since 1979 

As discussed previously, the NARR data was used to examine the geopotential 

height in greater detail for all available storms.  The NARR data improves both the 

temporal and spatial resolution of the global NCEP dataset.  The higher resolution NARR 

analysis can be used to show the agreement between the 28 TC planetary scale course 

resolution study and the higher resolution study of 12 storms.  Showing that the 

meteorological features persist between the two datasets lends further creditability to this 

work.  Of the 28 total storms used in this study, 12 occurred after 1979.  By the 

classification used previously, six of the 12 storms were categorized as heavy events, and 

six were categorized as light events.  The dates and times of the 12 storms used are given 

in Table 4.2.  The NARR composites were produced using data at the approximate time 

of landfall and data every 3-hours for the 72-hour period prior to landfall.  

 

4.2.2.a. Association between Geopotential Height and Precipitation 

 At 72-hours prior to landfall the composite analyses for the heavy and light events 

exhibit two distinct trends.  Figure 4.13a has a negatively tilted trough over the Midwest, 

with zonal flow to the west of the trough, and higher heights to the east of the trough, 

indicating a weak ridge over eastern NA in the heavy events.  The light events are similar 

to the earlier composite of all 28 storms.  It indicates a weak trough over the upper 

Midwest, while both the west and east coast are dominated by higher heights, indicating 
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the presence of a ridge over those regions (Fig. 4.13b).  At 48-hours prior to landfall, the 

trough that is present over the Midwest in the heavy composite weakens and moves 

northward.  However, there is still evidence of a strong ridge over the east coast of NA.  

Figures 4.14b and 4.15b for the 48 to 24 hours prior to landfall of the light events indicate 

zonal flow due to the weakening of both the ridge and the already weak trough.  Figure 

4.15a reveals a strengthening trough over both eastern and western U.S. and a strong 

ridge over central U.S. 24-hours prior to landfall.  This agrees with the earlier NCEP 

composite of the 14 heavy events.  The differences between the heavy and light NARR 

composite analyses are increasingly evident as one nears the time of landfall.  The most 

significant difference between the two groups is in the tilt of the trough.  Figure 4.16a 

indicates a negatively tilted trough stretching from the Ohio River Valley southward 

through Tennessee in the heavy events at landfall.  Conversely, Fig. 4.16b indicates a 

positively tilted trough located slightly west of the location of the trough in the heavy 

events.   

 

4.3 Synoptic Scale Precursors 48 -00 hours Prior to Landfall 

 

4.3.1 Composite Analysis of 12 Tropical Cyclones that Occurred Since 1979 

 Having assessed the planetary scale characteristics from 72-hours prior to 

landfall, the synoptic scale characteristics will now be examined.  Composites analyses of 

an upper-level (250-500 hPa), and lower-level (700-850 hPa) PV, 925-850 hPa moisture 

flux, surface winds, divergence and frontogenesis were examined for this portion of the 

study.   
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4.3.1.a. Association between PV and Precipitation 

4.3.1.a.1 Composite Analysis of Upper-Level (250-500 hPa) PV 

 The upper-level PV pattern signifying a possible intense rain event becomes 

evident approximately 36-hours prior to landfall.  For the heavy NARR composite, a 

significant PV maximum (0.9-1.0 PVU) exists west of the Ohio River Valley 36-hours 

prior to landfall (Fig. 4.17a) and progresses northeastward over the following 6 hours, 

leaving behind moderate values of PV over the Ohio River Valley.  Conversely, 

relatively low values of PV are found in the light composite at 36-hours prior to landfall 

(Fig. 4.17b).  Figure 4.18a indicates that, by 27-hours prior to landfall, the PV maximum 

found in the heavy events over the Ohio River Valley had become superimposed on the 

PV that had formed over Tennessee.  Conversely, in the light events, the main PV 

maximum lifted northward early on, and low values (0.2-0.4 PVU) of PV were present 

over Tennessee and Kentucky (Fig. 4.18b).  At 24-hours prior to landfall (Fig. 4.19), 

much higher PV values exist over the Ohio River Valley in the heavy events compared to 

the light events.  This difference was verified by a student t-test which indicated 

significance at the 95% confidence interval.  At 18-hours prior to landfall, the maximum 

of upper-level PV that is located over the Mississippi River Valley in the heavy events 

appears to superimpose on the lower level PV associated with the TC (Fig. 4.20a).  

However, in the light events the strongest values of PV are located over Wisconsin and 

into south central Canada (Fig. 4.20b).  Therefore, the environmental PV associated with 

the light events is too far north to interact with the TC.  Figure 4.21 exhibits the 

difference between the PV interaction in the heavy and light events at 12-hours prior to 

landfall.  The heavy events show a coupling between the upper-level PV maximum and 
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the TC.  However, the environmental PV maximum associated with the light events is 

located well to the northwest of the TC, and is orientated in a positively tilt.  At 6-hours 

prior to landfall the PV maximum associated with the heavy events has strengthened, and 

is interacting with the TC (Fig 4.22a).  Conversely, the positively tilted PV maximum 

associated with the light events remains relatively weak (0.5-0.7 PVU) and to the west of 

the TC (Fig. 4.22b).  Figure 4.23b indicates that at landfall there is virtually no 

connection between the PV maximum to the west of the light events and the TC.  

However, in the heavy events there is a notable connection evident, shown by strong PV 

values (1.1-1.3 PVU) over the Ohio River Valley (Fig. 4.23a). 

 

4.3.1.a.2 Composite Analysis of Lower-Level (500-850 hPa) PV 

 As discussed earlier the lower-level PV is associated with the static stability and 

circulation of the TC, so is not a useful indicator of potential rainfall.  However, 

examining the lower level PV serves several purposes.  First, it allows us to determine the 

location of the TC relative to the upper-level maximum of PV and corresponding trough.  

Secondly, it allows us to determine the lower-level environment the TC will be entering.  

Finally, it allows us to better understand how the TC is interacting with the upper-level 

trough.   

At 36-hours prior to landfall the PV structure for the heavy and light events are 

similar; there is no significant lower-level PV near North Carolina existing in either case 

(Fig. 4.24).  There are no clear differences in preexisting lower-level PV over the 

southeast U.S. from 36-hours prior to landfall through the time of landfall.  The 

difference in PV associated with the TCs at landfall can be seen in Fig. 4.25.  Since there 
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are no major differences in preexisting lower-level PV, one can preliminarily conclude 

that the upper-level PV environment has a greater impact on precipitation potential from 

36 to 12 hours prior to landfall than the lower-level PV environment.  

 

4.3.1.b Association between Moisture Flux and Precipitation 

4.3.1.b.1 Composite Analysis of Moisture Flux 

 Moisture flux begins to influence the environment that the TCs were entering 48-

hours prior to landfall.  The composite of the heavy events 48-hours prior to landfall 

displays moisture flux vectors directed westward over the southeast U.S. and high levels 

of moisture present over North Carolina, this serves to create a moist environment over 

North Carolina from 48-hours prior to landfall (Fig. 4.26a).  Conversely, North Carolina 

is relatively dry 48-hours prior to the light events.  The dominance of strong offshore 

flow to the north of North Carolina acts to turn the moisture flux vectors associated with 

the light TCs to the northeast, preventing significant moisture convergence from 

developing over North Carolina (Fig. 4.26b).  

At 24-hours prior to landfall there is evidence of a developing moist low-level 

environment in both the heavy and light event composites (Fig. 4.27).  The moisture flux 

vectors in the heavy events remain directed westward and do not appear to be influenced 

by the preexisting environmental flow (Fig. 4.27a).  Conversely, the moisture flux for the 

light events reveals strengthening of the lower-level ridge over Virginia and North 

Carolina.  This orients the moisture flux vectors northward over North Carolina, and 

creates a region of moisture convergence well offshore (Fig. 4.27b).  The net results of 

these environmental features are weaker moisture flux vectors directed toward North 
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Carolina, ultimately yielding a drier environment 24-hours prior to landfall.  Figure 4.28a 

indicates the strengthening moisture flux vectors over North Carolina associated with the 

heavy events 12-hours prior to landfall.  A strong region of convergence forms from the 

North Carolina coastline westward, indicative of a heavy precipitation event.  Similarly, 

the light events had enhanced moisture flux vectors; however, a region of split-flow over 

the Atlantic and a strong trough over the Ohio River Valley prevent significant moisture 

from engulfing North Carolina (Fig. 4.28b).  At landfall (Fig. 4.29a), the plot of heavy 

composite moisture flux vectors continues to show significant moisture moving toward 

North Carolina, with no other low-level steering flow influencing the TC.  Figure 4.29b 

indicates the trough associated with the light precipitation events moves southeastward, 

creating a zone of moisture convergence over Virginia.  The moisture was prevented 

from entering North Carolina due to several factors.  The weaker circulation of the TC 

associated with the light rain events, the continued dominance of the trough over the 

Ohio River Valley, and a high pressure system located off shore, all combine to direct the 

majority of moisture flux northward and northwestward.  The northern direction of the 

moisture flux served to prevent significant moisture from entering North Carolina. 

 

4.3.1.c. Association between Frontogenesis and Precipitation 

4.3.1.c.1 Composite Analysis of Surface Features 

 Signals of a surface ridge of high pressure extending south and bringing cool air 

into inland North Carolina and the early stages of the formation of a coastal front were 

noted in the composite analysis of heavy events, beginning approximately 48-hours prior 

to landfall (Fig. 4.30a).  These composites show the mean sea level pressure (MSLP), 
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1000 hPa wind barbs and color fill of 1000 hPa temperature.  Cool air descended on 

North Carolina and a kink in the isobars became more pronounced at 36-hours prior to 

landfall (Fig. 4.31a).  Conversely, the cool air did not penetrate as far into North Carolina 

during the light events.  Temperatures in the light events remained greater than 23oC for 

the 48-hours prior to landfall (Fig. 4.30b-4.31b).  The first notable frontogenesis values 

were found in the heavy events approximately 18-hours prior to landfall, as seen in Fig. 

4.32a which is a composite of 1000 hPa temperature, wind barbs and frontogenesis.  Cool 

(22oC) air penetrates southward through inland North Carolina 18-hours prior to landfall 

(Fig. 4.33a).  Along the eastern edge of the temperature gradient is a region of moderate 

frontogenesis (0.6-1.0oC100km-13hr-1).  Figure 4.32b displays frontogenesis at the same 

time period for the light events.  Unlike the heavy events, which have a northeast wind in 

central North Carolina and an east wind off the coast, the light events are dominated by a 

southeast wind, which shifts to a south wind moving further inland.  The combination of 

the southeast wind and only a weak trough of cool air does not allow for a significant 

zone of convergence at the surface (Fig. 4.33b).  This difference in frontogenesis between 

the heavy and light events has a significance of 75% using the student t-test.  Although 

this is not of extremely high significance, one can use the formation of frontogenesis as a 

general indication of the potential for a heavy precipitation event.   

Figure 4.34 illustrated the pronounced difference in frontogenesis characteristics 

between the composites of the heavy and light precipitation events at 12-hours prior to 

landfall.  Cooler temperatures dominated North Carolina during the heavy events while 

much warmer temperatures were prevalent during the light events.  During the heavy 

events the ridge to the north and the upper-level trough to the west interact favorably on 
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the flow of the TC (Fig. 4.35a); however, in the light events the ridge over the Atlantic 

and the positively tilted upper-level trough that is to the northwest contributes to the 

weakening of the TC (Fig. 4.35b).  The more intense cool air, along with the increased 

winds associated with the heavy events act to intensify the frontogenesis, with a local 

maximum of 1.6oC100km-13hr-1 located just west of Cape Hatteras, North Carolina (Fig. 

4.34a).  Evidence of very weak frontogenesis (0.4-0.6oC100km-13hr-1) along coastal 

North Carolina (Fig. 4.34b) at 12-hours prior to landfall is exhibited for the light 

composite.  The difference in frontogenesis values at 12-hours prior to landfall is 

significant within the 95% confidence interval.  The frontogenesis that was present at 12-

hours prior to landfall in the light events weakens during the following 6-hours (Fig. 

4.36b).  Contrary to this, the frontogenesis present in the composites of the heavy events 

spreads northward, and a secondary maximum forms near the North Carolina/Virginia 

border (Fig. 4.36a).  The strengthening of the frontogenesis in the heavy events combined 

with a weakening in the light events yields a difference in frontogenesis values that is 

significant within the 98% confidence interval for 6-hours prior to landfall.  At the time 

of landfall there is a considerable spread of frontogenesis present over the heavy 

composite while the frontogenesis that was present earlier in the light composite 

completely dissipated (Fig 4.37).  

 

4.4 Climatological Study Summary and Conclusions 

 

 While Chapter 3 addressed how the 28 TCs that were used in this study were 

divided into heavy and light precipitation groups, and the associated intrinsic 
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characteristics, this chapter has considered planetary, synoptic, and mesoscale features 

and their association with enhanced precipitation.  The features can be divided into two 

basic time scales: 72 to 48 hours prior to landfall, and 48 to 00 hours prior to landfall.  

Each of these times scales have specific features that a forecaster should examine when 

producing precipitation forecasts and issuing flood warnings.   

 The initial temporal scale (72 to 48 hours) involves examining planetary features.  

The 250 hPa geopotential height over NA gives a good initial representation of the 

environment that the TC will be entering at the time of landfall.   During the heavy 

precipitation events a trough was located over western NA, and a ridge was located over 

eastern NA 72-hours prior to landfall.  Another weaker, negatively tilted trough was 

located over the Southern Plains.  These features were present in both the NCEP 

reanalysis of the 28 TCs and the NARR reanalysis of the 14 TCs.  The light precipitation 

events had a significantly different set-up, with two strong ridges located over western 

and eastern NA and a weak trough over the Midwest.  The key features to note in the 

heavy event planetary scale analysis, is the trough over the Southern Plains and the strong 

ridge over northeast NA.  The light events have a positive height anomaly that stretched 

from northeast NA, southwestward through the Southern Plains.  These features persist 

from 72-hours prior to landfall through the time of landfall.   

 The synoptic scale analysis at 36-hours prior to landfall for the heavy events 

indicates a signal of a negatively tilted PV maximum over the Ohio River Valley.  

Similarly, the light events have an initial signal of an upper-level maximum of PV over 

the Great Lakes region at 36-hours prior to landfall.  However, while the maximum 

associated with the heavy events continues to strengthen over time, the maximum 
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associated with the light events quickly lifts northward.  The net result is that the PV 

related to the heavy events interacts with the TC approximately 12-hours prior to landfall, 

while the PV maximum associated with the light events is too far north to interact with 

the TC.  The strongest difference between the PV for the heavy and light events occurs 

approximately 24 hours prior to landfall, when the difference is significant within the 

95% confidence interval.  The interaction between the upper-level maximum of PV and 

the TC in the heavy events continues to strengthen through the time of landfall.  This aids 

in the creation of a favorable mass divergence aloft, which enhances precipitation.  

Through the time of landfall the upper-level environmental PV during the light 

precipitation events remains positively tilted and to the northwest of the TC.  This 

structure does not allow for favorable interaction between the TC and the upper-level 

environment, because the individual flow of each system counteracts each other to create 

a weakening process. 

 The second synoptic scale mechanism considered, moisture flux, is a mechanism 

that is found in all TCs.  The interesting aspect in this study is the opposing directions of 

the moisture flux vectors from 48-hours prior to landfall.  As suggested in the planetary 

scale analysis, the East Coast is dominated by a ridge during the light events from 48-

hours prior to landfall, this blocks the moisture flux from penetrating westward into 

North Carolina.  This setup prevents a region of significant low-level moisture from 

entering North Carolina prior to landfall of the TC.  Conversely, the heavy composites 

reveal an environment conducive to the organization of low-level moisture 48-hours prior 

to landfall.  A surface ridge exists over the Ohio River Valley, however as landfall 

approaches and the winds associated with the TC begin to move northwestward, the ridge 
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shifts eastward and creates an environment with very weak flow.  The weak 

environmental flow allows the winds associated with the TC to dominate the flow, 

creating a region of high moisture over North Carolina from 48-hours prior to landfall 

through the time of landfall.  Since the precipitation rate is proportional to the moisture 

flux convergence, the difference in magnitude and direction of the moisture flux vectors 

is significant for determining precipitation intensity.   

 The mesoscale features considered included an examination of low-level 

isotherms, winds, mean sea level pressure and frontogenesis from 18-hours prior to 

landfall.  The heavy composite exhibits a ridge over the northeast building southward that 

brings in cool air over central North Carolina.  A zone of strong surface convergence and 

moderate frontogenesis is found just to the east of the region of cool air.  Throughout the 

following 18-hours the trough of cool air, zone of convergence and frontogenesis values 

continue to strengthen in the heavy events.  In the light events there is little notable 

frontogenesis that forms during the entire 18-hour period prior to landfall.  The low 

frontogenesis values are a result of a weak trough of cool air combined with consistent 

south, southwest winds that prevents the formation of a strong zone of convergence over 

North Carolina. 

 In this chapter we postulate several planetary, synoptic and mesoscale features 

that may be used from 72-hours prior to landfall through landfall to aid in determining 

the potential for a heavy precipitation event.  The following chapter will verify the 

synoptic and mesoscale signals investigated this chapter with a modeling study.  The 

modeling component will also allow for further investigation of the mesoscale features 

that may enhance precipitation during a landfalling TC. 
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FIG. 4.1  Composite of 250 hPa geopotential heights for 14 (a) heavy and 
(b) light events 72 hours prior to landfall. 

a.

b.
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FIG. 4.2  Composite analysis of 250 hPa geopotential height anomaly 
for (a) heavy and (b) light events 72 hours prior to landfall.

a.

b.
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FIG. 4.3  Composite analysis of 250 hPa geopotential heights (m) for 14 (a)  
heavy and (b) light events 48 hours prior to landfall.

a.

b.
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FIG. 4.4  Composite analysis of 250 hPa geopotential height (m)
for 14 (a) heavy and (b) light events 24 hours prior to landfall.

b.

a.
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FIG. 4.5  Composite analysis of 250 hPa geopotential height (m) for 14 
(a) heavy and (b) light events at landfall.

a.

b.
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FIG. 4.6 Composite analysis of 250 hPa geopotential height anomaly 
(m) for 14 (a) heavy and (b) light events 48 hours prior to landfall.

a.

b.
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FIG. 4.7  Composite analysis of 250 hPa geopotential height anomaly 
for 14 (a) heavy and (b) light events 24 hours prior to landfall.

b.

a.
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FIG. 4.8  Composite analysis of 250 hPa geopotential height 
anomaly (m) for 14 (a) heavy and (b) light events at landfall.

a.

b.
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Table 4.1  Tropical cyclones since 1953 that produced over 20 mm of rain or under 10 
mm of rain. 
 
Storms 
Above 20 
mm 

Landfall 
Date 

Daily 
Station 
Average 
Precipitation 
(mm) 

Storms 
Below 10 
mm 

Landfall 
Date 

Daily 
Station 
Average 
Precipitation 
(mm) 

Hurricane 
Floyd 

9/16/1999 50.86 T.S. Arthur 6/20/1996 3.64 

T.S. 
Dennis 

9/4/1999 22.68 Hurricane 
Emily 

8/31/1993 0.17 

Hurricane 
Fran 

9/6/1996 36.79 Hurricane 
Charley 

8/17/1986 5.01 

Hurricane 
Gladys 

10/20/1968 21.91 T.S. 4 8/17/1970 3.22 

Hurricane 
Donna 

9/12/1960 22.87 T.S. Doria 9/17/1967 0.68 

Hurricane 
Diane 

8/17/1955 24.83 Hurricane 
Alma 

8/28/1962 4.63 

Hurricane 
Hazel 

10/15/1954 35.00 T.S. 6 9/14/1961 3.45 

   Hurricane 
Helene 

9/27/1958 4.90 

   Hurricane 
Carol 

8/31/1954 4.32 

   Hurricane 
Barbara 

8/14/1953 6.54 
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FIG. 4.9  Composite analysis of 250 hPa geopotential height (m) (a & b) and height 
anomaly (m) (c & d) for 7 heavy events that produced over 20 mm of rain (a) 72 hours 
prior to landfall (b) 48 hours prior to landfall (c) 72 hours prior to landfall and (d) 48 
hours prior to landfall.

a.

c.

b.

d.
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FIG. 4.10  Same as FIG. 4.9 except for (a & c) 24 hours prior to landfall and (b & d) at 
landfall.

a.

c.

b.

d.
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FIG. 4.11  Same as FIG. 4.9 except for 10 TCs that produced less than 10 mm of rain.  

a.

c.

b.

d.
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FIG. 4.12  Same as FIG. 4.10 except for 10 TCs that produced less than 10 mm of rain.

a.

c.

b.

d.
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Table 4.2 Twelve tropical cyclones used in NARR composite analysis with category, 
landfall date and time listed. 
 
Storm Name Rainfall Category Day of Landfall Hour of landfall for 

composite analysis 
(UTC) 

Hurricane Isabel Heavy 9/18/2003 1800  
Hurricane Floyd Heavy 9/16/1999 0600 
T. S. Dennis Heavy 9/4/1999 1800 
Hurricane Bonnie Light 8/26/1998 0000 
Hurricane Bertha Light 7/12/1996 1200 
T. S. Arthur Light 6/19/1996 0000 
Hurricane Dennis Heavy 9/6/1996 1800 
Hurricane Emily Light 8/31/1993 1800 
Hurricane Charley Light 8/17/1986 1200 
Hurricane Gloria Light 9/27/1985 0000 
Hurricane Diana Heavy 9/13/1984 0600 
T.S. Dennis Heavy 8/20/1981 0000 
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FIG. 4.13   Composite analysis of 250 hPa geopotential heights (m) 
isotachs (ms-1) for six (a) heavy and (b) light events 72 hours prior to 

a.

b.
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FIG. 4.14  Same as FIG. 4.13 except for 48 hours prior to landfall.  

b.

a.
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FIG 4.15  Same as FIG. 4.13 except for 24 hours prior to landfall.

b.

a.
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FIG. 4.16  Same as FIG. 4.13 except at landfall.

b.

a.
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FIG. 4.17  Composite analysis of 250-500 hPa PV (PVU) for six (a) 
heavy and (b) light events 36 hours prior to landfall.

a.

b.
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FIG. 4.18  Same as FIG. 4.17 except for 27 hours prior to landfall.
b.

a.
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FIG. 4.19  Same as FIG. 4.17 except for 24 hours prior to landfall.
b.

a.
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FIG. 4.20  Same as FIG. 4.17 except for 18 hours prior to landfall.

a.

b.
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FIG. 4.21  Same as FIG. 4.14 except for 12 hours prior to landfall.  

a.

b.
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FIG. 4.22  Same as FIG. 4.17 except for 6 hours prior to landfall.

a.

b.
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FIG. 4.23  Same as FIG. 4.17 except for at time of landfall.

a.

b.
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FIG. 4.24  Composite analysis of 850-700 hPa PV (PVU) for six 
(a) heavy and (b) light events 36 hours prior to landfall.

a.

b.
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FIG. 4.25  Same as FIG. 4.24 except at landfall.

a.

b.
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a.

b.
FIG. 4.26  Composite analysis of 850-925 hPa layer moisture flux (gmkg-1s-1, 
color fill), moisture flux vectors (gmkg-1s-1) and moisture flux divergence (gkg-1s-1, 
contours) for  (a) heavy and (b) light events 48 hours prior to landfall.
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FIG. 4.27  Same as FIG. 4.26 except for 24 hours prior to landfall. 

a.

b.
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FIG. 4.28 Same as FIG. 4.26 except for 12 hours prior to landfall.

a.

b.

109



FIG. 4.29  Same as FIG. 4.26 except at landfall.

b.

a.
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FIG. 4.30  Composite analysis of 1000 hPa temperature (color fill) oC, wind 
(barbs) ms-1 and mslp  (contours) hPa 48 hours prior to landfall for (a) heavy and 
(b) light events.

a.

b.
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FIG. 4.31  Composite analysis of 1000 mb temperature (color fill) oC, wind (barbs) 
ms-1 and mslp (contours) hPa 36 hours prior to landfall for (a) heavy and (b) light  
events.

a.

b.
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FIG. 4.32 Composite analysis of 1000 hPa frontogenesis (oC100km-13hr-1), winds (ms-1) 
and temperature (oC) for six (a) heavy and (b) light events 18 hours prior to landfall.

b.

a.
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FIG. 4.33  Composite analysis of 1000 mb temperature (color fill) oC, wind (barbs) ms-1 
and mslp  (contours) hPa 18 hours prior to landfall for (a) heavy and (b) light events.

a.

b.
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FIG. 4.34  Composite analysis of 1000 hPa frontogenesis (oC100km-13hr-1), winds 
(ms-1) and temperature (oC) for six (a) heavy and (b) light events 12 hours prior to 
landfall.

a.

b.
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FIG. 4.35  Composite analysis of 1000 mb temperature (color fill) oC, wind (barbs) ms-1 
and mslp (contours) hPa 12 hours prior to landfall for (a) heavy and (b) light events.

a.

b.
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FIG. 4.36  Composite analysis of 1000 hPa frontogenesis (oC100km-13hr-1), winds 
(ms-1) and temperature (oC) for six (a) heavy and (b) light events 6 hours prior to 
landfall.

a.

b.
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FIG. 4.37  Composite analysis of 1000 hPa frontogenesis (oC100km-13hr-1), winds 
(ms-1) and temperature (oC) for six (a) heavy and (b) light events at landfall.

a.

b.
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CHAPTER 5 

NUMERICAL SIMULATIONS OF TWO TROPICAL 

CYCLONES 

 

5.1 Introduction 

 

 This chapter describes the observational comparison of the climatological study, 

described in the previous chapter, with the detailed study of two Tropical Cyclones 

(TCs).  The two storms studied are Hurricane Floyd (1999) and Tropical Storm (TS) 

Arthur (1996).  These storms were chosen because they represent two modern TCs that 

had similar tracks near North Carolina.  The study would have benefited from selecting 

TCs with more similar speeds, however due to the relatively small dataset this option was 

not available.  As discussed in Chapter 3, Hurricane Floyd was an extreme rain event that 

caused devastating flooding across North Carolina.  For example, over 600 mm (24 

inches) of rain fell in Southport, North Carolina (Hilderbrand 2002).  Conversely, TS 

Arthur was a relatively light precipitation event that moved slowly over coastal North 

Carolina, resulting in approximately 50 to 100 mm (2-4 inches) of rain across the coastal 

plains of North Carolina and South Carolina (National Hurricane Center (NHC) 

Hurricane Archive).   

The numerical simulation experiments began with a 36 km simulation of both 

Hurricane Floyd and TS Arthur 72-hours prior to landfall.  This simulation was used to 

examine the 250 hPa geopotential heights, isotachs, and winds at the synoptic scale over 
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representative quasi-geostrophic spatial scales (~1500-3000 km) and temporal periods (2-

3 days).  Similar to the climatological study, the case studies will transition in a step-wise 

fashion approaching landfall to the synoptic, subsynoptic and additionally to mesoscale 

features that could not be examined in the climatological study.  The objective of this 

numerical modeling study is to use higher resolution data to determine the meso-α and 

meso-β scale features, as well as to coherently diagnose how these features evolve from 

the synoptic scale forcing.  The hypothesis of this chapter is that the synoptic scale 

features that were determined in Chapter 4 have a significant effect on organizing the 

short period circulation differences between the heavy and light events at the meso-α and 

meso-β scales.  

 Within this chapter, section 2 will heuristically compare key features of both sets 

of simulations beginning with the 18 km simulation and working downscale to the 2 km 

simulation.  The observational comparison will be completed using North American 

Regional Reanalysis (NARR) 32 km reanalysis data, described in detail in Chapter 4.  

Section 3 explains the comparison of the upper-level jet adjustments and frontogenesis 

between the two case studies as they were determined to be pertinent in forcing the 

environment for condensational processes.  Section 4 will discuss the investigation of 

low-level mesoscale features (i.e. primarily the coastal front), in more detail with higher 

resolution data (satellite, surface and radar datasets) and further discuss the implications 

for ascent and moistening.  Finally, in section 5, a summary and conclusions will be 

presented.  
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5.2 NHMASS Simulation Observational Comparison 

 

 Observational analyses of the numerical simulation fields will focus on relating 

the meteorological signals at the planetary, synoptic and mesoscale scales beginning 24 

hours prior to landfall.  Since few conclusions will be drawn from the 36 km simulation, 

it was not deemed necessary to perform an observational comparison on this run.  In the 

comparison process, we will briefly examine meteorological features within the three 

different model simulations (18 km, 6 km and 2 km) for each case study, and relate those 

features to the NARR data at successive time increments approaching landfall.  The key 

variables that were used for the observational comparison were: 250 hPa geopotential 

heights and winds, 250 hPa, 700 hPa, and 850 hPa velocity divergence, mean sea level 

pressure (MSLP), precipitation, and near surface temperatures and winds.  The actual 

landfall time according to the National Hurricane Center (NHC) for Hurricane Floyd was 

0600 UTC September 16, 1999 and 0000 UTC June 20, 1996 for Tropical Storm Arthur.  

During the comparison, a model landfall time was determined for each of these storms, 

the subsequent model analysis of fields relative to landfall will be based on the model 

determined landfall time, not the actual landfall time.  The model landfall time was 

determined so that during the comparison between the model and the NARR data, all 

analyses will be based on the actual landfall time for each dataset (i.e., the NHC landfall 

time for the NARR data and the model derived landfall time for the model simulations). 
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5.2.1 Numerical Simulation Observational Comparison 

5.2.1.a Hurricane Floyd 

 The Floyd 18 km simulation of 250 hPa geopotential heights and winds are 

synoptically consistent with the NARR reanalysis, indicating an upper-level trough over 

the Midwest 18-hours prior to landfall (Fig. 5.1) which moves northward and contracts in 

scale as landfall is approached (Fig. 5.2).  Both the model and the NARR data exhibit a 

jet core centered over upstate New York and southern Canada, with a right jet entrance 

region over central to western North Carolina.  Maximum wind velocity differences 

between the NARR and model in the jet core were 10 ms-1.  At 6 hours prior to landfall 

the 6 km simulation shows several subsynoptic regions of 250 hPa divergence over 

coastal and north-central North Carolina as well as over central South Carolina (Fig. 

5.3a).  The NARR data show widespread divergence in eastern North Carolina and South 

Carolina (Fig. 5.3b), the model has a smaller spatial spread of divergence over the same 

region.  The magnitude of the maximum velocity divergence at 250 hPa in the NARR and 

model are approximately 4x10-4s-1 and 2x10-4s-1, respectively at this time.  The model 

MSLP and precipitation for the 6 km simulation (Fig. 5.4a) indicate Floyd making 

landfall over Myrtle Beach, South Carolina (KMYR) at 0900 UTC, 75 km southwest of 

the observed landfall location and 3 hours after the actual time of landfall (Fig. 5.4b).  

The 6 km model simulated precipitation amounts were well located relative to 

observations over the interior Coastal Plain, but precipitation rates were still 2-4 mm less 

than observed.  The model simulation MSLP was 984 hPa, 2 hPa higher than the 

observed value of 982 hPa maximum.  Accumulated precipitation amounts were 
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approximately 155 mm over North Carolina in the 2 km simulation for the 9-hour period.  

This is weaker than observed, but still quite significant.   

 

5.2.1.b Tropical Storm Arthur 

Tropical Storm Arthur was a weak system, and for this reason, it was difficult for 

the NHMASS model to simulate the vortex with a poor initial representation of 

convection in the earlier fields.  This likely reflected a dearth of moisture in the coarse 

simulation fields.  Less moisture than observed could result in weaker diabatically-

induced surface pressure falls and a weaker tropical storm vortex.  The observational 

comparison of the model simulation and the NARR Reanalysis focused on comparing the 

preexisting environmental features that TS Arthur encountered as landfall was 

approached.  An approximate model landfall time (16 UTC June 19) was determined 

based on both the location of precipitation and an isobaric analysis of the 6 km (Fig. 5.5a) 

and 2 km (not shown) simulations.  Figure 5.5a indicates that the 6 km simulation did not 

capture the precipitation associated with Arthur consistent with an under prediction of the 

vortex structure (1014 hPa).  The apparent simulation landfall time of TS Arthur was 

eight hours earlier then the actual landfall time of 0000 UTC June 20 1996 (Fig. 5.5b), 

which indicated a weak closed circulation of 1010 hPa.   

At 24-hours prior to landfall the 250 hPa geopotential heights and winds for both 

the simulation and NARR data indicates a ridge over the U.S. east coast.  The NARR 

data indicate west winds of 15 to 25 ms-1 over North Carolina (Fig. 5.6b), while the 18 

km simulation shows a similar zonal flow across the eastern U.S. and winds of 5 to 10 

ms-1 that turn from southeast to southwest heading from south to north across North 
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Carolina (Fig. 5.6a).  The model winds are consistent with radical differences in the 

upper-air patterns of both storms in their prelandfall environment.  Figure 5.7a indicates 

the 1000 hPa temperatures and winds in the 6 km simulation 6 hours prior to landfall.  

The temperatures over North Carolina indicated by the NARR data (Fig. 5.7b) are 

approximately 5oC warmer than the model generated temperatures.  The 1000 hPa winds 

are consistent between the model and NARR data in the precursor environment to 

landfall.  The upper-level divergence (250hPa) and winds 6 hours prior to landfall is 

consistent between the 6 km simulation and the NARR data (Fig. 5.8) in that values are 

much weaker than those found in Floyd.  

 

5.3 Upper-Level Subsynoptic Jet Adjustments and Implications for 

Ascent and Moistening 

 

 In this section we will examine various upper-level features present during 

Hurricane Floyd and Tropical Storm Arthur beginning 48-hours prior to landfall at the 

meso-α scale (~1000 km).  From six hours prior to landfall through landfall the analysis 

transitioned to features at the meso-β scale (~10-100 km).  Three things will be focused 

upon in this section: a) the generation and evolution of velocity divergence in both case 

studies, b) the role of ageostrophic and unbalanced jet circulations in generating the 

divergence, and c) the implications for ascent and frontogenesis over a deep layer of the 

column.   
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5.3.1 Geopotential Height Comparison 

5.3.1.a Hurricane Floyd 

 Consistent with the climatological analysis of the heavy events, there is a strong 

positive 250 hPa height anomaly over northeast NA and a negative anomaly over the 

central U.S. at 72-hours prior to Floyd’s landfall (Fig. 5.9a).  This persists through the 

time of landfall (Fig. 5.9b-d).  The anomaly pattern signifies a strong trough developing 

over the Central to Southern Plains, farther north than was seen in the climatological 

analysis of the heavy events.  An upper-level ridge was located over the Northeast NA as 

seen in Fig. 5.9d-e, with an intensifying cross-stream (west-northwest-east-southeast) 

height gradient between the two anomalies.  Figure 5.1 indicates the trough as located 

over the Southern Plains along with a jet streak core over upstate New York.   

 

5.3.1.b Tropical Storm Arthur 

The geopotential heights and height anomalies during TS Arthur are consistent 

with the climatological analysis of the light events.  At 72-hours prior to the landfall of 

TS Arthur there is a strong (>100 m) positive height anomaly centered over the central 

U.S. (Fig. 5.10a).  The positive anomaly moves eastward as landfall is approached.  

There was a negative anomaly over the Southern Plains at 72-hours prior to landfall, 

however, as landfall is approached it shifts northward, and the Southern Plains becomes 

dominated by a ridging pattern (Fig. 5.10 b-d).  The 250 hPa geopotential heights can be 

seen in Figs. 5.10e-h, which shows a trough over northwest NA and a more a zonal to 

ridging flow over the northeast.   
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5.3.1.c Comparison between Hurricane Floyd and Tropical Storm Arthur 

Consistent with the climatological analyses, Arthur’s anomaly pattern is markedly 

different to the anomaly pattern in Floyd.  Concurrently, the magnitude of pressure 

gradient force at 250 hPa is strong from Upstate New York westward through Illinois and 

Iowa.  The magnitude of pressure gradient increases slightly as Floyd approaches landfall 

(Fig. 5.11) but remains small and consistent (Fig. 5.12) as Arthur approaches landfall.  

Consequently, the ageostrophic wind directed to the left of the geostrophic flow is prone 

to increase in the jet entrance region with Floyd and decrease with Arthur.  The 

consequences of this are significant as developing ageostrophic circulations can be 

related to mass flux divergence, which is tied to vertical motion and can sustain an 

environment favorable for condensational processes.  Additionally, as the upward 

branches of the thermally direct ageostrophic circulations increase the rising motions are 

larger and longer lived. 

 

5.3.2 Potential Vorticity Comparison 

The upper-level (250-500 hPa) environmental potential vorticity (PV) for 

Hurricane Floyd is dramatically different from that of TS Arthur, consistent with the 

differences between the two height anomaly patterns as well as their respective 

amplifying and weakening ageostrophic circulations from 72 hours prior to landfall.   

 

5.3.2.a Hurricane Floyd 

The 250-500 hPa PV from the 18 km simulation beginning 39 hours prior to 

landfall and transitioning to 6 hours prior to landfall is indicated in Fig. 5.13.  Through 
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this period, the environmental PV across the southeast increases and a strong PV 

maximum approaches the region at 9 hours prior to landfall of Hurricane Floyd.  The 

strengthening PV maximum aides in an intensifying cross-stream height gradient in the 

jet entrance region.  As Floyd approaches landfall, the 6 km simulation exhibits a pivot in 

the orientation of the PV from northeast to southwest to northwest to southeast (Fig. 

5.14a-d).  This may represent a combination between the shift in the upper-level transport 

of PV prior to and during landfall of Hurricane Floyd and diabatic processes.  The pivot 

of PV is an indicator of the precipitation that occurs inland of the track of Hurricane 

Floyd. 

 

5.3.2.b Tropical Storm Arthur 

At 6 hours prior to landfall TS Arthur has lower values of PV across the southeast 

as compared to Floyd, and has no significant maximum of PV over the Ohio River Valley 

(see Fig. 5.15) thus, it does not indicate an intensifying height gradient over North 

Carolina.  As landfall is approached the maximum of upper-level PV remains positively 

tilted (northeast to southwest) and does not approach North Carolina (Fig 5.16).   

 

5.3.2.c Discussion of Potential Vorticity 

During Hurricane Floyd an upper-level trough over the Midwest is approaching 

the upper-level ridge over northeast North America, this creates a strong pressure 

gradient force as noted in Fig. 5.11.  The rotation of the PV to a negative value may 

enhance the cross-stream height gradient and its nearby ageostrophic circulation.  This is 

consistent with increased divergence and ascent aloft in the jet entrance region during 
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Floyd.  When the Laplacian of the height term in the nonlinear balance equation (NLB) 

(presented in following section) increases relative to the advection of momentum, the 

velocity divergence can increase following an air parcel, which is typical of ageostrophic 

and, if strong enough, progressively more unbalanced circulations.   

 

5.3.3 Nonlinear Balance Equation 

The implications of the tilt of the PV anomaly, and its subsequent effect upon the 

gradient of geopotential height in the jet entrance region, can be evaluated through the 

use of the nonlinear balance equation (NLB) at the synoptic scale.  Moore and Abeling 

(1988) have noted a number of studies (e.g., House 1961; Paine et al. 1975; Uccellini et 

al. 1984; Zack and Kaplan 1987) that examined synoptic situations consisting of 

unbalanced flow in the upper-troposphere, resulting in enhanced divergence within the 

total wind jet’s entrance region.  Examination of the unbalanced flow that exists during 

Hurricane Floyd and TS Arthur was performed through an evaluation of the NLB 

equation sum.  By doing so the synoptic anomalies could be linked to the mesoscale mass 

adjustments and very strong vertical circulations.  An evaluation of the NLB sum was 

performed using a non-divergent form of the divergence tendency equation, written as  

( ) Φ∇−+−= 2,20 ζβ fuvuJ                                          (1) 

            A          B    C      D 
 

where J is the Jacobian operator, β is the meridional variation of ƒ, ( )yf ∂∂ , ƒ is the 

Coriolis parameter, ζ is the relative vorticity, and Φ∇2  is the Laplacian of the 

geopotential height in a pressure coordinate system.  When this equation results in a large 
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non-zero sum, there is a significant increase in upper-level divergence or convergence in 

time depending on the sign and relative magnitude of each term (Moore and Abeling 

1988; Paine et al. 1975; Kaplan and Paine 1977).  Large positive values of the NLB sum 

being consistent with strong ageostrophic flows in strengthening geostrophic jet exit 

regions and total wind jet entrance regions (e.g., Uccellini and Koch 1987).  Large 

positive values of the Laplacian and Jacobian terms (D and A) typically force a residual 

in this equation or a significant time tendency of velocity divergence.  In the atmosphere 

this results in increased velocity divergence tendencies, which often occur during a 

negatively tilted trough event (Moore and Abeling 1988; Kaplan and Paine 1977).  The 

increased divergence associated with the increasing NLB sum is in part caused by the 

contraction of the wavelength of the trough-ridge system, which is decreasing in time as a 

jet streak approaches a ridge in the upper atmosphere (Moore and Abeling 1988; Kaplan 

and Paine 1977).  Thus, as the upper trough approaches the downstream ridge (negative 

height anomalies encountering positive height anomalies) within the Rossby wave, 

secondary regions of high NLB sums form in the geostrophic jet’s exit region.  

Subsequent latent heating will further amplify this process through thickness increases 

aloft and mesoscale ridge building.  One should note that the assumptions made in 

deriving the balance equation become less accurate with decreasing scale; therefore, 

imbalance in the terms is less likely for finer-scale adjustments consistent with increases 

in velocity divergence (Moore and Abeling 1988; Kaplan and Paine 1977).   

 The NLB equation was broken down to its four dominant components, the 

relative vorticity term (C), the Jacobian term (A), the Laplacian term (D) and the beta 

term (B).  The analysis neglects the beta term (B) because it is extremely small.   
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5.3.3.a Discussion of the NLB Components  

5.3.3.a.1 Hurricane Floyd  

The NLB equation for Hurricane Floyd shows several significant features.  First, 

the NLB sum tendencies over North Carolina 3 hours prior to landfall are large, with 

values over 3.0 x 10-8 s-2 (Fig. 5.17).  Meaning that if this divergence tendency occurs for 

an hour, then a divergence value of approximately 10-4 s-1 or greater per hour is found in 

the region of the coastal front and inland divergence zones.  Figure 5.17b and 5.17c 

display large vorticity and Jacobian terms (G and E) of the same sign occurring 3 hours 

prior to landfall of Hurricane Floyd.  When this occurs there is often an increase in upper-

level divergence, since the inertial terms will not be balanced by the mass term (the 

Laplacian term) (Zack and Kaplan 1987).  This is in agreement with the large 250 hPa 

velocity divergence values at the same time over central South Carolina northward into 

south-central North Carolina at 0600 UTC (3 hours prior to landfall) (Fig 5.18b and d).  

Also note the sharp left turn in the upper level winds at 0600 UTC; which is likely due to 

the latent heat release and its effects on the geopotential thickness field.  The turn will act 

to enhance the outflow and divergence aloft by forcing a mesoscale height perturbation to 

be superimposed on the larger scale downstream ridge of high pressure.   

 

5.3.3.a.2 Tropical Storm Arthur  

As mentioned previously the environmental PV was not oriented in a pattern 

conducive to enhancing precipitation during TS Arthur’s landfall, i.e., weakening in time 

within a positively-tilted ridge structure.  The sum of the NLB equation and the lack of 

divergence aloft correlate with the lack of precipitation experienced during TS Arthur.  
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There is organized convergence aloft, consistent with the positively-tilted PV maximum.  

At two hours prior to landfall the NLB sum over South Carolina and Georgia is 

extremely low, with values of .5 to 1.0x10-8 s-1, and negative sums exist over central 

North Carolina suggesting weak balanced convergence tendencies aloft rather then 

divergence tendencies from 2 hours prior to landfall (Fig. 5.19) through the time of 

landfall (Fig. 5.20).  This is further shown by the NARR data, which exhibits no 

significant positive or negative NLB sum over central North Carolina (Fig. 5.21).  The 

cross-sections of TS Arthur shows a shallow layer (below 500 hPa) of moisture at 3 hours 

prior to landfall (Fig. 5.22b).  

 

5.3.3.b Comparison of the NLB between Hurricane Floyd and Tropical Storm Arthur 

Consistent with the strong ageostrophy exhibited in Floyd, but not in Arthur, the 

increased cross-stream height gradient, as manifested in the Laplacian of height term, and 

shown by the strong pressure gradient force, is the likely result of the contraction of the 

scale of the trough and ridge aloft in Floyd as well as the latent heat release above the 

coastal front.  The opposite is true for Arthur in which the weakening Laplacian of height 

term and little diabatic heating above a nearly nonexistent coastal front exists.   

 

5.3.3.c Upper-Level Frontogenesis during Hurricane Floyd and Relation to the NLB 

Equation 

The upper-level frontogenesis in combination with upper-level divergence and the 

NLB equation is a useful tool in diagnosing how the jets induce shearing and stretching 

deformation as well as tilting to modify the upper-level fronts.  Deep ascent will be 
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located in the region of upper-level frontogenesis of the jet structure.  The 250 hPa and 

350 hPa frontogenesis plots (Fig. 5.23) for Floyd show a high correlation with the regions 

of very large upper-level divergence (Fig. 5.18) and NLB sums (Fig. 5.17a) from three 

hours prior to landfall.  The NLB terms continue to evolve over the following 3-hour 

period during which the vorticity and Jacobian terms remain large and move northward 

(Fig. 5.24) signaling an increase in upper-level divergence.  The upper-level 

frontogenesis organizes, increasing from southwest to northeast through North Carolina, 

in response to the stretching deformation caused by the increasing divergence and 

convergence tendencies aloft.  The strong frontogenesis values (Fig. 5.23), high NLB 

terms and continued strong divergence correlate with the region of inland heavy 

precipitation (Fig. 5.4a).  At the time of Floyd’s landfall, the sum of the NLB equation is 

over 3.0x10-8s-1 in central North Carolina, and there is continued dominance of the 

vorticity and Jacobian terms (Fig. 5.24).  This is further examined using the NARR data 

that also indicates an NLB sum of over 3.0x10-8s-1 in North Carolina (Fig. 5.25).  The 

region of high NLB sum correlates well with the upper-level divergence and the 

formation of the coastal front at lower levels (Fig. 5.26).  The cross-section of relative 

humidity and ageostrophic wind (Fig. 5.22a) shows a deep region of high humidity, and a 

northwestward directed ageostrophic flow that progressively shifts in time to stronger 

northward and westward flow above the coastal front consistent with highly accelerative 

flow across the jet entrance region (approximately 500 hPa) 3-hours prior to landfall of 

Floyd.   
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5.3.3.d Comparison of Upper-Level Frontogenesis between Hurricane Floyd and 

Tropical Storm Arthur 

As mentioned earlier, upper-level frontogenesis (Fig. 5.27) is consistent with the 

region of high NLB sums, because stretching deformation, conducive to frontogenesis is 

enhanced leading to alternating convergent and divergent regions within the jet entrance 

region.  While this was true for Floyd, the converse was true during TS Arthur.  Arthur 

had a weak NLB sum and weak convergence (Fig. 5.28), which are associated with low 

values of deformation and hence frontogenesis occurring over North Carolina.  Near the 

time of TS Arthur’s landfall there was very weak upper-level frontolysis occurring over 

coastal regions of North Carolina (Fig. 5.29), further signaling weak 

convergence/divergence patterns aloft.  These patterns, associated with descending 

motion, are associated with stabilization of the atmosphere, ultimately resulting in a 

decrease of precipitation during TS Arthur.  The difference in frontogenesis between the 

two case studies reflects the organization of the upper-level dynamics (jet and trough) 

during Hurricane Floyd in such a way to be conducive to precipitation, while there is a 

lack of dynamic features during TS Arthur.  The upper branches of the ageostrophic 

circulations differ remarkably between the two case studies, i.e. strong ageostrophic 

circulations in Floyd and weak in Arthur.  Frontogenetical forcing was due in part to 

strong alternating confluent and diffluent flows in Floyd and weak flows in Arthur, as 

well as large magnitudes of diabatic heating in Floyd and weak diabatic heating in 

Arthur. 
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5.3.3.e Upper-Level Divergence and Relation to the NLB Equation 

5.3.3.e.1 Satellite Derived Divergence during Hurricane Floyd  

As a further check of the model-derived divergence and the NLB equation, the 

satellite derived upper-level divergence was examined.  Rabin et al. (2001) computed the 

satellite derived divergence seen in the following figures.  In Fig. 5.30 the divergence 

from 12 hours prior to landfall until 3 hours after landfall, at 3-hour successive 

increments and derived from cloud track winds in the visible imagery, is shown.  The 

satellite derived divergence indicates intense values of velocity divergence across the 

southeast U.S., with a maximum divergence value of 40-50x10-5s-1 slowly moving 

northeast across North Carolina, well ahead of the eye of Hurricane Floyd.  The region of 

divergence is extremely impressive reaching from central Florida northward to Southern 

New York.  At the time of landfall the velocity divergence maximum was centered over 

North Carolina’s northern Coastal Plain, over 250 km north of Hurricane Floyd’s center 

(Fig. 5.30e).  As Floyd tracked northward along coastal North Carolina, 3 hours after 

landfall, the maximum of divergence begins move northward and is over the North 

Carolina/Virginia border.  The extent of divergence remains large, stretching from South 

Carolina north to Vermont.  Although no longer centered over central North Carolina, 

mesoscale values of divergence (30x10-5s-1) (Fig. 5.30f) continue to influence the region 

concurrent with heavy precipitation over North Carolina.  This satellite signal of 

divergence is very similar to the simulated patterns derived from the NLB equation sum 

as well as the NARR analyses, i.e., ~20-40x10-5s-1. 
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5.3.3.e.2 Upper-Level Divergence during Tropical Storm Arthur  

The results of the NLB equation agrees with the 250 hPa divergence, where 

negative values exist over the Southern Plains of North Carolina and to the west, 

immediately east of the Appalachian Mountains (Fig. 5.28).  Convergence would enhance 

sinking aloft which is not conducive to precipitation, as opposed to the diverging flow 

during Floyd, where mass was being rapidly evacuated from the atmospheric column, 

which may cause enhanced precipitation. 

 

5.4 Low-Level Coastal Frontogenesis and Implications for Ascent and 

Moistening 

 

5.4.1 Moisture Flux Analysis 

5.4.1.a Hurricane Floyd 

The lower-level environment during Hurricane Floyd exhibited several 

characteristics that were conducive to enhanced precipitation.  The initial signals can be 

observed at 36-hours prior to landfall.  The 850-920 hPa moisture flux vectors were 

oriented towards the coast, with high values of moisture beginning to advect into North 

Carolina.  Figure 5.31a shows a broad area of large moisture flux magnitude over North 

Carolina that exists at 36-hours prior to landfall.  The moisture flux and accompanying 

onshore flow continues to increase during the following 12 hours during Hurricane Floyd 

(Fig. 5.31b).  At 6 hours prior to Floyd’s landfall, a region of low-level moisture flux 

convergence was located across central South Carolina (Fig. 5.32a).  This region 

correlated well with the area of increased upper-level divergence explained in the 
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previous section.  Over the following 2 hours, from 6 to 4 hours prior to landfall, the low-

level moisture flux continued to increase over North Carolina (Fig. 5.32b).  At the time of 

Floyd’s landfall high values of moisture flux convergence existed throughout central 

North Carolina and as far west as the Appalachian Mountains (Fig. 5.32d).  Figure 5.32e 

indicates the moisture flux vectors and moisture convergence 2 hours after landfall of 

Floyd.  At this time, there is continued moisture flux convergence over North Carolina’s 

Piedmont, with isolated low values of moisture flux convergence over central North 

Carolina.  At 6-hours after landfall of Floyd (Fig. 5.32f), the region of most intense low-

level moisture flux convergence moved northward, however, weaker values of low-level 

moisture flux convergence was still present over regions of central North Carolina, this 

was consistent with the observed upper-level divergence, and the continued precipitation 

over North Carolina.   

 

5.4.1.b Tropical Storm Arthur 

At 36 hours prior to landfall of TS Arthur, weak moisture flux vectors with 

northerly flow dominated the prelandfall environment (Fig. 5.31c).  Over the following 

12 hours the magnitude of moisture flux decreased over North Carolina (Fig. 5.31d).  

Figure 5.33a-f indicates the magnitude of moistures flux, moisture flux convergence and 

moisture flux vectors from 6 hours prior to landfall through 6 hours after landfall of TS 

Arthur.  Weak moisture flux vectors directed onshore persist through the entire 12 hour 

period surrounding landfall (Fig. 5.33a-f).  The strongest moisture flux vectors are 

located offshore and directed northward.  At 6 hours prior to landfall a minimum value 

(<10 gmkg-1s-1) of moisture flux existed over central North Carolina and the region of 
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moisture flux convergence was located over western North Carolina (Fig. 5.33a).  Over 

the following 2 hours the area of low moisture flux (<10 gmkg-1s-1) began to decrease; 

with weak moisture flux vectors continuing to dominate North Carolina, as seen in Fig. 

5.33b.  However, at the time of landfall (Fig. 5.33d) the area of low values of moisture 

flux increases in size, with one small region of moisture flux convergence developing 

near Nags Head, North Carolina (Station ID #316020).  During the 6-hour period 

following landfall, TS Arthur’ environment continued to be dry with weak moisture flux 

vectors over North Carolina and moisture flux convergence below the contour interval 

used in this analysis, occurring over the eastern half of the state (Fig. 5.33e).   

 

5.4.1.c Comparison of the Low-Level Moisture Flux between Hurricane Floyd and 

Tropical Storm Arthur 

Significant differences between the moisture flux analyses of Hurricane Floyd and 

TS Arthur are the directions of the moisture flux vectors, and the extent of the moisture 

flux convergence found across North Carolina.  These differences are consistent with the 

dissimilarities observed in frontogenesis for the two storms.  The environmental flow 

during TS Arthur was not conducive to an onshore-directed moisture flux into North 

Carolina concurrent with increasing surface confluence due to Arthur’s landfall.  Instead, 

the strong westerly environmental flow directed the moisture flux vectors offshore, 

subsequently reducing the presence of moisture prior to and during landfall of TS Arthur.  

Conversely, during Hurricane Floyd, the weak low-level environmental flow allowed 

Floyd to act as the dominant moisture flux forcing mechanism.  This resulted in more 

moisture flux vectors being directed onshore, ultimately leading to higher moisture flux 
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values and enhanced moisture flux convergence as the northwestward-directed onshore 

flow encountered northerly inland flow.  

The low-level inland moisture flux convergence is facilitated in Floyd as opposed 

to Arthur by the differences in low-level flow between the 1.) southward-building 

pressure rises inland due to the upper-level ridge over the northeast that accelerate air 

southward (signal of a cold air damming event), and 2.) onshore directed easterlies ahead 

of, and associated with the landfalling TS.  The low-level flow also reflects the 

differences in upper-level mass adjustments in the jet entrance region for Floyd and the 

environment of Arthur.  The inland pressure rises and pressure falls along the coast 

during Floyd increased the low-level shearing deformation and confluent deformation 

under the ageostrophic circulations aloft.  The growing divergence aloft in Floyd acts to 

enhance the confluent frontogenetical circulations in the lower troposphere during its 

landfall, thus increasing the strength of the inverted surface coastal trough relative to the 

inland surface ridge.  The strengthening of the lower branch of the thermally direct 

ageostrophic circulation is consistent with the coastal frontogenesis observed under the 

jet entrance region aloft (i.e. low-level ageostrophic flow towards the coastal front).  The 

convergence aloft in Arthur acts to disrupt the frontogenetical circulations associated 

with its landfall, weakening the potential for formation of a coastal front.   

 

5.4.2 1000 hPa Temperature and Wind Analysis  

5.4.2.a Hurricane Floyd 

A strong tongue of cool air at 1000 hPa is located over central North Carolina 6 

hours prior to landfall of Hurricane Floyd (Fig. 5.34a).  The presence of cool air east of 

138



the Appalachians favors additional lift upstream of the mountains, which can enhance 

precipitation (Colle 2003; Bosart and Dean 1991).  For this reason, cold air damming has 

been suggested as a mechanism for enhanced rainfall during Floyd (Colle 2003; Atallah 

and Bosart 2003).  From 6 to 3 hours prior to Floyd’s landfall, although the tongue of 

cool air over North Carolina narrows slightly, it continues to bring temperatures of 18-

19oC to regions of North Carolina and South Carolina with north/northeast winds of 10-

20ms-1 (Fig. 5.34b).  At the time of landfall cold air (<20oC) and north winds persisted 

over central North Carolina during Floyd (Fig. 5.34c), while the offshore environment 

was dominated by warmer temperatures (>24oC) and east winds. 

 

5.4.2.b Tropical Storm Arthur 

Tropical Storm Arthur was dominated by a warm environment and light (~5 ms-1) 

northerly winds 6 hours prior to landfall.  Over the following 3 hours warm conditions 

prevail (>24oC) with weak southeast-south winds over North Carolina (Fig. 5.34e).  At 

TS Arthur’s landfall, temperatures greater then 30oC were present through central North 

Carolina, with a wind shift from east to southwest moving westward across the state (Fig. 

5.34f).  During T.S. Arthur there was no evidence of a surface ridge building inland, 

which enhances northerly flow as exists for Floyd.  During Arthur, the lack of inland 

northerlies prevents deformation and cold air, both important features for frontogenesis. 
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5.4.3 Frontogenesis and its Contribution to Precipitation 

5.4.3.a Hurricane Floyd 

 Six hours prior to landfall of Hurricane Floyd, the combination of divergence 

aloft, (which enhances the surface trough over the Coastal Plain), a ridge to the north 

(bringing cooler temperatures southward), strong east winds (>20 ms-1) offshore and 

north-northeast winds over North Carolina create a setup conducive to the formation of a 

coastal front (Fig. 5.26a and 5.35).  During the following 3-hours frontogenesis continued 

to both increase along coastal North Carolina and develop across North Carolina’s 

Coastal Plain.  The frontogenesis was located in the vicinity of the cold air damming and 

the upper level divergence (Fig. 5.18b).  Frontogenesis persists through the time of 

landfall across both coastal North Carolina and the southern Coastal Plain of North 

Carolina (Fig. 5.26c).  The large values of frontogenesis, which are organized in a north-

south direction 4 hours after landfall of Hurricane Floyd, reflect the confluence of 

northerly inland flow and easterly onshore flow.  Over the following 2 hours, the 

frontogenesis feature remains fairly stationary.  At 17 UTC, or 8 hours after landfall, of 

Hurricane Floyd the band of frontogenesis begins to move northeast (Fig. 5.26d) however 

does not reach coastal North Carolina until 20 UTC September 16, 11 hours after 

Hurricane Floyd initially made landfall.   

 Observed surface analyses indicate that 18-hours prior to landfall a front began to 

develop offshore of North Carolina (Fig. 5.35a) and continued to strengthen over the 

following 12 hours (Fig. 5.35c).  At the time of landfall (Fig. 5.35d) a strong coastal front 

with a temperature gradient of approximately 7oC 100km-1 stretched through the Coastal 

Plain in the same location that the model signified high levels of frontogenesis.  
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Precipitation developed over South Carolina and eastern North Carolina from 24- 

hours prior to landfall of Hurricane Floyd (Fig. 5.36).  As Hurricane Floyd approached 

North Carolina there were several regions of heavy precipitation well to the west of 

Floyd’s track (Fig. 5.37).  The accumulated precipitation from 6 hours prior to landfall 

through 3 hours after landfall (Figs. 5.38b and d) exhibits a maximum exceeding 150 mm 

over the Coastal Plain and over central South Carolina.  These regions are consistent with 

the area of high NLB sums and upper-level divergence. 

  

5.4.3.b Tropical Storm Arthur 

Tropical Storm Arthur did not enter a synoptic or mesoscale setup conducive to 

the formation of a coastal front prior to or during landfall.  Six hours prior to landfall 

there were none of the typical signs of frontogenesis occurring along coastal North 

Carolina.  Low values (.2-1.2oC 100km-13hr-1) of frontogenesis are observed along 

coastal North Carolina approximately 4 hours prior to landfall (Fig. 5.39b).  This weaker 

region of frontogenesis persisted through the time of landfall; however the most 

significant values (>1.2 oC 100km-13hr-1) occurred over extreme southern North Carolina 

into South Carolina (Fig. 5.39c).  The stronger area of frontogenesis continued to 

strengthen over the following 6 hours; however, it did not shift into North Carolina until 

0000 UTC June 20, 8 hours after TS Arthur originally made landfall (Fig. 5.39d).  As 

seen in Fig. 5.40 the highest accumulated precipitation is collocated with the areas of 

frontogenesis.  However, the upper and surface features were not present during TS 

Arthur’s landfall therefore the precursor environment was not conducive to the 

generation of precipitation further inland over North Carolina. 
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5.5 Numerical Model Simulation Summary and Conclusions 

 

 At 72-hours prior to Hurricane Floyd’s landfall, synoptic features in the US 

existed that were found to enhance rainfall in the climatological analysis of heavy rain 

events.  A strong upper-level trough dominated the Southern Plains and an upper-level 

ridge was located over the Northeast.  At 48 hours prior to landfall, an upper-level trough 

continued to strengthen over the central U.S. and a large jet streak was present over 

upstate New York.  The right jet entrance region was located over the vicinity of North 

Carolina.  At six hours prior to the landfall of Hurricane Floyd several multiscale features 

existed that could be used as precursors for forecasting a heavy rain event.  First, there 

was a strong 250 hPa trough over the Central to Southern Plains, with a right jet entrance 

region located over the mid-Atlantic southward to North Carolina.  Second, there was a 

maximum of strong upper level (250-500 hPa) PV approaching North Carolina from the 

Ohio River Valley.  The combination of the negatively tilted upper-level trough and the 

ridge over the northeast created a thermally direct jet entrance circulation.  This resulted 

in significant values of the NLB sum and large velocity divergence tendencies in time.  

The upper-level ridge and jet entrance over the Northeast further assisted in the 

development of a surface high-pressure system, which subsequently aided cold advection 

into North Carolina and the beginning stages of a coastal front.  Finally, the strength of 

Hurricane Floyd contributed to the presence of high values of moisture flux directed 

onshore, which resulted in strong moisture flux convergence over North Carolina.  The 

region of moisture flux convergence signaled the development of a moist environment 
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from 24 hours prior to Floyd’s landfall, thus enhancing the coastal frontogenesis and its 

surface confluence and warm air advection just above the surface.  

Acceleration of the winds in the right entrance region of the polar jet enhanced the 

diverging flow and the ascending motion over North Carolina.  The height gradient 

between the upstream trough and the strengthening ridge continued to increase as Floyd’s 

landfall approached.  The surface ridge aided in transporting cold air south while the 

northeast quadrant of the TC had east winds that advected warm moist air into North 

Carolina.  The convergence ahead of the east winds caused ascending motion over the 

region of cold air damming; this contributed to a thermally direct ageostrophic circulation 

associated with the warm advection.  The warm air lifted over the colder air below and 

the tropical system releases latent heat and subsequently intensifies the upper-level 

divergence by building a stronger cross-stream-directed pressure gradient force in the jet 

entrance region and may contribute to higher NLB sums.  The inland surface ridging 

(low-level pressure rises), is in response to cool air advection.  Low-level pressure falls 

occur in the region of warm moist diverging air above the coastal front trough.  The 

combination of the pressure rises beneath the cold dome and the pressure falls in the 

region of warm moist air enhances the strength of the coastal front by enhancing the low-

level confluent flow.  This process begins ahead of the landfalling TC, and hence the first 

intense rain associated with the TC occurs in the region of ascending flow ahead of the 

coastal front. 

As the ridge ahead of the upstream trough continues to strengthen, there is a 

contraction between the ridge-trough systems, and this leads to a tightening height 

gradient.  As noted by Uccellini and Koch (1987), as the distance between the negatively 
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tilted trough and the ridge contract, and a jet streak approaches the ridge, there is 

enhanced divergence in the upper-level environment near the region of strengthening 

cross-stream pressure gradient force.  This produces secondary regions of geostrophic 

wind imbalance accompanying large NLB sums that build the ascending flow farther 

south and west of the coastal front.  The increased ascending flow ultimately leads to 

MCS formation and enhanced precipitation south and west of the track of the TC 

sustaining the heavy precipitation inland from landfall and over the same region of heavy 

rainfall with the coastal front. 

Conversely, the synoptic scale environment during TS Arthur did not combine 

with the mesoscale environment to produce an enhanced rain event.  The eastern U.S. 

was dominated by zonal flow with weak anticyclonic curvature at 250 hPa, 48-hours 

prior to landfall.  The flow did not change significantly over the subsequent 48-hour 

period, as a strong positive geopotential height anomaly dominated the eastern half of the 

US.  There was no region of strong moisture flux convergence over North Carolina nor 

the formation of a coastal front, as the upper-level mass adjustments were not conducive 

to strengthening a coastal trough and inland ridge.  The NLB equation showed negative 

sums, which indicated a convergence pattern aloft accompanying velocity convergence 

tendencies as well as a weakening of the cross-stream pressure gradient force, resulting 

from upstream positive height anomalies and anticyclonic vorticity advection at 250 hPa.  

This would ultimately act to warm and stabilize the atmosphere prior to landfall of TS 

Arthur and prevent significant precipitation from occurring over North Carolina. 

 In short, the synoptic signals that have a longer temporal duration, such as the 

ridge in 250 hPa geopotential heights, have a significant impact on the short period 
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circulation differences between the two case studies.  If a trough does not exist over the 

Southern Plains from 12-24 hours prior to landfall, the upper and lower level adjustments 

that are necessary to produce a heavy rain event do not come together to create deep 

ageostrophic circulations and therefore enhanced rain is less likely to occur. 
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FIG.  5.1  250 hPa geopotential heights (m), winds (ms-1) and 
isotachs (ms-1). 18 hours prior to landfall of Hurricane Floyd for 
(a) 18 km MASS simulation and (b)  NARR Reanalysis data. 

a.

b.
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FIG.  5.2  250 hPa geopotential heights (m), winds (ms-1) and 
isotachs (ms-1).  At landfall of Hurricane Floyd for (a) 18 km 
MASS simulation and (b)  NARR Reanalysis data. 

a.

b.
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FIG.  5.3  250 hPa divergence (x10-5 s-1) and winds (ms-1) 6 hours prior 
to landfall of Hurricane Floyd for (a) 6 km MASS simulation and (b)  
NARR Reanalysis data. 

a.

b.
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FIG.  5.4  Mean sea level pressure (hPa) and precipitation 
(mm) at landfall of Hurricane Floyd for (a) 6 km MASS 
simulation and (b) NARR Reanalysis data.

b.

a.
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FIG.  5.5  Mean sea level pressure (hPa) and precipitation 
(mm) at landfall of Tropical Storm Arthur for (a) 6 km MASS 
simulation and (b) NARR Reanalysis data.

b.

a.
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FIG.  5.6  250 hPa geopotential heights (m), winds (ms-1) and isotachs 
(ms-1). 24 hours prior to landfall of Tropical Storm Arthur for (a) 18 km 
MASS simulation and (b)  NARR Reanalysis data. 

a.

b.
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FIG.  5.7  1000 hPa temperature (oC) and winds (ms-1) 6 hours 
prior to landfall of Tropical Storm Arthur for (a) 6 km MASS 
simulation and (b) NARR Reanalysis data.

a.

b.
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FIG.  5.8  250 hPa divergence (x10-5 s-1) and winds (ms-1) 6 hours prior 
to landfall of Tropical Storm Arthur for (a) 6 km MASS simulation and 
(b)  NARR Reanalysis data. 

b.

a.
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FIG.  5.9  250 hPa geopotential height anomalies for Hurricane Floyd (a) 72 hours prior to landfall (b) 
48 hours prior to landfall (c) 24 hours prior to landfall (d) At landfall.  
250 hPa geopotential heights for Hurricane Floyd (e) 72 hours prior to landfall (f) 48 hours prior to 
landfall (g) 24 hours prior to landfall and (h) At landfall.

b.a. c. d.

f.e. g. h.
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FIG.  5.10  Same as FIG. 5.9 except for Tropical Storm Arthur.

a. b. c. d.

f.e. g. h.
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FIG. 5.11  Magnitude of pressure gradient force during Hurricane Floyd 
(a) 24 hours prior to landfall and (b) at landfall.

a.

b.
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FIG. 5.12  Same as FIG. 5.11 except for Tropical Storm Arthur.

b.

a.
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FIG.  5.13  18 km simulation of 250-500 hPa potential vorticity for Hurricane Floyd at 
(a) 39 hours prior to landfall (b) 24 hours prior to landfall (c) 9 hours prior to landfall (d) 
6 hours prior to landfall.

a.

c. d.

b.
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a.

FIG.  5.14  6 km simulation of 250-500 hPa potential vorticity for Hurricane Floyd at (a) 
6 hours prior to landfall (b) 3 hours prior to landfall (c) 1 hour prior to landfall (d) At 
landfall.

c. d.

b.
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FIG.  5.15 18 km simulation of 250-500 hPa potential vorticity for Tropical Storm Arthur 
at (a) 39 hours prior to landfall (b) 24 hours prior to landfall (c) 9 hours prior to landfall 
(d) 6 hours prior to landfall.

c. d.

b.a.
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a.

c.
FIG.  5.16  Same as FIG. 5.14 except for Tropical Storm Arthur.

d.

b.

161



FIG.  5.17  6 km simulation 3 hours prior to landfall of Hurricane Floyd of the 250 hPa  
(a) NLB sum (b) vorticity term (c) Jacobian term and (d) Laplacian term (e) 250 Isotachs 
(kts), heights (m), and wind (kts) (f) geostrophic wind (kts) and heights (m), 
(g) ageostrophic wind (kts) and height (m) (h) mean sea level pressure and 1-hour   
precipitation.

a. b. c.

g. h.

d.

e. f.
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FIG. 5.18 250 hPa divergence, 6 km (a-c) and 2 km (d-f) simulations of Hurricane Floyd 
at (a) 6 hours prior to landfall (b) 3 hours prior to landfall (c) At landfall (d) 3 hours prior 
to landfall (e) 1.5 hours prior to landfall (f) At landfall.

a. b. c.

d. f.e.
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FIG.  5.19  6 km simulation, 2 hours prior to landfall of Tropical Storm Arthur of the 250 
hPa  (a) NLB sum (b) vorticity term (c) Jacobian term and (d) Laplacian term (e) 250 
Isotachs (kts), heights(m), and wind (kts) (f) geostrophic wind (kts) and heights (m), 
(g) ageostrophic wind (kts) and height (m) and (h) mean sea level pressure and 1-hour 
precipitation.

a. b. c.

g. h.

d.

e. f.
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FIG.  5.20  6 km simulation of the 250 hPa  (a) NLB sum (b) vorticity term (c) Jacobian 
term and (d) Laplacian term for Tropical Storm Arthur at the time of landfall.

a.

c. d.

b.
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a.

c.
FIG.  5.21  Same as FIG. 5.20 except using NARR data.

d.

b.

166



FIG. 5.22  Cross section of ageostrophic winds (ms-1) and relative humidity 
(%) 3 hours prior to landfall of (a) Hurricane Floyd and (b) Tropical Storm 
Arthur.

b.

a.
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FIG.  5.23  Frontogenesis (oC 100km-1 3 hrs-1),  3 hours prior to landfall of Hurricane 
Floyd for (a) 6 km simulation at 250 hPa  (b) 6 km simulation at 350 hPa (c) 2 km 
simulation at 250 hPa and (d) 2 km simulation at 350 hPa.

a. b.

d.c.
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a.

c. d.

b.

FIG.  5.24  6 km simulation of the 250 hPa  (a) NLB sum (b) vorticity term (c) Jacobian 
term and (d) Laplacian term for Hurricane Floyd at the time of landfall.
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FIG.  5.25  Same as FIG. 5.24 except using NARR data.

a.

c. d.

b.
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FIG.  5.26  1000 hPa frontogenesis (oC100km-13hr-1) 6 km simulation (a-d) and 2 km 
simulation (e-h) of (a) 6 hours prior to landfall (b) 3 hours prior to landfall (c) At landfall 
(d) 8 hours after landfall  (e) 4 hours prior to landfall (f) 2 hours prior to landfall (g) At 
landfall and (h) 2 hours after landfall of Hurricane Floyd.

a. c.

g. h.

d.

e. f.

b.
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a. b.

c. d.

FIG.  5.27  250 hPa frontogenesis (oC100km-13hrs-1)  during Hurricane Floyd (a) 6 km 
simulation 1 hour prior to landfall (b) 6 km simulation at landfall (c) 2 km simulation 30 
min after landfall and (d) 2 km simulation 1 hour after landfall.
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a. b. c.

d. f.e.

FIG. 5.28  250 hPa divergence, 6 km (a-c) and 2 km (d-f) simulations of Tropical Storm 
Arthur at (a) 6 hours prior to landfall (b) 3 hours prior to landfall (c) At landfall (d) 2 
hours prior to landfall (e) 1 hour prior to landfall (f) At landfall.
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FIG. 5.29  250 hPa frontogenesis (oC100km-13hrs-1)  during Tropical Strom Arthur (a) 6 
km simulation 1 hour prior to landfall (b) 6 km simulation at landfall (c) 2 km simulation 
30 min after landfall and (d) 2 km simulation 1 hour after landfall.

a. b.

c. d.
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FIG. 5.30  350-150 hPa satellite derived divergence for Hurricane Floyd (a) 12 hours prior to landfall (b) 9 hours prior to landfall (c) 6 
hours prior to landfall (d) 3 hours prior to landfall (e) at landfall (f) 3 hours after landfall [Rabin et al. 2001].

a. b. c.

d. e. f.
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a. b.

c. d.
FIG. 5.31  18 km simulation of 850-900 hPa moisture flux (gmkg-1s-1), moisture flux 
convergence (gkg-1s-1) and moisture flux vectors  (gmkg-1s-1) for Hurricane Floyd (a and 
b) and TS Arthur (c and d) (a) 36 hours prior to landfall (b) 24 hours prior to landfall (c) 
36 hours prior to landfall and (d)  24 hours prior to landfall.
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FIG. 5.32  850-920 hPa moisture flux (gmkg-1s-1), moisture flux convergence (gkg-1s-1), 
and moisture flux vectors  (gmkg-1s-1) for Hurricane Floyd (a) 6 hours prior to landfall 
(b) 4 hours prior to landfall (c) 2 hours prior to landfall (d) At landfall (e) 2 hours after 
landfall and (f) 6 hours after landfall.

a. b. c.

d. f.e.
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a. b. c.

d. f.

FIG. 5.33  Same as FIG. 5.32 except for Tropical Storm Arthur. 

e.
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a. b. c.

d. f.e.

FIG. 5.34  1000 hPa temperatures (oC) and winds (ms-1) for (a-c) Hurricane Floyd and (d-f) 
Tropical Storm Arthur, (a) 6 hours prior to landfall (b) 3 hours prior to landfall (c) at 
landfall (d) 6 hours prior to landfall (e) 3 hours prior to landfall and (f) at landfall.
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b.

d.
FIG. 5.35  Surface analysis of Hurricane Floyd (a) 18 hours prior to landfall (b) 12 hours 
prior to landfall (c) 6 hours prior to landfall and (d) at landfall  [Courtsey of Megan 
Gentry].

c.

a.
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FIG. 5.36  Radar imagery for Hurricane Floyd (a) approximately 24 
hours prior to landfall and (b) approximately 18 hours prior to landfall. 

a.

b.
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b.

d.c.

a.

FIG. 5.37  MSLP (hPa) and precipitation (mm) for Hurricane Floyd (a) 4 hours prior to 
landfall (b) 2 hours prior to landfall (c) 1 hour prior to landfall and (d) at landfall. 
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FIG. 5.38  Accumulated precipitation during Hurricane Floyd (a) 6 km simulation 0300-
0900 UTC September 16 (b)  6 km simulation 0300-1200 UTC September 16 (c) 2 km 
simulation 0500-0900 UTC September 16 and (d) 2 km simulation 0500-1200 UTC 
September 16.

b.

d.c.

a.
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a. b.

FIG. 5.39  1000 hPa frontogenesis (oC100km-13hr-1) for Tropical Storm Arthur, 6 km 
simulation (a-d) and 2 km simulation (e-h) of (a) 6 hours prior to landfall (b) 4 hours 
prior to landfall (c) at landfall (d) 8 hours after landfall (e) 4 hours prior to landfall (f) 2 
hours prior to landfall (g) at landfall and (h) 2 hours after landfall.

c.

g. h.

d.

e. f.
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FIG. 5.40  Accumulated precipitation during Tropical Storm Arthur (a) 6 km simulation 
0900-1500 UTC June 19 (b)  0900-1800 UTC June 19 (c) 2 km simulation 1100-1500 
UTC June 19 and (d) 2 km simulation 1100-1800 UTC June 19.

b.

d.c.

a.
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CHAPTER 6 

 

FINAL SUMMARY AND CONCLUSIONS 

  

6.1 Summary and Conclusions 

 

This three-part study examined the intrinsic and extrinsic factors that determine 

the amount of precipitation from tropical cyclones (TCs) making landfall over North 

Carolina based on past data from an analysis of 28 such TCs.  The research culminated in 

the creation of a conceptual model (Table 6.1) and schematic (Fig. 6.1) that can be used 

by forecasters as a checklist of characteristic, which can potentially lead to enhanced rain 

during a landfalling TC over North Carolina.  The conceptual model examines the 

connection between the large-scale environment and the smaller scale geostrophic 

adjustments that occur as landfall is approached.  The model’s relevance begins 72-hours 

prior to landfall at the planetary scale, and later includes both synoptic and mesoscale 

features at the time of landfall.  The model consists of five different temporal and spatial 

scales for forecasters to use as a guideline in determining the potential for an enhanced 

rain event as a TC approaches the North Carolina coast.  The schematic was created as a 

quick reference tool for forecasters to note the main features that occur during an 

enhanced rain event. 

 In the precipitation analysis the correlation between the 3-day station average 

precipitation for each of the 28 (TCs) that made landfall, or tracked along, the immediate 
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coastline of North Carolina and several intrinsic characteristics was examined.  Four 

primary intrinsic features’ correlation to the three-day station mean precipitation at 52 

rain gauge stations across six climate regions of North Carolina were investigated.  The 

four features were maximum storm intensity, landfall intensity, characteristics of storm 

track, and translation speed.  The maximum and landfall intensities were based on the 

Saffir Simpson scale intensities used by the National Hurricane Center (NHC).  The 

characteristics of landfall were based on the track of the storms.  There were four main 

groups: 1) Direct landfall over North Carolina, 2) Landfall over Florida and a second 

landfall over North Carolina, 3) A track along the coast of North Carolina and 4) Landfall 

over Florida, followed by a track along the coast of North Carolina.  The translation 

speed was derived from 6-hour locations, reported by the NHC for the day prior, day of, 

and day after landfall.   

The precipitation analysis showed no significant correlation between the three-

day station mean precipitation and any of the intrinsic features.  Although there is no 

strong statistical evidence of a relationship between the intrinsic features and the 

precipitation totals, an observational analysis indicates that the heavy rain events are 

generally stronger systems that track further inland as compared to the light events.  The 

final conclusion of this section is that the intrinsic features are not the dominant 

mechanism in determining North Carolina precipitation during a t TC landfall, and 

extrinsic features need to be closely examined to determine if there is a relationship 

between the environment the TC is entering and the likelihood for enhanced 

precipitation. 
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 The second part of this study (Chapter 3) is a climatological analysis of the 

environmental conditions the 28 TCs were entering from 72-hours prior to landfall.  The 

28 storms were divided into two groups of 14 storms each, a relatively heavy group and a 

relatively light group.  The division criterion was based on the mean 3-day station 

precipitation of the 28 storms.  National Centers for Environmental Prediction (NCEP) 

Reanalysis data were used to examine differences in planetary scale features, such as 250 

hPa geopotential heights, between the relatively heavy and relatively light rainfall groups.  

The higher resolution North American Regional Reanalysis (NARR) dataset was used to 

examine synoptic and meso-α scale environmental features of 6-storm composites of the 

heavy and light events.  NARR data were only available for the 12 TCs that occurred 

since 1979. 

 The composite analyses revealed several significant differences between the 

heavy and light precipitation events.  The planetary scale analysis of the 28 TCs showed 

that the heavy events were dominated by two main features; a strong upper-level ridge 

over northeast North America (NA), and an upper-level trough over northwest NA.  

There was also a secondary trough over the Southern Plains.  Conversely, the light events 

exhibited two ridges over northeastern and northwestern U.S. and a trough over the 

upper-Midwest.  This indicates that the heavy events were influenced by systems with 

smaller wavelengths indicating a more progressive pattern than in the light events.  The 

250 hPa geopotential height anomalies indicated the presence of a strong negative (-30 

m) height anomaly over the Southern Plains beginning 72-hours prior to landfall of the 

TCs in the heavy rain group.  The light events were dominated by a positive anomaly at 

the same time period, indicating a significant difference between the planetary and 
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synoptic scale upper-level environment the storms were entering as they approached 

landfall.   

In the synoptic to meso-α scale comparison the differences in upper and lower-

level potential vorticity (PV), moisture flux convergence, 1000 hPa temperatures and 

winds, and frontogenesis were examined.  The analysis showed considerable differences 

in each of these features between the two groups.  The PV analysis indicated the presence 

of a positive PV anomaly (trough) over the Ohio River Valley 36-hours prior to landfall 

for both groups; however, there were higher values of environmental PV over the 

southeast U.S. and Southern Plains for the heavy events.  The higher values of PV are 

associated with the presence of the upper-level trough over the same region.  Plots of the 

environmental PV associated with the heavy events show a strengthening negatively 

tilted trough influencing the TCs as they approach landfall.  Conversely, the upper-level 

upstream PV maximum present during the light events shifts northward and takes on a 

positive tilt as landfall is approached.  At the time of composite landfall of the heavy 

events the maximum of upper-level PV is negatively tilted and influencing the landfalling 

TC.  

 The composites of the magnitude of moisture flux, moisture flux vectors and 

moisture flux convergence indicate a significant region of moisture flux over North 

Carolina from 48-hours prior to landfall of the heavy events.  At this time, the moisture 

flux vectors are directed onshore and there is a region of moisture flux convergence 

beginning to form over North Carolina.  Conversely, in the light event composite at 48-

hours prior to landfall a weak magnitude of moisture flux, moisture flux vectors directed 

northward and virtually no moisture flux convergence over North Carolina are evident.  
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The heavy events had higher regions of moisture flux into North Carolina, and stronger 

moisture flux convergence in North Carolina as compared to what was seen in the 

composites of the light events.   

 Beginning 48-hours prior to landfall the heavy composites of the 1000 mb 

temperatures, MSLP and winds exhibited the formation of a high-pressure system over 

Pennsylvania that ushered cool air into North Carolina.  Conversely, the light composites 

showed that a weak area of high pressure was centered over western North Carolina, with 

lower pressure to the north.  This kept the temperatures over North Carolina considerably 

warmer as compared to the heavy composites.  For the heavy events, over the following 

48-hours, as landfall approached, the high-pressure system over the northeast continued 

to strengthen, increasing the speed at which cool air was being brought into North 

Carolina, resembling a weak cold air-damming event.  The light events experienced a 

weakening high-pressure system over western North Carolina and continued warm 

temperatures through landfall, with no signals of a cold air-damming event or a high-

pressure system to the North.   

 The final comparison between the heavy and light composites was of the 

development of frontogenesis over eastern North Carolina.  At 18-hours prior to landfall 

significant frontogenesis (>1.6 oC100km-13hr-1) occurred along coastal North Carolina in 

the heavy events, while the frontogenesis in the light composites was below the contour 

interval used for the analysis.  Through the time of landfall frontogenesis continued to 

increase in intensity over coastal North Carolina and northward into Virginia in the heavy 

events.  Only minor values of frontogenesis occurred along coastal North Carolina in the 

light events.  This could indicate that one of the major contributors to an enhanced rain 
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event may be the formation of a coastal front, beginning 18-hours prior to landfall and 

strengthening as landfall is approached. 

 Numerical simulations were conducted, and served to test the agreement between 

the climatological study and two case studies, Hurricane Floyd (1999) and Tropical 

Strom Arthur (1996), which represented a heavy and light rain event, respectively.  The 

NHMASS model was used to perform simulations at four different spatial resolutions.  

The model simulations for each storm were consistent with the climatological features 

that were found to exist for the heavy and light events.  Hurricane Floyd exhibited an 

upper-level (250 hPa) trough in the geopotential height field over the mid-west and a 

strong jet streak core centered over upstate New York beginning 72-hours prior to 

landfall.  As landfall approached, there were high environmental PV values across the 

southeast and a negatively tilted trough of higher values of PV to the northwest.  High 

values of moisture flux were directed onshore over North Carolina, which aided in setting 

up a moist environment prior to landfall of Hurricane Floyd.  Floyd exhibited strong 

characteristics of a cold air-damming event; there was a strong surface high-pressure 

system over New England that acted to funnel the cold air into North Carolina, east of the 

Appalachian Mountains.  18-hours prior to Floyd’s landfall a coastal front began to form 

over North Carolina, this further contributed to the enhanced precipitation that occurred. 

 The fine scale numerical simulations (6 km and 2 km) show the importance of the 

mesoscale features in enhancing precipitation.  The upstream synoptic influences have a 

significant effect on the formation of mesoscale systems that cause enhanced 

precipitation well inland of the storm track.  The compression of the height gradient 

between the upper-level trough over the Southern Plains and a strong ridge over the 
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Northeast creates enhanced divergence aloft near the region of the coastal front as a main 

jet streak to the north approaches the upper-level ridge.  This set-up creates secondary 

regions of geostrophic wind imbalance that cause ascending flow north and west of the 

TC track, and that ultimately leads to formation of regions of intense precipitation or 

mesoscale convective systems (MCSs) north and west of the TC’s track.   

 In summary, the intrinsic features of a TC are not the primary mechanism that 

enhances precipitation during a landfalling TC.  Extrinsic features exist from 72-hours 

prior to landfall that has been shown to have a significant impact on the mesoscale 

features that occur when the TC makes landfall.  Ultimately, it is the connection between 

the longer period planetary scale features and the shorter duration mesoscale features, 

that interact to create an enhanced rain event.   

 

6.2 Future Work 

 This research was limited to TCs that made landfall over North Carolina.  In the 

future this study could be expanded to include TCs that made landfall over a larger region 

of the Southeast (Virginia to Georgia) to see if similar mechanisms lead to enhanced 

precipitation.  The study could also be expanded to examine TCs that track through 

western North Carolina, to determine the environmental features that cause enhanced 

precipitation with those events.  The study would benefit from the use of ensemble 

modeling along with a larger sample size.  Replacing Tropical Storm Arthur with a TC of 

more comparable intensity would also benefit the study.   
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Table 6.1 
 

Conceptual Model for Enhanced Precipitation during 
Landfalling Tropical Cyclones over North Carolina 

 
 
Planetary Scale, 72 hours prior to landfall 
 

1. 250 hPa trough of geopotential heights over northwest North America, ridge over northeast North America 
2. Secondary trough of 250 hPa geopotential heights over the Southern Plains 

 
 
Synoptic Scale, 48-72 hours prior to landfall 
 

1. Strengthening trough/ridge system over northeast North America and strengthening trough over Southern Plains 
2. Enhanced 925-850 hPa moisture flux, moisture flux vectors directed over North Carolina, moisture flux convergence 

beginning to form over North Carolina 
3. High values (>0.5 PVU) of 250-500 hPa potential vorticity (PV) across the Southeast 
4. Trough of upper-level (250-500 hPa) PV over the Ohio River Valley 
5. Surface high pressure forming over the Northeast and associated cool temperatures over North Carolina (<20oC) 

 
 
Synoptic to Subsynoptic Scale, 24-48 hours prior to landfall 
 

1. Continued strengthening of the upper-level trough/ridge systems, compression of the height gradient 
2. Strengthening moisture flux, moisture flux vectors directed onshore over North Carolina, and strong moisture flux 

convergence forming over North Carolina 
3. High PV across the Southeast, trough of PV becomes negatively tilted, and begins influencing North Carolina 
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Table 6.1 Continued 
 

Conceptual Model for Enhanced Precipitation during 
Landfalling Tropical Cyclones over North Carolina 

 
 
Meso-α  Scale, 12-24 hours prior to landfall 
 

1. Strong upper-level trough/ridge height gradient over northeast North America 
2. Trough of cool surface temperatures (<20oC) over North Carolina with parent high located over the Northeast 
3. Strengthening moisture flux convergence over North Carolina 
4. Formation of a strong coastal front 

 
 
Meso-β Scale, 00-12 hours prior to landfall 
 

1. Cool air over North Carolina 
2. Strong upper level height gradient resulting in a significant Laplacian of height gradient 
3. Trough of negatively tilted PV influencing North Carolina 
4. Shift of the PV associated with the TC from southwest-northeast to southeast-northwest (positive to negative tilt) and 

increase in PV magnitude 
5. Enhanced upper-level divergence extending from southwest to northwest of the storm track 
6. Formation of mesoscale convective systems (MCSs) from southwest to northwest of the storm track 
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FIG. 6.1a  Forecasting schematic of features that may enhance precipitaiton 
associated with a landfalling TC over North Carolina.
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FIG. 6.1b  Forecasting schematic of features that may correspond to a relatively light rain 
event associated with a landfalling TC over North Carolina.
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Appendix A. North Carolina Tropical Cyclones Rainfall Data.

Tropical Cyclone Date of Landfall Asheboro  Belhaven Burlington Carthage Catawba Chapel Hill Charlotte Concord
Hurricane Isabel 9/18/2003 22.86 26.50 14.39 27.86 0.00 14.56 0.00 1.27
T.S. Dennis99 9/4/1999 40.81 51.56 18.63 9.91 2.03 24.98 6.35 1.86
Hurricane Floyd 9/16/1999 22.61 34.21 31.16 45.64 0.00 39.54 6.18 12.11
Hurricane Bonnie 8/26/1998 0.00 51.31 0.00 2.96 0.00 0.42 0.00 0.00
T.S. Arthur 6/19/1996 0.17 2.20 0.00 0.00 1.86 0.00 8.81 8.64
Hurricane Bertha 7/12/1996 7.11 33.87 7.03 14.14 0.93 6.18 3.81 1.44
Hurricane Fran 9/6/1996 37.42 22.44 48.68 42.25 8.13 65.19 6.10 27.26
Hurricane Emily 8/31/1993 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Charley 8/17/1986 8.04 22.35 0.59 0.17 0.00 0.17 1.10 0.08
Hurricane Gloria 9/27/1985 0.00 53.93 0.08 0.00 0.00 0.00 0.00 0.00
Hurricane Diana 9/13/1984 0.00 28.11 0.00 14.65 0.00 1.52 0.00 0.00
T.S. Dennis 8/20/1981 27.52 37.34 8.30 10.24 0.00 27.60 2.79 4.49
T.S. Doria 8/27/1971 13.97 33.53 25.23 11.60 0.34 7.62 2.71 3.56
Hurricane Ginger 9/30/1971 17.19 90.51 19.81 5.25 0.00 5.76 15.92 0.34
T.S. #4 8/17/1970 1.44 7.70 4.83 0.00 0.00 0.00 6.43 0.08
Hurricane Gladys 10/20/1968 15.41 28.79 7.20 29.55 12.70 31.07 2.96 7.37
T.S. Doria 9/17/1967 0.00 2.12 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Isbell 10/16/1964 23.45 34.04 13.63 13.97 35.22 8.72 28.96 33.10
Hurricane Alma 8/28/1962 1.10 18.46 3.81 1.19 0.00 1.95 0.00 0.00
T.S. #6 9/14/1961 0.08 12.11 0.00 2.79 2.54 0.76 0.17 0.08
Hurricane Donna 9/12/1960 4.06 55.12 5.33 25.15 3.13 13.38 1.44 3.05
Hurricane Helene 9/27/1958 0.17 30.40 0.85 0.00 0.00 1.27 0.00 0.00
Hurricane Connie 8/12/1955 4.66 56.56 6.10 8.64 0.00 8.38 1.02 0.00
Hurricane Diane 8/17/1955 22.18 25.65 22.61 25.06 1.35 35.90 0.25 3.30
Hurricane Ione 9/19/1955 0.25 75.61 3.05 5.67 0.00 4.57 0.00 0.00
Hurricane Carol 8/31/1954 0.00 26.75 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Hazel 10/15/1954 75.01 6.01 56.81 82.30 13.89 38.95 17.27 41.99
Hurricane Barbara 8/14/1953 0.00 35.56 0.00 0.00 0.00 3.30 0.00 0.00
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Conover Oxford Shoals Danbury Durham Edenton Elizabeth City Elizabethtown Lock
Hurricane Isabel 9/18/2003 0.00 8.89 14.31 65.62 23.88 19.13
T.S. Dennis99 9/4/1999 4.57 14.39 1.69 42.50 39.20 0.00
Hurricane Floyd 9/16/1999 0.17 6.52 50.63 51.22 27.35 120.14
Hurricane Bonnie 8/26/1998 0.00 0.00 0.08 6.10 9.40 46.31
T.S. Arthur 6/19/1996 2.37 16.68 0.00 2.54 0.17 9.23
Hurricane Bertha 7/12/1996 0.34 2.54 6.69 25.82 29.29 18.63
Hurricane Fran 9/6/1996 4.83 14.82 66.38 18.88 5.16 64.43
Hurricane Emily 8/31/1993 0.00 0.00 0.00 0.00 1.35 0.85
Hurricane Charley 8/17/1986 0.00 0.76 4.40 6.43 20.07 24.13
Hurricane Gloria 9/27/1985 0.00 0.00 0.00 82.13 42.42 4.32
Hurricane Diana 9/13/1984 0.00 0.00 1.19 28.96 42.59 58.08
T.S. Dennis 8/20/1981 0.00 0.00 18.46 34.29 42.16 45.13
T.S. Doria 8/27/1971 0.00 9.31 10.08 21.76 79.84 7.54
Hurricane Ginger 9/30/1971 9.31 0.00 7.03 61.81 54.02 9.14
TS #4 8/17/1970 0.17 0.00 0.00 2.96 2.96 0.00
Hurricane Gladys 10/20/1968 8.97 45.80 18.20 34.63 59.52 19.73
T.S. Doria 9/17/1967 0.00 0.00 0.00 5.25 9.74 0.00
Hurricane Isbell 10/16/1964 37.42 32.43 7.96 17.61 28.11 1.86
Hurricane Alma 8/28/1962 0.00 0.00 0.00 17.78 9.14 6.01
T.S. #6 9/14/1961 0.51 0.00 0.17 12.28 12.62 2.46
Hurricane Donna 9/12/1960 3.22 8.38 7.62 48.26 29.89 51.22
Hurricane Helene 9/27/1958 0.00 0.00 4.91 10.16 3.81 7.45
Hurricane Connie 8/12/1955 0.00 3.81 7.28 60.88 37.34 20.32
Hurricane Diane 8/17/1955 1.02 14.56 48.77 15.24 16.59 28.79
Hurricane Ione 9/19/1955 0.00 0.00 5.93 56.73 64.52 48.34
Hurricane Carol 8/31/1954 0.00 0.00 0.00 22.35 21.84 20.15
Hurricane Hazel 10/15/1954 11.43 38.61 42.16 7.03 6.52 47.41
Hurricane Barbara 8/14/1953 0.00 0.00 0.00 39.79 60.62 1.19
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Fayetteville Graham Greensboro Greenville Hamlet Henderson High Point
Hurricane Isabel 9/18/2003 14.39 14.14 19.30 48.68 7.20 26.42 2.29
T.S. Dennis99 9/4/1999 2.96 19.47 20.49 51.39 18.20 34.71 15.24
Hurricane Floyd 9/16/1999 61.21 36.41 17.95 108.88 31.58 50.80 14.56
Hurricane Bonnie 8/26/1998 18.37 0.00 0.00 64.35 0.76 1.69 0.00
T.S. Arthur 6/19/1996 0.51 0.00 0.00 2.29 5.16 3.73 0.17
Hurricane Bertha 7/12/1996 16.51 3.39 1.27 41.15 7.62 8.13 2.88
Hurricane Fran 9/6/1996 31.41 59.10 33.10 38.69 32.94 43.94 45.30
Hurricane Emily 8/31/1993 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Charley 8/17/1986 3.47 0.85 6.27 1.61 18.03 4.23 3.22
Hurricane Gloria 9/27/1985 0.08 0.00 0.00 32.26 0.00 9.74 0.00
Hurricane Diana 9/13/1984 31.16 0.00 0.00 44.11 5.59 2.79 0.00
T.S. Dennis 8/20/1981 18.46 10.75 3.30 26.92 3.98 23.20 3.64
T.S. Doria 8/27/1971 5.93 32.00 3.81 22.61 6.94 9.06 3.56
Hurricane Ginger 9/30/1971 7.79 2.79 14.39 39.29 18.71 4.66 3.39
TS #4 8/17/1970 1.69 0.00 3.05 2.88 3.39 0.00 4.32
Hurricane Gladys 10/20/1968 24.98 16.93 6.69 16.34 29.46 22.86 8.30
T.S. Doria 9/17/1967 0.00 0.00 0.00 1.35 0.00 0.76 0.00
Hurricane Isbell 10/16/1964 11.43 15.32 25.23 2.96 22.01 6.10 22.94
Hurricane Alma 8/28/1962 1.95 6.43 0.42 16.00 2.12 0.85 0.34
T.S. #6 9/14/1961 4.23 0.00 0.17 14.82 0.08 0.34 0.25
Hurricane Donna 9/12/1960 43.35 15.24 5.50 19.64 22.86 14.14 11.18
Hurricane Helene 9/27/1958 1.27 0.00 0.00 12.36 0.00 1.27 0.00
Hurricane Connie 8/12/1955 20.74 9.06 0.00 53.17 6.77 21.76 0.25
Hurricane Diane 8/17/1955 32.09 30.56 24.13 27.09 21.34 39.03 21.67
Hurricane Ione 9/19/1955 19.22 2.79 0.17 50.38 10.84 9.57 0.17
Hurricane Carol 8/31/1954 16.68 0.00 0.00 11.77 0.00 0.00 0.00
Hurricane Hazel 10/15/1954 38.10 60.28 53.09 9.40 66.12 30.23 54.36
Hurricane Barbara 8/14/1953 2.03 0.00 0.00 15.58 1.10 0.00 0.00
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Hofmann Forest Jackson Jackson Springs Kinston Laurinburg Lexington Lincolnton
Hurricane Isabel 9/18/2003 30.48 0.00 18.20 25.57 10.50 16.93 0.00
T.S. Dennis99 9/4/1999 31.58 48.60 3.98 47.67 1.78 16.93 5.76
Hurricane Floyd 9/16/1999 76.88 117.52 26.33 108.71 43.52 11.18 0.00
Hurricane Bonnie 8/26/1998 85.51 7.20 0.00 45.38 1.86 0.00 0.00
T.S. Arthur 6/19/1996 5.84 0.08 5.93 29.46 1.10 11.01 0.68
Hurricane Bertha 7/12/1996 68.24 27.35 13.46 42.33 8.47 1.86 0.59
Hurricane Fran 9/6/1996 48.60 14.22 28.45 52.83 26.67 12.87 3.73
Hurricane Emily 8/31/1993 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Charley 8/17/1986 18.29 0.25 1.52 2.79 0.17 4.23 2.03
Hurricane Gloria 9/27/1985 52.41 39.96 0.00 33.70 0.00 0.00 0.00
Hurricane Diana 9/13/1984 52.92 17.10 3.30 36.91 15.75 0.00 0.00
T.S. Dennis 8/20/1981 68.07 18.88 8.04 32.34 13.80 4.83 0.00
T.S. Doria 8/27/1971 0.00 14.65 9.31 16.76 4.23 6.18 0.00
Hurricane Ginger 9/30/1971 0.00 28.79 3.98 41.57 3.56 10.67 4.57
TS #4 8/17/1970 0.00 3.13 0.00 3.81 0.00 4.32 0.00
Hurricane Gladys 10/20/1968 12.36 18.54 29.46 21.34 56.30 12.45 6.86
T.S. Doria 9/17/1967 0.00 1.44 0.00 1.61 0.00 0.00 0.00
Hurricane Isbell 10/16/1964 44.53 7.11 17.70 4.91 11.85 29.63 40.22
Hurricane Alma 8/28/1962 0.00 7.37 2.20 11.85 6.77 0.00 0.00
T.S. #6 9/14/1961 0.42 3.73 2.37 8.13 5.93 0.51 0.34
Hurricane Donna 9/12/1960 3.05 46.99 19.90 58.17 26.75 4.40 6.01
Hurricane Helene 9/27/1958 0.00 0.42 2.29 19.47 1.19 0.17 0.00
Hurricane Connie 8/12/1955 0.00 55.20 6.27 85.09 11.09 0.00 1.44
Hurricane Diane 8/17/1955 0.68 33.70 24.38 30.31 23.37 18.20 0.00
Hurricane Ione 9/19/1955 0.00 27.09 6.27 60.03 11.43 0.00 0.00
Hurricane Carol 8/31/1954 0.00 2.71 1.69 7.37 2.54 0.00 0.00
Hurricane Hazel 10/15/1954 9.91 10.84 55.88 14.22 65.70 56.05 8.04
Hurricane Barbara 8/14/1953 0.00 13.97 0.00 14.65 0.00 0.00 0.00
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Louisburg Lumberton Monroe Oxford Plymouth Raleigh-Durham Airport Raleigh
Hurricane Isabel 9/18/2003 17.02 27.26 0.85 24.13 61.64 13.72 14.14
T.S. Dennis99 9/4/1999 34.71 3.13 0.00 34.12 39.96 55.80 43.01
Hurricane Floyd 9/16/1999 75.18 83.14 11.94 48.01 58.42 54.95 53.85
Hurricane Bonnie 8/26/1998 9.65 20.74 0.00 0.93 28.79 3.13 10.16
T.S. Arthur 6/19/1996 0.00 2.62 11.18 0.00 1.86 3.64 0.00
Hurricane Bertha 7/12/1996 8.72 14.99 5.33 6.69 33.61 8.13 24.89
Hurricane Fran 9/6/1996 51.56 49.02 13.12 54.78 34.88 74.51 72.73
Hurricane Emily 8/31/1993 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Charley 8/17/1986 4.57 2.20 1.02 6.43 7.96 11.09 4.66
Hurricane Gloria 9/27/1985 11.35 0.00 0.00 2.37 60.45 0.25 0.85
Hurricane Diana 9/13/1984 7.20 34.71 0.00 1.19 29.55 4.49 11.94
T.S. Dennis 8/20/1981 0.00 14.22 5.50 25.57 39.79 11.01 11.01
T.S. Doria 8/27/1971 8.47 5.08 12.87 5.84 23.62 12.36 6.01
Hurricane Ginger 9/30/1971 12.70 8.13 0.93 20.83 70.53 27.52 24.38
TS #4 8/17/1970 0.00 4.32 0.00 0.00 14.39 0.00 0.00
Hurricane Gladys 10/20/1968 26.67 31.75 11.09 20.57 25.57 15.66 19.47
T.S. Doria 9/17/1967 1.10 0.00 0.00 0.00 5.08 0.00 0.00
Hurricane Isbell 10/16/1964 4.57 7.70 32.60 4.06 13.21 5.00 4.40
Hurricane Alma 8/28/1962 3.13 2.12 2.03 2.37 18.97 1.69 5.00
T.S. #6 9/14/1961 0.76 2.29 0.00 0.00 20.66 3.05 0.59
Hurricane Donna 9/12/1960 19.56 38.44 4.32 11.85 64.52 14.82 18.37
Hurricane Helene 9/27/1958 0.00 6.27 0.00 0.85 8.89 0.59 0.00
Hurricane Connie 8/12/1955 28.28 15.66 5.93 19.30 48.51 12.11 21.51
Hurricane Diane 8/17/1955 50.97 21.00 0.00 43.77 22.94 45.72 46.06
Hurricane Ione 9/19/1955 16.00 22.27 0.00 11.01 58.84 7.28 8.64
Hurricane Carol 8/31/1954 0.85 4.91 0.00 0.00 20.24 0.00 0.00
Hurricane Hazel 10/15/1954 29.55 48.60 43.77 26.84 9.31 34.71 34.71
Hurricane Barbara 8/14/1953 2.71 0.59 0.00 0.00 57.40 0.00 0.00
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Raleigh State Univ. Randleman Red Springs Rocky Mount Rocky Mount (ESE)
Hurricane Isabel 9/18/2003 5.16 17.78 27.09 25.65 49.11
T.S. Dennis99 9/4/1999 29.29 9.31 3.56 46.99 46.31
Hurricane Floyd 9/16/1999 54.61 23.20 60.62 112.61 151.38
Hurricane Bonnie 8/26/1998 7.20 0.00 8.72 32.17 33.02
T.S. Arthur 6/19/1996 0.00 0.00 1.27 0.17 5.76
Hurricane Bertha 7/12/1996 16.59 2.12 19.56 17.86 34.04
Hurricane Fran 9/6/1996 43.69 37.68 38.69 53.34 28.11
Hurricane Emily 8/31/1993 0.00 0.00 0.00 0.00 0.00
Hurricane Charley 8/17/1986 4.57 7.20 14.90 0.93 6.69
Hurricane Gloria 9/27/1985 0.59 0.00 0.00 13.38 26.67
Hurricane Diana 9/13/1984 9.06 0.00 24.30 46.23 45.80
T.S. Dennis 8/20/1981 10.67 15.75 8.55 15.16 13.46
T.S. Doria 8/27/1971 24.89 7.45 9.65 22.69 14.39
Hurricane Ginger 9/30/1971 12.87 1.78 5.08 25.91 45.04
TS #4 8/17/1970 0.00 0.00 2.37 0.00 32.94
Hurricane Gladys 10/20/1968 20.66 23.11 41.06 19.81 28.53
T.S. Doria 9/17/1967 0.00 0.00 0.00 1.61 1.35
Hurricane Isbell 10/16/1964 5.00 21.67 9.48 3.98 4.23
Hurricane Alma 8/28/1962 5.25 1.78 2.29 5.59 6.10
T.S. #6 9/14/1961 0.34 0.34 3.98 0.85 1.19
Hurricane Donna 9/12/1960 18.12 9.57 33.27 34.12 42.08
Hurricane Helene 9/27/1958 0.00 0.08 2.03 0.34 0.59
Hurricane Connie 8/12/1955 21.67 9.06 15.66 49.61 52.66
Hurricane Diane 8/17/1955 44.45 21.42 20.32 25.06 25.65
Hurricane Ione 9/19/1955 9.14 0.25 15.24 36.24 34.29
Hurricane Carol 8/31/1954 0.00 0.00 0.00 13.29 4.74
Hurricane Hazel 10/15/1954 35.73 65.19 49.95 8.97 9.74
Hurricane Barbara 8/14/1953 1.27 0.00 0.00 12.62 13.04
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Rougemont Roxboro Salisbury Sanford Siler City Smithfield Statesville
Hurricane Isabel 9/18/2003 16.26 25.32 9.57 12.36 19.05 12.19 1.19
T.S. Dennis99 9/4/1999 26.67 29.80 14.82 31.58 13.97 29.63 11.18
Hurricane Floyd 9/16/1999 40.13 43.86 10.33 61.64 28.70 78.49 1.35
Hurricane Bonnie 8/26/1998 0.00 0.00 0.00 5.84 0.00 22.69 0.00
T.S. Arthur 6/19/1996 0.00 4.23 0.00 0.00 5.59 6.52 9.14
Hurricane Bertha 7/12/1996 5.16 8.81 1.27 12.36 3.89 17.36 0.93
Hurricane Fran 9/6/1996 59.77 62.99 14.56 51.22 52.15 23.45 7.37
Hurricane Emily 8/31/1993 0.00 2.71 0.00 0.00 0.00 0.00 0.00
Hurricane Charley 8/17/1986 1.44 5.84 1.35 1.02 5.67 1.69 0.00
Hurricane Gloria 9/27/1985 0.00 0.00 0.00 0.00 0.00 8.21 0.00
Hurricane Diana 9/13/1984 2.12 0.25 0.00 9.99 0.93 42.76 0.00
T.S. Dennis 8/20/1981 17.95 7.11 2.03 9.31 0.00 16.17 0.93
T.S. Doria 8/27/1971 17.70 29.89 0.00 14.05 11.18 6.43 0.51
Hurricane Ginger 9/30/1971 6.86 6.43 10.58 22.78 2.71 17.78 2.46
TS #4 8/17/1970 0.25 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Gladys 10/20/1968 18.37 13.38 17.36 24.89 20.07 25.99 14.22
T.S. Doria 9/17/1967 0.00 0.00 0.00 0.00 0.00 0.08 0.00
Hurricane Isbell 10/16/1964 6.86 8.89 39.03 15.16 18.29 8.04 45.64
Hurricane Alma 8/28/1962 5.00 3.13 0.00 0.59 2.71 6.27 0.00
T.S. #6 9/14/1961 0.00 0.08 0.00 0.00 0.17 9.65 0.85
Hurricane Donna 9/12/1960 11.68 11.09 8.89 25.74 13.72 39.88 6.01
Hurricane Helene 9/27/1958 4.74 1.69 0.00 0.00 5.59 1.95 0.00
Hurricane Connie 8/12/1955 9.99 15.75 1.69 12.62 7.45 34.12 0.76
Hurricane Diane 8/17/1955 44.03 40.72 15.66 31.24 28.62 46.74 4.66
Hurricane Ione 9/19/1955 7.79 5.93 0.00 9.31 8.64 17.95 0.00
Hurricane Carol 8/31/1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hurricane Hazel 10/15/1954 36.41 38.27 50.12 50.12 62.40 38.02 14.82
Hurricane Barbara 8/14/1953 0.00 0.00 0.00 0.00 0.00 3.89 0.00
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Appendix A. continued. 

Tropical Cyclone Date of Landfall Wadesboro Washington Willard Wilmington Wilson
Hurricane Isabel 9/18/2003 2.79 41.49 12.11 16.76 23.96
T.S. Dennis99 9/4/1999 0.42 46.99 6.43 0.42 44.03
Hurricane Floyd 9/16/1999 17.44 77.22 104.06 149.94 90.85
Hurricane Bonnie 8/26/1998 0.00 46.57 79.16 80.01 41.83
T.S. Arthur 6/19/1996 0.34 12.70 0.00 5.67 0.00
Hurricane Bertha 7/12/1996 3.73 46.99 25.99 49.19 22.35
Hurricane Fran 9/6/1996 10.58 20.40 82.55 37.93 33.95
Hurricane Emily 8/31/1993 0.59 0.00 3.39 0.00 0.00
Hurricane Charley 8/17/1986 0.00 8.55 1.44 4.49 1.69
Hurricane Gloria 9/27/1985 0.00 53.85 11.51 12.36 11.51
Hurricane Diana 9/13/1984 0.68 42.50 40.47 56.64 28.96
T.S. Dennis 8/20/1981 8.81 27.01 44.03 40.81 13.46
T.S. Doria 8/27/1971 24.47 36.41 17.19 29.38 6.60
Hurricane Ginger 9/30/1971 1.35 77.30 18.63 10.75 29.04
TS #4 8/17/1970 0.00 14.65 10.41 33.87 0.93
Hurricane Gladys 10/20/1968 21.42 32.51 18.29 8.30 35.73
T.S. Doria 9/17/1967 0.00 2.46 0.00 0.00 1.27
Hurricane Isbell 10/16/1964 24.98 4.23 1.61 6.43 2.20
Hurricane Alma 8/28/1962 0.51 13.63 13.46 17.70 5.59
T.S. #6 9/14/1961 0.59 22.35 6.77 12.53 4.40
Hurricane Donna 9/12/1960 14.39 49.70 55.03 53.09 34.54
Hurricane Helene 9/27/1958 0.00 10.24 40.72 70.19 2.37
Hurricane Connie 8/12/1955 8.47 51.56 33.44 32.34 44.87
Hurricane Diane 8/17/1955 11.01 21.76 29.63 23.62 38.44
Hurricane Ione 9/19/1955 1.86 65.96 50.38 70.78 40.72
Hurricane Carol 8/31/1954 0.00 17.61 8.81 17.19 3.39
Hurricane Hazel 10/15/1954 49.95 0.00 21.00 32.60 11.35
Hurricane Barbara 8/14/1953 0.17 26.67 8.72 18.88 6.43
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