
Chapter 2.  Synoptic and Mesoscale Environments Conducive to 

Heavy Rainfall Associated with a Landfalling Hurricane:  

Numerical Simulations of Hurricane Floyd (1999). 

 

2.1 Introduction 

 On 16 September 1999, Hurricane Floyd made landfall on the North Carolina coast near 

Wilmington, becoming the fifth hurricane to make landfall in North Carolina in three years.  

The primary effects on property damage and loss of life were not from wind but from record 

rainfall amounts from North Carolina into New England.  Portions of eastern North Carolina 

were cut off from the rest of the state several weeks after the storm.  Towns such as Kinston, 

Greenville, Princeton, and others all over eastern North Carolina were flooded for several 

weeks, making Floyd North Carolina's costliest natural disaster and replacing Hazel as North 

Carolina's benchmark storm (Barnes, 2001).  Also, 57 deaths were attributed to Floyd, 56 in 

the U.S. and one on Grand Bahama Island, making it the second deadliest hurricane in the 

U.S. after Agnes (1972) since 1970 (Rappaport, 2000).  Most of these deaths were related to 

freshwater flood drownings.  Total damage from Floyd has been estimated to be at 4.5 billion 

dollars, making it the third costliest storm in U.S. history (Barnes, 2001).   

 One of the more interesting aspects of this event was that the most excessive rainfall 

occurred more than 200-400 km to the north and 100-200 km to the west of the storm track.   

As can be seen from comparing Floyd’s track along the U.S coast with the rainfall totals (Fig. 

2.1), all of the heavy rain occurred to the west and north of the storm, an orientation  
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more consistent with an extratropical cyclone than a tropical cyclone, where the heaviest 

rainfall typically occurs in the right front quadrant.  The displacement of the heaviest rain 

well downstream from and to the left of a landfalling tropical storm has been observed in the 

past along the Atlantic coastal plain:  Hurricane Hazel in 1954 (Palmén 1958; Anthes, 1990), 

Tropical Storm Agnes in 1972 (Carr and Bosart 1978; DiMego and Bosart 1982a,b; Bosart 

and Dean 1991), and Hurricane David in 1979 (Bosart and Lackmann 1995). 

 With Hurricane Hazel, Tropical Storm Agnes, and Hurricane David, a preexisting low-

level confluence zone was identified as the primary focusing mechanism for the heavy 

precipitation. The scale of the heavy precipitation was just inland from the surface 

confluence zone. In all three of the above events there is unambiguous evidence of this 

surface feature and the scale of the rainfall was meso-β in width. However, the coarse spatial 

and temporal resolution of rawinsonde data has limited the analyses of any meso-β scale 

adjustment processes aloft that could play an important role in sustaining the heavy 

precipitation accompanying landfalling tropical storms in conjunction with the surface 

confluence zone.  Strong coastal fronts occur frequently in this region, however, rarely is 

rainfall in landfalling tropical storms as excessive as was the case in Hurricane Floyd. 

 In Hurricane Hazel and Tropical Storm Agnes, very strong upstream baroclinic forcing 

was in place at the synoptic scale while in Hurricane David, the upstream upper-level 

baroclinic forcing was more subtle but still well defined as shown by Bosart and Lackmann 

(1995).  Palmén (1958) utilized conventional rawinsonde data and Anthes (1990) performed 

coarse mesh numerical model simulations (15 layers/80 km horizontal resolution) to analyze 

the synoptic and meso-α scale structure of the jet stream during the evolution of Hurricane 

Hazel into an extratropical cyclone. They provide strong evidence of the juxtapositioning of 
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the highly baroclinic polar jet/front system to the prolonged latent heat release as crucial for 

the continued strength of Hazel as it transitioned to an extratropical storm.  

 Bosart and Dean (1991) focus primarily on the lower tropospheric analyses of the heavy 

rainfall producing mechanisms accompanying Tropical Storm Agnes. However, in this case 

study there is unambiguous evidence of a major baroclinic amplification of the upper-level 

cyclone during the heavy rain. Additionally, rawinsonde data analyses, which they present, 

indicate evidence of substantial deviation of the wind flow at 500 and 200 hPa from 

geostrophy in proximity to the region of extreme rainfall at the lower end of the synoptic 

scale as a diffluent trough/ridge structure becomes superimposed on the surface confluence 

zone. This inference of strong ageostrophy in proximity to the diffluence is based on 

numerous examples of cross-isobaric flow aloft in their superimposed height analyses and 

wind observations.  

 Bosart and Lackmann (1995) show synoptic scale evidence of the vertical extension of 

the dynamic tropopause in proximity to the inland re-intensification of Hurricane David as an 

upstream wave interacts with the ridge aloft above the weakening hurricane. This vertical 

extension was hypothesized to be the result of latent heat release ahead of a weakly 

baroclinic wave embedded in the westerlies amplifying the preexisting ridge above David. 

However, not discussed in their analyses, is a region of highly curved 200 hPa subsynoptic 

scale flow that is in proximity to this region of ridging immediately preceding David’s inland 

re-intensification. Such an extremely curved flow, as occurs when an upper-level negatively 

tilted trough encounters a slow moving massive negatively (westward) tilted high pressure 

ridge, can be highly diffluent and was determined by Lin et al. (2001) to be associated with 

several extreme orographic rainfall events. Furthermore, the structure of outflow patterns can 
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have a profound effect on the evolution of heavy convection as noted in Maddox and 

Doswell (1982) and Maddox (1983). This raises a fundamental question, is the outflow 

accompanying landfalling tropical cyclones that produce extreme precipitation, configured in 

a manner that enhances the mid and lower-tropospheric ascent at the mesoscale? Is it 

important that this outflow be superimposed upon/above the inflow that accompanies the 

coastal front/trough along which the heavy rain is observed?  If so, the unique mesoscale 

structure of the upper-level outflow, as well as the manner in which it is organized, may be 

crucial to sustaining a favorable environment for prolonged very heavy precipitation as 

occurred in Hurricane Floyd. 

 This study will focus on the factors or environment that led to the extreme rainfall 

amounts along the Eastern Seaboard as Floyd made landfall.  Specifically, attention will 

focus on the role that cool air damming played in the development of the coastal baroclinic 

zone and subsequent front.  Also discussion will be made of the upper air environment that 

aided in the development of the rainfall.  In order to determine the roles of the damming and 

upper air environment, analyses of surface and upper air observations, radar, and satellite 

imagery will be used to provide verification for model simulations.  Analysis of observations 

follow in Section 2.2. 

 In order to ascertain the importance of the cool air damming on development of the 

baroclinic zone, numerical simulations by the PSU/NCAR MM5 model will be used to 

perform sensitivity tests on terrain of the Appalachian Mountains.  The model setup is 

discussed in Section 2.3. 
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2.2 Analysis of Observations 

 The section will detail analyses of upper-level, surface, and radar observations. 

 

2.2.1 Upper-level analyses 

 The 300 hPa Eta analyses for 0000 UTC 15 September is shown in Fig. 2.2a.  At 0000 

UTC, the upper-level vortex of Floyd was evident off the southeast coast of Florida.  An 

upper-level low was centered over Canada with a broad jet located over southeast Canada.  A 

southwesterly flow was present over much of the eastern U.S.  A southeasterly flow, 

associated with Floyd's upper-level vortex, was present offshore of the southeast U.S. coast.  

This southeast flow became juxtaposed with the southwest flow associated with the Canadian 

low over North Carolina and South Carolina. 

By 0000 UTC 16 September (Fig. 2.2b), Floyd was located off the South Carolina coast.  

The polar jet associated with the Canadian low was located over West Virginia with the core 

of the jet in Canada.  There also appeared to be a local wind maximum over central and 

eastern North Carolina with the hurricane outflow off the U.S. southeast coast.  Over 

northeastern North Carolina and southern Virginia, diffluence was evident as winds just 

inland were southerly or southeasterly while winds offshore were from the southwest.  More 

detailed discussion of the wind field over North Carolina at this time follows in Section 

2.2.4.2.   

 

2.2.2 Surface analyses 

 The large scale subjective surface analyses for 15 and 16 September are presented in Fig. 

2.3 beginning with 0600 UTC 15 September (Fig. 2.3a).  At this time, Floyd was located off 
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the eastern Florida coast.  Anticyclones were located over the Atlantic off the New England 

coast and over the Midwest.  Between 0600 UTC 15 September and 0000 UTC 16 

September, the hurricane steadily propagated north (Fig. 2.3b).  By 0000 UTC 16 September, 

the hurricane was located off the South Carolina coast with an inverted trough stretching 

north off the coast.  

By 0600 UTC 16 September (Fig. 2.3c), approximately the time of landfall, the inverted 

trough off the coast had evolved into a frontal boundary.  Temperatures on the eastern side of 

the coastal front were around 20ºC while temperatures on the western side of the front were 

lower.  The warm temperatures on the eastern side were due to the advection of warmer air 

from the east while winds on the western side of the front transported cooler air south from 

the north.  The front continued to lie along the coast up to 1200 UTC (Fig. 2.3f) with the 

center of Floyd located over northeastern North Carolina and by 1800 UTC, the front was 

stationary over New England.  Throughout this time, the front acted as focus for precipitation 

formation. 

 

2.2.3 Radar analyses 

 Fig. 2.4 shows a time series of NWS NEXRAD radar imagery for the eastern U.S. 

beginning with 0300 UTC 15 September (Fig. 2.4a).  At this time, the eye of Floyd was 

clearly evident from the radar echoes.  Also evident is a separate area of rainfall over 

southeastern North Carolina.  The storm propagated northward (Fig. 2.4b) and the area of 

rainfall in North Carolina had grown in coverage.  It appears that this rainfall was initially 

separate from the hurricane, but may have formed as a result of some early hurricane/trough 

interaction. 

 11 



By 1200 UTC 15 September (Fig. 2.4c), the hurricane's outer rainbands had merged with 

the rainfall already present in North Carolina.  At this time, a shield of rainfall extended from 

southeast Virginia southward to the east coast of Florida, where Floyd was located.  From 

this time forward, the heaviest rainfall was north of the storm center (Fig. 2.4d-i) and rainfall 

intensity decreased south of the storm center by 0000 UTC 16 September (Fig. 2.4e).  This 

distribution of the rainfall gives further evidence of the storm weakening as shown in the 

upper-level analyses (Fig. 2.2).  Throughout the time period, 1200 UTC 15 September, 

through 1200 UTC 16 September, heavy rainfall was falling over North Carolina and 

Virginia.  Also, between 1800 UTC 15 and 0000 UTC 17 September, moderate to heavy rain 

was falling along the entire East Coast.  By comparing Fig. 2.4 and Fig. 2.3, it can be seen 

that the rainfall was very well aligned along the coastal front that developed on 16 

September.  Note that as time progressed, the rainfall changed from a north/south orientation 

to a more widespread event as the storm weakened and interacted more with the upper-level 

trough over the northeast U.S. 

 

2.2.4 Features associated with heavy rainfall development 

 Upper air and radar stations used in the following analyses are shown in Fig. 2.5.  Also 

shown in Fig. 2.5, are the locations of two cross sections discussed in the text. 

 

2.2.4.1 Cool wedge and development of the coastal front 

 A possible contributing factor to the development of heavy rainfall along the East Coast 

was the development of a wedge of cool air along the eastern slopes of the Appalachians.  

This wedge developed as Floyd propagated northward.  The circulation of Floyd, along with 
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the wind fields of the anticyclone in the Midwest and anticyclone just off the Northeast coast, 

helped to create a cool northeast flow east of the Appalachians.  This can be seen in station 

observations in western North Carolina for 0000 and 0600 UTC 16 September (Fig. 2.3b-c).   

Between 1500 UTC 15 September and 0600 UTC 16 September, the temperature difference 

between Raleigh, NC (RDU) and Cape Hatteras (HSE) increased from approximately 4ºC to 

about 8ºC.  It is thought that the cool air wedge enhanced the baroclinicity between the inland 

and coastal regions.  Other studies of Floyd have also hypothesized this scenario (Atallah and 

Bosart, 2003). 

Analysis of surface temperatures for 16 September, shown in Fig. 2.6, show that at 0000 

UTC 16 September, a cool pool of air was located along the Virginia-West Virginia border 

and extended south into western North Carolina (Fig. 2.6a).  This wedge of cool air enhanced 

the baroclinicity between the inland and coastal regions.  Further evidence of the wedge can 

be seen in a vertical cross section from Springfield, MO to Morehead City, NC (Fig. 2.7) 

with specific emphasis on Greensboro, NC (GSO) and Morehead City (MHX).  At 1200 

UTC, 15 September (Fig. 2.7a), the wind profiles for GSO and MHX were similar above 850 

hPa.  Above that level, winds at both stations were generally from the southeast.  However, 

by 0000 UTC 16 September, a dome in the isentropes can be seen between MHX and 

Nashville, TN (BNA).  Also, winds over GSO were now from the northeast with winds over 

MHX from the southeast.  The dome, referred to as the "cold dome," and northeast shift in 

the wind are usually seen in cold air damming events (Stauffer and Warner, 1987).  

The second key part in coastal frontogenesis was the development of a confluence zone 

along the coast.  This confluence zone had its origins in eastern North Carolina around 0000 

UTC 16 September (Fig. 2.8).  The zone developed as the easterly winds ahead of Floyd 
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became juxtaposed with the northerly/northeasterly flow just inland and by 0600 UTC 16 

September, the zone was well pronounced over North Carolina.  The confluence zone also 

acted as a focus for the heavy rainfall development. A detailed view of the surface 

streamlines and NEXRAD reflectivities and radar derived rainfall amounts for Morehead 

City show that the rainfall was well aligned with the confluence zone (Fig. 2.8).  As can be 

seen, the storm total rainfall was highest along the axis of the confluence zone.   

 The confluence was also a convergence zone.  Surface divergence was calculated for 

0000 UTC 16 September (Fig. 2.9a).   By comparing Figs. 2.8 and 2.9, the convergence and 

confluence zones align.  Also shown in Fig. 2.9, is the 300 hPa divergence at 0000 UTC 16 

September (Fig. 2.9b).  The upper-level divergence was juxtaposed with the convergence, 

allowing for deep ascent over a narrow zone, leading to deep convection and heavy rainfall 

production.   

 Associated with the surface convergence, is the low-level vertical moisture flux or wq, 

which is often associated with heavy rainfall (Lin et al., 2001).  Since the Eta model outputs 

vertical motion as ω (dp/dt), the following equation was used to calculate the vertical 

moisture flux: 

q
g

Fv 







−=

ρ
ω1000          (2.1) 

where ρ is the density of air, g is gravity, ω is the vertical velocity in hPa s-1 and q is the 

mixing ratio in g g-1. The constant, 1000 is to give the correct units of m s-1 g kg-1. 

 The vertical moisture flux at the 850 hPa level is shown in Fig. 2.9c at 0000 UTC 16 

September.  It can be seen that the maximum of the vertical moisture flux is collocated with 

the confluence zone and coastal front.   In this region, the lifting by the convergence and 
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available moisture are able to sustain the rainfall development.  Of course, the maximum 

moisture flux is located with the eye wall, where the strongest vertical velocities are located. 

 The coastal front developed out of the convergence zone as the cool air wedge enhanced 

the baroclinicity between the inland and coastal regions.  A distinct north-south temperature 

gradient could be seen along the coast between 0000 UTC and 0600 UTC 16 September (Fig 

2.6).  Further evidence of the baroclinic zone and front is shown in Fig. 2.10, a vertical cross 

section from Detroit, MI (DTX) to Wallops Island, VA (WAL).  At 0000 UTC 16 

September, the wind profiles for Dulles Airport (IAD) and WAL were similar, as winds were 

from the east and southeast.  A temperature difference of approximately 3ºC was evident 

between the two stations.  By 1200 UTC, winds over WAL were from the south-southeast 

and winds over IAD were from the northeast and north.  Also, the temperature difference 

between the two stations had increased to approximately 6ºC as cooler air was advected over 

IAD and warmer tropical air was advected over WAL.   

 To give a quantitative assessment of development of the coastal front, the frontogenesis 

function was calculated at the surface for 16 September, shown in Fig. 2.11.  The 

frontogenesis function (F) calculated in GEMPAK (General Meteorological Data 

Assimilation, Analysis, and Display Software Package) is given by the following: 

( )[ DEcF −∇= βθ 2cos
2
1 ]         (2.2) 

where β, the angle between the isotherms and the axis of dilation or axis of contraction 

(depending on the sign of total deformation, E), is defined as 
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and δ, the angle of local axis of dilatation is defined as: 
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 D is defined as velocity divergence, c is a constant for units conversion (equal to 1.08 

x109), H is shearing deformation and T is the stretching deformation.  In (2.3), mx and my are 

the map scale factors in the east-west and north-south directions respectively.  A detailed 

explanation of the frontogenesis equation can be found in Bluestein (1993).  Note that this 

frontogenesis function is a kinematic analysis of frontogenesis instead of a dynamical 

analysis. 

 Beginning with 0000 UTC, initial frontogenesis was located in southeast North Carolina 

(Fig. 2.11a) as Floyd was still six hours from landfall. Also at this time, frontogenesis was 

located between GSO and MHX, agreeing with the cross section of Fig. 2.7. Frontogenesis is 

anchored just ahead of the storm center throughout 16 September and at 1200 UTC, 

frontogenesis was located between IAD and WAL, validating the vertical cross section of 

Fig. 2.10.   

 

2.2.4.2 Upper-level jets and interactions 

 In addition to the velocity convergence zone, and later coastal front, which based on its 

proximity, likely aided in the development of heavy rainfall, there was evidence of a 

mesoscale jet over North Carolina, which interacted with the hurricane outflow, also likely 

 16 



enhancing the rainfall production.  Fig. 2.12 shows the total wind barbs and isotachs (Fig. 

2.12a) and ageostrophic wind barbs and ageostrophic isotachs (Fig. 2.12b) for 0000 UTC 16 

September at 300 hPa.  Three regions of locally strong winds are evident:  1) the polar jet 

entrance region was located over southwest Pennsylvania (denoted J1), 2) a second smaller 

jet over North Carolina (denoted J2) and, 3) broader outflow hurricane outflow off the North 

Carolina coast (denoted O).  J2 appeared to be collocated with the higher radar reflectivities 

(Fig. 2.4), inferring that J2 was linked to convection over those regions.  However, the 

development of J2 is outside the scope of this study and is being explored in a separate 

modeling study.   

 The locations of the entrance and exit regions of J2 and O, respectively, are important.  

The ageostrophic winds (Fig. 2.12b) can help diagnose the entrance of J2.  Over North 

Carolina, the ageostrophic winds are blowing toward lower heights (see Fig. 2.2b for 

heights). This orientation of the ageostrophic winds to the heights is indicative of the 

entrance region of a jet (Uccellini and Johnson, 1979).  The exit region of O appeared to be 

off the North Carolina cast near Cape Hatteras as wind speeds decreased to the north (Fig. 

2.12a).   

 A cross section was taken across the entrance region of J2 and exit region of O to 

diagnose the circulations associated with these two jets, shown in Fig. 2.13. (see Fig. 2.2b for 

location of cross section).  This cross section was taken at 0000 UTC 16 September and 

shows several features.  Fig. 2.13a shows the isotachs of the total wind.  The locations of J2 

(30 m s-1 isotach) and O can be seen. The diffluence of the flow around the 300 hPa level is 

evident as the winds are from the southeast near J2 and from the south and southwest in the 

outflow region of the hurricane.  Also at low levels, the northeasterly winds associated with 
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the cool wedge are evident.   In Fig. 2.13b, the low-level convergence of the convergence 

zone can be seen and slopes upward to the west.  The upper-level divergence can be seen 

overlying the low-level convergence and correlates with Fig. 2.9b.   The divergence also 

correlates with the diffluence in Fig. 2.13a.  The shaded region is comprised of negative 

values of ω, indicating upward motion.  It can be seen that there is deep ascent over the 

velocity convergence zone.  Also indicated are two jet transverse ageostrophic circulations as 

indicated by the "D" and "I" which are the direct (warm air rising) and indirect (warm air 

sinking) circulations respectively.  Consistent with the entrance region of a jet, the direct 

circulation is associated with J2 over inland North Carolina.  Also, consistent with the exit 

region of a jet, the indirect circulation is associated with O off the coast.  Also shown in the 

cross section are the circulation vectors associated with the circulations.  Note that over the 

same area experiencing deep ascent, the upward branches of the two circulations meet to 

enhance upward motion.  It is these two circulations that likely play a key role in the 

development of the extreme rainfall amounts over North Carolina.  While the surface 

convergence and upper-level divergence lead to the initial development of the rainfall, it may 

be the juxtaposed jet circulations that help to maintain the deep ascent over the velocity 

convergence zone.  Additionally, the surface convergence enhanced the ascent above the 

coastal front, hence at low levels there was ascent sloping back within the cool surface air 

indicating rising in the cool air or a near-surface thermally indirect circulation (Uccellini et 

al., 1981). 
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2.3 Numerical experiments 

 To analyze the effects of the hurricane intensity and the Appalachian Mountains on heavy 

rainfall, a series of simulations using the PSU/NCAR MM5 (Version 3) would be utilized. 

The first two simulations were to test the hurricane intensity effects.  The first simulation 

(denoted CONTROL) would insert a bogus vortex to approximate the hurricane's intensity 

based on the actual intensity and location of the hurricane at the time of model initialization.  

The bogussing scheme used was based on the work of Low-Nam and Davis (2001). The 

second simulation (denoted NONBOGUS) would use the initial state of the hurricane as 

derived from the conventional synoptic analysis input data used for model initialization.    

The results of these two simulations would be compared to see what the effects were of 

vortex bogussing on the rainfall distribution.   The outcome of the intensity test would 

determine which state of the initial hurricane vortex (bogussed or nonbogussed) would be 

used in the third model simulation. 

 The third simulation would be to reduce the height of the Appalachian Mountains by 50% 

(denoted FLOYD50) in the area shown in Fig. 2.14b.  The results from this simulation would 

be compared to the CONTROL simulation to see if the Appalachians did play a role in the 

development of the coastal baroclinc zone and front. 

 The area being modeled and model terrain is shown in Fig. 2.14.  The outer domain has a 

horizontal resolution of 30 km with the inner domain having a resolution of 15 km.  The 

vertical σp coordinate is employed with 45 vertical levels for each model domain.  The coarse 

(30 km) domain is initialized at 0000 UTC 15 September using NCEP Reanalysis data (2.5° 

x 2.5°) with boundary conditions updated every 12 hours.  The inner domain is initialized at 

0300 UTC 15 September from the outer domain.  For both domains, the Kain-Fritsch (Kain 
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and Fritsch, 1993) convective scheme was used to parameterize the sub-grid scale convection 

with warm rain processes used to parameterize the microphysics.  The Blackadar (Blackadar, 

1976) scheme was used for PBL parameterization. 

 

2.4 Results 

 Results follow for the model simulations.  Section 2.4.1 and Section 2.4.2 discusses the 

results of the CONTROL and NONBOGUS simulations while Section 2.4.3 discusses the 

statistical differences between the CONTROL and NONBOGUS simulations.  Section 2.4.4 

discusses the FLOYD 50 results. 

 

2.4.1 CONTROL case 

 To more accurately simulate the initial state of Floyd, the vortex representing Floyd was 

"bogussed" within the REGRID module of MM5.  That is to say, an artificial vortex was 

input into the initial state of the simulation based on a location and initial wind speed input 

by the model user.  Since this simulation was initialized at 0000 UTC 15 September, the 

location and tangential wind speed of Floyd from the Tropical Prediction Center (TPC) best 

track were input into the model (27.1 ˚N; 77.7 ˚W; 57.5 m s-1).  A radius of 150 km was used 

for the vortex radius. 

 The simulated Domain 1 sea level pressure and surface winds are shown in Fig. 2.15.  At 

simulation initialization, the central pressure of Floyd was 939 hPa (Fig 2.15a).  This was 

about six hPa higher than the TPC analyzed central pressure.  The timing of the landfall of 

the CONTROL storm coincided with the actual landfall time, approximately 0600 UTC 16 

September.  However, the CONTROL hurricane made landfall near Cape Lookout, NC, 154 
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km northeast of the TPC analyzed landfall near Cape Fear, NC (Figs. 2.15b and 2.16).  As 

can be seen in Fig. 2.16, throughout the simulation, the CONTROL track was east of the 

analyzed track (see Table 2.1 for track errors).  By 0000 UTC 17, the CONTROL storm was 

located near the New York-Connecticut border, close to the actual analyzed position of 

Floyd. 

 For further insight into the dynamics and model verification, the surface confluence zone, 

surface cool wedge, and upper-level features will be discussed and verified against 

observations.  Before landfall, around 0000 UTC 16, a simulated confluence zone was 

present over eastern North Carolina (Fig. 2.15c).  The six-hour rainfall totals were over 60 

mm in North Carolina with the axis of the rainfall collocated with the confluence zone.  The 

higher amounts were in southeastern North Carolina.  The simulated confluence zone 

verified well against the observed streamlines (Fig. 2.8) and the location of higher rainfall 

amounts also verified well (Note that storm total rainfall is shown in Fig. 2.8). 

 To study the development of the surface cool wedge, a cross section, denoted AB, was 

taken across North Carolina (see Fig. 2.14 for location) at 0000 UTC.  As with the 

observations, the cool wedge was seen along the slopes of the Appalachians and was about 

300 km in width (Fig. 2.17).  The southern intrusion of the cool air was also evident at the 

surface and 850 hPa, as the northeast flow in the left front quadrant of Floyd advected the 

cooler air into North Carolina.  The cool air wedge can be seen by the southern extension of 

the 20˚C isotherm into North Carolina at the surface and the 14˚C isotherm into South 

Carolina at 850 hPa (Fig. 2.17b-c).  Farther east, the easterly and southeasterly winds were 

advecting the warm, moist tropical air inland, leading to the genesis of the coastal baroclinic 

zone and subsequent coastal front.  Note the stronger gradient between the 22˚C and 24˚C 
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isotherms in eastern North Carolina fall along the surface confluence zone, which is another 

indicator of the incipient formation of the baroclinic zone. 

 While the surface and low-level features were acting to develop a coastal front to act as a 

focus of precipitation, the upper-level dynamics were also aiding in rainfall development.  

The CONTROL 300 hPa winds and heights for 0000 UTC 16 September are shown in Fig. 

2.18.  The hurricane outflow can be seen off the coast with a maximum in the outflow off the 

South Carolina coast.  Over North Carolina, the wind field exhibited a similar pattern as seen 

in the 0000 UTC 16 September Eta 300 hPa analysis.  However, the wind speeds were not as 

large as the Eta analysis winds.  The diffluence of the flow over coastal North Carolina and 

coastal Virginia was still evident as in the Eta analysis.   This upper-level diffluence, coupled 

with the low-level confluence, would lead to a region of enhanced upward motion, and 

sustained rainfall development. 

 To diagnose the vertical coupling within the simulation, the low-level convergence and 

upper-level divergence were analyzed (Fig. 2.19).  At the surface, the convergence stretched 

northward from North Carolina along the coast, along the confluence zone.  The 850 hPa 

convergence was shifted westward of the surface convergence, but still collocated with the 

confluence zone.  The maximum in the 300 hPa divergence was not collocated with the low-

level convergence, but was over central North Carolina, near the ageostrophic flow.  This 

divergence was due to the convection farther east, releasing latent heat, increasing the 

column thickness, thus causing the ageostrophic winds in the area.  Also shown is the vertical 

moisture flux wq, as used by Lin et al. (2001) and Doswell et al. (1996) for orographic 

rainfall (Fig. 2.27d).  Unlike the method used for the Eta analyses in which an approximation 

using ω was used, the MM5 model directly calculates the vertical velocity (w), so the 
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moisture flux could be calculated directly.  The vertical moisture flux was aligned with the 

low-level convergence with its maximum over the zone. 

 In addition to analyzing the juxtaposition of upper-level divergence and low-level 

convergence, a second cross section was taken across AB at 0000 UTC 16 in order to see the 

coupling of the upper and low-level dynamics (Fig 2. 18c).  The convection associated with 

the surface confluence zone can be seen in the form of condensational heating with a 

maximum located in the mid levels.  Two circulations could be seen.  The first was an 

easterly flow off the ocean with rising motion within the convection.  Within the convection, 

this circulation appeared to be thermally direct as the downward bulge of the isentropes 

indicated warm air, which was being moved upward.  The second circulation, located to the 

west of the convection, was from the west at upper levels.  The leftward directed upper-level 

flow was approximately located near the western edge of the cross section between 300 and 

400 hPa.  The circulation in this area was thermally direct and its rising branch was coupled 

with the rising branch of the first circulation within the convection.  This cross section 

differed from the observed cross section (see Fig. 2.13) in that the simulated cross section 

showed a flow from the east throughout the low-levels while the observed cross section 

showed a flow from the west.  However, both cross sections do show the coupling of the two 

circulations. 

 A second cross section was taken in the simulation between IAD and WAL, analogous to 

the observed cross section in Fig. 2.10.  The simulated cross section, denoted CD is shown in 

Fig. 2.20.  At 0000 UTC 16, the leading edge of the warm air from the east can be seen near 

the 400 km mark on the cross section. By 1200 UTC 16 September, the coastal baroclinic 

zone had developed with a six degree difference between the 300 and 400 km marks. 
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 Since the model appeared to be able to develop a coastal baroclinic zone, forcing 

functions from Miller's frontogenesis equation were calculated for the simulated fields (See 

Bluestein, 1993 pg. 253 for the equation form).  Four individual terms at the surface could be 

calculated for the frontogenesis:  1) the divergence, 2) deformation, 3) diabatic and 4) tilting 

terms.  It should be noted that in the algorithms used to calculate the terms, the diabatic term 

did not include the effects of the cumulus and planetary boundary layer parameterizations, 

i.e. only grid scale precipitation (Stoelinga, 2001).  Fig. 2.21 shows the relative contributions 

of the deformation and divergence terms at the surface.  The tilting term was zero along the 

coast and not shown.  Bluestein (1993) noted that tilting is negligible for level ground 

surfaces, much like the Coastal Plain and Outer Banks of North Carolina.  It is not surprising 

that the divergence term was concentrated along the southeast coast as this is where the 

surface convergence was located. 

 The 48-hour accumulated simulated precipitation is shown in Fig. 2.22.  Also shown are 

several 48-hour observed rainfall amounts.  The simulation appeared to simulate the 

distribution well, with some possible overestimation.  When compared to the individual 

observations (shown in white), the model did well with the exception near Wilmington, NC 

(ILM) where the observed rainfall total was 484 mm with the simulated rainfall between 150 

and 200 mm.   Farther north, near New York and New Jersey, the simulation may have 

overestimated the rainfall. 

 Overall, the CONTROL simulation did quite well at reproducing Floyd's intensity and 

track.  Several key features were also reproduced and the simulation did a reasonable job at 

calculating the rainfall totals. 
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2.4.2 NONBOGUS case 

 To assess the effects of Hurricane Floyd's intensity on rainfall development, a second 

simulation was performed in which the hurricane vortex was not bogussed.  The initial 

intensity of the hurricane was based on the NCEP Reanalysis data used in model 

initialization and boundary conditions.  This simulation was denoted NONBOGUS. 

 The NONBOGUS Domain 1sea level pressure and surface wind fields are shown in Fig. 

2.23.  The center of the simulated storm was close to the TPC analyzed position (Table 2.1; 

Fig. 2.16a).  However, the initial simulated central pressure was approximately 988 hPa, 53 

hPa higher than the analyzed central pressure at 0000 UTC 15.  Without bogussing, the initial 

intensity of the simulated storm was weaker due to the coarse resolution of the NCEP 

Reanalysis data, which lacked the resolution to resolve the central pressure of Floyd. 

 Reviewing the TPC analyzed and NONBOGUS tracks (Fig. 2.16a) showed that the 

NONBOGUS simulated storm lagged behind the TPC analyzed storm and had larger track 

errors than the CONTROL storm track.  Unlike Floyd and the CONTROL simulated storm, 

the NONBOGUS storm did not make landfall until 1200 UTC 16, near Cape Lookout, NC 

near the landfall point of the CONTROL storm.  Also, throughout the NONBOGUS 

simulation, the simulated storm's central pressure was over 20 hPa higher than the TPC 

analyzed central pressure.  Not until 1800 UTC 16, as Floyd weakened, did the simulated 

pressures approach the TPC analyzed pressure.  Based on the tracks of the two simulated 

storms, it can be said that bogussing the vortex representing Floyd, increased the forward 

speed of the simulated hurricane and decreased track errors. 

 As with the CONTROL simulation, several features were examined in the NONBOGUS 

simulation.  The first feature, the simulated surface confluence zone, is shown in Fig. 2.23 
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with the simulated six-hour rainfall totals.  Two times are shown, 0000 UTC 16, when the 

confluence was developing in the observations and the CONTROL simulation, and 1200 

UTC 16, when the NONBOGUS hurricane made landfall.  While there is rainfall in North 

Carolina before 0000 UTC 16 September, there was not widespread rainfall as seen in the 

radar observations (Fig. 2.4).  Rainfall totals over North Carolina and Virginia were under 40 

mm at 0000 UTC 16.  At the same time, the CONTROL simulation developed rainfall with 

six hour totals over 40 mm in the same area.   Also, the 0000 UTC simulated surface 

streamlines did not indicate strong confluence as the surface observations did at 0000 UTC 

16 September (see Fig. 2.8).  Not until 1200 UTC, was stronger confluence indicated in the 

streamline field in North Carolina.  The 1200 UTC six-hour rainfall was comparable to the 

0000 UTC six-hour rainfall in the CONTROL simulation.  This seemed to indicate that the 

slower propagation speed was a driving factor in the later development of the NONBOGUS 

surface confluence zone.  

 The second feature to examine was the development of the cool air wedge east of the 

Appalachians in the NONBOGUS simulation.  As with the CONTROL simulation, cross 

section AB was taken at 0000 UTC 16 September (Fig. 2.24).  The 296 K isentrope indicated 

that at this time in the simulation, the model had developed a cool air wedge east of the 

Appalachians as northeast flow approached the slope of the mountains.  The cool wedge was 

larger in scale than the in CONTROL by about 50-100 km. Looking at the model surface and 

850 hPa winds and isotherms, there was a northeast flow approaching the mountains and the 

isotherms showed the presence of a pool of cooler air extending southward into North 

Carolina (Fig. 2.24b-c), similar to the CONTROL simulation.  Note that the winds in the 

NONBOGUS simulation have more of an easterly component than the winds of the 
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CONTROL simulation.  These findings seem to indicate that propagation speed error of the 

hurricane did not affect the development of the cool wedge, which was affected more by the 

northeast winds flowing around the surface anticyclone off the northeast coast of the U.S. 

and the circulation of the hurricane. 

 Also, the surface temperature gradient along the North Carolina Coastal Plain is not as 

large in magnitude as the CONTROL gradient.  This is because the winds inland from the 

coast were from the same general direction as the coastal winds in the NONBOGUS 

simulation.  In the CONTROL simulation, winds turn to the south inland, helping to create 

the temperature gradient.  This was most likely due to the slower propagation speed of the 

NONBOGUS simulation.  The difference in the intensity of the two simulated storms did not 

appear to make a noticeable difference.  

  A third feature analyzed was the development of an upper-level subsynoptic scale jet 

over central North Carolina (see Fig. 2.2b).  This jet's ageostrophic circulation interacted 

with the hurricane's outflow jet to sustain the deep ascent over the surface confluence zone.  

The simulated 300 hPa heights, winds, and isotachs are shown in Fig. 2.25.  In the initial 

state of the model, the large scale trough and associated polar jet can be seen in the U.S. 

Midwest and Northeast.  As the simulation proceeds, the outflow of the hurricane can be seen 

off the U. S. southeast coast.  However, given that the model track was six hours slower than 

the actual storm track, the timing of the development of the jet over central North Carolina 

was also delayed.  In fact, the leftward directed flow over North Carolina did not develop 

until 1200 UTC 16 September, 12 hours after the observed jet was first seen in the 0000 UTC 

16 September Eta analysis and the CONTROL simulation.   
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 Figure 2.26 is a cross section taken across AB with the ageostrophic circulation vectors 

and condensational heating (K h-1) and is roughly along the same region as the cross section 

in Fig. 2.13.  Figure 2.26a is the cross section taken at 0000 UTC 16 September.  Two 

regions of heating are evident and correspond to areas of rainfall or convection.  There was a 

weak thermally direct circulation between the 300 and 400 km marks between the 400 and 

300 hPa level.  It is difficult to ascertain whether this circulation is thermally direct or 

indirect given that the isentropes are nearly horizontal.  There does appear to be a hint of a 

thermally direct circulation though near the western flank of the western convection.  A 

second, larger circulation is located to the east of the eastern convection.  This circulation 

was transporting the warmer tropical air from the east inland, where it was rising near the 

weak confluence zone.  At this time, the rising motion was not as strong as in the CONTROL 

simulation, nor were the two circulations yet coupled.  By 1200 UTC, the two circulations' 

rising branches had become coupled (Fig. 2.26b) and a larger area of convection, similar to 

the convection in the CONTROL simulation, only 12 hours later, was evident.   While the 

intensity of the NONBOGUS storm was weaker than the CONTROL simulated storm, the 

NONBOGUS simulation was still able to produce the circulations and convection, only 12 

hours later, once again due to the slower propagation speed of the NONBOGUS hurricane.  

 The surface, 850 hPa, and 300 hPa divergence fields at 0000 UTC 16 September were 

also compared to the observations and CONTROL results (Fig. 2.27).  Surface velocity 

convergence was concentrated along the southeast coast of North Carolina with the 850 hPa 

level velocity convergence west of the surface convergence.  The 850 hPa velocity 

convergence could also be seen in the 850 hPa winds (Fig. 2.24c). This westward shift in the 

850 hPa convergence was most likely due to the decrease with height of friction forcing from 
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the land surface. This would allow the winds to remain more easterly.  The decrease in 

friction with height allowed the easterly winds off the ocean to penetrate farther inland before 

turning south.  The low-level velocity convergence was juxtaposed with upper-level 

divergence at 300 hPa (Fig. 2.27c) allowing for efficient upward motion over the surface 

confluence zone.  There was also a local maximum over central North Carolina, most likely 

in connection with the convection seen from the cross section (Fig. 2.26).  When compared to 

the Eta divergence fields at 0000 UTC (Fig. 2.9), the model simulated the magnitudes and 

locations well despite the slow storm track and weaker intensity of the simulated hurricane.  

Comparing the NONBOGUS and the CONTROL simulation, the low-level convergence and 

upper-level divergence are more widespread in the CONTROL simulation.  This difference 

was most likely due to the intensity and track speed differences between the two simulations.   

 Figure 2.27d shows the 850 hPa vertical moisture flux at 0000 UTC 16 September.  Over 

eastern North Carolina, the flux was large and positive (a maximum of 650 m s-1 g kg-1 was 

calculated), indicating strong ascent of low-level moist air.  This area of positive flux 

corresponded well with the convergence at 850 hPa, since w would be related to 

convergence. 

 In order to see if the NONBOGUS simulation was able to develop a coastal baroclinic 

zone with the reduced intensity and forward track speed, a cross section was taken at 0000 

and 1200 UTC 16 September between IAD and WAL (Fig. 2.28, see Fig. 2.14 for the 

location of cross section CD for location).  This cross section showed the distribution of the 

isotherms along the coast.  It can be seen that between the two times, a weaker temperature 

gradient (when compared to the CONTROL simulation) was created between the IAD and 

WAL.  The gradient was a 4˚C (100 km)-1 difference between the 300 and 400 km marks as 
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opposed to 6˚C (100 km)-1 for the CONTROL simulation.  The weakness of the gradient was 

due to the weaker wind speeds of the model hurricane and slower track speed of the model 

hurricane. 

 Since the simulation appeared to be able to develop a weak coastal baroclinic zone, 

Miller's frontogenesis forcing functions were calculated for the NONBOGUS results (Fig. 

2.29).  Along the coast, the divergence and deformation terms were more concentrated than 

in the CONTROL simulation.   The divergence and deformation were also weaker, most 

likely due to the weaker intensity and slower forward speed of the NONBOGUS storm. 

 A final comparison for the NONBOGUS results was to compare the observed 48-hour 

accumulated rainfall and CONTROL simulated 48-hour rainfall to the NONBOGUS 

simulated 48-hour accumulated rainfall.  Compared to the observed accumulated rainfall, the 

model appeared to do reasonably well over North Carolina and Virginia (Fig. 2.30a) in spite 

of the slower forward speed and delayed development of the upper-level jet features.  The 

simulation underestimated the rainfall near Raleigh, NC (RDU), by about 50 mm.  As in the 

CONTROL simulation, the NONBOGUS simulation also underestimated totals near ILM.  

Elsewhere, the simulation performed well compared to rain gauge totals.  However in the 

northern part of the domain, over southern New England, the model underestimated the 

rainfall amounts.  This is due to the slow forward speed of the model hurricane, as by the end 

of the simulation, the model hurricane was just off the Virginia coast, when in reality the 

storm was just off Long Island, New York at 0000 UTC 17 September.  The slower forward 

speed did not allow the NONBOGUS hurricane to reach the Northeast before the end of the 

simulation, thus lessening the impact the storm would have on that region.   In the 

CONTROL simulation, where the forward speed was faster than the NONBOGUS results, 
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the storm was able to reach the Northeast before the end of the simulation and its impact can 

be seen in the CONTROL rainfall totals. 

 The difference in rainfall between the two simulations was also calculated (Fig. 2.30b).  

Overall, it can be seen that the CONTROL simulation estimated more rainfall than the 

NONBOGUS simulation, especially over the U. S. Northeast, for reasons explained above.  

An eastward shift in the rainfall for the NONBOGUS simulation (20-40 mm) over eastern 

North Carolina was seen (Fig 2.30a also reflects this eastward shift).  This would seem to 

indicate that the NONBOGUS simulation placed the higher rainfall totals over the region that 

in actuality received the highest rainfall amounts.  This area and across Delaware and New 

Jersey are the only regions where the NONBOGUS simulation predicted more rainfall.  

These differences are most likely related to the eastward shift of the storm track in the 

NONBOGUS simulation relative to the CONTROL simulation (Fig. 2.16a).  This would 

place the low-level confluence farther east in the NONBOGUS simulation, leading to more 

rainfall over the coastal regions when compared to the CONTROL simulation.  When 

compared to the amount of rainfall these regions received over the simulation period, these 

differences are less than 20%. 

 

 2.4.3 Statistical analysis of CONTROL and NONBOGUS differences 

 Several aspects of Floyd's heavy rainfall have been compared for the CONTROL and 

NONBOGUS simulations.  For accumulated rainfall, the surface confluence zone, upper-

level features, track errors, and intensity, the CONTROL simulation appeared to verify better 

with the observations and TPC analyses than did the NONBOGUS results.  However, two 

questions can be asked:  1) Are the two simulations statistically different?   2) is the 
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CONTROL simulation statistically better than the NONBOGUS simulation?  The answers to 

these questions would aid in determining if bogussing was making a difference in the 

simulation of the event.  

 In order to determine if the CONTROL and NONBOGUS simulations were indeed 

statistically different, hypothesis tests using the student's t-test statistic were performed.  The 

tests were performed on the track errors for both simulations, the minimum sea level pressure 

differences for the modeled storms, and the rainfall of the simulations.  The null and alternate 

hypotheses, Ho and Ha respectively, for each test and the calculated t-values for each test are 

shown in Table 2.2.   

 For the student's t-test, a confidence level of α = 0.05 was used.  The degrees of freedom, 

ν, was equal n-1, where n was the sample size (n=9).  For a two-sided test (alternate 

hypothesis is an inequality to zero), the critical t value was at α /2, ν degrees of freedom.  For 

a one-sided test (a less than or greater than zero in the alternate hypothesis) the critical t-

value was at level α and ν degrees of freedom.  The calculated t-value for the test was 

determined by applying: 

ns
xt o

/
µ−

=                                                                                                 (2.5) 

where µo = 0 (for these cases), x is the mean of the variable being tested, s is standard 

deviation of the variable, and n is the sample size.  

 The first two tests were to determine if the two model simulated tracks were statistically 

different from the TPC analyzed track of Floyd.  These two tests determined whether the 

mean difference for the track errors, µC and µN, for the CONTROL and NONBOGUS 

simulations respectively, were zero.  The track error was defined as the distance between the 
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center of Floyd and the model storm center for a particular time.  These track errors are 

shown in Table 2.1.  The null and alternate hypotheses for these tests are shown in Table 2.2 

(Tests 1 and 2).  As can be seen from Table 2.2, the results of the tests led to the conclusion 

that the two model storm tracks were statistically different from the TPC track at a 

confidence level of 0.95.   

 The third and fourth tests were to determine if the modeled central pressures were 

statistically different from the TPC analyzed central pressures (again n=9).  The test variable 

was the difference between the analyzed pressure and the model pressure for each of the 

simulations.  The results of these two tests led to the conclusion that the two simulated 

storms were statistically different from Floyd in terms of the central pressures.  In addition to 

these findings, if the alternate hypotheses for these two tests were changed from an inequality 

with zero to a less than zero inequality, the test would become one-sided and the critical t-

value would become -2.306.  The null hypotheses could be rejected and the conclusions 

could go a step further and state that the two simulated storms were statistically weaker than 

the analyzed storm.  

 The fifth, sixth, and seventh tests were tests that would determine if the two simulations 

were statistically different from each other.  The fifth test was to determine if the mean 

distance between the simulated storm centers was zero.  This test was to see if the model 

tracks were different from each other.  The sixth test was a test of the difference between the 

two model storm central pressures, where at each time, the difference between the 

CONTROL and NONBOGUS central pressures was calculated.  If the mean difference was 

zero then it could not be said the simulations were statistically different.  The seventh test 

was a test on the difference of the 48 hour accumulated rainfall at each grid point between 
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the CONTROL and BOGUS simulations.  Each grid point represented an observation in the 

sample size, leading to 6,141 observations.  For all three of these tests, the null hypothesis 

could be rejected.  On the basis of these three tests it could be said that the CONTROL and 

NONBOGUS simulations were statistically different and that bogussing the vortex did make 

a difference in the results of the simulation. 

 Since it was found that the two simulations were statistically different, the next two tests 

were to see if the CONTROL simulation was statistically better than the NONBOGUS 

simulation.  This would aid in determining if it would be practical to bogus the vortex for the 

terrain sensitivity test.  The eighth test was a test of the mean difference of the track errors 

(NONBOGUS-CONTROL).  At each time, the CONTROL track error was subtracted from 

the NONBOGUS track error and the mean taken for the nine observation times.  As seen in 

Table 2.2, the null hypothesis tests that this mean difference is zero, meaning that one 

simulation is not better than the other.  The alternate hypothesis is that the mean difference is 

positive, meaning the NONBOGUS track errors are larger than the CONTROL track errors 

and statistically the CONTROL simulation was better.  The ninth test was the same as test 6, 

except it was a one sided test where the alternate hypothesis was that the mean pressure 

difference between the NONBOGUS and CONTROL simulations was greater than zero, 

meaning the central pressure for the CONTROL storm was lower than the NONBOGUS 

storm's pressure, implying that the CONTROL storm was stronger.  The results of these two 

tests (Table 2.2) reveal that the null hypotheses were rejected and that the CONTROL 

simulation was a better simulation than the NONBOGUS simulation.  Based on these two 

tests, it was decided to bogus the hurricane vortex for the terrain sensitivity test.   
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2.4.4 Terrain sensitivity simulation 

 The third simulation was to reduce the height of the Appalachian Mountains by 50% in 

the area shown in Fig. 2.14b.  The purpose of the terrain reduction test was to determine the 

role of the orography in the development of the coastal baroclinic zone and subsequent front.  

By changing the height of the mountains, the strength of the cool wedge would be altered, 

possibly altering the strength of the coastal baroclinic zone and front.   

 The experiment, denoted FLOYD50, was to reduce the terrain heights to 50% of their 

original height.  The reduced heights for the experiment are shown in Fig. 2.14c.    Reducing 

the terrain by 50% reduced the highest terrain in North Carolina to 500 m.  This is compared 

to just over 1,000 m in North Carolina (Fig. 2.14b).    

 For the FLOYD50 simulation, the terrain reduction changed the track and model storm 

intensity very little when compared to the CONTROL results.  The main anticipated 

difference between the full terrain and the reduced terrain simulation was in the development 

of the cool air wedge over western North Carolina.  Figure 2.31 shows the FLOYD50 cross 

section AB and low-level temperatures and winds (analogous to Fig. 2.17 and 2.24).  In Fig. 

2.31a, the FLOYD50 cool wedge is much less pronounced than the CONTROL wedge.  

Comparing the 296 K isentropes for both simulations, the cooler air from the northeast was 

able to cross over the mountains with the reduced heights.  Therefore, only a smaller scale 

wedge was able to form just on the eastern side of the reduced mountains.  At the 850 hPa 

level, there are very few differences between the FLOYD50 and CONTROL simulations.  

Wind speeds and directions are nearly the same as are the orientation of the isotherms.  This 

is not surprising because the full terrain mountains along the cross section do not reach 850 

hPa and only reach the 900 hPa level.  At the surface, over North Carolina, the 20ºC isotherm 
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had retreated north and west of its position in the full terrain simulations as the reduced 

terrain did not block the cooler northeast flow, causing it to flow along the slopes of the 

mountains.  

 It was thought that perhaps the terrain reduction would change the distribution of the 

isotherms, altering the strength of the coastal baroclinic zone.  Cross section CD was taken 

for the FLOYD50 simulation (comparable to Fig. 2.20 and Fig. 2.28) and was comparable to 

the cross sections for the other simulations (not shown).  It did not appear that the terrain 

reduction affected the isotherm distribution near the coast.  The gradient of the isotherms was 

comparable to that of the CONTROL simulation with the location of the maximum 

temperature gradient between 300 and 400 km along the cross section.  As another 

verification of this finding with the isotherm distribution, a simulation was made with flat 

terrain in the area located in the box in Fig. 2.14c.  The distribution of isotherms across CD 

in this simulation (not shown) was also comparable to the CONTROL distribution.   

 The terrain reduction did not appear to noticeably affect the distribution of the surface 

convergence and upper-level divergence (not shown).  Also there appeared to no noticeable 

difference in the ageostrophic circulation patterns along cross section AB or in the terms of 

the frontogenesis equation.   

 Figure 2.32a shows the FLOYD50 Domain 1 48-hour accumulated rainfall.  Overall, the 

distribution of rainfall is similar to the CONTROL simulated rainfall (Fig. 2.22).  There are 

some differences however.  In the CONTROL simulated accumulated rainfall, there is a 

maximum of 250 mm in North Carolina just north of the 35°N parallel.  In the FLOYD50 

simulated rainfall, the maximum rainfall is only 200 mm.  In Fig. 2.32b, the difference 

(FLOYD50 - CONTROL) in accumulated rainfall is shown.  In the same area of the 
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CONTROL maximum, there is a region of negative differences, quantifying what is seen in 

Figs. 2.22 and Fig. 2.32a.  The difference is approximately -50 mm.  To the west and east of 

this difference, are positive differences, 27.17 mm and 19.88 mm respectively.  It appeared 

that the rain was more widely distributed, not concentrated over a narrow zone as in the 

CONTROL simulation.  Also, in the Northeast, there are shifts in the rainfall patterns, as 

indicated by the positive and negative differences.  In the Northeast, a tighter gradient in the 

rainfall amounts was present in the CONTROL simulation as compared to the FLOYD50 

simulation.  The differences are small though, ranging from -50 to 50 mm (approximately -2 

and +2 inches).  The differences will be discussed in detail in the next section. 

 

2.4.4.1 Statistical comparisons of CONTROL and FLOYD50 simulations 

 As with the CONTROL and NONBOGUS simulations, several hypothesis tests were 

used to statistically compare the results of the FLOYD50 simulation.  The smoothed terrain 

simulation was compared with the TPC analyzed hurricane and the CONTROL.  Summaries 

of the hypothesis tests are shown in Table 2.3 and Table 2.4.  

 Table 2.3 shows the hypothesis tests used to compare Floyd with the FLOYD50 

simulation.  This table is analogous to Table 2.2.  As with the two full terrain simulations, the 

smoothed terrain simulation is statistically different compared to the track of Floyd (test 1) 

and to the central pressure of Floyd (tests 2).  

 Table 2.4 summarizes the results of hypothesis tests between the CONTROL and 

FLOYD50 simulations.  For all tests, the null hypotheses could not be rejected.  Therefore it 

cannot be said that the CONTROL and FLOYD50 simulations are statistically different or 

that the FLOYD50 simulation is statistically better than the CONTROL simulation.  Similar 
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tests (not shown) show that it cannot be said that the BOGUS simulation was better than the 

FLOYD50 simulation.   Based on these results, it does not appear that the terrain of the 

Appalachians did play a large role in the rainfall development.  This result was also found in 

a study by Colle (2003), in which Floyd was simulated as it propagated farther north up the 

East Coast. 

 

2.5 Summary and conclusions 

 Analyses of observations of Hurricane Floyd during the period 0000 UTC 15 through 

0000 UTC 17 September revealed that as Hurricane Floyd made landfall in southeastern 

North Carolina, the hurricane interacted with a mid-latitude trough causing heavy rains along 

the Eastern Seaboard.  The analyses also revealed three features that potentially played a role 

in the heavy rainfall development.  First, a surface anticyclone was present over the U. S. 

Northeast and Atlantic.  The cooler northeast flow of this anticyclone into North Carolina led 

to a cool air wedge developing between 1200 UTC 15 September and 0000 UTC 16 

September on the eastern slopes of the Appalachian Mountains.  It was thought the wedge of 

cooler air acted to increase the baroclinicity between the inland and coastal regions.   Second, 

the baroclinicity led to the development of a coastal front along a surface convergence zone, 

acting as a focus for the precipitation development.  Third, an upper-level jet, possibly 

developed by convection, over central North Carolina was oriented in such a way that the 

thermally direct circulation associated with its entrance region coupled with the hurricane 

outflow jet's exit region's thermally indirect circulation.  This coupling occurred over the 

coastal front, enhancing the vertical motion over the front, aiding in rainfall development. 
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 To study the effects of terrain in development of the coastal front, as well as effects of 

hurricane intensity, numerical simulations using the MM5 model were performed.  Two 

simulations studied the effects of bogussing the hurricane vortex while a third simulation 

studied the effects of terrain height on the coastal front development.   

 The first experiment (CONTROL) used a vortex bogussing scheme to artificially enhance 

the hurricane vortex initially derived from the NCEP Reanalysis data.  The second, 

NONBOGUS, used the initial vortex intensity as derived from the NCEP data.  Both 

simulations were able to replicate the confluence zone, cool air wedge, and coastal baroclinic 

zone and front, and the upper-level jet features as seen in the observations.  The CONTROL 

simulated storm was stronger and propagated faster than the NONBOGUS storm.  The 

CONTROL simulation replicated the timing of the landfall, surface confluence zone, and 

upper-level jet/circulation features around the same time as the observations.  However, the 

NONBOGUS simulation was approximately twelve hours late in landfall and developing the 

confluence zone and upper-level jets/circulations.  Rainfall amounts over North Carolina and 

Virginia for both simulations were comparable to the observed rainfall.  The CONTROL 

simulation was able to replicate the rainfall over the Northeast better, due to the faster 

propagation speed when compared to the NONBOGUS simulation.  Statistical hypothesis 

tests revealed that the CONTROL and NONBOGUS simulations were statistically different 

and that the CONTROL simulation was a better simulation.  

 To study the effects of the terrain, a terrain sensitivity simulation with 50% of the original 

terrain heights was performed.  This simulation used a bogussed vortex as in the CONTROL 

simulation.  The simulation, denoted FLOYD50, was very similar in results to the 

CONTROL simulation.  The magnitude and position of the cool wedge were changed as 
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expected with the reduced terrain height.  However, the strength of the coastal baroclinic 

zone and coastal front appeared to be largely unaffected.  There were some minor differences 

in rainfall totals between FLOYD50 and CONTROL but they were not statistically different.  

In fact, when model storm tracks, storm central pressures, and rainfall were compared, the 

two simulations could not be said to be statistically different.  

 From the results of the simulations three conclusions can be drawn.  First, the intensity of 

the hurricane did matter in the development of the heavy rainfall when considering the entire 

model domain.  Over North Carolina however, the intensity played a smaller role in the 

rainfall amounts.  Second, the Appalachian Mountains played a small role if any with the 

rainfall development.  Third, the presence of the ageostrophic circulations was confirmed.   

 For the issue of intensity, the stronger CONTROL vortex moved faster than the 

NONBOGUS storm, making landfall at approximately the same time as the analyzed 

hurricane (0600 UTC 16 September) although about 154 km northeast of the actual landfall.  

The faster track speed of the CONTROL hurricane allowed it to develop the rainfall in a 

timely manner when compared to observations.  Also, the stronger winds associated with the 

CONTROL storm penetrated farther inland than the NONBOGUS winds.  This allowed the 

surface confluence/convergence zone to develop in a better location and time in relation to 

observations. 

 The FLOYD50 simulated coastal front was very similar to the CONTROL coastal front.  

When comparing the surface isotherms, only the isotherms around the mountains changed in 

position.  This lack of change of the coastal front strength with reduced terrain height leads to 

the conclusion that the coastal front was mainly due to the advection of the warm moist air 

inland ahead of the hurricane and advection southward of the cooler air from the northeast 
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immediately inland.  This created a baroclinic zone and a surface convergence zone, leading 

to coastal frontogenesis.  

 The third conclusion, the upper-level jet/circulation feature, may be the most important 

for the rainfall development when considering North Carolina.  Surface convergence and the 

baroclinic zone initiated the heavy rainfall development.  As the associated convection 

continued to develop, the latent heat release from condensation created an upper-level 

ageostrophic jet whose entrance region and thermally direct ageostrophic circulation became 

coupled with a thermally indirect circulation associated with the outflow from the hurricane.  

The two circulations became coupled over the same region that was experiencing the heavy 

rainfall.  The coupling of the circulations helped to maintain the upward motion necessary for 

prolonged rainfall development.  Given that the intensity differences and terrain differences 

did not change the rainfall distribution and that in all three simulations, once the ageostrophic 

jet developed and the circulations became coupled, the rainfall became heavier over North 

Carolina.  Future work on Floyd will focus on the development of the convectively generated 

jet. 
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Table 2.1.  Track errors (km) and minimum sea level pressure (MSLP, hPa) for Hurricane 
Floyd, CONTROL simulation, and NONBOGUS simulation for the period 0000 UTC 15 
September to 0000 UTC 17 September. 
Observation Date/Time 

(UTC) 
CONTROL 

errors  
(km) 

NONBOGUS 
errors 
 (km) 

Floyd 
MSLP 
(hPa) 

CONTROL  
MSLP 
(hPa) 

NONBOGUS 
 MSLP         
(hPa) 

1 15/0000 15.57 14.46 933 940 987 
2 15/0600 23.09 108.55 935 963 986 
3 15/1200 69.11 113.65 943 964 983 
4 15/1800 114.09 77.36 947 964 981 
5 16/0000 112.47 122.49 950 960 979 
6 16/0600 153.99 151.96 956 963 978 
7 16/1200 165.61 225.63 967 968 978 
8 16/1800 170.03 307.05 974 972 980 
9 17/0000 45.74 331.31 980 980 980 

 
 

 



 

Test 
number 

 
Test variable 

 
test 

 
Ho 

 
H1 

sample 
size 

 
critical t 

 
calculated 

t 

Reject 
Ho 

1 track errors (CONTROL) one-sided µC = 0 µC > 0 9 1.86 4.79 yes 
2 track errors  

(NONBOGUS) 
one-sided µN = 0 µN > 0 9 1.86 4.57 yes 

3      pressure
(Floyd-CONTROL) 

two-sided µF - µC =0 µF - µC  ≠ 0 9  ±2.306 -2.91 yes

4     pressure
 (Floyd-NONBOGUS) 

two-sided µF - µN =0 µF - µN  ≠ 0 9  ±2.306 -4.23 yes

5   distance
(CONTROL/NONBOGUS) 

one-sided µCN = 0 µCN > 0 9 1.86 4.95 yes 

6   pressure
(NONBOGUS-CONTROL) 

two-sided   µN - µC =0 µN - µC ≠ 0 9  ±2.306 3.94 yes

7  rain
(NONBOGUS-CONTROL) 

two-sided   µN - µC =0 µN - µC ≠ 0 6,241  ±1.96 -14.22 yes

8 track errors  
(NONBOGUS-CONTROL) 

one-sided       µN - µC =0 µN - µC >0 9 1.86 1.98 yes

9  pressure
 (NONBOGUS-CONTROL) 

one-sided       µN - µC =0 µN - µC >0 9 1.86 3.94 yes

 

Table 2.2.  Summary of hypothesis tests between Tropical Prediction Center (TPC) Floyd analyses, CONTROL, and NONBOGUS 
simulations.  For Test 5, µCN represents the mean distance between the model storms.  For all other tests,µF, µC, and µN respresent the 
mean of the test variable for Floyd TPC analyses, the CONTROL, and NONBOGUS simulations respectively.  Tests 1 through 7 are 
tests for statistical differences.  Tests 8 and 9 are tests to determine if the CONTROL mean is statistically better than the 
NONBOGUS mean.  For all tests, the level of significane was 0.05 and ν=n-1.
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Test 
number 

 
Test variable 

 
test 

 
Ho 

 
H1 

sample 
size 

 
critical t 

 
calculated t 

Reject 
Ho 

1   track errors
(FLOYD50) 

one-sided µ50 = 0 µ50 > 0 9 1.86 4.61 yes 

2      pressure
(Floyd-FLOYD50) 

two-sided µF - µ50 =0 µF - µ50 ≠ 0 9  ±2.306 -2.77 yes

Table 2.3.  Summary of hypothesis tests between TPC Floyd analyses and FLOYD50 simulations.  For all tests, µF and µ50 
represent the mean of the test variable for Floyd TPC analyses and FLOYD50 simulations respectively.  For all tests, the level 
of significance was 0.05 and ν = n-1.
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Test 
number 

 
Test variable 

 
test 

 
Ho 

 
H1 

sample 
size 

 
critical t 

 
calculated t 

Reject 
Ho 

1      pressure
(CONTROL-FLOYD50) 

two-sided µC - µ50 =0 µC - µ50  ≠ 0 9  ±2.306 1.88 no

2   distance
(CONTROL/FLOYD50) 

   

one-sided 

  

   

       

µC50 = 0 µC50 > 0 9 1.86 1.95 no 

3 pressure
(CONTROL-FLOYD50) 

  

one-sided µC - µ50 =0 µC - µ50 > 0 9 1.86 1.88 no 

4 rain
(CONTROL-FLOYD50) 

  

two-sided µC - µ50 =0 µC - µ50 ≠ 0 6,241   ±1.96 -.12 no

5 track errors
 (CONTROL-FLOYD50) 

one-sided µC - µ50 =0 µC - µ50 >0 9 1.86 -1.74 no

Table 2.4.  Summary of hypothesis tets between the CONTROL and FLOYD50 simulations.  For Test 2, µC50 represents the mean 
distance between the CONTROL and FLOYD50 simulated storm centers.  For all other tests, µC and µ50 represent the mean of the 
test variable for the CONTROL and FLOYD50 simulations respectively.  Tests 1 and 4 are tests for statistical difference.  All 
others are tests to determine if the FLOYD50 mean is statistically better than the CONTROL mean.  For all tests, the level of 
significance was 0.05 and ν=n-1.



Figure 2.1.  Observed 48-hour rainfall (every 50 mm) for the period 0000 UTC 15 September 
through 0000 UTC 17 September 1999 and 6 hourly positions of Hurricane Floyd 
from theTropical Prediction Center best track. 
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Figure 2.2.  Eta 300 hPa height (solid lines), isotachs (m s-1, dashed) , and wind analyses for a) 0000 UTC 15 September and 
b) 0000 UTC 16 September.  Wind speeds greater than 40 m s-1 are shaded.  A half barb equals 5 m s-1, a full barb equals 
10 m s-1 and a pennant equals 50 m s-1.  The line in panel b represents the cross section discussed in Figure 2.13.
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Figure 2.3.  Subjective surface sea level pressure (hPa) analyses for a) 0600 UTC 15, b) 
0000 UTC 16, c) 0600 UTC 16, d) 1200 UTC 16, and e) 1800 UTC 16 September 1999.  
Wind speeds are in m s-1 and wind barb convention follows that of Fig. 2.2.  Temperatures 
(upper left of station circle) and dew-points (lower left of station circle) are in Celcius. 
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Figure 2.3. Continued.
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Figure 2.4.  NEXRAD Doppler radar base reflectivity for the period 0300 UTC 15 
 to 0000 UTC 17 September.  Dates and times are in lower right corner of each panel.
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Figure 2.5.  Locations of key stations and cross sections referenced in Section 2.2.4.
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Figure 2.6. Observed surface isotherms (°C) at a) 0000 UTC 16 and b) 0600 UTC 16 
September.  Contour interval is 2°C.
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Figure 2.7.  Observed sounding cross section from Springfield, MO (SGF) to Morehead City, 
NC (MHX) for a) 1200 UTC 15, and b) 0000 UTC 16 September.  Vertical coordinate is 
pressure (hPa).  Potential temperature (K) is contoured every 2 K with winds in m s-1 plotted 
at every station.  Wind barb convention follows that of Fig. 2.2.  BNA is Nashville, TN and 
GSO is Greensboro, NC.
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a

b

Figure 2.8.  Morehead City, NC (MHX) NEXRAD imagery and observed surface 
streamlines (m s-1) for 16 September, a) 0000 UTC base reflectivity and b) 0000 
UTC storm total rainfall.  Reflectivity is in dBz and rainfall total in inches.
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Figure 2.9.  a) observed surface velocity divergence (x10 -5 s-1), b) observed 300 hPa velocity divergence and c) 850 hPa 
vertical moisture flux every 2 x 10-3 m s-1 g kg-1  for 0000 UTC 16 September 1999.  Areas of velocity divergence 
(convergence) are denoted by solid (dashed) lines.  Contour interval is every 2 x10 -5 s-1 for a and b.  For c, solid (dashed) 
lines denote positive (negative) values of moisture flux.
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Figure 2.9.  Continued.
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Figure 2.10.  Observed sounding cross section from Detroit, MI (DTX) to Wallops Island 
(WAL) for a) 0000 UTC and b) 1200 UTC 16 September.  Vertical coordinate is pressure 
in hPa.  Temperatures are contoured every 2°C with winds in m s-1 plotted at every station.  
Wind barb convention follows that of Fig. 2.2.  PIT is Pittsburg, PA and IAD is Dulles 
Airport.
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Figure 2.11.  Observed surface frontogenesis (K 100 km-1 3h-1) every 2 units for 16 September.  a) 0000 UTC and b) 0600 
UTC.  Positive frontogenesis greater than 6 units is shaded.
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Figure 2.12.  Eta 0000 UTC 16 September 300 hPa a) total winds and total wind isotachs 
(m s-1) and b) ageostrophic winds (m s-1) and ageostrophic isotachs (m s-1).  Wind barb 
convention follows that of Fig. 2.2.  J1, J2, and O denote the locations of Jet #1, Jet #2, 
and hurricane outflow referenced in the text.
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Figure 2.13.  Cross section derived from the Eta analysis for 0000 UTC 16 September.  a)  
Horizontal wind speeds (dashed lines every 5 m s-1) and horizontal wind barbs.  Wind barb
convention follows that of Fig. 2.2.  b) velocity divergence (convergence) is denoted by 
solid (dashed) lines and contoured every 2 x10-5 s-1.  Ageostrophic circulation vectors are 
denoted by arrows and vertical velocity (hPa s-1) denoted by shading.  Upward vertical 
velocities with magnitudes greater than 10 hPa s-1 are shaded every 5 hPa s-1.  Location of 
cross section is denoted in Fig. 2.2b.
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a

Domain 1

Domain 2

Figure 2.14.  a) Area covered by domains of model grids, b) terrain of CONTROL and 
NONBOGUS Domain 1, and c) terrain of FLOYD50 Domain 1.  Lines AB and CD denote 
the locations of cross sections discussed in text.  Terrain contour intervals are every 250 m. 
Box in b and c denotes where the terrain was reduced in terrain experiment.
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Figure 2.14  Continued.
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Figure 2.15.  CONTROL Domain 1 sea level pressure (every 4 hPa) and surface winds 
(m s-1) for a)  0000 UTC 15 and b) 0600 UTC 16 September.  c) CONTROL Domain 1 
surface streamlines (m s-1)  and 6-hour accumulated rainfall (mm) for 0000 UTC 16 
September.  A half wind barb equals 5 m s-1, a full barb equals 10 m s-1 and a pennant
equals 50 m s-1.
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Figure 2.16.  a)  TPC best track and model simulated tracks for the 
CONTROL and NONBOGUS simulations and b) TPC analyzed and 
modeled minimum central pressures (hPa).  Numbers in (a) and x-axis 
of (b) correspond to the observation numbers in Table 2.1.
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A B

Figure 2.17.  CONTROL Domain1 simulated a) cross section AB of isentropes every 2K, 
b) surface temperatures (every 2°C), and winds (m s-1) and c) 850 hPa temperatures 
(every 2°C) and  winds (m s-1)  for 0000 UTC 16 September.  Heavy solid line is the 500 
m terrain contour.  Wind barb convention follows that of Fig. 2.15.
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b

Figure 2.18.  CONTROL Domain 1 simulated 300 hPa heights (solid lines every 60 m), 
winds (m s-1) and isotachs (dashed lines every 10 m s-1 beginning with 40 m s-1) for a) 0000 
UTC 15 and b) 0000 UTC 16 September.  c)  CONTROL Domain 1 cross section AB with 
condensational heating (K h-1) (shaded), potential temperature (solid lines every 2 K), and 
ageostrophic circulation vectors (in the plane of the cross section) for 0000 UTC 16 
September.  The wind barb convention is the same as that of Fig. 2.15.  In a) wind speeds 
greater than 40 m s-1 are shaded and in b) condensational heating greater than 2 K h-1 is 
shaded.
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67

Figure 2.19.  CONTROL Domain 1 simulated a) surface divergence (every 5x10-5 s-1), 
b)  850 hPa divergence (every 5x10-5 s-1), c) 300 hPa divergence (every 5x10-5 s-1), and 
d) 850 hPa vertical moisture flux (every 50 m s-1 g  kg-1) for 0000 UTC 16 September.  For 
panels a, b, and c, divergence (convergence) is plotted with solid (dashed) lines.
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Figure 2.20.  CONTROL Domain 1 cross section CD for a) 0000 UTC and 
b) 1200 UTC 16 September.  Solid lines denote isotherms (every 2ºC).
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Figure 2.21.  CONTROL Domain 1 Miller surface frontogenesis (K (100 km h)-1) for 0000 UTC 16 September with 
contributions from a) divergence and b) deformation.  Contour intervals are 0.5 K (100 km h)-1 .  Heavy solid line is 500 m 
terrain contour.
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Figure 2.22.  CONTROL Domain 1 48-hour accumulated rainfall (mm) and selected 
observed rainfall totals for the period 0000 UTC 15 September through 0000 UTC 17 
September.
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Figure 2.23.  NONBOGUS Domain 1 sea level pressure (every 4 hPa) and surface winds 
(m s-1) for a) 0000 UTC 15 and b)  1200 UTC 16 September.  NONBOGUS Domain 1 
surface streamlines (m s-1)  and 6-hour accumulated rainfall (mm) for c) 0000 UTC 16 and 
d) 1200 UTC 16 September.  Wind barb convention follows that of Fig. 2.15.
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Figure 2.24.  Same as Figure 2.17 except for NONBOGUS simulation.
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Figure 2.25.  NONBOGUS Domain 1 simulated 300 hPa heights for a) 0000 UTC 15, b) 0000 UTC 16, and c)
1200 UTC 16 September.  Contour intervals and wind barb convention the same as in Fig. 2.18.
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Figure 2.26.  NONBOGUS Domain 1 cross section AB with condensational heating (K h -1),
isentropes (every 2K, solid lines), and ageostrophic circulation vectors for a) 0000 UTC and 
b) 1200 UTC 16 September.
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Figure 2.27.  The same as Fig. 2.19 except for NONBOGUS simulation.
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Figure 2.28.  Same as Fig. 2.20 except for NONBOGUS simulation.
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Figure 2.29.  Same as Fig. 2.21 except for NONBOGUS simulation.
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Figure 2.30.  NONBOGUS Domain 1 simulated a) 48-hour accumulated rainfall (mm) for the period 0000 UTC 15 September 
through 0000 UTC 17 September and b) CONTROL-NONBOGUS 48-hour accumulated rainfall difference (mm) for the same 
period.  Numbers in white the same as in Fig. 2.22.
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Figure 2.31.  Same as Fig. 2.17 except for FLOYD50 simulation.
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a b

Figure 2.32.  FLOYD50 Domain 1 simulated a) 48-hour accumulated rainfall (mm) for the period 0000 UTC 15 September 
through 0000 UTC 17 September and b) FLOYD50-CONTROL 48-hour accumulated rainfall difference (mm) for the same 
period.  Numbers in white as same as in Fig. 2.22.
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