
SURFACE OBSERVATIONS OF LANDFALLING 

HURRICANE RAINBANDS: CASE STUDIES OF 

HURRICANE BONNIE (1998) AND HURRICANE DENNIS (1999) 

by 

GARY DAVID SKWIRA, B.S., M.S. 

A DISSERTATION 

IN 

GEOSCIENCE 

Submitted to the Graduate Faculty 

of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

Chairperson of the Committee 

'""3 

Accepted 

Dean of the Graduate School 

May, 2003 



ACKNOWLEDGMENTS 

I would like to thank my committee chairman. Dr. Richard Peterson, 

for his guidance throughout my research, thesis and dissertation writing. I 

would also like to thank my other committee members: Dr. Douglas Smith, 

Dr. Arthur Doggett, Dr. Chia-Bo Chang, and Dr. John Schroeder for their 

insightful suggestions during my research and for reviewing my dissertation. 

Moreover, I would like to thank all of the Atmospheric Science professors for 

helping me to grow intellectually in my field of study. Further, I would like 

to express my appreciation to all the faculty outside of Atmospheric Science 

that have helped broaden my horizons here at Texas Tech. 

My family was also crucial in this growing experience, especially my 

mother and father, for always being there, and supporting me. I must also 

thank all the students and staff here at Tech that I was associated with for 

making life in Lubbock so enjoyable. I would especially like to thank: Erin 

Shaw, Mark Conder, Todd Flanagan, Andrew Jones and Dee Chaney for 

helping me along this journey and being wonderful friends. 

Additionally, I would like to thank Dr. Mark Askelson, Sam Ng, Rob 

Howard, and Dr. John Schroeder for providing data. I would also like to 

express my gratitude to all the members of the WEMITE team who have 

given generously of their time and effort to make the collection of high-

resolution data in a hurricane environment possible. 

Finally, I would like to thank the following sources for their financial 

support: Texas Excellence Funds; TTU Provost Account-Strategic Initiative; 

Wind Engineering State of Texas Line Item; Texas Higher Education 

Coordinating Board-Advanced Research Projects; and the National Science 

Foundation CSU/TTU Cooperative Wind Engineering Project. This 

dissertation would not have been possible without their support. 



CONTENTS 

ACKNOWLEDGMENTS ii 
ABSTRACT vi 
LIST OF TABLES vii 
LIST OF FIGURES xi 

I. INTRODUCTION 1 

H. BACKGROUND AND HISTORICAL INFORMATION 4 
2.1 Hurricane Fundamentals 5 

2.1.1 Hurricane Structure 5 
2.1.2 Characteristics of Hurricane 6 

2.2 Hurricane Rainbands 11 
2.2.1 Barnes e t a l (1983) 17 
2.2.2 Barnes and Stossmeister (1986) 25 
2.2.3 Barnes et aL (1991) 31 
2.2.4 Powell (1990a) 34 
2.2.5 Powell (1990b) 40 
2.2.6 Black and Franklin (2000) 44 
2.2.7 Willoughby et aL (1984) 46 
2.2.8 Clone et aL (2000) 49 

2.3 Application to Dissertation 50 

m . DATA ACQUISITION 51 
3.1 WEMITE 51 
3.2 Surface Observation Network 53 
3.3 Marine Data 54 
3.4 Flight-Level Data 56 
3.5 Dropsondes 57 
3.6 Other Data Sources 58 

IV. DATA MANIPULATION AND PROCESSING FOR 
HURRICANE BONNIE (1998) 59 

4.1 WEMITE 59 
4.2 Surface Observation Network 61 
4.3 Marine Data 65 
4.4 Flight-Level Data 72 
4.5 Dropsondes 73 
4.6 Other Data Sources 74 
4.7 Calculating Parameters 75 



4.7.1 Dewpoint 75 
4.7.2 Mixing Ratio 76 
4.7.3 Potential Temperature 77 
4.7.4 Equivalent Potential Temperature 77 

4.8 Calculating Inflow 78 
4.9 Standardized Wind Speeds 82 

V. TIME-TO-SPACE CONVERSION 86 
5.1 Taylor's Hypothesis 86 
5.2 Inherent Assumptions 87 
5.3 Conversion Process 88 
5.4 Hurricane Bonnie 90 
5.5 Hurricane Bonnie Rainbands 90 

VI. RESULTS FOR HURRICANE BONNIE (1998) 92 
6.1 Hurricane Bonnie (1998) 92 
6.2 Hurricane Bonnie Analysis 94 
6.3 Rainbands 102 

6.3.1 Rainband 1 (1225 UTC 26 August 1998) 103 
6.3.2 Rainband 2 (1559 UTC 26 August 1998) 116 
6.3.3 Rainband 3 (1819 UTC 26 August 1998) 126 
6.3.4 Rainband 4 (2206 UTC 26 August 1998) 139 
6.3.5 Rainband 5 (2355 UTC 26 August 1998) 152 

6.4 Radar and WEMITE Correlations 165 

VII. DATA MANIPULATION AND PROCESSING FOR 
HURRICANE DENNIS (1999) 173 

7.1 WEMITE 173 
7.2 Surface Observation Network 176 
7.3 Marine Data 179 
7.4 Flight-Level Data and Dropsondes 180 
7.5 Mobile Mesonet Data 180 
7.6 Other Data Sources 182 
7.7 Hurricane Dennis Properties 183 

Vin. RESULTS FOR HURRICANE DENNIS (1999) 186 
8.1 Hurricane Dennis (1999) 186 
8.2 Rainbands 189 

8.2.1 Rainband 1 (0750 UTC 30 August 1999) 189 
8.2.2 Rainband 2 (1154 UTC 30 August 1999) 202 
8.2.3 Rainband 3 (1214 UTC 30 August 1999) 213 
8.2.4 Rainband 4 (1448 UTC 30 August 1999) 222 



8.2.5 Rainband 5 (2052 UTC 30 August 1999) 235 
8.3 Radar and WEMITE Correlations 247 

IX. CONCLUSIONS AND RECOMMENDATIONS 254 
9.1 Summary 254 
9.2 Conclusions 254 
9.3 Recommendations 261 

REFERENCES 264 



ABSTRACT 

This study examines the rainband-scale fluctuations of the 

meteorological parameters for Hurricane Bonnie (1998) and Dennis (1999). 

Since reliable surface observations near the locations of landfalling 

hurricanes are quite rare due to power and/or instrumentation failure. Wind 

Engineering Mobile Instrumented Tower Experiment (WEMITE) data are 

exploited to provide a unique look into the structure of the captured storms. 

The WEMITE data consists of high-resolution meteorological data—including 

wind speed and direction, temperature, relative humidity, and pressure— 

gathered from within the planetary boundary layer of landfalling hurricanes 

along the United States coastline. 

WEMITE data, along with supplemental data gathered by the 

National Weather Service, buoys, Coastal Marine Automated Network (C-

MAN) stations, dropsondes and hurricane hunter observations, are 

assembled and analyzed through the use of Geographic Information Systems 

(GIS). Furthermore, nearby Next Generation Weather Surveillance Radar 

(NEXRAD WSR-88D) data are used to identify and examine rainbands found 

within the hurricanes of interest. The observed meteorological profiles are 

compiled and the results are compared to previous rainband studies. 

The observed meteorological data suggest equivalent potential 

temperature minima, decreasing hurricane-relative inflow, and large-scale 

convergence to be commonly associated with intensifying or mature 

landfalling hurricane rainbands. Additionally, the results suggest larger 

rainbands (lOO's of km long) promote updrafts and reflectivity redevelopment 

to the inside of their axis. The shorter bands (100 km or less in length), 

conversely, tend to form from one or a number of cells that are elongated into 

a band by strong hurricane winds with regeneration upband. 
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CHAPTER I 

INTRODUCTION 

Understanding hurricane structure, motion, and evolution are of great 

concern for meteorologists, emergency planners, economists, and lay people 

alike. Hurricanes are responsible for enormous economic losses as well as 

considerable loss of life around the world. Much of the loss of life can be 

avoided with better education, communication (i.e., alerting persons in the 

path of the storm to the risks well ahead of time), and transportation (i.e., 

having sufficient escape routes or shelters in place for quick and safe 

evacuations). Even with all these avenues accounted for, people often do not 

take action. This reluctance to act, in part, can be due to conditioning from 

previous bad track and/or intensity forecasts resulting in a false sense of 

security or a willingness to take the risk. Therefore, an improved 

understanding of hurricanes would be beneficial in that it could help to 

reduce the forecast track and intensity errors and, thus decrease the amount 

of warned areas, potentially reducing the amount of fatalities and economic 

loss. Additionally, improved understanding of the hurricane environment 

would allow for better-suited building codes, thus mitigating the economic 

losses due to structure failures. 

Improved technology including (but not limited to) more advanced 

satellite sensors and better interpretation, greater model guidance (due to 

model improvements, and more observational data being folded into the 

model initialization), and a larger and more advanced array of flight-level 

sampling platforms, have led to improved forecasting and understanding of 

hurricanes. In spite of this continuous research and advancement in the 

field, much is still unknown or not well understood about hurricanes. One 

considerable limitation to advancing understanding is the fact that few 



surface high-resolution datasets exist from hurricane environments, due 

primarily to instrument and/or power failure. This data void produces an 

obstacle in the advancing knowledge of the hurricane planetary boundary 

layer over land, where most people and structures exist, and is worthy of 

further study. 

This report examines one component of the hurricane: the hurricane 

rainband. Hurricane rainbands produce large amounts of precipitation that 

frequently lead to flash flooding. Flash flooding often directly results in 

structural damage and loss of life. Thus, rainbands are of great concern to 

those in the path of a hurricane. Additionally, and potentially more 

importantly, it is speculated that hurricane rainbands may directly influence 

the current and future intensity of the entire hurricane. Rainbands may be 

responsible for the transport of low equivalent potential temperature air to 

the surface, thus reducing the amount of energy in the inflow layer air 

available for the hurricane core, resulting in a weaker cyclone (Barnes et al., 

1983). Rainbands may also act to impede the inflow, which might lead to a 

negative feedback in the hurricane intensity (Powell, 1990a). It is also 

postulated that rainbands may function as potential vorticity and moisture 

sources that can strengthen the vortex (Guinn and Schubert, 1993). Further, 

rainbands have been observed to form secondary eyewalls that can contract 

and replace the initial eyewall (Willoughby et al., 1982). Hence, whatever 

their function, rainbands are an important component in the understanding 

of hurricanes. 

The objective of this report is to analyze observational data from 

hurricane rainbands making landfall along the United States coastline. The 

goal is to define common meteorological characteristics of these rainbands 

and, if possible, gain a common insight into their structure. More 

specifically, the objective is to quantify the near-surface dynamic and 



thermodynamic fields in the vicinity of landfalling hurricane rainbands. 

Additionally, the intent is to qualitatively and quantitatively compare these 

findings with previous rainband studies conducted primarily from plane data 

collected over the ocean. 

This study will call upon all s tandard observational meteorological 

data sources available plus unique high-resolution data collected through the 

WEMITE experiment. The WEMITE data consists of quality weather 

information from within the hazardous conditions that hurricanes produce. 

Moreover, since each WEMITE tower is intentionally positioned close to the 

coastline in the path of landfalling tropical cyclones, it provides for a 

wonderful data source for an observational study of landfalling rainbands. 

Specifically, this report will examine rainbands of Hurricanes Bonnie (1998) 

and Dennis (1999) as they were approaching the North Carolina coastline. 

The following chapters attempt to document the objective and goals 

outlined above. Chapter II presents a general background of hurricane 

structure along with a more detailed look at hurricane rainband structure 

and evolution. Chapter III outlines the various data platforms used to 

complete the analysis. Chapter IV describes the data manipulation and 

processing completed for the Hurricane Bonnie analysis, while Chapter V 

explains the time-to-space conversion process used on many of the rainbands. 

The Hurricane Bonnie rainband investigation is reported in Chapter VI. This 

includes thorough radar analysis, time series of WEMITE parameters, 

calculation of meteorological fields, and various correlation calculations 

between WEMITE and radar data. Chapters VII and VIII detail the data 

manipulation and processing for the Hurricane Dennis and the Hurricane 

Dennis rainband analyses, respectively. Chapter IX then brings everything 

together with the conclusions and recommendations. 



CHAPTER II 

BACKGROUND AND HISTORICAL INFORMATION 

In order to gain a better understanding of the internal structure and 

evolution of a hurricane, a good general knowledge of hurricanes must be 

acquired. Hurricanes, also known as "typhoons" or "tropical cyclones" in 

different basins around the world, usually form over very warm open water 

at low latitudes, although not over or near the equator (due to the lack of 

Coriolis force available there). A hurricane feeds off the large amounts of 

latent heat energy stored in the very warm ocean waters and uses that 

energy to maintain or strengthen itself A strengthening hurricane also 

requires there to be only minimal amounts of vertical wind shear. Many 

other factors also contribute to the formation, intensification, and eventual 

demise of the great beast. This section will not attempt to explain exactly 

why and/or how hurricanes form and exist, since it is well beyond the scope of 

this dissertation, but it will give a brief background as to what a hurricane is. 

A hurricane, in the simplest sense, is an intense storm of tropical 

origin (warm core) with 1-minute mean wind speeds exceeding 32 m s-̂  or 64 

knots (Glickman, 2000). Hurricanes, in general, range from 100 to 1000 km 

in horizontal scale and can exist anywhere from a couple of days to around a 

month. Wind speeds within a hurricane can range anywhere from 33 m s-i 

(a minimal Category 1 storm) to over 70 m s^ (an extreme Category 5 storm). 

Along with these incredible wind speeds, hurricanes often produce large walls 

of water, known as a storm surge, which can lead to substantial destruction 

along the coastline upon landfall. After making landfall, hurricanes usually 

weaken relatively rapidly due to the loss of their heat and moisture source. 

One of the primary consequences of a hurricane is the transport of 

enormous amounts of energy, in the form of heat and moisture, out of the 



tropics and into the mid-latitudes. This transport of energy poleward helps 

to reduce the imbalance of energy received on the earth from differential 

heating by the sun, and hence, helps to maintain a relatively steady balance 

within the earth system. 

2.1 Hurricane Fundamentals 

Hurricanes possess many common general characteristics, although no 

given hurricane is exactly like any other. Section 2.1.1 briefly describes the 

general structure of a hurricane and section 2.1.2 describes some of the 

commonly found characteristics of hurricanes. 

2.1.1 Hurricane Structure 

Hurricanes can be subdivided up in many ways, but a common practice 

is to identify five general regions. Figure 2.1 shows a vertical cross-section of 

a conceptual model of a hurricane. The white areas represent clouds, 

whereas the darker regions are unsaturated air. The lines and arrows 

represent the h3T)othesized secondary circulation within the storm. 

Sea surface 

Figure 2.1. Horizontal cross-sections of a hurricane with five distinct regions 
(Emanuel, 1988). 



The inflowing air in region 4 represents the boundary layer of the 

hurricane. This area usually encompasses the lowest kilometer in the storm. 

Within this region the primary circulation consists of strong cyclonic winds, 

with a secondary circulation of air flowing toward the storm center. The 

center of the circulation (region 5), known as the "eye," is characterized by a 

warm core with sinking air. Immediately surrounding the eye is the eyewall 

(region 1). The eyewall consists of strong, moist updrafts that produce large 

amounts of latent heat release. Region 3 contains all other convection 

outside the eyewall, including all the rainbands and the associated 

subsidence. Although generally not as intense as the eyewall, the rainbands 

can produce significant vertical transport of heat and momentum. At the 

upper levels (region 2) the air transported vertically is carried away from the 

hurricane center where it slowly sinks and dries out. The upper-level outflow 

manifests itself in the form a large anticyclone. 

2.1.2 Characteristics of Hurricanes 

Hurricanes, in addition to possessing the five regions described above, 

have many other common characteristics. In 1973, Gray and Shea produced 

two papers that used in situ hurricane observations to better define a typical 

hurricane (Shea and Gray, 1973; Gray and Shea, 1973). The authors used 13 

years of Hurricane Hunter observations from 533 radial flight legs thru 

numerous hurricanes to determine common features usually found in 

hurricanes. The data was then composited both with respect to the radius of 

maximum winds and with respect to the dynamic center. Although the 

hurricanes they analyzed were of different shapes, sizes, and strengths, the 

compositing methods yielded interesting and meaningful results. 

Figure 2.2 is a vertical cross-section of the horizontal winds from Shea 

and Gray (1973). The figure shows a general increase in the wind speeds 
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Figure 2.2. Vertical cross-section of tangential wind for the mean symmetric 
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Figure 2.3. Vertical cross-section of radial (left) and tangential (right) wind 
speeds for a composite of Atlantic hurricanes (Houze, 1993). 



inward to the radius of maximum winds (RMW), with a maximum near the 

900-hPa level. Inside the RMW, the wind speeds decrease rapidly. Also, a 

distinct decrease in wind speed with height is apparent. 

Figure 2.3 shows the wind in both the radial and the tangential 

components (Houze, 1993). This figure clearly displays the inflow (negative 

radial wind) maximized in the lowest 100 hPa. The radial winds also show a 

distinct increase of inflow approaching the center of the storm at the low 

levels, with considerable outflow at the upper levels. The tangential wind 

component clearly shows a maximum cyclonic wind speed between 800 and 

900 hPa near the center of the storm (at the RMW). Above that, as in Figure 

2.2, the tangential winds decrease until they switch to anticyclonically 

circulating air in the hurricanes outflow. 
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Figure 2.4. D-value for four levels of the mean symmetric storm. The mean 
900-500 hPa layer is also shown (Shea and Gray, 1973). 



Figure 2.4 displays the D-values found at various levels. A D-value is 

the difference between the actual altitude and the standard atmosphere 

altitude at a given pressure level. The D-values show decrease values 

approaching the RMW from the outside, with virtually no change inside. 

This decrease indicates a relatively strong pressure gradient outside of the 

RMW, leading to very strong winds near the RMW, with decreasing winds 

inside the eye. Moreover, the greatest slope of the D-value curves occur at 

the lowest level (largest pressure gradients), suggesting that the strongest 

winds should also occur there. This result agrees with in Figure 2.2. 

Calculated fields, including divergence, vertical motions, and relative 

vorticity are shown in Figure 2.5 a-c. The divergence calculations (Figure 

2.5a) show a relative minimum in divergence (i.e., maximum convergence) 

located coincident with the RMW. Inside the RMW it quickly transitions over 

to a relative maximum in divergence. In both cases, the extremes are located 

near the 900-hPa level, with weaker fields at the upper levels. The vertical 

motion fields (Figure 2.5b) reflect the divergence/convergence patterns, with 

maximum upward motion at the RMW and the greatest subsidence in the 

eye. The one difference from the divergence calculations is that the extremes 

for the vertical motion are in the mid-levels (500-700 hPa). The relative 

vorticity field (Figure 2.5c) calculations show a vertical axis of maximum 

relative vorticity located just inside the RMW due to the high horizontal wind 

shears. The relative vorticity drops off rapidly on either side of the maximum 

as well as above 300 hPa. 

Another common feature of all hurricanes is the central warm core, 

with low pressure at the surface. This warm core means that the mid-level of 

any given hurricane is relatively warm in comparison to the surrounding 

environment at the same level. The relative warm core is due to large 

amounts of latent heat release around the core in the eyewall as well as air 
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Figure 2.6. Equivalent potential temperature for Hurricane Inez (1966). The 
surface pressure profile is along the bottom (Houze, 1993). 

sinking (and warming) inside the eye. This general warm core structure can 

be seen in Figure 2.6. In addition, the warm core structure, according to the 

thermal wind equation, requires that the higher wind speeds exist at the 

lower levels (as depicted in Figure 2.2). Theoretically, the highest winds 

would be found at the surface (if the warm core extends to the surface), but 

due to the friction experienced in the boundary layer, the wind speeds 

decrease near the surface, and the maximum wind speeds are generally found 

at the top of the boundary layer. 

2.2 Hurricane Rainbands 

A hurricane rainband, as described in section 2.1, is a part of one of the 

five general regions found within a hurricane. Although every rainband is 
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different, they often share similar traits. A hurricane band is defined as a 

hurricane radar band of circular or spiral shape associated with a tropical 

cyclone (Glickman, 2000). A given rainband is generally on the order of 100 

to 1000 km long, whereas it is only on the order of 10 km wide. When looking 

at a hurricane from above it normally appears that the rainbands spiral in 

toward the center of the hurricane (although that is not always the case), 

with some bands occasionally merging into the center eyewall region of the 

storm. Hurricane rainbands can exist anywhere from just outside the 

eyewall to the outermost portions of the hurricane. Other than the middle-

and upper-level cirrus clouds, rainbands are usually the first and last 

features experienced by areas impacted by a hurricane. 

Since hurricane rainbands by definition contain rain, they are probably 

most easily identifiable by radar (and reflectivity gradients), although other 

methods such as viewing visible or infrared satellite or examining surface 

rainfall rate could be used to identify them. Barnes et al. (1983) define a 

rainband by assigning an arbitrary radar reflectivity level of 25 dBz as being 

indicative of the outer and inner edges of the rainband. This reflectivity 

threshold is used to eliminate the light stratiform precipitation while still 

maintaining the moderate stratiform precipitation within the band. This 

threshold, according to Jorgensen and WiUis (1982), is approximately 

equivalent to a rainfall rate of one millimeter per hour. 

Hurricane rainbands, once identified, can be classified in various ways. 

One simple classification scheme is to identify either the absolute or relative 

distance of the rainband from the center of the hurricane. Barnes et al. 

(1983) found that rainbands often become less ceUular closer to the eyewaU. 

This change may indicate a transition from a free to a more forced, but better 

organized, mode of convection. 
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In addition to location within the storm, rainbands can also be 

classified according to their relative age. Rainbands, as with most tropical 

and extratropical convection, go through three or four general stages of 

existence. The intensifying stage represents when the band first forms and 

then begins to develop. This first stage is sometimes further broken down 

into: a formative stage and an intensifying stage. For the purposes of this 

paper these two parts will be taken together. The second stage occurs once 

the rainband becomes mature. The mature stage means that the rainband 

has fully developed and is in a quasi-steady state of existence. During the 

mature state the rainband generally produces a majority of its total rainfall 

and encompasses the largest areal extent. The third and final stage 

(dissipating) occurs when the rainband loses intensity and coverage and 

eventually dies out. 

The preceding three stages can also be related back to the amount of 

convective and stratiform precipitation found within the band. Usually, as it 

first develops, the rainband is marked by one or more cores of convection with 

very little stratiform precipitation. Then, as the rainband matures, both 

convective and stratiform rain-producing modes exist. Subsequently, as the 

rainband dissipates, most of the convection diminishes and the band is 

dominated by stratiform precipitation. Also, it has been documented that 

rainbands generally have more convective cores on the upwind side of the 

band and are almost entirely stratiform on the downwind portion of the 

rainband (Barnes et al., 1983). 

Another easily identifiable feature of rainbands based on radar data is 

their motion, absolute and relative. Rainbands commonly remain in about 

the same position relative to the hurricane as a whole. Individual bands 

have been observed, however, to translate notably toward or away from the 

hurricane center, while many bands remain almost stationary. 
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A few other factors may be important in classifying a rainband. The 

state of the hurricane as a whole can be a key element. The fluctuation of the 

hurricane—whether the hurricane is steady state, rapidly intensifying or 

quickly weakening—may relate directly or indirectly to rainbands they 

contain. Oftentimes more intense hurricanes have better developed eyewall 

regions, more well-defined features, and more symmetry than weaker storms. 

Although probably not as important, the time of the year (month and season) 

may also play a role. 

Another factor that directly impacts both the hurricane and the 

rainbands is landfall. When a hurricane reaches land it usually weakens 

relatively rapidly, with a decrease in the maximum wind speed and an 

increase in the minimum pressure. Although the storm often weakens 

during landfall, the rainbands/precipitation can actually intensify over land 

due to changes in elevation and roughness. This factor is quite relevant since 

the data used in the following chapters are derived primarily from land-based 

sites. 

Other divisions and classifications can be made. After analyzing a 

number of hurricanes and their associated rainbands, Willoughby et al. 

(1984) found that many hurricanes have bands that do not move relative to 

the hurricane center. The approximately stationary rainband feature 

identified in many hurricanes was designated a stationary band complex 

(SBC). The SBC was found to occur anywhere from near the center of the 

storm to well away from the eye region. It was determined that the SBC 

generally occurred where the Rossby number, the ratio between the inertial 

(U) and coriolis force (fL), was on the order of one. The speed scale (U) was 

defined as the azimuthally averaged tangential wind at the distance (L) from 

the vortex center in order to calculate the Rossby number for a hurricane. 

This location was near the center of the hurricane for weaker storms (lower 
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Figure 2.7. Radar composites showing the stationary band complex, 
including the principal, connecting, and secondary bands in 
Hurricanes: (a) David between 0932 and 1133 UTC 30 August 
1979, and (b) Irene between 1400 and 1540 UTC 27 September 
1981 (Willoughby et al., 1984). 

wind speeds), and at greater distances from the eye for more intense storms. 

Willoughby et al. (1984) also determined that the region where the Rossby 

number was close to unity generally divided the hurricane into two regions: 

the vortex core, closer to the center of the storm, and the vortex environment, 

on the outer edges of the hurricane. 

Once a SBC develops, it generally possesses three main components: 

the principal band, the connecting band, and the secondary bands. Figure 2.7 

shows a radar scan with the three main features labeled. The principal band 

is generally the largest of the three; it is characterized by cellular convection 

along its axis and is in the form of a prominent spiral-shaped feature. A clear 

lane is present on the inside with stratiform precipitation falling on the outer 

side. The eastern side of a hurricane appears to be a favored region for the 

development of a principal band. The band often connects to the eyewall 



region with a connecting band. The exception to this is in intense hurricanes, 

in which the principal band simply ends and leaves a clear moat around the 

eye. The connecting band generally turns more abruptly (inward bend) 

toward the hurricane center than the principal band. It is also composed of 

both cellular and stratiform precipitation, although it commonly contains 

much less cellular convection than the principal band. 

The final component, the secondary band, is a spiral-shaped feature 

generally symmetric about the hurricane center. These bands can possess 

both cellular and stratiform precipitation, although the intensity of either 

varies greatly from storm to storm and from band to band. The secondary 

bands exist in the lane inside the principal band and outside the eyewall. 

A fair question to ask at this point: Why do hurricane rainbands even 

matter? One obvious answer is that the rainbands produce a large portion of 

rainfall within a hurricane and often lead to very costly and potentially fatal 

flooding. Although this in itself could be reason enough to study hurricane 

rainbands in closer detail, it is probably not even the most persuasive 

argument. Since rainbands occupy such a large area within most hurricanes, 

it is not surprising that they may also play an important role in the evolution 

and intensity of the parent hurricane (Barnes and Stossmeister, 1986). 

Hence, a better understanding of rainbands could lead to a more complete 

understanding of hurricanes as a whole. 

Now that a general understanding of rainbands has been established, 

and compelling reasons to further investigate rainbands have been given, the 

next few subsections provide greater detail. The following is an examination 

of individual rainbands selected from a number of different Atlantic basin 

hurricanes. Also presented are two hurricane rainband models. 

16 



2.2.1 Barnes e t aL (1983) 

Barnes et al. (1983) completed one of the first detailed studies of a 

hurricane rainband. The study consisted of an extensive field project that 

gathered data from 26 aircraft passes flown normal to the rainband and 

between 150 to 6400 meters. Two WP-3D's of the Research Flight Center 

simultaneously gathered wind, temperature, and moisture information. Each 

plane was also equipped with multiple radars looking both horizontally and 

vertically. The planes each flew a stairstep pattern between eight constant 

height levels. This project was particularly unique in the fact that it was one 

of the first in which hurricane research flights were flown below the 1.5-km 

level. 

The rainband chosen for their study was located north of the eye of 

Hurricane Floyd on 7 September 1981 and was one degree south of 30°N. 

The rainband was sampled for three hours, from 1400-1700 UTC. 

Throughout the sampling period, the rainband remained stationary relative 

to the hurricane. The inner and outer edges of the band were located 65 and 

90 km from the circulation center, respectively. During this period the inner 

edge of the band often became ill-defined or jagged due to the continuous 

regeneration of convective cells there. The outer half of the band was much 

more regular, however, probably due to its stratiform nature. The maximum 

reflectivity was generally found near the center of rainband and was about 10 

km wide. 

A composite of rainband data exhibits some interesting results. The 

inflow relative to the rainband (which is also essentially the hurricane inflow 

since the band is almost nearly parallel to the eye) is seen in Figure 2.8. 

From Figure 2.8, it can be noted that most of the inflow occurs in the lowest 

kilometer of the storm, with the greatest inflow into the rainband occurring 

in the lowest 0.5 km. Also, the rainband is in a highly sheared environment 
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Figure 2.8. Composite field of the radial wind component relative to the 
rainband (Barnes et al., 1983). Negative values show flow 
towards the eyewall, positive values represent flow outward. 
Arrows on the left side of the figure show aircraft levels. Shading 
denotes inflow greater than 9 m s^. 

with respect to the radial wind, with low-level inflow of 12 m s-i to 15 m s-i 

and comparable outflow above 6 km. The wind shear is reduced in the 

rainband (lowest 4 km), however, with the relative inflow increasing 

dramatically from the 1 to 3 km height collocated with the maximum 

reflectivity. 

The divergence calculations (Figure 2.9) reveal a zone of convergence 

sloping outward from the storm center with height. The convergence is 

minimal at the surface but does exist from 0.5 to 6.5 km, with divergence 

undercutting from the outside and overriding from the inside of the band. 

The authors also created a composite analysis of maximum 

convergence observed on each flight leg in order to better "see" the 

distribution of the radial winds. The result, shown in Figure 2.10, depicts the 

same general pat tern as found in Figure 2.8 but over a much tighter area. 

The low-level radial inflow shows a decrease from > 12 m/s to 6 m/s over a 
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Figure 2.9. Divergence of the relative radial wind component. Values in 
units of 10-3 s-i. Arrows on the left side of the figure show 
aircraft levels. Convergent areas are shaded (Barnes et al., 
1983). 

Figure 2.10. Relative radial wind component composited with respect to the 
maximum horizontal gradient of the radial wind rather than to 
radial distance (Barnes et al., 1983). 
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Figure 2.11. Composite field of the relative tangential wind component. 
Positive values are cyclonic. Arrows on the left side of the figure 
show aircraft levels. Shaded regions are values greater than 24 
m s-i (Barnes et al., 1983). 
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Figure 2.12. Composite field of equivalent potential temperature. Values 
less than 342 K are shaded (Barnes et al., 1983). 
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horizontal distance of 1 to 2 km. This sharp reduction implies a very narrow 

but concentrated zone of convergence that would be present all the way to the 

surface. 

Band-relative tangential wind speeds were also investigated in the 

study. Figure 2.11 displays the results. The maximum winds both inside 

and outside the rainband occur at the 1 to 2 km level. The wind speeds also 

increase overall with decreasing distance from the storm center, as might be 

expected. There is, however, a slight tangential wind maximum collocated 

with the convergence maximum within the rainband. 

Thermodynamic properties were also investigated. The composite 

equivalent potential temperature field is shown in Figure 2.12. The results 

show a conditionally unstable atmosphere with a low-level (lowest 0.5 km) 

equivalent potential temperature of 354 K outside the rainband. Inside the 

rainband, the equivalent potential temperature profile remains almost 

constant (at 344 to 346 K) to beyond 6 km, indicative of a well-mixed neutral 

layer. Interestingly, within the rainband the equivalent potential 

temperature does vary, suggesting that the air rising through the rainband is 

not undiluted. In the lowest kilometer, on the inside quarter of the rainband, 

the lowest value of equivalent potential temperature (342 K) in the subcloud 

layer is found. This quanity accounts for a 10-12 K drop in equivalent 

potential temperature from the outside to the inside of the rainband in the 

lowest kilometer. In contrast, above the lowest kilometer the equivalent 

potential temperature actually increases 2-10 K inward across the band. The 

calculated D-values (not shown) are consistent with the above 

thermodynamic results. 

The authors next derived the vertical velocity fields using radial 

divergence calculations. The results are displayed in Figure 2.13. The 

vertical velocity field calculations reveal an updraft sloped inward toward the 
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Figure 2.13. Mesoscale vertical velocity field derived from Figure 2.9. 
Arrows on the left side of the figure show aircraft levels (Barnes 
et a l , 1983). 

eye in the lowest 3 km of the rainband, which then became nearly vertical to 

sUghtly sloped outward from 3 to 7 km. The vertical velocity field also shows 

some mesoscale descent on either side of the rainband, although the authors 

question the magnitude due to the exclusion of the tangential divergence in 

the calculations. 

Combining the mesoscale vertical velocity field (Figure 2.13) and the 

radial wind field (Figure 2.8), the rainband relative radial streamlines across 

a vertical plane can be inferred. Based on these streamlines, the authors 

concluded that the mesoscale motion fields could not account for the 10-12 K 

decrease in equivalent potential temperature across the rainband. Thus, the 

authors speculated that smaller convective scale vertical motions, and not the 

mesoscale motions, were responsible for the observed equivalent potential 

temperature fields. 

In order to test their hypothesis, they further subdivided their 

observations into drafts. "Drafts" are defined as continuous up/downdrafts 
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tha t have a length scale > 1 km and lasting at least 1 s with an absolute 

magnitude > 1 m S'l. A "core" is defined as a subset of a draft where the 

absolute magnitude of the draft is > 2 m s-i for at least 0.5 km. Using radar 

data the authors identified convective cells. It was determined that if cells 

were found, then the frequency of drafts and cores increase. The maximum 

number of cells was also located 5-10 km closer to the hurricane center than 

the maximum number of drafts. After even closer examination of each 

individual flight leg, the authors concluded that, in a rainband, significant 

vertical transfers do not occur unless precipitation is of a cellular character. 

The authors speculated that only cellular precipitation—not stratiform— 

contains drafts and cores intense and frequent enough to modify the near 

surface air to produce an equivalent potential temperature gradient as great 

as observed in this band. 

Based on the above information, Barnes et al. (1983) developed a 

schematic for the rainband (shown in Figure 2.14). The schematic depicts 

both upward and downward flow within the rainband core. The vertical 

transfers are hypothesized to occur through convective transport at the same 

time, with significant dilution of both the ascending and descending air 

occurring within the rainband. The authors then speculated that if the study 

had been completed in a region with more frequent cellular reflectivity 

structure (further upwind in the rainband), then more drafts and cores, 

stronger convergence, and a total barrier to the low-level inflow would have 

been observed. Conversely, they also speculated that had the study been 

completed in an entirely stratiform region (further downwind in the 

rainband), then very little divergence, few drafts and cores, and insignificant 

changes in equivalent potential temperature across the band would have 

been found. Hence, Barnes et al. (1983) stated that the presence of 
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Figure 2.14. Schematic of the rainband. (a) Reflectivity, equivalent potential 
temperature, mesoscale (arrows) and convective scale motions 
are shown, (b) Aircraft track reflectivities, cells, stratiform 
precipitation, 150 m flow, and equivalent potential temperature 
are shown (Barnes et al., 1983). 
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convective scale feature imbedded within rainbands was the key to the band's 

thermodynamic, kinematic, and reflectivity structure. 

2.2.2 Barnes and Stossmeister (1986) 

The Barnes et al. (1983) study of Hurricane Floyd was followed up by 

Hurricane Irene in Barnes and Stossmeister (1986). This study used aircraft 

data gathered between 200 to 4500 m for a rainband in Hurricane Irene from 

1500 to 1800 GMT on 27 September 1981. The rainband observed was 

centered approximately 90 km to the south-southwest of the center of the 

circulation and moved shghtly (1 m s-i) outward throughout the period. The 

eyewall of Irene was also open to the southwest during this time. 

Throughout the three hours of sampling, the rainband (as defined in section 

2.2.1) decreased in intensity and spatial extent, especially in the final 30 

minutes of observation. Because of this, the analysis was divided into two 

stages, the early stage (1500 to 1630 GMT) when the band only slowly 

weakened, and the late stage (1630 to 1800 GMT) when the band weakened 

much more rapidly. Also, even while weakening, the rainband still possessed 

weak convective cells during the entire observation period. 

Figure 2.15 shows the equivalent potential temperature for the early 

stage of the rainband. The figure shows increasing equivalent potential 

temperature toward the storm center, with a slight plateau located in the 

lowest 500 m on the inside section of the rainband. The authors noted that 

this increasing trend suggests that the subcloud layer was being moistened 

and heated by sea-surface fluxes in an isothermal expansion process. 

The potential temperature and mixing ratio at the 1.5 km level are 

analyzed in Figure 2.16. A clear warming and drying trend is seen just to the 

inside of the rainband. The authors concluded that this pattern is most likely 

the product of processed air from convective elements that are subject to 
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Figure 2.15. Composite field of equivalent potential temperature. The 
location of the rainband is noted at the top of the figure (Barnes 
et al., 1986). 
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mesoscale descent. Since this implies the presence of convection, soundings 

from both inside and outside the rainband were constructed to determine 

whether convective available potential energy (CAPE) was present for 

convection. The soundings (not shown) generated CAPE values of near 250 

J kg-i just outside the rainband; however, there was no CAPE just inside the 

rainband. There is significant inhibition present (-300 J kgi). Hence, the 

atmosphere varied from conditionally unstable outside the rainband to stable 

inside the band. 

Significant changes between the early and late stages can be seen by 

examining the kinematics. Figure 2.17 shows the storm-relative radial and 

tangential winds, and divergence for the early stage, while Figure 2.18 shows 

the same for the late stage. In the early stage, storm-relative inflow exists in 

the lowest 1.5 km, with maximum convergence present in the lowest 0.5 km 

near the center of the band. The inflow does decrease strongly (from -8 to -2 

m S"i) within the rainband, which produces a maximum in convergence near 

the center of the band. This same area is also the location of the largest 

tangential wind speeds (even relative to the air closer to the center of Irene). 

In contrast, in the later stage, the radial wind profile shows outflow 

(up to 6 m S"i) existing almost throughout the rainband, with the only inflow 

existing in the lowest 0.5 km on the very outside edge of the band. This 

radial flow field results in half of the rainband inflow coming from the stable 

air on the inside of the rainband. In agreement, the convergence shifts 

toward the outside of the rainband, with broad divergence existing over most 

of the region in which the rainband dissipates. The relative tangential wind 

speeds, on the other hand, do remain similar to the early stage, with the 

maximum found near the center of the rainband. 

In the mid-levels (3.5-5.0 km), similar fields were analyzed. The 

authors found similar results (not shown), with pronounced radial wind 
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Figure 2.17. Composite kinematic fields during the early stage of the 
rainband. (a) Relative radial wind, with negative values flowing 
toward the eye. (b) Divergence in units of lO-̂  s-̂ . (c) Relative 
tangential wind with values greater than 38 m s^ shaded 
(Barnes et al., 1986). 
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Figure 2.18. Composite kinematic fields during the late stage of the 
rainband. (a) Relative radial wind, with negative values flowing 
toward the eye. (b) Divergence in units of 10-3 g-i (c) Relative 
tangential wind with values greater than 38 m s-̂  shaded 
(Barnes et al., 1986). 
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gradients, convergence, and higher tangential wind speeds located within the 

rainband in the early stage. In the later stage, the magnitude of the radial 

wind—along with the radial wind gradients—decreased, and the convergence 

therefore also decreased. In addition, despite that the tangential wind speed 

maximum was still located within the rainband, its magnitude was 

substantially (10 m s^) less than during the early stage. 

Barnes and Stossmeister asserted that the collapse of the rainband 

(especially the inside half) throughout the sampling period occured due to the 

band's ingestion of stable air from inside the rainband. They then asked: 

Why did air flow away from the circulation center and how did it obtain its 

thermodynamic characteristics? The authors stated that storm motion— 

along with storm-relative rainband location—combined with subsidence was 

likely at least partially responsible for the demise of the rainband. 

Shapiro (1983), modeling the effects of translating hurricanes on the 

innermost 50 km of the storm, found that, for a north-moving hurricane, 

outflow develops on the southwest portion of the storm. Barnes and 

Stossmeister believe, extrapolating this effect out to the rainband radii for 

Irene, that this could be at least partially responsible for the outward-moving 

air. Therefore, the authors concluded that subsidence occurred between the 

eyewall and band and, due to the storm's motion, the sinking air moved 

outward and into the rainband, leading to its demise. 

A comparison of the rainbands from Floyd (1981) and Irene (1981) 

shows a number of key differences. Although located about the same 

distance from the circulation center, the rainband in Floyd was much more 

convectively active and contained much higher radar reflectivity than that of 

Irene. Floyd's rainband also possessed a 10°C equivalent potential 

temperature gradient in the subcloud layer. The rainband in Irene did not 

exhibit significant variation. One key difference the authors noted was that 
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even though both rainbands moved in approximately the same direction and 

the same speed, Floyd's band was on the leading edge of the hurricane (out in 

front) tapping relatively unmodified unstable air. On the other hand, Irene's 

band followed behind the eyewall and other rainbands and tapped air already 

used by this storm. 

The authors concluded by noting that, while initially lookin g for 

mechanisms by which a rainband may limit the intensity of the eyewall, the 

Irene analysis suggested that the process may work in reverse. That is, 

rainband growth and intensity may be inhibited as a direct result of the 

eyewall or by another rainband producing either penetrative downdrafts or 

subsidence nearby. 

2.2.3 Barnes et al. (1991) 

A thorough analysis of a secondary rainband in Hurricane Raymond 

(1983) from 1636 to 1831 UTC on 10 October 1983 was reported by Barnes et 

al. (1991). All of the data, including Doppler radar and in situ observations, 

were collected by an aircraft flying between 100 and 1500 m. The rainband, 

which was only 40 km in length and dissipated after two hours, was located 

about 180 km ENE of the center of the westward-moving hurricane. The 

rainband and its location relative to the entire hurricane can be seen in 

Figure 2.19. 

The rainband consisted of a convective core that originated on the 

upband (south side) portion and moved downband and toward the outer edge. 

Throughout the sampling time, the convective cell moved faster than winds 

located anywhere around the cell but not faster than the winds collocated 

with the reflectivity core. The relatively fast translation of the convective 

core led to the low-level core moving downband relative to the entire 

rainband. In turn, the mid- and upper-level clouds and precipitation 
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1636-1732 

Figure 2.19. Time composite of reflectivity for Hurricane Raymond from 1636 
to 1732 UTC with the target rainband labeled. Reflectivity 
contours are 20, 30, and 35 dBZ. North is at the top of the figure 
(Barnes et a l , 1991). 

associated with the convective core moved upband due to the decreasing wind 

speed with height. Based on the translation characteristics and the 

observation that most of the lighter stratiform rain was located downband, 

the authors concluded that the downband stratiform rain came from 

dissipating convective cores and was not associated with the current 

convective core. 

Using a pseudo-dual-Doppler technique (flying the plane in a L-shaped 

pattern around the band), the authors calculated the divergence, vertical and 

horizontal wind speeds, and the pressure perturbation relative to the 

reflectivity core. Using the above-calculated information, along with some 

additional information, they then developed the model shown in Figure 2.20. 
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Figure 2.20. Representation of the airflow within the secondary rainband in 
Hurricane Raymond. The H and L are the locations of the high 
and low pressure regions, respectively (Barnes et al., 1991). 

The model in Figure 2.20 shows a three-dimensional view of this 

secondary rainband. At low levels the inflow air moves upward and is 

collocated with the maximum reflectivity gradients on the outside portion of 

the rainband. At middle and upper levels, however, the updraft and 

reflectivity maximum are collocated. At low levels the downdraft is located 

with the maximum reflectivity and a positive 0.1 hPa pressure perturbation. 

The negative pressure perturbation (low) is collocated with the updraft and 

has a maximum magnitude of-0.4 hPa at 2 km level, with no signal near the 

surface. After further calculation, the pressure minimum was determined to 

be a result of the warmer column of air associated with the updraft and not 

the result of any shear-induced pressure deficit. 

In addition, the tangential winds were higher in and around the 

rainband, with the maximum winds found in the center of the rainband at 

the 1-3 km level. At the surface, a relative maximum of 2-4 m s-i was found 

on the outside portion of the rainband. The radial winds also showed a 

discontinuity associated with the rainband in the form of a relative maximum 

in inflow from 5-8 km, with relative outflow below the 5 km level. In the 
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lowest kilometer, the radial wind calculations revealed an inflow of 4 m s-i 

approaching the rainband from further outside the storm. The low level 

inflow then switched to a 6-8 m s-i outflow coincident with the convective cell, 

with the magnitude of the outflow subsequently decreasing again inside the 

rainband. 

The above results are similar to those found by Barnes et al. (1983) 

and Barnes and Stossmeister (1986) indicating that convectively active 

rainbands, both primary and secondary, may act as significant roadblocks to 

moist unstable air flowing in toward the center of a hurricane. Hence, these 

rainbands could likely have some adverse effect on the overall intensity of the 

hurricane in which they exist. 

2.2.4 Powell (1990a) 

Powell (1990a) used lower fuselage and tail-mounted radars and in 

situ observations from aircraft to analyze the mesoscale rainfall and 

kinematic properties of well-organized outer convective rainbands located in 

Hurricane Josephine (1984) and Hurricane Earl (1986). 

The analyzed band in Josephine was 225 km northeast of the storm 

center and was concentric to the eye. Josephine was moving to the northeast 

at 7 m s'l with maximum flight level winds of 50 m s^ and a minimum 

pressure of 970 hPa at the time of the experiment (1030-1230 UTC 10 

October 1984). 

The rainband in Earl was located 230 km east-southeast of the storm 

center and was oriented north-south, with a 20° crossing angle from a circle 

centered at the eye. Earl moved north-northeast at 5 m s"i with maximum 

flight level winds of 50 m s-i and a minimum pressure of 983 hPa at the time 

of the experiment (1500-2000 UTC 13 September 1986). During the 

experiments the Josephine rainband remained nearly stationary relative to 
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the center; whereas the rainband for Earl moved outward (to the east) at 5-8 

m s-i and decreased to about zero for the final hour of the experiment. 

Examing both bands PoweU found the most intense cellular convection 

lay upshear and on the inner edge of the bands, with stratiform rainfall at 

higher levels downshear and on the outer side of the bands. In Earl some 

cellular features were found to slope upwind with height, likely due to the 

decreased wind speed with height. 

Figure 2.21 shows the composite analysis Powell completed for 

Josephine. Note the relative wind speed and vorticity maxima and a D-value 

minimum located very near the rainband axis, most pronounced near the 1.5 

km height. Also, relative convergence and vertical velocity maxima are found 

at the 10 km level immediately inside the band axis. In addition, there 

appears to be inflow air in the lowest 1.5 km, with a relative maximum just 

outside the band axis. There is no inflow, however, at about 8 km inside the 

axis at the 0.5 km level. Although some of these calculations do appear 

significant, there is no data below the 0.5 km level. 

A similar analysis was completed for Hurricane Earl (Figure 2.22). 

Powell found a relative maximum in wind speeds along and across the band 

just outside the band axis, with a relative minimum in each on the inside of 

the rainband. The relative vorticity had a relative maximum and the D-value 

a relative minimum again located along with the band axis. The divergence 

calculation also showed a relative maximum on the inside portion of the band 

axis from the 150 to 250 m level. Above that, the rainband was collocated 

with a relative divergence minimum (convergence). A relative maximum in 

vertical velocity was similarly found on the inside of the rainband axis, 

although the analysis did hint at a small maximum in the lowest levels (150-

200 m) just outside the rainband axis. Unfortunately, no information was 

available below the 150 m level. 
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Figure 2.21. Crossband fields in Hurricane Josephine, (a) Radar composite 
for Josephine rainband (top of page is 320° relative to north), (b) 
Band-relative wind speed, (c) alongband wind component, (d) 
crossband wind component, (e) divergence, (f) vertical wind, (g) 
relative vorticity and (h) D-value perturbation (Powell, 1990a). 
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Figure 2.22. Crossband profile analyses at downband (northern) end of (a) 
crossband wind component, (b) alongband wind component, (c) 
divergence, (d) vertical wind component, (e) D-value 
perturbation, (f) relative vorticity (Powell, 1990a). 
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Using the Josephine and Earl observations and calculations, Powell 

produced a model for the precipitation and kinematic structure for a well-

organized outer convective hurricane rainband. Figure 2.23(a) shows the 

plan view of the rainband model appropriate for any level below 1600 m. The 

figure depicts a wind speed maximum, and includes both the across and 

along band components. It lies on the outside half of the 25 dBZ criterion 

rainband, with a pressure perturbation minimum coincident with the band 

axis. The cellular rain is generally found on the inside half of the rainband in 

the same proximity as the relative vorticity and convergence maxima. The 

updraft axis is found just inside the inner edge of the rainband. Just inside 

this axis there are relative minima in both total and along-band wind speeds 

and a pressure perturbation maximum. An across-band minimum and a 

divergence maximum are found 5-8 km inside the inner edge of the rainband. 

Figure 2.23(b) shows a cross-section of Powell's well-organized outer 

convective hurricane rainband. This figure shows the same features as 

Figure 2.23(a) but has the addition of vertical wind and precipitation 

information. The inflow layer is found in the lowest 3 km on the outside of 

the rainband, but the inflow decreases through the lowest kilometer on the 

inside of the rainband. The location of the updraft is found to be nearly 

coincident with the downdraft region in the maximum reflectivity core, 

although Powell does state that they are not necessarily found at the same 

time. There are also some potentially penetrative downdrafts produced by 

the falling precipitation from the rainband anvil on the inside edge of the 

band. Furthermore, there is some mesoscale descent found beneath the 

outside anvil compensating for the area of convective activity. 
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Figure 2.23. Schematic model of well-organized outer convective hurricane 
rainband precipitation and kinematic structure, (a) Plan view 
of relative minima and maxima of reflectivity and kinematic 
fields. Inner side is to the left, (b) Crossband height cross-
section. Outer solid line indicates cloud edges, contours are 
reflectivity, horizontal arrows show crossband flow and bold 
vertical arrows indicate convective core updrafts and 
downdrafts (Powell, 1990a). 
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2.2.5 Powell (1990b) 

The thermodynamic properties in and around the rainbands in 

Hurricane Josephine (1984) and Earl (1986) were analyzed and presented in 

PoweU (1990b). All of the information about the rainbands in section 2.2.4 

also pertains to this aspect. 

A major focus was to determine how the mixed layer is impacted by the 

presence of the rainband in each of the storms. The term "mixed layer" is 

defined by Powell as the depth over which vertical profiles of the dry static 

energy (s = CpT + gZ, where Cp is specific heat, T is temperature, g is the 

gravitational constant, and Z is height) and mixing ratio (q) show little 

variation and are, therefore, "well mixed." Above the mixed layer a drier and 

more stable "transition layer" exists, characterized by increases in s and 

decreases in q with increasing height. In the case of a hurricane, Powell uses 

the hurricane planetary boundary layer (HPBL) synonymously with the 

mixed layer. The contention of the paper is that convectively active 

hurricane rainbands commonly produce regions of downdraft-modified HPBL. 

Figure 2.24 shows the composite profiles of various thermodynamic 

parameters across a rainband in Earl. The potential temperature profile has 

a relative minimum located along and just inside of the rainband axis in the 

lowest kilometer. The equivalent potential temperature profile in the lowest 

two hundred meters depicts a relative maximum 4-20 km outside the band 

axis with a lower (but relatively steady) value of 350 K on the inner side of 

the axis. Powell speculates that the lower equivalent potential temperature 

values are likely due to penetrative downdrafts bringing the lower values 

down from aloft (the 1350 m level). The specific humidity pattern closely 

resembles the equivalent potential temperature pattern, in that there is a 

relative maximum positioned from outside the rainband axis at the lowest 

level and angled to the axis itself at 400 m. There is also a relative minimum 
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Figure 2.24. Crossband flight profiles in Hurricane Earl of (a) potential 
temperature, (b) specific humidity, (c) equivalent potential 
temperature, and (d) relative humidity. Dashed vertical lines 
represent the 25 dBZ reflectivity axis of the rainband (Powell, 
1990b). 

in specific humidity at the low levels inside the rainband axis. The relative 

humidity profile shows that the area in and immediately around the 

rainband is saturated, with some drier air present on either side. 

Similar computations for a rainband in Josephine displayed the same 

general pat tern as in Earl, though less dramatic. The one difference was that 

on the inner side of the Josephine rainband at low levels the air was very dry 

with a slightly higher potential temperature. Powell believed this dry, warm 

region was due to subsidence warming during descent. 
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Looking at Omega Dropwindsondes (ODWs) dropped in various 

locations around the Earl band, Powell observed many profiles. In general, 

the ODWs launched outside the rainband revealed relatively well-developed 

warm and moist mixed layers up to about 960 hPa. Above that, the air was 

considerably drier (dewpoint depression of 6°C or greater), with one or more 

inversions. On the inside of the band, a wide variety of profiles were 

sampled. The mixed layer ranged between no discernible differences between 

the outside mixed layer to having extremely shallow and much cooler mixed 

layers. Powell speculated that the differences were due to the impact of the 

mesoscale downdrafts produced within the band on the inflowing air. In 

some cases the air had likely moved through breaks in the band and thus was 

unmodified. 

A composite of the ODW results is shown in Figure 2.25. Figure 2.25 

shows a well-defined equivalent potential temperature minimum on the 

inside of the Earl rainband nearly coincident with a minimum in mixed layer 

height. Relative maxima in both mixed layer height and equivalent potential 

temperature are observed outside the rainband. According to Powell, the 

rainband analyzed in Josephine had no signs of low equivalent potential 

temperature air inside the band. This fact is attributed to the stable 

conditions present that potentially limited the penetration of cool, dry 

downdrafts to the low levels. 

Powell lists several likely mechanisms whereby the HPBL was 

modified by downdrafts in Earl. The first, supported by aircraft observations, 

was by a wake forming behind the band. Specifically, there was an 

accumulation of cooler and drier air produced by downdrafts on the inner side 

of the band while the band itself moved away from the storm center 

(translating to the east). The second method was a result of downdraft 

spreading within a stationary rainband. At one particular time a strong 
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Figure 2.25. Mixed layer heights (solid lines) and equivalent potential 
temperature (dotted lines) determined from soundings adjacent 
to the Earl rainband for a 180 x 180 km area. The shaded areas 
represent 30 dBZ or greater reflectivity. The analysis is from (a) 
1630 to 1810 UTC and (b) 1906 to 1955 UTC (PoweU, 1990b). 

outflow was produced from an intense (up to 45 dBZ) core within a stationary 

band. The final method observed was due to stratiform rain on the inside of 

the rainband that feU from the anvU. This anvU rain produced a noticeable 

downdraft that resulted in the drying and slight warming of the air at the 

lower levels. 

The above observations led to the development of the conceptual cross-

section shown in Figure 2.26. This Ulustration of the Hurricane Earl 

rainband shows the deep weU-mixed layer (-500 m) outside the rainband axis 

decreasing to a very shallow layer (~100 m) on the inner side. The schematic 

also has the decreasing equivalent potential temperature across the band, 

with the above-mentioned modes of HPBL modification. PoweU concluded by 

asserting that these HPBL modifications brought about by weU-developed 
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Figure 2.26. Schematic cross-section of the thermodynamic structure in the 
Hurricane Earl rainband. Outside contour represents the cloud 
edge, while the inner contours represent the radar reflectivity. 
Bold vertical arrows represent core updrafts and downdrafts, 
large downward arrows specify penetrative downdrafts, and 
small downward arrows indicate mesoscale subsidence. 
Horizontal arrows designate the crossband flow (Powell, 1990b). 

hurricane rainbands may indeed be a mechanism to provide changes in 

hurricane intensity and strength. 

2.2.6 Black and Franklin (2000) 

Data from approximately 300 dropsondes released in and around the 

eyewaU of Hurricane Bret (1999) and of Hurricane Bonnie (1998) were 

examined by Black and Franklin (2000). The sondes revealed a wide degree 

of variability within each storm and between the two storms. The variabUity 

within the sondes was attributed to at least three main factors: (1) the 
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outward slope of the eyewaU, (2) the magnitude of the wind speed, and (3) the 

local convective environment. 

The first factor applies to sondes dropped inside of the radius of 

maximum winds. The eyewaU often exhibits a "stadium effect," wherein the 

radius of maximum winds is closer to the center of the storm at lower levels. 

Thus, a sonde dropped inside the radius of maximum winds at 3 km may 

then fall into the eyewall and experience a large increase in wind speed at 

lower levels. 

The second factor concerns how friction affects the wind speed. At 

higher wind speeds the frictional force is greater, and thus, can lead to 

greater variability in the wind speeds. The actual obstacles (large trees 

versus open fields) creating the friction can also play a large role in the 

magnitude of the variability. 

The final factor is the local convective environment. Black and 

Franklin (2000) found that winds did not decrease as quickly toward the 

surface in convectively active regions as they did with weaker convection or 

in stratiform convective regions. Figure 2.27 demonstrates this point. The 

wind speed, normalized to the 700-hPa wind speed, is about 12% larger for 

the convectively active region (with an updraft speed magnitude greater than 

1.7 m s-̂ ) than for the less active region at a height of 10 m. In addition, the 

entire profile below 500 m has a larger normalized wind speed for the 

convectively active region. 

Although the 1.7 m s-i criterion for a convectively active region is 

arbitrary, the results do suggest a relationship between the intensity of the 

convection and the vertical profile of the horizontal wind speed. Even though 

the authors only applied the above relationship between the convectively 

active eyewaU of Bret and the less active eyewaU of Bonnie, there is potential 

that the relationship may also apply to hurricane rainbands. For instance, a 
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Figure 2.27. NormaUzed (at 700 hPa) GPS dropsonde wind profiles in the 
hurricane eyewall stratified by the absolute magnitude of the 
vertical wind speed (w) in the 0-500 m height layer (Black and 
FrankUn, 2000). 

very convectively active rainband may also more efficiently transport higher 

momentum air toward the surface than a less active rainband, thus leading 

to higher relative wind speeds located within intense rainbands. Hence, the 

great variability in wind profiles may likely exist not only between 

hurricanes but also within rainbands. 

2.2.7 Willoughby et al. (1984) 

Rainbands found within Hurricanes Gert (1981) were examined in 

detail in Willoughby et al. (1984). A composite radar image from Gert (taken 

between 551-833 UTC 11 September 1981) is shown in Figure 2.28. The 

image depicts a principle band wrapped along the east side of the storm, 

along with a connecting band north of the center, and secondary bands to the 
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Figure 2.28. Composite radar reflectivity for Hurricane Gert from 0034-0337 
UTC 11 September 1981. Overlaid are 40 km range rings along 
with the aircraft flight path (Willoughby et al., 1984). 

east and southeast of the center. Also shown in Figure 2.28 are six flight legs 

made through Gert during the composite period. 

Four of the six horizontal cross-sections taken between 551-833 UTC 

11 September 1981, at the 850-hPa level, are shown in Figure 2.29. The 

results show a marked increase in the tangential and radial (negative for 

inflow) wind speeds at 90 and 135 km associated with the principal rainband 

(on the northeast side). Also, on the southeast side, from 60-70 km outward, 

shows a marked moistening which is associated with a secondary band. 

Inside of the secondary band, sinusoidal, negatively-correlated variations in 

the temperature and dewpoint are present. The authors attributed this 

profile to inertia-buoyancy waves of 10 km wavelength. 
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Figure 2.29. Hurricane Hunter observations of the tangential winds, radial 
winds, temperature, and dewpoint for four of the six radial legs 
made within Figure 2.28 (Willoughby et a l , 1984). 

Examining the connecting band, the authors determined the convective 

precipitation to be spaced further apart and with lower reflectivity than the 

principal band. Moreover, the connecting band only extends up to a 

maximum of 5 km vertically. The authors speculate that the connecting 

band, in this case, might not even have contained any updrafts. The 
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connecting band is just the result of the principal band's precipitation being 

advected into itself and then raining out. 

2.2.8 Clone et al. (2000) 

Although most of the work done by Clone et al. (2000) involved 

composite analysis of buoy data for hurricane environments, a single 

rainband case was examined. The particular case of interest involved a 

rainband from Hurricane Georges (1998) as it passed over the Sombrero Key 

(SMKFl) C-MAN in the Florida Keys. This case was chosen to iUustrate the 

authors' hypothesis that the observed cooUng found in the tropical cyclone 
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Figure 2.30. Temperature (TA) and dewpoint (TD) traces from the SMKFl C-
MAN station 1900 UTC 24 September and 200 UTC 25 
September 1998. Also shown is the distance the station is from 
the center of Hurricane Georges (Clone et al., 2000). 
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buoy data was associated with episodes of drying and is possibly a result of 

drier convective downdrafts that penetrated to the surface. 

Plotted in Figure 2.30 are the temperature and dewpoint observations 

at SMKFl as a rainband from George passed overhead. The temperature 

and dewpoint traces show dramatic decreases as the band passed by, with 

some recovery after the rainband passage. The authors argue that these 

abrupt decreases indicate low-level drying may be coincident with low-level 

cooling in and around regions of active convection, given that the mid-level 

air is somewhat sufficiently dry. Hence, the low-level cooling and drying 

found in some of the above studies (mostly using plane data) has also been 

observed with buoy data. 

2.3 Application to Dissertation 

This chapter has given a brief overview of the structure of a hurricane, 

paying special attention to the trends of meteorological parameters 

throughout the storm. Particular detail has been included regarding the 

observations and conceptual models associated with rainbands found within 

hurricanes. These conceptual models, along with past observations, are 

compared and contrasted in great detail for Hurricane Bonnie (1998) and 

Hurricane Dennis (1999) in the foUowing chapters. Results of this work offer 

a better understanding of the applicability of these conceptual models and 

some potential limitations when applied to surface observations. 
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CHAPTER 111 

DATA ACQUISITION 

In order to carry out a thorough examination of the hurricane 

boundary layer, a comprehensive observational dataset acquired from within 

the hurricane environment must be available. Once the information is 

obtained, it must be standardized to allow for the comparison between the 

diverse observational data gathering. 

3.1 WEMITE 

The most unique meteorological data used in this study have resulted 

from the project known as the Wind Engineering Mobile Instrumented Tower 

Experiment (WEMITE). WEMITE is a project developed by the Texas Tech 

Wind Science and Engineering program (WEMITE webpage, 

http://www.atmo.ttu.edu/wemite/). WEMITE was initiated in 1998 and at the 

time consisted of one mobile tower approximately 10-meter tall instrumented 

to collect temperature, pressure, and relative humidity information at the 

1.2-m level, as well as wind speed and direction information at multiple 

heights (10.7, 6.1, and 3.0-m levels). Vertical velocities were also obtained at 

the 3.0 and 10.7-m levels. The top anemometer height was reduced to 9.1-m 

after the 1998 season. In 1999 WEMITE also gained a second 10-meter 

mobile tower capable of sampling meteorological parameters simUar to those 

of the original tower; the second tower measures wind speed at four heights 

(2.1, 4.0, 6.1, and 10.1-m), with vertical wind speed at 2.1, 4.0, and 10.1-m. In 

2000 a camera system and a rain gauge were also added to the second tower. 

The weather data were acquired at 5 Hz in 1998 and at 10 Hz since then. 

The two WEMITE towers are shown in Figure 3.1. 
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The goal of WEMITE was to place the tower(s) in the vicinity of 

landfalling hurricanes with the hopes of gathering high-resolution 

temperature, pressure, humidity, rainfall, and wind data within the 

hurricane boundary layer. At the time of this study, ten tropical storms 

and/or hurricanes have been investigated. In 1998 Tropical Storm Charlie 

(21-24 Aug.), Hurricane Bonnie (19-30 Aug.), Hurricane Earl (31 Aug.-3 

Sept.), and Hurricane Georges (15 Sept.-l Oct.) were intercepted by 

WEMITE. In 1999 data from Hurricane Bret (18-25 Aug.), Hurricane Dennis 

(24 Aug.-7 Sept.), and Hurricane Floyd (7-17 Sept.) were collected, and in 

2000 Tropical Storm Gordon (14-18 Sept.) was observed. Data were also 

collected from Hurricane Gabrielle (11-19 Sept.) and Hurricane Michelle (29 

Oct.-5 Nov.) in 2001. Additionally, data were obtained from Tropical Storm 

U:T 
'f-

Figure 3.1. WEMITE tower one (left) and WEMITE tower two (right). 
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Edouard (1-6 Sept.), Tropical Storm Fay (5-8 Sept.), Hurricane Isidore (14-27 

Sept.) and Hurricane LiU (21 Sept.-4 Oct.) in 2002. WEMITE data from these 

ten storms provide a wealth of surface information within the 

hurricane/tropical storm boundary layer. The WEMITE data was available 

to researchers in house at Texas Tech University as well as to a limited 

number of people externally. 

3.2 Surface Observation Network 

The surface observation stations used for this study consist of a 

collection of sites in the vicinity of the given storm of interest. The sites 

employed are a subset of the Automated Surface Observing System (ASOS) 

network. The ASOS network, the result of a joint effort between the Federal 

Aviation Administration (FAA), the National Weather Service (NWS), and 

the Department of Defense, has been constructed for both aviation and 

meteorological purposes (http://www.faa.gov/asos/asos.htm). The ASOS sites 

are generally located at or very near airports in order to bring the most 

current information to pilots in need of meteorological data. These ASOS 

stations report temperature, dewpoint, rainfall, pressure, visibility, sky 

conditions, and wind speed and direction. The station observations are 

updated every minute, although they are only archived every hour. When 

certain criteria are met, however, special observations are logged between the 

hourly reports. In most cases these sites are completely automated—thus the 

name ASOS—although in some cases there are human observers that can 

add additional information to the report. 

For the purposes of this study, ASOS sites near the location of the 

storm of interest during its landfall have been collected. The data was 

acquired from the National Climatic Data Center (NCDC) at: 
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x-.v 

Figure 3.2. Image of the ASOS site at Lumberton Municipal Airport (LBT) in 
NC (http://www.ncdc.noaa.gov/). 

http://www.ncdc.noaa.gov/. Both the hourly and any special observations 

archived by NCDC were downloaded from their database. In addition, the 

NCDC archived data were supplemented with ASOS observations archived 

by Saint Louis University (Ng, 2002) in order to provide a more complete 

dataset. An example of an ASOS station is presented in Figure 3.2. Most 

ASOS station instrument arrays appear very similar to the one pictured 

above, although there is often great variability in the exposure (nearby 

vegetation and structures) from one station to another. 

3.3 Marine Data 

The marine data consists of both the Coastal-Marine Automated 

Network (C-MAN) and the buoys. These stations are developed, operated, 
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and maintained by the National Data Buoy Center (NDBC), which is a part 

of the NWS. The C-MAN stations are located up and down the Atlantic and 

Gulf coastlines and the buoys are scattered about in the western Atlantic 

Ocean and throughout the Gulf of Mexico. The C-MAN sites and the buoys 

sample the wind speed, direction, and gust; barometric pressure; and air 

temperature. In addition, all buoy stations and some C-MAN stations 

measure the sea surface temperature and the heights and periods of passing 

waves. The standard meteorological information from the C-MAN and buoy 

sites is archived every hour. Additionally, some sites archive the wind speed 

and direction information every 10 minutes. This data was acquired by 

downloading it from the NDBC website (http://seaboard.ndbc.noaa.gov/). An 

example of a C-MAN and buoy site is shown in Figure 3.3. 

Figure 3.3. Image of the Cape Lookout, NC, C-MAN station (left) and of the 
buoy station offshore of Virginia Beach, VA (right) 
(http://seaboard.ndbc.noaa.gov/). 
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3.4 Flight-Level Data 

Hurricane Hunter Aircraft instruments capture the flight-level 

information as aircraft fly through the storm of interest. The information is 

gathered specifically for the National Hurricane Center (NHC). Specially 

modified aircraft of the U.S. Air Force Reserves (USAFR) and the National 

Oceanic and Atmospheric Administration's (NOAA) Aircraft Operations 

Center (AOC) are employed (http://www.srh.noaa.gov/bro/recontxt.htm). An 

example of one of the specially equipped Hurricane Hunter Aircraft is shown 

in Figure 3.4. 

The flight-level information consists of the time, latitude, longitude, 

and altitude of the observations; the D-value; the wind speed and direction; 

and the temperature and the dewpoint. In most cases the records are 

archived every minute, although in some cases they are logged every half of 

minute. The flight-level information used in this study was acquired by 

downloading it from the Hurricane Research Division (HRD) website found 

at: http://www.aoml.noaa.gov/hrd/Storm pages/index.html. 

Figure 3.4. Picture of Lockheed WP-3 "Orion" Hurricane Hunter Aircraft 
(http://www.omao.noaa.gov/aoc/index.html). 
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3.5 Dropsondes 

A dropsonde consists of a small packet (40.64 cm long by 6.985 cm in 

diameter) that contains temperature, humidity, and pressure sensors, along 

with a Global Positioning System (GPS). Through the use of the previously 

listed sensors, a dropsonde can sample the temperature, dewpoint, pressure, 

wind speed, wind direction, latitude, longitude, and altitude of the 

environment in which it is immersed. 

The dropsonde works similarly to a radiosonde, with one distinct 

difference. A dropsonde, as is implied in its name, is dropped from Hurricane 

Hunter planes whUe a radiosonde is launched from the ground using a 

balloon to carry the instrument package skyward. Once dropped from the 

plane, the dropsonde releases a parachute and the 0.39 kg package descends 

at a calculated rate while transmitting the weather data back to the plane 

every half a second. Figure 3.5 shows a dropsonde in action. 

i 
4 

Figure 3.5. Image of a descending dropsonde (http://www.atd.ucar.edu/). 

The dropsonde data can then be viewed by personnel at NHC in near 

real-time. The information gathered can also be used in computer model 

initiaUzations in the hope of improving the model forecast. The weather 
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information sampled by the sondes is then made available to the general 

public through HRD's website after the storm. 

3.6 Other Data Sources 

Some other common meteorological data sources including Next 

Generation Weather SurveUlance Radar (NEXRAD WSR-88D) data, sateUite 

data, and upper air data (radiosondes) are also utilized for this study. 

Further descriptions of these data sources are given throughout the course of 

this dissertation as warranted. 
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CHAPTER IV 

DATA MANIPULATION AND PROCESSING 

FOR HURRICANE BONNIE (1998) 

After acquiring the information from the various platforms discussed 

in Chapter III, the data must be standardized in order for inter-comparisons 

to be made. This process includes adjusting the wind speed to a standard 

level, exposure, and averaging time. For this dissertation, aU sites over land 

are adjusted to a 10-m height, open exposure (zo = 0.03 m), and an averaging 

time of one minute, when possible. The ground-based observations taken 

over the sea (buoys and C-MAN stations) are also adjusted to the same 

height, averaging time, and exposure as the land stations. The flight-level 

data and dropsonde data are used without any adjustments. This Chapter 

explains precisely how the data from each observational platform are 

adjusted to the standard. 

4.1 WEMITE 

The raw WEMITE data used from Hurricane Bonnie consists of 5 Hz 

temperature, pressure, and relative humidity data at the 1.2-meter level, 

along with 5 Hz wind speed and direction information at the 10.7 m level. 

Each hour of data was collected in a separate file, and the data were obtained 

from 915 UTC 26 August to 2015 UTC 27 August 1998. Throughout this 

time, the tower was stationed at the New Hanover County International 

Airport in Wilmington North Carolina. It was located at latitude 34.275 

North and longitude 77.9083 West. 

The first step in working with the WEMITE data was to "clean it up," 

since some of temperature, pressure, and relative humidity data contained 

"spikes." The spikes consisted of large instantaneous changes in the 
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parameters. Although significantly deviant, the spikes generally did not 

persist for more than 10 data points (2 seconds). Thus, through a program 

written in FORTRAN, the data for each of the problem variables was 

compared and analyzed for the presence of spikes. When spikes were found, 

the average of good data on either side of the spike was averaged and 

inserted in place of the spike. For the purpose of this process, a spike was 

defined as an instantaneous change (0.2 second change) in temperature 

greater than 0.25°C, change in relative humidity greater than 1.5%, or a 

change in barometric pressure greater than 0.30 hPa. 

Another quality control issue arose with the relative humidity 

information. Occasionally, especially during the height of the storm, some of 

the relative humidity observations were greater than 100% (as high as 

102%). Since this is very unlikely to occur, especially over prolonged periods, 

aU the relative humidity observations over 100% were systematically reduced 

to 100%. 

Next, the wind direction data were adjusted to true north from the raw 

tower-relative values by adding 150 degrees. The wind direction adjustment 

value was obtained from Rob Howard (2002) and agrees weU with the nearby 

KILM wind direction data. 

Once the quality control issues were taken care of, the next step was to 

average the entire dataset in order to reduce the dataset size. In order to 

accomplish this, three averaging times were used. All the meteorological 

parameters were averaged into discrete sections of 5-second (25 data points), 

1-minute (300 data points) and 10-minute (3000 data points) mean values. 

Information about the standard deviation of the wind speed and direction 

was also preserved in case of future need. 

After reducing the dataset size through averaging, the resulting wind 

speed information was adjusted to a standard 10-meter height (fiom 10.668 
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m) and to an open exposure as described in section 4.9. A storm-relative 

position (latitude and longitude) was then assigned to each data point as 

described in Chapter V. Also, the storm-relative inflow was calculated using 

the methodology explained in section 4.8. Finally, some additional 

parameters were calculated in accord with section 4.7. The resulting 

information was used then used in the analysis of Hurricane Bonnie. 

4.2 Surface Observation Network 

All possible ASOS sites within the vicinity of the WEMITE tower were 

used. The sites consisted of all available ASOS platforms between 33.8167 

and 36.0167 N latitude and any east of 79.7333 W longitude. The platforms 

include approximately all sites in the eastern third of North Carolina as well 

as the sites in extreme northeastern South Carolina. The boundaries were 

chosen so that observational data surrounding the location of the WEMITE 

tower could be used to complement the data acquired by the tower. Table 4.1 

lists the 22 sites that were within the specifications. 

InitiaUy, all data were acquired in the METAR format, which is a 

standard surface observation reporting code. Through a series of programs 

written in FORTRAN, the information was decoded. In addition, the wind 

speed information was converted from knots to meters per second (m/s) and 

the altimeter setting was converted from inches of mercury to hectopascals 

(hPa). Then, since the wind records are 2-minute means, the wind speed 

observations were adjusted from 2-minute to 10-minute mean winds. This is 

accomphshed by dividing the observations by a factor of 1.12, as is suggested 

by Krayer and Marshall's (1992) gust factor analysis of hurricane winds (see 

Table 4.11). 

After adjusting aU the wind speed data to a 10-minute mean, the data, 

when possible, were standardized to a 10-meter height and to an open 
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Table 4.1. ASOS stations used for the Hurricane Bonnie analysis. Also 
shown are the latitude, longitude and anemometer height (if known) for each 
location. This information was acquired from NCDC online 
(http://lwfncdc.noaa.gov/oa/ncdc.html). 

Site 

KNKT 

KFBG 

KGSB 

KNCA 

KPOB 

KEDE 

KFAY 

KHSE 

KOAJ 

KDPL 

KISO 

KMQI 

KMEB 

KEWN 

KPGV 

KRDU 

KRWI 

KSOP 

KILM 

K37W 

KFLO 

KCRE 

Latitude 
(dd) 

34.897778 

35.133333 

35.333333 

34.705833 

35.166667 

36.027778 

34.989444 

35.232222 

34.833333 

35.0 

35.333333 

35.916667 

34.791389 

35.0675 

35.633333 

35.870556 

35.849444 

35.233333 

34.268333 

35.378611 

34.187778 

33.816111 

Longitude 
(dd) 

-76.887778 

-78.933333 

-77.966667 

-77.440833 

-79.033333 

-76.567222 

-78.88 

-75.6225 

-77.616667 

-77.981667 

-77.616667 

-75.7 

-79.368056 

-77.047222 

-77.4 

-78.786389 

-77.896667 

-79.4 

-77.906111 

-78.733611 

-79.730833 

-78.720556 

Anemometer 
Height 

(m) 
Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

10.0 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

7.3 

Unknown 

10.1 

7.9 

Unknown 

10.0 

Unknown 

9.9 

10.0 
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Table 4.2. ASOS stations standardized for the Hurricane Bonnie analysis. 
Also shown are the upwind fetch direction and the estimated roughness for 
that particular fetch. This information was interpolated from descriptions 
acquired from NCDC online (http://lwfncdc.noaa.gov/oa/ncdc.html). 

Site 

KRWI 

KRDU 

Upwind 
Fetch 
(deg) 

0 

45 

90 

180 

225 

270 

315 

360 

0 

45 

90 

225 

270 

315 

360 

Estimated 
Roughness 
Length (m) 

0.1 

0.1 

1.0 

1.0 

0.1 

0.5 

0.5 

0.1 

1.0 

1.0 

0.1 

0.1 

0.5 

1.0 

1.0 

Site 

KFLO 

KILM 

Upwind 
Fetch 
(deg) 

0 

20 

135 

180 

225 

270 

315 

360 

0 

45-90 

90-100 

100-150 

150-160 

160-350 

350-360 

Estimated 
Roughness 
Length (m) 

0.3 

0.1 

0.1 

0.3 

0.3 

0.5 

0.5 

0.3 

0.5 

0.25 

0.5 

0.1 

0.5 

0.1 

0.5 
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Table 4.2 (Continued). ASOS stations standardized for the Hurricane Bonnie 
analysis. 

Site 

KCRE 

KHSE 

Upwind 
Fetch 
(deg) 

0 

45 

90 

225 

240 

270 

360 

0-135 

135-225 

225-360 

Estimated 
Roughness 
Length (m) 

1.0 

1.0 

0.3 

0.3 

0.1 

1.0 

1.0 

0.25 

0.5 

0.25 

Site 

EWN 

Upwind 
Fetch 
(deg) 

0 

90 

135 

180 

225 

270 

315 

360 

Estimated 
Roughness 
Length (m) 

0.1 

0.1 

1.0 

1.0 

0.1 

0.5 

0.5 

0.1 

Table 4.3. The Davenport-Wieringa roughness length classification used to 
classify exposure for land-based sites (Wieringa, 1992). 

Class Name 

Sea 

Smooth 

Open 

Roughly open 

Rough 

Very rough 

Closed 

Chaotic 

Roughness 

Length (m) 

0.0002 

0.005 

0.03 

0.10 

0.25 

0.5 

1.0 

2.5 

Description 

Open water, free fetch > 3 km 

Featureless land or ice 

Flat terrain, airport runway 

Farmland, occasional obstacles 

High crops, scattered trees 

Orchards, scattered buildings 

Mature forest, suburban area 

City centers 
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exposure, as illustrated in section 4.9. This standardization can only be 

accomplished for 7 of the 22 sites, since these are the only sites with 

documentation (i.e., anemometer height and exposure information) sufficient 

to perform the corrections. The exposure information for the 7 sites that are 

standardized is given in Table 4.2. The roughness length values shown are 

estimated through visual inspection of site characterization photos (when 

available), along with the written site characterization descriptions. The 

roughness length estimates are in line with the Davenport-Wieringa 

roughness length classification (Wieringa, 1992) shown in Table 4.3. 

The exact value of the roughness length used for any given fetch of 

wind was selected directly from the information in Table 4.2. If the observed 

wind direction fell between any two fetch directions in Table 4.2, the 

roughness length was linearly interpolated between the two fetch directions. 

The two exceptions were for KILM and KHSE, where the cutoff between 

roughness lengths was discrete. This discrete cutoff was done because of the 

abrupt change in upwind terrain over small fetch changes at these two sites. 

After standardizing the wind speed data, the storm-relative inflow was 

calculated for all the observations, as described in section 4.8. The next step 

included calculating various additional meteorological parameters in 

accordance with section 4.7. Lastly, the storm- and rainband-relative 

latitude and longitude were calculated and then assigned to every 

observation. The time-to-space conversion is discussed further in Chapter V. 

4.3 Marine Data 

Marine data for Hurricane Bonnie were obtained for aU buoy and C-

MAN stations avaUable offshore of North and South Carolina from 25-30 

August 1998. The stations chosen for Hurricane Bonnie are shown in Table 

4.3. The numbered stations are buoys, while the letter and number 
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Table 4.4. Buoy and C-MAN stations used for the Hurricane Bonnie 
analysis. Also shown are the latitude, longitude, anemometer height 
and payload for each location. This information was acquired from 
the NDBC onUne (http://seaboard.ndbc.noaa.gov/index.shtml). 

Site 

41002 

41004 

44014 

chlv2 

clkn7 

dsln7 

ducn7 

fljisl 

fpsn7 

Latitude 
(dd) 

32.281111 

32.5 

36.583056 

36.9 

34.62 

35.15 

36.18 

32.68 

33.49 

Longitude 
(dd) 

-75.201667 

-76.1 

-74.83361 

-75.71 

-76.52 

-75.30 

-75.75 

-79.89 

-77.59 

Anemometer 
Height 

(m) 
5 

5 

5 

43.3 

9.8 

46.6 

20.4 

9.8 

44.2 

Payload 

DACT 

DACT 

DACT 

DACT 

VEEP 

DACT 

VEEP 

DACT 

DACT 

combinations are C-MAN sites. Each of the stations selected provides hourly 

information regarding the air temperature, sea surface temperature (for buoy 

stations), dewpoint, pressure, wind speed and direction, wind gusts, wave 

height, average wave period, dominant wave period, mean wave period, 

visibility, and pressure. In many cases the dewpoint, water temperature, and 

visibiUty data are missing. The specific sampling procedures for each sensor 

are dependent upon which payload the station has. The payload for each 

station is also given in Table 4.4. Tables 4.5 and 4.6 show the properties for 

the DACT and VEEP payloads, respectively. 

After acquiring the hourly data from the National Data Buoy Center, a 

number of different procedures were carried out. The first step was to 

calculate a few parameters of significance including the saturation vapor 
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Table 4.5. DACT payload sampUng properties for meteorological 
parameters of interest. This information was acquired from the NDBC 
online (http://seaboard.ndbc.noaa.gov/index.shtml). 

Parameters 

Wind 
Direction 

Wind Speed 

Gust 

Air 
Temperature 

Pressure 

Water 
Temperature 

Relative 
Humidity 

* 2 minutes for 

Frequency 
(Hz) 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Special 

C-MAN; 8 min 

Averaging 
Period 
(min) 

2/8* 

2/8* 

5 sec 

2/8* 

2/8* 

2/8* 

3-5 samples 

utes for moorec 

Resolution 

1.0 deg 

0.1 m/s 

0.1 m/s 

0.1 °C 

0.1 hPa 

0.1 °C 

0 . 1 % 

buoys 

Accuracy 

+/- 10.0 deg 

+/- 1 m/s 

+/- 1 m/s 

+/- 1.0 °C 

+/- 1.0 hPa 

+/- 1.0 °C 

NA 

Table 4.6. VEEP payload sampling properties for meteorological 
parameters of interest. This information was acquired from the NDBC 
online (http://seaboard.ndbc.noaa.gov/index.shtml). 

Parameters 

Wind 
Direction 

Wind Speed 

Gust 

Air 
Temperature 

Pressure 

Water 
Temperature 

Relative 
Humidity 

* 2 minutes for 

Frequency 
(Hz) 

1.28 

1.28 

1.28 

1.28 

1.28 

1.28 

1.0 

C-MAN; 8 min 

Averaging 
Period 
(min) 

2/8* 

2/8* 

5 sec 

2/8* 

2/8* 

2/8* 

2/8* 

utes for moorec 

Resolution 

1.0 deg 

0.1 m/s 

0.1 m/s 

0.1 °C 

0.1 hPa 

0.1 °C 

0 . 1 % 

.buoys 

Accuracy 

+/- 10.0 deg 

+/- 1 m/s 

+/- 1 m/s 

-H/- 1.0 °C 

+1- 1.0 hPa 

+1- 1.0 °C 

-H/- 6 % 
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potential temperature. These parameters, when possible, were calculated 

according to procedures discussed in section 4.7. Once completed, the relative 

inflow to the hurricane was calculated in accordance with section 4.8. Then, 

after adjusting to a 10-minute averaging time (see Table 4.12), the winds 

were standardized to a 10-m height and open terrain as outlined in section 

4.9. 

In order to standardize the marine winds, the value for roughness 

length for the various sites must first be determined. Since stations with 

marine exposures do not have a fixed upwind fetch as does a standard land 

based observing site, their roughness lengths must be determined differently. 

One cannot simply assign a roughness to an area that is located at sea, 

because the sea itself is a fluid that has a constantly changing surface. Thus, 

the relative roughness around that site is also always changing. 

Fortunately, it has been noted that the roughness of the sea is related 

to the wind speed of the air flowing over the water. Therefore, the relative 

roughness of the sea surface surrounding a marine site can be estimated with 

the knowledge of the wind affecting that area. 

More specifically, through an iterative process involving the log law 

(Simiu and Scanlan, 1996) and Charnock's relationship (Stull, 1988), the 

roughness length can be estimated. Begin with equation (4.1), the log law for 

neutral conditions: 

U{z) = \j-\uAn\ — \ (4.1) 

where: U(z) = 

u. 

0 1 
— M. In 
k) 

f z ) 

) = Wind speed at height z; 

= von Karman constant (- 0.4); 

= Friction velocity; 

— H eight; and 
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z„ = Roughness length. 

Solve for the friction velocity such that: 

_kU{z) 
"'~ f \ • (4.2) 

In — 

Using expression (4.2), the friction velocity can be calculated if the roughness 

length is known, since the wind speed and the height of the wind 

observations are known for every site. As a first guess, a roughness length of 

0.001 meters is used. 

Once the initial frictional velocity is calculated with the first guess, 

Charnock's relationship can then be employed to determine a new estimated 

roughness length. Charnock's relationship is specifically developed to 

determine the roughness length at sea and has the form: 

0 .016 M. 
2„= - (4.3) 

g 

where: g = Acceleration of gravity (9.8 m s-2). 

Equation (4.3) wiU yield a new estimate of the upwind roughness length. 

This new roughness length can then be substituted into equation (4.2) to 

determine a new estimate for the frictional velocity, which can then again be 

substituted into equation (4.3) to obtain a new estimate for the roughness 

length. This iterative process is completed when the roughness length 

stabilizes. In practice, after approximately ten iterations, there is no 

significant change in roughness length. For the purpose of this study, 20 

iterations were completed for each calculation of roughness length in order to 

ensure that the solution had stabilized. 
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It must be noted that the version of the log law is for neutral 

conditions. This appears to be a reasonable assumption since the time of 

interest is at and around the time that the hurricane is impacting the region. 

The higher wind speeds make for a relatively well-mixed boundary layer, 

where mechanical turbulence dominates over convectively induced 

turbulence, resulting in near-neutral conditions (Wieringa, 1976). Also, by 

inspecting the three stations that have complete air temperature and sea 

surface temperature records, both buoy 41002 and 44014 show very small 

differences between their observations, thus indicating near-neutral 

conditions. Station chlv2 does show air temperature 3-6 °C warmer than the 

sea surface temperature. This temperature difference would indicate stable 

conditions. 

I km 

f mm 
0 » 2 3 < f 6 1 e 9 To 11 U 

Wind Speed (m/s) 

Figure 4.1. Plot of a typical wind-speed profile for neutral, stable, and 
unstable conditions in the surface layer (Stull, 1988). 

Figure 4.1 shows how the log law differs for the three different static 

stability regimes. The neutral profile is generally in the middle, with the 

unstable profile showing higher wind speeds closer to the surface (below 2 m) 

and lower wind speeds higher up (above 2 m). The stable case, conversely. 
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has lower wind speeds than the neutral case at the lower levels (below 10 m), 

but higher wind speeds above that level. These wind speed variations 

iUustrate the types of errors, and in what direction (too high or too low) the 

standardized wind speed may possess if the wrong stability is used. In the 

case of a hurricane, a neutral environment should be a reasonable 

assumption. 

In the cases of sites clkn7, ducn7, and ADISI, added complexity was 

present: the sites were not located at sea, but instead were on the shoreline. 

Thus, for some fetch directions, the wind would come directly off the sea and 

from other directions it would come off the land. Hence, for a fetch from the 

sea, the iterative method listed above is used to determine a characteristic 

roughness. If the fetch was from the land, the roughness length was 

estimated similar to the ASOS sites as described in section 4.2. TerraServer 

images and maps (2001) were used to help estimate the surrounding terrain 

in order to characterize each site. The actual roughness lengths used for each 

site, with respect to fetch, are shown in Table 4.7. 

Once all the above calculations and corrections were completed, the 

storm- and rainband-relative locations were assigned to each observation 

according to Chapter V. Additionally, continuous buoy and C-MAN data 

containing 10-minute observations of wind speed and direction were used. 

This continuous buoy data was also standardized as previously explained in 

this section. Then storm- and rainband-relative latitudes and longitudes were 

assigned as outlined in Chapter V. The combination of the standard hourly 

and continuous buoy and C-MAN observation were then used for the Bonnie 

analysis. 
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Table 4.7. C-MAN stations with land exposures. Also shown are the upwind 
fetch direction and the estimated roughness for that particular fetch. This 
information was interpolated from information acquired from the Terra 
server online (http://terraserver.homeadvisor.msn.com/default.asp). 

Site 

clkn7 

ducn7 

fbisl 

Upwind Fetch 
(deg) 
0-32 

32-310 

310-360 

0-160 

160-340 

340-360 

0-20 

20-235 

235-360 

Estimated Roughness Length (m) 

0.03 

Iteration method used to estimate 

0.03 

Iteration method used to estimate 

0.03 

Iteration method used to estimate 

0.03 

Iteration method used to estimate 

0.03 

4.4 Flight-Level Data 

Flight missions were completed throughout the lifetime of Hurricane 

Bonnie in five distinct sections. Four out of five of the sections were carried 

out when Bonnie was well at sea. Hence, only one of the sections that 

consisted of two flight missions was of much use for this study. One flight 

mission was flown from 1020 to 1900 UTC 26 August 1998, and the other was 

flown from 1503 UTC 26 August to 0027 UTC 27 August 1998. Both flights 

were carried out between the 2 and 4 km height. Data were avaUable every 

minute from the first flight and every half a minute from the later flight. 

Since the wind speed data were 1-minute mean data, and there were 

no obvious bad data points, no smoothing or filtering was done. Also, no 

standardization of the wind speeds was completed since they were already at 
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a 1-minute mean. Furthermore, since the data were not adjusted to 10-m 

from flight-level, the wind direction was not changed (as would be dictated by 

Powell et al., 1996). All the data points were assigned storm-relative and 

rainband-relative locations in accordance with Chapter V. 

4.5 Dropsondes 

Dropsondes were released during both of the Hurricane Hunter flights 

when Bonnie was nearing and making landfall. The first flight mission, from 

1020 to 1900 UTC 26 August 1998, released 21 sondes. The second flight, 

from 1503 UTC 26 August to 0027 UTC 27 August 1998, released 36 sondes. 

Each of the soundings was initially in HRD Spline Analysis (HSA) format 

found on the HRD Homepage 

(http://www.aoml.noaa.gov/hrd/format/hsa_format.html). This format was 

manually decoded. Since the significant-level winds did not contain 

geopotential height, the height was estimated through linear interpolation 

between the nearest two significant levels containing geopotential height. 

The calculated geopotential height was then rounded to the nearest thousand 

feet. 

Once completed, the resulting information was then encoded into a 

standard radiosonde format, including the mandatory levels (TTAA), 

significant temperature levels (TTBB), and significant wind levels (PPBB) 

through a series of FORTRAN programs. Using the newly created 

radiosonde formatted data, the Skew-T/Hodograph Analysis and Research 

Program (SHARP) software was used to display the dropwindsonde sounding 

data. Additionally, the reformatted data was also displayed using the 

RAwinsonde Observation Program (RAOB) software. 
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4.6 Other Data Sources 

Standard radiosonde observations taken every 12 hours (00 and 12 

UTC) at established NWS sounding sites were also used. The three closest 

launch sites to the WEMITE location during Bonnie consisted of Morehead 

City/Newport, NC, Greensboro, NC, and Charleston, SC. The details for each 

of the three sites are shown in Table 4.8. 

This sounding information was retrieved from the Forecast Systems 

Laboratory (FSL) Organization Homepage (http://raob.fsl.noaa.gov/). The 

sounding data were already encoded to the standard radiosonde format, and 

thus needed no adjustment. Once obtained, the data were then graphically 

displayed using the SHARP and RAOB software programs. 

Additionally, radar data proved to be a great source of useful 

information for this study. Level II radar data were obtained from the 

National Climatic Data Center (NCDC). More specifically, radar data from 

the Morehead City (KMHX) NEXRAD WSR-88D radar were acquired from 

10:01 UTC 26 August to 6:33 UTC 27 August 1998. KMHX was the nearest 

functioning NEXRAD radar with respect to the WEMITE tower location. 

Table 4.8. Characteristics of the NWS radiosonde sites nearest the WEMITE 
tower for Hurricane Bonnie (1998). This information was obtained from the 
Research Applications Program (RAP) Homepage (2002). 

Site 

Morehead 

City/Newport 

Greensboro 

Charleston 

Station 

ID 

KMHX 

KGSO 

KCHS 

Synoptic 

ID 

72305 

72317 

72208 

Elevation 

(m) 

9 

275 

13 

Latitude 

(dd) 

34.78333 

36.1 

32.9 

Longitude 

(dd) 

-76.88333 

-79.95 

-80.03333 
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Radar data were not avaUable from the Wilmington (KLTX) NEXRAD WSR-

88D radar during the passage of Bonnie. 

Once in house, the radar data was viewed and analyzed through the 

WSR-88D Algorithm Testing and Display System (WATADS). This software 

allowed for the viewing of the reflectivity, velocity, and spectrum width data 

for all scan levels. It also was able to create cross-sections of the various data 

and served many other functions. 

4.7 Calculating Parameters 

A number of meteorological variables, when possible, were calculated 

for the different platform observations. The variables consisted of the 

saturation vapor pressure, vapor pressure, dewpoint, mixing ratio, potential 

temperature, and equivalent potential temperature. 

4.7.1 Dewpoint 

When not already present, the dewpoint was calculated if the relative 

humidity and temperature were available. This calculation was done, most 

notably, for the WEMITE data. The calculations were completed through the 

use of a series of empirical approximations. First, the saturation vapor 

pressure was calculated using: 

cs = 6.1121exp 
^ 17.5027 ^ 

(240.97-HT) 
(4.4) 

where: es = Saturation vapor pressure (hPa); and 

T = Temperature (°C). 
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Then, the vapor pressure was calculated by applying: 

e = \ 
RH 

.100.0 

where: e = 

RH = 

(4.5) 

Vapor pressure; and 

Relative humidity. 

Using the above information, the dewpoint temperature was then 

estimated through the following formula: 

( 

Td = 240.97 
17.502 

V 

^"(/^.112l) 

Mfe.mil (4.6) 

where: Td Dewpoint (°C). 

Through the use of equation (4.4) to (4.6), the dewpoint was then 

calculated for all observations that possessed temperature and relative 

humidity data, but lacked dewpoint information. The three equations used 

((4.4)-(4.6)) were found in the NCAR Technical Note 237 (1984). 

4.7.2 Mixing Ratio 

The mixing ratio was also calculated for all the surface data, when 

possible. The mixing ratio was calculated using another empirical formula 

found in the NCAR Technical Note 237 (1984). 

The formula is as follows: 

r 
w = 

0.622e 
xlOOO 

^ P-^ J 
(4.7) 

76 



where: w 

P 

Mixing ratio (g kgi) ; and 

Pressure (hPa). 

4.7.3 Potential Temperature 

The potential temperature was also calculated, when possible. The 

potential temperature was calculated as follows (Glickman, 2000): 

0 = T P" 

where: 

\P ) 

9 

T 

Po 

R 

Cp 

(4.8) 

Potential temperature (K); 

Temperature (K); 

Reference pressure (1000 hPa); 

Gas constant for dry air; and 

Specific heat at constant pressure. 

4.7.4 Equivalent Potential Temperature 

Whenever available data allowed, the equivalent potential 

temperature was also calculated using (Glickman, 2000): 

0e = 0exp\ 

where: 

Lw 

'QT. 

L 

w 

T 

(4.9) 

Equivalent potential temperature (K); 

Latent heat of vaporization; 

Mixing ratio (kg kgi) ; and 

Temperature (K). 
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4.8 Calculating Inflow 

In addition to the above fields, the storm-relative inflow was also 

calculated for aU of the surface wind observations. This calculation was 

accomplished through a series of steps. First, a line tangent to a circle 

centered about the storm's position, for a particular site, was determined. 

Then the wind observation was compared to this line and the magnitude and 

direction of the storm-relative inflow/outflow was determined. 

More specifically, in order to determine a line tangent to a circle 

centered about the storm's location, the storm's location must first be known. 

The NHC best-fit data were used to determine this position. When 

observations were not exactly at the time of the best-fit data, the storm 

position was linearly interpolated between the best-fit location before and 

after the observation time. For Hurricane Bonnie, the best-fit locations are 

found in Table 4.9. 

After determining the location of the center of the storm, the next step 

was to resolve the angle that the hurricane center made with the observation 

site. The angle was calculated in two steps. First, the absolute value of the 

difference between the latitude of the storm center and the observational site 

was found. This difference was then multiplied by 111.0 km to convert the 

distance from decimal degree to kilometers (since 1° latitude « 111.0 km). 

Similarly, the absolute value of the difference between the longitude of the 

storm center and the observational site was found. This difference was then 

multiplied by 91.992757 km (since 1° longitude ~ 91.992757 km at a latitude 

of 34.275°, the latitude where the WEMITE tower was located during 

Bonnie). 

Since the length of a degree of longitude does vary with latitude, a 

simple sensitivity test was performed. It was determined that the magnitude 

of the errors generated by not accounting for the variation of longitude length 
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Table 4.9. Best-fit location for Hurricane Bonnie (National Hurricane Center 
Homepage, 2001). 

Day 

25 

25 

26 

26 

26 

26 

27 

27 

27 

27 

28 

28 

28 

28 

29 

29 

29 

29 

30 

Time (UTC) 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

Latitude (°N) 

28.8 

29.8 

30.8 

31.7 

32.7 

33.4 

34.0 

34.5 

34.9 

35.4 

35.8 

36.2 

36.7 

37.3 

38.3 

39.2 

40.2 

41.6 

42.9 

Longitude (°W) 

74.7 

75.6 

76.4 

77.3 

77.8 

77.8 

77.7 

77.5 

77.1 

76.6 

75.9 

75.1 

74.3 

73.2 

71.4 

69.6 

67.8 

64.8 

61.5 

with latitude was less than one degree in the final inflow calculations. Since 

this was weU within the error range of the wind observations, the error 

resulting from the longitude length set to a constant was deemed negligible. 

Hence, the equivalence of 91.992757 km for 1° longitude was used in aU the 

calculations. 
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North 

Observation 
Site 

Tangent Line 

Longitude difference 

Latitude 
difference 

Storm 
center 

Figure 4.2. Illustration of the various parameters used to calculate the inflow 
angle. 

Once the longitude and latitude differences were found, the approach 

angle (0) was calculated in order to determine the angle the tangent line 

makes with north (N). Figure 4.2 illustrates the different variables used. 

The calculation of 0 was completed by taking the arctangent of the ratio of 

the longitude and latitude differences. In this calculation, the numerator and 

denominator vary depending on the storm position relative to the site 

location. Table 4.10 shows what combinations were used for different storm 

and site locations. The table also shows how the orientation of the storm 

center to the observational site (Vf) was calculated. 

Once Vf was found, the angle of the line tangent to this line (N) was 

found by subtracting 90 degrees from Vf. If the result was negative, 360 

degrees were added to the result. 
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Table 4.10. Numerator and denominator for different storm positions 
relative to the observation location. Within the numerator and denominator 
columns, the value of latitude represents the latitude difference and the 
longitude represents the longitude difference. Blank values means they are 
not required for the Vf calculations. 

Observation 
site north of 

storm center? 
Yes 

Equal 

No 

Yes 

Equal 

No 

Yes 

No 

Observation 
site west of 

storm center? 
Yes 

Yes 

Yes 

No 

No 

No 

Equal 

Equal 

Numerator 

Longitude 

Latitude 

Longitude 

Latitude 

Denominator 

Latitude. 

Longitude 

Latitude 

Longitude 

Vf 
calculation 

180.0 - 0 

90 

90.0 - 0 

180.0 + 0 

270 

270.0 + 0 

180 

0 

Table 4.11. Adjustments made to the initial storm relative inflow angle in 
order to calculate the final inflow angle. 

Value of initial storm-
relative inflow angle 

-270.0° - -360.0° 

-180.0° - -270.0° 

-90.0° - -180.0° 

270.0° 360.0° 

180.0° 270.0° 

90.0° 180.0° 

Adjustment made to initial storm 
relative inflow angle to determine 

final inflow angle 
Add 360° 

Add 180° and take absolute value 

Add 180° and multiply by -1 

Subtract 360° 

Subtract 180° and multiply by -1 

Subtract angle from 180° 
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Next, the actual wind direction observed was subtracted from the 

angle of the normal line (N), representing the fine of zero inflow, to determine 

the relative inflow angle. The resulting value was then adjusted according to 

Table 4.11. After the adjustment, aU inflow angle values ranged from -90° to 

90°, with the positive values representing inflow relative to the storm and 

negative values representing outflow relative to the storm. Following the 

inflow angle calculations, the radial and tangential wind components were 

then calculated. The tangential winds were found by multiplying the total 

wind speed by the cosine of the final inflow angle, while the radial wind 

component was the product of the total wind speed and the sine of the final 

inflow angle. 

4.9 Standardizing Wind Speeds 

All of the surface wind observations, when possible, were standardized 

to a 10-meter height, open terrain, and a 1-minute averaging time. This 

standardization was accomplished through the following steps. First, the 

wind speeds were corrected to 10-meters, when possible, through the 

implementation of an adjusted form of the log law shown in equation (4.10). 

The observation height (z) and roughness length (zo) for each of the 

observation sites are described in the earlier sections of this chapter, with the 

exception WEMITE. A roughness length value of 0.1 m was assigned from 

the beginning of data collection up untU 0200 UTC 27 August, with a 

roughness length of 1.0 m used after that time. These values were consistent 

with work done by Conder (1999) that estimated the roughness lengths for 

the WEMITE tower during Hurricane Bonnie. 
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The adjusted form of the log law used is: 

^(10) 
U{z) 

In 

In 

' ( l O - z j ) / " 
/Zo 

{z-zj)/' 
/Zo 

(4.10) 

where: U{10) = Wind speed at 10 meters; 

U{z) - Wind speed (m/s) at height (z); 

zd - Zero-plane displacement height; 

Zo = Roughness length; and 

2 = Height of wind speed observation. 

The zero-plane displacement height is an empirical factor to account 

for the height of obstacles located immediately upwind from an observation 

site. Wieringa (1993) states that for a forest 75% of the mean height of the 

trees immediately upwind is a reasonable estimate for the zero-plane 

displacement height. 

A zero-plane displacement height value of zero was used for all sites 

except WEMITE. For the WEMITE information, a value of zero was used up 

to 0200 UTC 27 August, since the exposure was "open." After 0200 UTC 27 

August, a value of 7.5 m was used. This value was obtained by taking 75% of 

the estimated mean tree height immediately upwind. This upwind mean tree 

height was estimated to be 10 m (Conder, 2001). For the remaining sites, the 

zero-plane displacement height value of zero was used for two primary 

reasons. First, for most sites, the exposure was relatively "open" with few 

obstacles immediately upwind, thus leading to a zero-plane displacement 

height value of zero. Secondly, in a few cases, there was not enough 
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information to make a reasonable estimate of the height of the obstacles 

immediately upwind, and hence, a zero value was maintained. 

After adjusting all possible wind observations to a 10 m height, the 

observations were then adjusted to an open exposure (zo = 0.03 m). To 

accomplish this, first the log law was solved in terms of the frictional velocity: 

Using equation (4.11), the frictional velocity for each possible 

observation was calculated. Next, the frictional velocity was estimated for 

open exposure using (Simiu and Scanlan, 1996): 

[
X 0.0706 

^ (4.12) 

where: u*s = Frictional velocity for an open exposure; and 

zos = Standard "open" roughness length (0.03 m). 

The calculated variables were then substituted back into the log law 

such that: 

U{10,open) = 
fu'A ^"^ 

K k 
In z 

yZoJ 
(4.13) 

where: U{10,opeti) = 10-m open exposure wind; 

u*s = Value from (4.12); 

z 

Zo 

Wind height (10 m); and 

New roughness length (0.03 m). 

Through equation (4.13), the final 10-m, open-exposure wind speed was 

calculated. It should be noted that aU of these above calculations assume 
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Table 4.12. Various gust-factor ratios for relevant averaging times [Krayer 
and MarshaU (1992)]. 

Averaging time ratio 

1 minute/10 minute 

5 second/10 minute 

2 minute/10 minute 

8 minute/10 minute 

Gust-factor ratio 

1.325/1.08 

1.62/1.08 

1.21/1.08 

1.092/1.08 

near neutral stability. Hence, for the weaker wind speeds the analysis loses 

its validity. In some cases, the resulting wind speeds were then adjusted to 

estimate 10-minute, 1-minute, and 5-second mean wind speeds if not already 

so. The mean wind speed adjustments were made in accordance with the 

hurricane gust factor curve created by Krayer and Marshall (1992). 

The Krayer-Marshall gust factor curve (not shown) relates the gust 

factors for various averaging times for a standard 10-m, open exposure wind 

speed. The various ratios of use for this application are shown in Table 4.12. 

The ratios allow for the estimation of wind speed for various averaging times 

if the initial averaging time is known. For example, beginning with a 10-

minute, 10-m, open exposure wind speed, the corresponding estimate of 1-

minute wind speed is found by multiplying the initial value by 1.2269 

(1.325/1.08). Different averaging times can be calculated similarly. 
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CHAPTER V 

TIME-TO-SPACE CONVERSION 

After standardizing all the data and calculating the various 

parameters outlined in Chapter 4, the next step was to usefully display the 

information. The remainder of this dissertation contains many graphs and 

maps to accomplish this. One such procedure that is employed to aid in 

understanding and interpretation is the time-to-space conversion. 

A time-to-space conversion results from taking relatively high time 

resolution data and converting it into a spatial domain. This conversion can 

be particularly applicable to distinct entities such as a hurricane, a frontal 

boundary, a rainband, or potentially any feature that can be spatially 

defined. Instead of displaying the data geographically, the data is positioned 

relative to the object of interest. 

Before jumping into the conversion process, first a couple of 

fundamental ideas should be considered. Sections 5.1 and 5.2 discuss two 

critical factors to the conversion process, Taylor's hj^othesis and the inherent 

assumptions, respectively. 

5.1 Taylor's Hypothesis 

Taylor's hypothesis was developed by G. I. Taylor in 1938 (StuU, 1988) 

while attempting to better understand turbulence. The hypothesis came 

about because it was difficult to observe turbulence over a large area at a 

single time, but relatively easy to make observations from a single point for a 

long time. This reaUzation led Taylor to the hypothesis that one might 

consider the turbulence to be frozen as it advects past the sensor. 

With the frozen assumption, the length of the turbulent eddies could 

then be determined by simply recording how long it took for an eddy to pass 
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the sensor and multiplying that time by the average wind speed as the eddy 

passed. This approach is the same philosophy used in a time-to-space 

conversion. The key difference is that the time-to-space conversion is applied 

to many other meteorological features of much larger scales than turbulence 

(i.e., hurricanes or rainbands). 

The one key assumption in this entire process is that the feature of 

interest, in this example turbulence, must remain frozen as it passes the 

sensor. In reality, of course, the turbulence is constantly changing and 

evolving. To make this type of analysis useful, the evolution of the 

turbulence must occur over a time scale greater than the time it takes to pass 

by the sensor. 

5.2 Inherent Assumptions 

As addressed in Taylor's Hypothesis, the time-to-space conversion is 

valid as long as the object analyzed is in a quasi-steady state throughout the 

time of the conversion procedure. Oftentimes the most difficult part of the 

analysis is to determine whether or not the object is steady state. For 

instance, when considering a hurricane making landfall, it can be difficult to 

define what length of time the hurricane can be considered steady state. As a 

hurricane comes ashore, the maximum winds often decrease rapidly (due to 

increased friction and overall weakening of the storm) and the minimum 

pressure rapidly rises (the storm fills). In addition, the primary source of 

energy for the storm, the warm ocean water, is no longer present. Thus, even 

if the storm intensity does remain approximately constant, the fuel for the 

system dramatically changes. Therefore, caution must be taken when 

examining the results. 

Throughout any time-to-space conversion, a close watch must be kept 

on the features of interest. If the characteristics of the feature change 
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dramatically during the conversion process, then the analysis loses its 

validity. Often times, though, when completing the conversion, there are 

some changes, but the entity of interest does not change drastically and is 

said to be quasi-steady state. Since, in most cases, quasi-steady state is a 

subjective designation, caution should be used when developing conclusions 

based on the conversion results. 

Within this study, the time-to-space conversion process is employed a 

number of times in order to more closely examine the hurricane rainbands. 

More specifically, the conversion process is completed on meteorological data 

within one hour of the time of interest (two hours of total data). This one 

hour envelope, in most cases, should allow for some of the mesoscale features 

of the rainband to be viewed, but will not resolve the small-scale features 

(with time scales on the order of 5-10 minutes). In addition, some of the 

rainbands evolve much more rapidly than others, thus reducing the 

effectiveness of the analysis. The analysis portion of this dissertation will 

discuss the validity for each rainband separately. 

5.3 Conversion Process 

Converting time information to space information requires the 

identification of a feature of interest and of its position throughout the time of 

the analysis period. The process also requires knowledge about the locations 

of the observing platforms. Once this information is avaUable, the positions 

of the data from the platforms can be determined relative to the feature of 

interest. Figure 5.1 graphically explains the conversion process. 

The top portion of Figure 5.1 shows wind observations taken at three 

different times from a single observation site during a hurricane passage. 

The lower left portion of the figure then shows where the observation site is 

with respect to the hurricane at the three different times. Finally, the lower 



Wind 
observations 
at various 
times for a 
site during a 
hurricane 
passage 

Storm-
relative 
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passage 

Time 1 Time 2 Time 3 

Time 1 

Time 2 

Time 3 

Figure 5.1. Graphical illustration of a simple time-to-space conversion 
performed as a hurricane passed by an observation site. 

right portion of Figure 5.1 shows the three wind observations plotted relative 

to the hurricane. This procedure completes the simple time-to-space 

conversion for a single site with only three observations. In reality, this 

process is completed for all relevant sites available with observations 

throughout the period of interest. 
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5.4 Hurricane Bonnie 

The time-to-space conversion was completed for Hurricane Bonnie. All 

WEMITE, surface, buoy, dropsonde, and flight-level data were converted. 

First, to accomplish this, the center of the Hurricane Bonnie was defined for 

all times by using the best-fit data (Table 4.8), and linearly interpolating the 

location for the intermediate times. A base time of 00 UTC 27 August 1998 

was then chosen for Bonnie. All the observational data was then shifted into 

a position relative to Bonnie at the base time. Hence, all observations taken 

at the base time were assigned the position (latitude and longitude) of their 

observation site (found in Chapter IV). Observations before the base time 

were generally assigned positions progressively further north and west 

relative to their actual locations to account for the approach of Bonnie from 

the southeast. Observations taken after the base time (00 UTC) were 

generally shifted south and west of their actual locations as Bonnie moved off 

toward the northeast. 

In order to better understand this procedure, consider for instance an 

observation from WEMITE at 1800 UTC 26 August. At this time, the 

hurricane center was 0.6° latitude south and 0.1° longitude west (see Table 

4.8) of its position at the base time. Thus, in order to account for this, the 

WEMITE observation location was shifted 0.6° north latitude and 0.1° east 

longitude to a storm-relative position of 345.875°N and 77.8083°W. Thus, 

plotting the 1800 UTC WEMITE observation with its new position relative to 

the 00 UTC Bonnie location produces a successful time-to-space conversion. 

5.5 Hurricane Bonnie Rainbands 

The time-to-space process was also completed in much the same way 

for the hurricane rainbands. After thorough radar analysis, five rainbands 

that passed over the WEMITE tower during Hurricane Bonnie were selected. 
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Table 5.1. Estimated motion, from radar reflectivity analysis, of five 
rainbands that passed over the WEMITE tower during Hurricane Bonnie. 
The time represents the time that the rainband was centered over the 
WEMITE tower. AU the rainbands here occurred on 26 August 1998. 

Time (UTC) 

1225 

1559 

1819 

2206 

2355 

Direction of 
Motion 

(deg) 
315 

315 

315 

315 

270 

Speed of 
Motion 

(m/s) 
7.38 

8.43 

4.56 

4.78 

11.53 

U-component 
of Motion 

(m/s) 
-5.22 

-5.96 

-3.22 

-3.38 

-11.53 

V-component 
of Motion 

(m/s) 
5.22 

5.96 

3.22 

3.38 

0 

The speed and direction of each of the rainbands were then estimated as they 

passed over the WEMITE tower using relevant radar reflectivity data. The 

results of the rainband motion analysis are shown in Table 5.1. 

Once the rainband location and motion was known, the time-to-space 

conversion was performed as described in Section 5.4. The base time was set 

to the time when the rainband was centered overhead the WEMITE tower. 

The time difference between aU observational data and the base time was 

then determined. The time difference was then multiplied by the u- and v-

components of the band motion to obtain a correction distance. The 

correction distance was then converted to degrees latitude and longitude, 

using the same conversions as used in Section 4.8. The calculated 

adjustments were then applied to the observational sites true position. This 

resulted in a time-to-space conversion relative to the rainband when it was 

centered over the WEMITE tower. 
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CHAPTER VI 

RESULTS FOR HURRICANE BONNIE (1998) 

6.1 Hurricane Bonnie (1998) 

Hurricane Bonnie existed in the Atlantic hurricane basin 19-30 August 

1998. Bonnie became a hurricane at 0000 UTC 22 August north of 

Hispaniola and, after intensifying and then slightly weakening, made 

landfall near Wilmington NC, as a category 2 hurricane, around 0330 UTC 27 

August (Pasch et al., 2001). At landfall Bonnie officially had a maximum 1 

minute open exposure sustained wind of 95 knots and a central pressure of 

964 hPa (National Hurricane Center Homepage, 2000). 

Figure 6.1. Infrared Geostationary Operational Environmental SateUite-8 
(GOES-8) sateUite images of Hurricane Bonnie. 

Figure 6.1 shows Hurricane Bonnie during various stages of its life 

cycle. Bonnie is near its maximum intensity at 12 UTC 23 August. There is 

a clearly developed eye near the center of a central dense overcast (CDO), 

with good upper-level outflow in most directions. At 00 UTC 27 August, 

Bonnie is just about to make landfall. During this time Bonnie stUl possesses 

good structure, but the eye region is now obscured and the cloud top heights 

are not quite as cool (less white), indicative of lower cloud top heights. Only 

one day later (00 UTC 28 August), the cloud top heights are much lower, and 
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Figure 6.2. Best-fit track for Hurricane Bonnie (day/time (UTC)). 

the entire storm is significantly less organized. Officially, Bonnie's maximum 

winds are now down to 65 knots, and the central pressure is up to 983 hPa. 

In addition to having made landfall, Bonnie is also interacting with an upper-

level trough that eventuaUy steers Bonnie off to the northeast. 

Bonnie's official track as it approached North Carolina is shown in 

Figure 6.2. Bonnie moved in a general northwesterly track as it approached 

North Carolina, and then slowed as it made landfall and recurved in response 

to the upper-level trough to its north. Afterwards, Bonnie accelerated toward 

the northeast and moved back out over the Atlantic Ocean. The rainbands 

analyzed in this paper occurred before Bonnie makes landfall. 

Bonnie accounted for three fatalities, two due to drowning, and 

another from a tree falling on a home. AdditionaUy, Bonnie was responsible 

for an estimated $720 million in total U.S. damage. A majority of the damage 

took place in eastern North Carolina and Virginia and resulted from 

numerous trees knocked down, widespread power outages, and significant 

roof and structural damage. For additional information concerning the origin 
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Figure 6.3. Observational sites used to complete Hurricane Bonnie analysis. 

and specific meteorological statistics on Hurricane Bonnie refer to Pasch et 

al. (2001). 

Analysis completed on Bonnie in the following sections of this chapter 

were completed through the use of the data sources outUned in Chapter 3, 

and expounded upon in Chapter 4. Figure 6.3 displays the various 

observational platforms used in the analysis. Sites generaUy consisted of any 

platforms available in the eastern half of North Carolina as well as extreme 

northeast South CaroUna, along with any offshore observations in the region. 

6.2 Hurricane Bonnie Analysis 

The WEMITE tower was located very near the track of Hurricane 

Bonnie as it approached and made landfall in southeastern North Carolina. 

This track allowed for the collection of data throughout a good cross-section of 

Bonnie, including data within the western half of the eye. 
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Figure 6.4 shows the standardized wind speed, direction, and gust 

information collected by the tower as Bonnie passed by. The wind speed and 

gust profile show increasing wind speeds up to the radius of maximum winds 

at about 1920 UTC on the 26'^ (within the eyewall), with a dramatic decrease 

in magnitude within the eye. Then, as the storm center moves away, the 

wind speeds again rise more rapidly to the radius of maximum winds at 400 

UTC on the 27"^, with a more gradual drop off beyond that as the storm 

accelerates away. More specifically, there appear to be two distinct plateaus 

of relatively high wind speeds. The first occurs between 1740 and 1940 UTC 

on the 26th, with the second occurring between 2020 and 2220 UTC, also on 

the 26'^'. The first plateau appears to correlate with the passage of the main 

eyewall, which is nearly complete, and has a radius of approximately 70 km 

(estimated from radar). The second plateau appears to correlate with a 

second inner band of convection that develops, expands and rotates around 

the center of circulation from 1930 to 2300 UTC. By 2300 UTC, the 

convection completely wraps around the circulation center and expands to 

form a new intense eyewall, replacing the previous eyewall as it breaks up 

and decreases in intensity. This more robust eyewaU has a radius of roughly 

50 km. According to radar, after 2240 UTC the WEMITE tower is in the eye, 

with little or no reflectivity. 

The situation quickly changes by 0000 UTC on the 27*^ when much of 

the eye region begins to fill with reflectivity returns. Initially, the southwest 

portion of the eye fiUs with returns, and then, by 0230 UTC a majority of the 

eye is full of 34+ dBz reflectivity returns. This reflectivity evolution 

complicates the analysis for the second half of the storm since the eyewall 

structure, according to radar, contains much less of a classic definition. The 

wind speed data does suggest a passage back through the radius of maximum 

wind (into the eyewall) around 0400 UTC, with a secondary wind speed wind 
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Figure 6.4. WEMITE 10-min wind speed (m s"̂ ), maximum 5-sec gust (m s-
1), and wind direction as Hurricane Bonnie passed overhead. 
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Figure 6.5. WEMITE temperature (°C), dewpoint (°C), and equivalent 
potential temperature (K) as Hurricane Bonnie passed overhead. 
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maximum at that time. At the same time the radar data depicts a large area 

of high reflectivity returns (34+ dBz) over the WEMITE tower, but no weU-

defined eyewall. In fact, at this time, most of the inner core region over land 

(within 60 km of circulation center) consists of 34-45 dBz returns. This 

pattern persists within the radar data through the end of the radar tape, 

which runs through 0630 UTC on the 27'^. Hence, according to radar, 

WEMITE remains within relatively steady moderate to heavy rainfall from 

0300 to 0630 UTC, and likely a while beyond that, although no radar data are 

available for confirmation. This period of moderate to heavy rainfall 

corresponds to a steady decrease in wind and gust magnitude after the 0400 

UTC relative maximum. This steady decline in wind speed continues on 

throughout the remaining tower record, although even more gradually as the 

wind speeds drop down below 10 m S"̂ . 

The wind direction data shows a relatively steady northeast to east-

northeast wind as Bonnie approaches, consistent with being in the left front 

quadrant. Around 2230 UTC on the 26'^ the wind direction begins backing 

around to a north wind, and eventually to a west wind, as the center of 

circulation passes by just to the east. Beyond 0700 UTC on the 27^^^ with 

WEMITE now well into the rear portion of the storm, the wind direction 

becomes steadily from the west. This evolution is consistent with the 

ideaUzed model of a hurricane with cyclonically rotating air with some inflow. 

The thermodynamic data (Figure 6.5) shows a warm core system, with 

a large maximum in equivalent potential temperature (0e) from 1700 UTC on 

the 26th to 0200 UTC on the 27'^, consistent with when the tower is within 

the eyewall and eye region of Bonnie. This high 0e air is primarily due to 

increasing moisture levels (higher dewpoints), although the air is also 

sUghtly warmer than the air immediately around the hurricane core. 

Surrounding the core region are two relative minima (1200-1530 UTC on the 
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26th and 0600-1200 UTC on the 27'^) in 0e as a result of relative minimums in 

both temperature and moisture levels. These two minimums are likely due to 

the large amounts of precipitation transporting cooler air to the surface 

outside of Bonnie's inner core. The rapid drop off in 0e between 0200 and 

0600 UTC on the 27^^ is likely due to the large area of moderate to heavy rain 

that develops and persists over the western portion of the hurricane, thus 

allowing for a large transport of lower 9c air from aloft to the surface. 

The pressure data, in Figure 6.6, shows a general decrease in pressure 

as the storm approaches. Then, between 2120 UTC on the 26^^ and 0400 

UTC on the 27'^, the pressure data displays an elongated relative minimum, 

with the lowest pressure occurring around 0100 UTC. These times 

correspond well to when WEMITE is closest to the center of circulation, 

although the smaller wavelike variations are not well understood. They may 

relate back to all of the convection developing in and around the eye region at 

that time. Beyond 0400 UTC, the pressure rises more steadily as the center 

of circulation accelerates away to the northeast. 

The storm-relative wind components (Figure 6.7) show a number of 

interesting features. The tangential wind displays a general increasing trend 

from 0920 to 1900 UTC on the 26'^, and a general decreasing trend beyond 

0400 UTC on the 27*^. Between the two general trends, a number of relative 

maxima and minima occur. The absolute maximum occurs near 1920 UTC, 

and is associated with the passage of the outer eyewaU, with the second, 

weaker maximum near 2120 UTC, associated with a newly developed inner 

eyewall. The following relative maxima appear to be correlated with 

precipitation areas that rapidly develop and expand outward from the eye 

region, with the minimum (-2330 UTC) occurring inside the rain-free eye. 

The inflow angle and radial wind speed show simUar variations 

throughout the storm passage, with both remaining positive for the duration 
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Figure 6.6. WEMITE pressure (hPa) as Hurricane Bonnie passed overhead. 
The artificial spike and steady readings are due to sensor 
malfunction. 
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Figure 6.7. Ten-minute inflow angle (INFLOW), radial (RAD), and tangential 
(TAN) wind speed calculated from the WEMITE data. 
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of Bonnie. The variations are not easily understood, but do in some cases 

appear tied to the reflectivity characteristics of the storm. These variations 

are investigated more closely in the following section focusing on rainbands. 

A time-to-space conversion was performed on aU of the Hurricane 

Bonnie data within 6 hours of 0000 UTC 27 August 1998. The results of the 

transformation for the eyewall and eye region are shown in Figure 6.8. It can 

be noted that the best-fit hurricane center at this time was about 10-15 km 

southeast of the radar indicated center of circulation (more apparent when 

viewing a radar animation). Hence, this would result in some smaU error 

introduction into the analysis. More specifically, the placement of the 

observations before and after 0000 UTC would be shghtly off If the center of 

circulation moved north before 0000 UTC and then more northeasterly, as 

indicated by radar, instead of steadily to the north-northeast, as shown by 

the best track data, the data before 0000 UTC would be shifted sUghtly 

further west, as would the data after this time. 

Although noteworthy, the introduced error is not sufficient to 

undermine the analysis. Figure 6.8 shows the time-to-space conversion 

information. The analysis shows general cyclonic circulation around the eye 

region of Bonnie, with the surface level data consistently more convergent to 

the hurricane center than the flight level data. The wind speed information 

shows a general decrease in magnitude near the center of circulation, coupled 

with the lower reflectivity returns. There are some higher wind speeds 

within the large eyewall, likely a result of the convection that develops with 

the west and south half of the eye. The highest surface-level 1-minute wind 

speeds are approximately 30 m s ^ and occur in the buoy data on the 

southeast side of the eye. The remaining surface-level data suggests 

maximum wind speeds near 25 m S"i in the northwest and southwest 

quadrant. 
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Figure 6.8. Base reflectivity data from the KMHX radar at 0000 UTC 27 
August 1998. Overlaid are the time-to-space converted winds, 
with one fuU barb representing 5 m s-̂  and a flag representing 
25 m s-i. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. The red hurricane 
symbol is where the best-track official storm position is located. 
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The flight-level wind speed information, taken mostly between 2100 

and 2300 m, shows a similar pattern, but with very low wind speeds 

(< 5 m s-i) near the center of the eye, and much higher wind speeds in and 

around the eyewaU region. The northern and eastern eyewaU has flight-level 

winds between 45 and 50 m s-i, while the south and west side have some 

observations over 40 m s^. These values might seem to be contradicted by 

the radar reflectivity data shown in Figure 6.8, since the strongest winds 

appear to occur where the eyewaU returns are the weakest, and vice versa. 

This case is exactly when to use caution with a time-to-space analysis. In 

this case, the northern and eastern eyewall observations are taken from 2 to 

4 hours before 0000 UTC, depending on the segment of interest. At the time 

of these observations, the reflectivity weakness in the eyewall is present on 

the western side of the circulation, while the north and east side has strong 

returns. By 0000 UTC, the weakness rotates to the east side of the storm, to 

give the false impression of a positive correlation of high winds speeds with 

low reflectivity, when in fact the opposite appears true. The reflectivity 

weakness does make another full revolution around the eye as the eye fills in 

with reflectivity during the final 6 hours of the analysis up to 0600 UTC. 

6.3 Rainbands 

Rainbands were identified through radar reflectivity data. Areas of 

relatively high reflectivity (34+ dBz), bordered by lower reflectivity on both 

sides, with a length substantially greater than its width, were chosen. In 

addition to the above stipulations, only rainbands that passed over the 

WEMITE tower were chosen for further analysis. This stipulation was due to 

relatively high-resolution data avaUable from the WEMITE tower. Table 5.1 

shows the five rainbands that were identified for Hurricane Bonnie. Once 

chosen, detailed radar analysis of the reflectivity, spectrum width, and 
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velocity data were completed. In addition, thorough examinations of aU the 

WEMITE parameters were completed, along with some objective analysis, 

when possible. A time-to-space conversion was then used to bring aU possible 

information together into a single and concise display within an hour of the 

time that the rainband was centered over the WEMITE tower. Additional 

information, such as dropsondes, was also used when available. 

6.3.1 Rainband 1 (1225 UTC 26 August 1998) 

The first significant rainband to pass over the WEMITE tower moved 

consistently northwest and crossed the tower from 1150 to 1305 UTC. The 

rainband intensity held relatively constant as it passed over the tower, but 

quickly diminished shortly thereafter (see Figure 6.10). Throughout this 

time, the rainband remained approximately stationary relative to the 

hurricane center located roughly 165 km to the south. 

Figure 6.9 shows the radar reflectivity data at the time the rainband is 

centered over the WEMITE tower. In addition, the nearby wind observations 

are overlaid. Figure 6.9 depicts a number of interesting features. First, the 

winds tend to back across the rainband when moving from the outside to the 

inside of the band. This backing implies some difluence since the wind speed 

magnitudes remain very steady, near 20 m s-i, across the band. 

Secondly, the surface-level WEMITE wind direction is noticeably more 

convergent toward the hurricane center than the flight-level wind direction 

(at 3660 m) in that same region. More precisely, the surface-level wind 

direction is ~ 60°, and the flight-level observation is 95°, resulting in a 35° 

difference. This difference is close to the 40° reduction factor in wind 

direction suggested by PoweU et al. (1996) for flight-level winds to surface-

level land wind directions. 

103 



Figure 6.9. Base reflectivity data from the KMHX radar at 1225 UTC 26 
August 1998. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s^ and a flag representing 
25 m s-^ Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. The white asterisk 
symbol is where the dropsonde shown in Figure 6.18 is located. 
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In addition, the surface-level wind magnitudes are about 70% (21 m s-i 

at surface versus 31 m s i at flight-level) of the flight-level winds in that same 

region. This decrease is in agreement with a reduction factor of 63-73% as is 

suggested by PoweU and Black (1990). It should be noted that the surface 

and flight-level data here are separated in time by 50 minutes, with the 

flight-level observations being earlier. This time difference could also lead to 

some smaU differences. AdditionaUy, the height of flight-level in this case is 

3660 m, whereas, flight-level is generally around 3000 m. 

Figures 6.10, 6.11, and 6.12 show the evolution of the base-level 

reflectivity, spectrum width, and radial velocity, respectively, as rainband 1 

passes over the WEMITE tower. Figure 6.10 shows that the rainband passed 

over the tower with ~ 40 dBz reflectivity maximum. Shortly after moving 

overhead, the band loses some of its identity and evolves into a large, but less 

organized area of moderate precipitation. The spectrum width data (Figure 

6.11), which is a measure of the standard deviation of the velocity spectrum 

(Rinehart, 1991), shows values ranging from 0 - 2 m s-i as the rainband 

passes overhead. These values are relatively low, and thus suggest relatively 

small amounts of turbulence throughout the band. 

The radial velocity data (Figure 6.12) becomes aliased very near the 

location of the WEMITE tower. In this case, this means that when the radial 

velocities exceed 27 m s-i away from the radar (the Nyquist velocity) they 

then fold over to the other side of the display spectrum and are displayed as 

radial velocities toward the radar (Rinehart, 1991). This folding is why the 

display shifts from fighter and fighter shades of red (higher values of air 

moving away from the radar) to shades of hght green (air moving rapidly 

toward the radar). This color shift is a function of the display. In reality, the 

air is moving away from the radar at speeds sUght greater than 27 m s-i, and 

thus, wraps the color display to the other side of the velocity scale, giving the 
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Figxire 6.10. Base reflectivity (dBz) from KMHX every 30 minutes as 
rainband 1 passes over the WEMITE tower. 
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Figure 6.11. Base spectrum width (m s ^ from KMHX every 30 minutes as 
rainband 1 passes over the WEMITE tower. 
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Figure 6.12. Base velocity (m S"̂ ) from KMHX every 30 minutes as rainband 
1 passes over the WEMITE tower. 

Figure 6.13. Vertical cross-section of reflectivity (dBz) at 1225 UTC across 
rainband 1. The horizontal and vertical dimensions are in 
kilometers. The location and orientation of the cross-section is 
shown in the upper right-hand corner plan view. 
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appearance of a rapid shift from positive to negative velocity values. Keeping 

this in mind, the WEMITE tower appears to be located below a large region 

of relative high outward-oriented radial winds, with values ranging from 27 

to 33 m s-i. A smaller relative minimum in radial winds appear to be located 

over the tower when the rainband is centered overhead (at 1225 UTC). 

Since the radar is located to the east-northeast of the tower location, 

the component of the wind sampled is that which is oriented from the east-

northeast to the west-southwest over the tower. The relatively large region of 

higher radial winds is likely due to the fact that the winds are approximately 

northeasterly in this area (see Figure 6.9), and thus, the radial winds in this 

region are very close to the total wind. The smaller relative minimum at 

1225 UTC is a little more mysterious. This minimum could be associated 

with an actual minimum in the total wind, or it may be due to a shift in the 

wind direction resulting in less of the total wind being captured. Figure 6.9 

suggests the second of the two, showing a distinct shift in the wind direction 

from east-northeast toward more northeasterly as the band passes. 

Figure 6.13 shows a vertical cross-section of the rainband as it is 

centered over the WEMITE tower at 1225 UTC. The band itself is about 35-

40 km in width. The image shows a distinct bright band at ~ 5.5 km, with 

the reflectivity dropping off rapidly above. The 24 dBz contour extends up to 

7.5 km, with the 34 dBz contour up to 6.5 km. This vertical reflectivity cross-

section is suggestive of a stratiform rainband with little vertical development 

above the freezing level. In addition, it does appear that the bright band may 

slope slightly upward toward the inside of the rainband (right side), 

consistent with a warm core. 

Figure 6.14 shows a plot of the standardized WEMITE 1-minute wind 

speed, maximum 5-second gust, and wind direction throughout the passage of 

the rainband. The first feature that jumps out is the gradual shift of wind 
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direction from near easterly to northeasterly as the band passes by. The 

shifting wind direction is relative slow, occurring over approximately an hour 

period. Hence, the winds tend to back with time as the rainband moves 

through. While this occurs, the wind speeds remain relatively steady at 

15 m s-i. These two factors, in combination, would imply diffluence across the 

band. This apparent diffluence across the rainband may be related to the 

bands loss of intensity shortly after passing by. Coincidentally, the one-hour 

period from 1200 to 1300 UTC, when the wind direction shift occurs and the 

wind speed is approximately constant, matches the time while the rainband 

is overhead. There is also a noticeable increase in the wind speed weU after 

the center of the rainband passes by (after 1300 UTC). This increase is about 

the time that the WEMITE tower is on the inside edge of the dissipating 

rainband. 

The temperature information (Figure 6.15) shows a drop of- 2°C with 

the approach of the rainband, with small variation thereafter. The dewpoint 

data, conversely, are relatively steady throughout the rainband passage, with 

a very slight downward trend. The equivalent potential temperature data 

(which combines temperature and humidity), fluctuates more wildly with a 

relative minimum occurring while the outside half of the band is overhead. 

Another relative minimum is located well inside the rainband after 1320 

UTC. The 344.2 K equivalent potential temperature minimum corresponds 

to air from - 910 hPa (2625 ft) level (from the dropsonde in Figure 6.18). 

The pressure data (Figure 6.16) show a relative maximum located near 

the outside portion of the rainband (at 1150 UTC). This maximum is in the 

same location of the greatest cooling and thus suggests a source for the 

mesohigh imbedded within the mean hurricane pressure profile. The 

pressure values then level out near the center of the rainband, with a small 

relative minimum located on the inside of the band. 
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Figure 6.14. Standardized WEMITE observations of the 1-minute wind speed 
(WS), maximum 5-second gust (G), and wind direction (WD) 
during the passage of rainband 1. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.15. WEMITE observations of the temperature (Tmp), dewpoint (Td) 
and equivalent potential temperature (thetae) during the 
passage of rainband 1. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.16. WEMITE pressure data during the passage of rainband 1. The 
vertical fine represents approximately when the rainband is 
centered overhead. 
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tangential (TAN) wind speed calculated from the WEMITE data. 
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Figure 6.17 displays the storm-relative inflow and its related 

components. In this case, the graph also approximately represents the band-

relative flow since the band is almost normal to a line between the hurricane 

center and the WEMITE location. In either case, there is a dramatic increase 

in the storm-relative inflow, and associated increase in the radial wind 

component as the band passes by, with little change in the mean tangential 

flow. This storm-relative inflow also suggests diffluence across the rainband 

at the surface. Therefore, instead of interrupting the boundary layer inflow, 

as is suggested by some previous studies, this rainband is a location where 

the low-level hurricane inflow is enhanced. This inflow trend could be a 

result of the fact that the rainband appears to be mostly stratiform and in the 

last stages of its life, and thus, does not impede the boundary layer inflow. 

A dropsonde released inside rainband 1, and just outside another 

higher reflectivity area, is shown in Figure 6.18. The skew T-Logp plot shows 

relatively moist air along with steep lapse rates in the lowest 75 hPa. Above 

that, the air becomes sUghtly drier, with dewpoint depressions of 3-5°C, and 

the lapse rate decreases, following more closely the moist adiabat. This 

sounding would suggest smaU amounts of Convective AvaUable Potential 

Energy (CAPE) present, with little, if any, Convective Inhibition (CIN). 

Therefore, if the near-surface air were Ufted it would become buoyant and 

tend to support moist convection. The somewhat drier midlevels also suggest 

the possibility of evaporational cooUng if rain were to faU through this layer. 

Hence, in the presence of precipitation and vertical mixing, the surface layer 

could be cooled even though the surface layer itself is nearly saturated. The 

wind field shows a general turning from east-northeast at the surface to 

easterly at 700 hPa, with the maximum wind found at - 1.5 km. 

In addition to the above analysis, all of the surface-level data were 

used to create objective plots through the GEneral Meteorological PAcKage 
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Figure 6.18. Dropsonde released at 1232 UTC 26 August 1998 on the inside 
of rainband 1. The approximate location of the drop is displayed 
in Figure 6.9. One fuU barb equals 10 m s'^. 

(GEMPAK) software. This software allowed for the calculation and display of 

many common meteorological fields including, but not limited to, vorticity, 

divergence, and advection of various parameters. In order to complete the 

analysis a variety of observations within one hour of the rainband of interest, 

along with their rainband-relative coordinates, were used. The analysis was 

completed using all the standardized surface observations avaUable. This 

included using aU ASOS, C-MAN, WEMITE and buoy observations that were 

standardized to a 10-m height and an open exposure. All wind observations 
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not standardized were not included in the analysis. This exclusion was done 

to prevent incorrect analysis of wind dependent fields due to inhomogeneous 

exposure and heights, although it also acts to reduce the total dataset size, 

leading to coarser resolution. Additionally, sporadic bad wind speed or wind 

directions observations were removed (i.e., wind direction was constant for 

long periods of time, wind speed was zero when there was considerable wind 

everywhere else, etc.). 

Keeping all of the above in mind, the plots that involve wind 

calculations (vorticity, divergence, etc.) are most representative along the 

southern and eastern half of North Carolina (bottom, center portion of the 

displays) since it contains the most standardized data. Aside from that 

region, the standardized data are much sparser. 

Figure 6.19 shows the GEMPAK analysis of the relative vorticity with 

the interpolated wind field at the time of the first rainband. The region near 

the WEMITE tower lies in a general region of negative relative vorticity, with 

a distinct maximum in positive relative vorticity located immediately to the 

southwest. The north-northwest to south-southeast axis of negative relative 

vorticity over WEMITE appears to be associated with a general decrease in 

wind speed magnitude to the north-northwest (speed shear), and little 

directional change. The distinct maximum in positive relative vorticity, on 

the other hand, appears to be more closely associated with the cyclonic shift 

in wind direction (directional shear). Although not obvious, there does 

appear to be more positive/fewer negative relative vorticity values near the 

rainband location in extreme southern North Carolina. 

The analysis of divergence (Figure 6.20) shows an east-northeast to 

west-southwest axis of divergence located over the WEMITE tower. This 

divergence agrees with the area of diffluence detected across the rainband in 

Figure 6.9. 
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Figure 6.19. GEMPAK analysis of relative vorticity (xlO-^s^) for rainband 1. 

Overlaid is the wind field (m S"̂ ), with one full barb representing 
10 m s-i. Analysis is valid at 1225 UTC 26 August 1998. 

Figure 6.20. GEMPAK analysis of divergence (xlO-Ss-i) for rainband 1. 
Analysis is valid at 1225 UTC 26 August 1998. 
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This divergence also supports the hypothesis that the low-level kinematic 

properties contributed to the demise of rainband 1. 

6.3.2 Rainband 2 (1559 UTC 26 August 1998) 

The second discernible rainband to pass over the WEMITE tower 

occurred from 1539 UTC to 1624 UTC (see Figure 6.22). It was located 

approximately 115 km north of the center of circulation, and remained of 

steady intensity as it passed over the tower toward the northwest. The 

rainband was embedded within an area of relatively high radar reflectivity, 

and, at times, was difficult to distinguish. The band itself had a similar 

orientation to that of rainband 1, extending to the east of the WEMITE 

location and then arcing back to the southwest immediately southwest of 

WEMITE. 

Figure 6.21 displays the time-to-space analysis for all data within 1 

hour of the rainband passage over WEMITE, along with the radar data when 

the band is overhead. The analysis shows very Uttle variation in the wind 

speed, with speeds around 20 m s^. The wind direction data shows a similar 

pattern, with persistent northeasterly winds. This wind data would suggest 

little convergence or divergence across the rainband. 

The flight-level data, as in rainband 1, is noticeably less confluent (and 

possibly diffluent) than the surface-level data in the same region. 

SpecificaUy, the aircraft wind direction data that overlays the WEMITE data 

are about 60° greater than the tower data, although the data are separated in 

time by one hour. Also, the flight-level wind speeds are approximately 

40 m s-i, which is twice that of the 10-meter tower observations. 

The evolution of the horizontal reflectivity data is present in Figure 

6.22. The 1500 UTC image shows a large area of high reflectivity present 

north of the eye, with little distinctive organization. Then, from 1530 to 1559 
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Figure 6.21. Base reflectivity data from the KMHX radar at 1559 UTC 26 
August 1998. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s-i and a flag representing 
25 m S'l Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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UTC, a rainband that is connected to the western eyewaU (connecting band) 

becomes better developed and moves quickly over the WEMITE tower. The 

rainband almost completely passed over the tower by 1630 UTC, and 

continues northwest, merging with the large area of precipitation by 1700 

UTC. Throughout the rainband passage there is almost continual 

redevelopment on the inside portion of the band. 

The spectrum width data in Figure 6.23 shows sUghtly higher values 

than in rainband 1, with values between 3 to 5 m s-i being common. 

Although there is no clear trend in spectrum width there are two relatively 

high value regions. The first region is northeast of the tower, and appears to 

be associated with the large area of intense precipitation. The second region 

is to the south and east of the tower, and appears to be related to the 

convection in and around the eyewall. 

Figure 6.24 displays the radial velocity data for the same times. The 

data, as with rainband 1, is also aliased over the WEMITE tower. 

Throughout the passage of band 2, the raw radial velocity values range from 

about -17 to -22 m s-i. These values correspond to outward-oriented (from 

the ENE) radial winds of 33 to 38 m s^. Additionally, there is a relative 

maximum in radial winds present throughout this time immediately 

southwest of the tower. This maximum may be due to a combination of 

factors. This maximum could indicate the presence of a wind speed 

maximum at that level and/or it could be a location where the radial winds 

most fully sample the total wind present. In this case, the second factor is 

probably the most significant, since the wind in that area would closely 

match the east-northeast direction of the radar beam. 

Figure 6.25 is a vertical cross-section while rainband 2 was centered 

over the WEMITE tower. The actual location of the tower is somewhere near 

the reflectivity minimum between 25 and 30 km on the abscissa. This image 
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Figure 6.22. Base reflectivity (dBz) from KMHX every 30 minutes as 
rainband 2 passes over the WEMITE tower. 

Figure 6.23. Base spectrum width (m s-i) from KMHX every 30 minutes as 
rainband 2 passes over the WEMITE tower. 
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Figure 6.24. Base velocity (m s-i) from KMHX every 30 minutes as rainband 
2 passes over the WEMITE tower. 

lOutside * •' ^L 

Figure 6.25. Vertical cross-section of reflectivity (dBz) at 1559 UTC across 
rainband 2. The horizontal and vertical dimensions are in 
kUometers. A plan view is in the upper right-hand comer. 
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shows the presence of two areas of higher reflectivity, one between 5 and 25 

km, and another between 30 and 40 km. This pattern suggests the 

redevelopment of precipitation on the inside portion of the rainband, as seen 

in Figure 6.22. This hypothesis is also supported by the radar reflectivity 

loop (not shown). The cross-section suggests that the developing convection 

occurs just inside the well-developed rainband. Then, over a short time (5-15 

minutes), the newly developed convection merges with the already 

established rainband. 

The cross-section also contains a hint of a bright band near 5 km, but 

nothing as strong as the signature for rainband 1. The 24 dBz contour 

extends up to 10 km, with the 34 dBz contour up to 6 km. Hence, this 

rainband is deeper vertically than rainband 1, but the stronger returns 

(34+ dBz) don't extend as high. Thus, although this rainband does appear 

slightly more convective than rainband 1, it is still far from vigorous 

convection. 

Figure 6.26 contains a plot of the 1-minute wind speed and direction 

and maximum 5-second gust. The wind speed data indicates a sUght 

increasing trend with time, with the mean winds speeds increasing from 17-

18 m s-i at 1430 UTC, to 22-23 m s-i by 1730 UTC. This trend is consistent 

with fact that center of circulation, along with the radius of maximum winds 

is slowly approaching throughout this time. Aside from the slowly increasing 

wind speeds, and the natural variability of ~ ± 5 m s-i, there is no other clear 

trend in the wind speed data. 

The wind direction data is relatively steady around 50° up through 

1600 UTC. Beyond that, there is a sUght increasing trend up to 60° untU 

1700 UTC, with a similar decreasing trend beyond that to 1730 UTC. This 

trend would imply a smaU amount of confluence on the inside of the 

rainband, with simUar diffluence just inside that. Since the wind direction 
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Figure 6.26. Standardized WEMITE observations of the 1-minute wind speed 
(WS), maximum 5-second gust (G), and wind direction (WD) 
during the passage of rainband 2. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.27. WEMITE observations of the temperature (Tmp), dewpoint (Td) 
and equivalent potential temperature (Thetae) during the 
passage of rainband 2. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.28. WEMITE pressure data during the passage of rainband 2. The 
vertical line represents approximately when the rainband is 
centered overhead. 
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Figure 6.29. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE data. 
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trends are so smaU, on the same scale as the natural wind direction 

variation, any conclusions are weak at best. 

The thermodynamic information (Figure 6.27) shows that throughout 

the passage of rainband 2 over WEMITE the air is approximately saturated. 

Thus, any variation in equivalent potential temperature is due to the 

combined effects of the temperature and dewpoint. The equivalent potential 

temperature is relatively low from 1430-1540 UTC, when the tower is outside 

rainband 2. Throughout most of this time the tower is within the large area 

of moderate rain. Then, from 1540-1630 UTC, as the band passes over, the 

equivalent potential temperature again remains steady, but at a slightly 

higher level (~ 1.5 K) than before. Once on the inside of the rainband, after 

1630 UTC, the equivalent potential temperature quickly jumps up another 2-

3 K. This increase may be due to the fact that between 1640 and 1700 UTC, 

the tower is located in a relative minimum in reflectivity that extends all the 

way to the outside of the hurricane as it wraps around the eastern side of the 

storm. Hence, this corridor of low reflectivity may allow air to pass into the 

center portions of Bonnie relatively unmodified by the outer rainbands. Even 

if this is not the case, the rain-free area wUl allow the air in that region to 

gain heat and moisture from the nearby ocean fluxes, while not having to 

fight potential offsetting fluxes from precipitation overhead. The subsequent 

declines near the end of the record are likely due to more smaU reflectivity 

elements that race past the tower. 

The pressure data (Figure 6.28) shows a consistent drop as rainband 2 

passes by. The pressure falls a total of 10 hPa in three hours over this 

period, with no significant smaller-scale trends. 

The storm-relative inflow angle, radial, and tangential winds (Figure 

6.29) are quite consistent as rainband 2 passes by. The inflow angle is steady 

around 35°, with just a sUght drop on the inside of the band. The radial wind 
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Figure 6.30. GEMPAK analysis of divergence (xlO-s s"i) for rainband 2. 
Overlaid is the wind field (m S"i), with one full barb representing 
10 m s-i. Analysis is valid at 1559 UTC 26 August 1998. 

Figure 6.31. GEMPAK analysis of temperature (°C) for rainband 2. Analysis 
is valid at 1559 UTC 26 August 1998. 
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speed is between 9-11 m s-i throughout the period. Only the tangential wind 

speed displays a sUght, but steady upward trend from 15 to 20 m s-i. 

Figure 6.30 shows the objectively analyzed divergence field for 

rainband 2. Due to the limited data and grid size the calculations are likely 

most representative in southeastern portion of North Carolina (around the 

WEMITE tower). In that region, the data reflects very little divergence or 

convergence. This pat tern agrees with the trends observed in the WEMITE 

data, with little variation in wind speed or direction across rainband 2. 

There is a relative maximum in convergence on the southwest portion of the 

grid where the wind directions rapidly change, although, due to its location, 

the exact magnitude should not be trusted. 

Figure 6.31 shows a relative minimum in temperature in extreme 

southern North Carolina. This pattern indicates a temperature minimum on 

the outside portion of rainband 2. This area also corresponds to relative 

minimum in equivalent potential temperature (not shown). This minimum 

supports the claim that the rainband may have transported some mid-level 

air to the surface, thus reducing the surface equivalent potential 

temperature. 

6.3.3 Rainband 3 (1819 UTC 26 August 1998) 

The third distinguishable rainband to pass over the WEMITE tower 

moved steadily off to the northwest as the center of the hurricane circulation 

drifted north. The rainband was centered approximately 75 km north of the 

center of circulation and translated over the tower from 1750 to 1850 UTC. 

The radar reflectivity within the band maintained a relatively steady 

intensity as it passed by, with a maximum of 40 dBz, and favored frequent 

redevelopment on the inside edge. The rainband formed into a mass of 
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reflectivity northwest of the tower, by 1900 UTC, shortly after passing 

overhead. 

The time-to-space rainband-relative data in Figure 6.32 show winds 

that tend to veer slightly moving from the outside to the inside of the 

rainband. This veering would imply some confluence across the rainband, 

with all other factors constant. 

The flight-level data shows the well-sampled center of circulation 

located almost due south of the WEMITE position. The plane data through 

the northern eyewall 25 to 50 km east of the tower have wind speed 

observations of 45 to 50 m s-i, with wind directions nearly tangent to a circle 

around the center of circulation. These observations suggest little to no 

storm-relative inflow at the flight-level between 2100 and 2300 m. Since no 

flight-level and surface-level data locations coincide, no direct comparisons 

can be made, but the most intense surface winds found anywhere on the map 

are only half that of the strongest flight-level data. This difference suggests a 

large reduction between flight-level winds and 10-m winds may be warranted 

at this time. 

Figure 6.33 presents the evolution of radar reflectivity as rainband 3 

passes over the tower. The data show the northern eyewall of Bonnie, 

designated as rainband 3, as it translates northwestward past the tower. At 

1719 UTC, the tower is located just outside the northern eyewaU. This 

portion of the eyewall passes quickly west and just skirts over the tower. 

Then, by 1749 UTC, the tower is just within the outside portion of the 

rainband. As the rainband passes over it continues to redevelop on the south 

and east portions. Eventually, by 1847 UTC, the band emerges on the inside 

of the tower. After that, the rainband then forms a northeast-southwest 

elongated area of higher reflectivity just to the northwest of the tower. 
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Figure 6.32. Base reflectivity data from the KMHX radar at 1819 UTC 26 
August 1998. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s-̂  and a flag representing 
25 m s'l. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. The red asterisk 
symbol is where the dropsonde in Figure 6.41 is located. 
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The spectrum width data (Figure 6.34) show an area of higher 

spectrum width initially to the south and southeast of the tower position. 

The higher values of spectrum width move northward and are centered over 

the tower at 1819 UTC, and remain that way through 1917 UTC, although 

the magnitude of the values does decrease over time. More specifically, 

before 1800 UTC, WEMITE is in an area with values near 3 m s-i. Then, 

from 1800 to 1850, the spectrum width around the tower is generally between 

5 to 6 m s-i. Beyond 1850 UTC, the spectrum width values drop back down 

between 3 and 4 m S"̂ . Visual comparison suggests that the highest spectrum 

width data is highly correlated with the higher reflectivity in and around the 

eyewall. The reduction in spectrum width values after 1850 UTC also 

appears correlated with the general decrease in reflectivity organization and 

magnitude beyond that time. 

The radial velocity data (Figure 6.35) for rainband 3 show that the 

WEMITE tower is located on the inside half of a northeast to southwest 

oriented axis of high radial velocities. The center of this axis moves 

progressively further away from the tower, toward the west, through time. 

This shift is likely due to the fact that as the eye approaches from the south, 

the winds will veer from northeasterly to more easterly. This track wiU 

decrease the component of the wind over WEMITE along the KMHX radar 

radial leg, and thus shift the axis of maximum radial wind speeds. 

The actual velocity values near the tower from 1719 to 1819 UTC are 

aUased, and correspond to radially outward winds of 34 to 40 m s-i, with the 

highest value of 40 m s-i directly over the tower at 1809 UTC. After 1819 

UTC, the radial velocity data is no longer aliased and the area around 

WEMITE appears as bright pink, corresponding to outbound winds greater 

than 33 m s-i. Closer examination reveals outbound winds of 32 to 37 m s-i 

throughout this period. 
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Figure 6.33. Base reflectivity (dBz) from KMHX every 30 minutes as 
rainband 3 passes over the WEMITE tower. 

Figure 6.34. Base spectrum width (m s-i) from KMHX every 30 minutes as 
rainband 3 passes over the WEMITE tower. 
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A vertical cross-section of rainband 3 (Figure 6.36) shows the band to 

be approximately 30 km wide. The 24 dBz contour extends up to 7 km, with 

the 34 dBz contour only making it up to 4 km. This reflectivity depth is 

considerably less than for rainband 1 and 2, suggestive of lower instability 

and/or weaker forcing. The 34 dBz contour does also contain a noticeable 

upward slope from the inside toward the outside of the rainband. This is 

consistent with the observation of new horizontal reflectivity continuously 

developing on the inside portion of the rainband. The clouds on the inside 

portion are relatively new and shallow, whereas, the clouds further toward 

the outside have existed longer, and thus are more mature and deeper. In 

addition, there is just a hint of a bright band near the center of the rainband 

at the 5 km height. 

Figure 6.37 shows the WEMITE standardized observations centered on 

rainband 3. The wind speed values show no significant trends, with 

magnitudes generally within 5 m S"i of 25 m S"S and corresponding maximum 

5-second gusts up to 35 to 38 m s"i. The wind direction, conversely, does show 

significant variation, with the winds veering from northeasterly to east 

northeasterly as rainband 3 passes by. The greatest portion of the shift in 

wind direction occurs between 1815 to 1850 UTC, corresponding to the inside 

half of the rainband. This shift in wind direction, aside from other offsetting 

changes, implies confluence. This placement of confluence agrees with the 

continuous redevelopment of echoes found on the inside portion of the 

rainband. 

Another interesting discovery is that the spectrum width decrease 

appears correlated with the wind direction. Before 1850 UTC, the spectrum 

width data is considerable higher than after that time. Although there is 

little change in the wind speed values before and after 1850 UTC, the wind 

direction, after varying considerably, does become steadier beyond 1850 UTC. 
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Figure 6.35. Base velocity (m s-i) from KMHX every 30 minutes as rainband 
3 passes over the WEMITE tower. 

Figure 6.36. Vertical cross-section of reflectivity (dBz) at 1819 UTC across 
rainband 3. The horizontal and vertical dimensions are in 
kilometers. A plan view is shown in the upper right-hand 
corner. 
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This trend would suggest that a significant portion of the decrease in 

spectrum width is tied to decreases in wind direction variation, and not 

necessarily changes in the wind speed fluctuations. 

The radial velocity data trends are most likely also due to the change 

in the wind direction and not the wind speed. Although the radial velocity 

data suggests decreasing wind speeds as rainband 3 passes by, the WEMITE 

observations display no such decrease, although they do show the wind 

direction change. Thus, as hypothesized above, the decreasing radial winds 

are likely due to a decrease in the magnitude of the wind along the radar 

radial leg, but not an actual decrease in the total wind magnitude. Even so, 

the radial winds speeds are significantly greater than the total wind at the 

surface, with radial winds between 32 and 40 m s-̂  and surface-level 

observations near 25 m S"i. 

The thermodynamic data (Figure 6.38) show two relative minima in 

equivalent potential temperature, one between 1715 and 1725 UTC, and a 

larger one between 1805 and 1820 UTC. In both cases, the relative minima 

are due to the combination of lower temperature and dewpoint values, since 

the air is near saturation throughout the rainband passage. The first 

relative minimum occurs as a 34 dBz reflectivity return quickly swings past 

the tower from the outside of the rainband. The second relative minimum 

occurs very near the center of rainband 3, and is coupled with varying wind 

directions (between 50° and 67°) and almost steady wind speeds. Inside this 

second relative minimum the equivalent potential temperature steadily rises 

1.5 K. The increase in equivalent potential temperature is also associated 

with a general decrease in the radar reflectivity over WEMITE. This 

observation suggests that the lower heat content of the air may be associated 

with higher radar reflectivities. This hypothesized relationship supports the 
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Figiire 6.37. Standardized WEMITE observations of the 1-minute wind speed 
(WS), maximum 5-second gust (G), and wind direction (WD) 
during the passage of rainband 3. The vertical line represents 
approximately when the rainband is centered overhead. 

-Td • Tmp -Thetae 

Time (UTC) 

Figure 6.38. WEMITE observations of the temperature (Tmp), dewpoint (Td) 
and eqviivalent potential temperature (Thetae) during the 
passage of rainband 3. The vertical Une represents 
approximately when the rainband is centered overhead. 
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Figxire 6.39. WEMITE pressure data during the passage of rainband 3. The 
vertical fine represents approximately when the rainband is 
centered overhead. 
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Figure 6.40. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE data. 
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claim that the more intense rainbands can carry out the vertical transport of 

lower equivalent potential temperature air to the surface from aloft. 

The pressure data (Figure 6.39), as in rainband 2, again show a 

general decrease as the rainband passes by. The downward slope of the 

pressure with time does appear to decrease sUghtly after 1840 UTC. The 

decrease in slope may be due to the position of the tower on the inside of the 

large eyewaU toward the end of the record. Aside from that, only smaU 

variations in the pressure occur. 

The storm-relative data (Figure 6.40) show a substantial decrease in 

inflow angle, beginning just prior to the passage of the center of the rainband, 

and continuing throughout the record, with the exception of between 1900 

and 1920 UTC. This slight interruption is coincident with the time in which 

new reflectivity development occurs immediately to the northwest of the 

tower location. The radial winds reflect this, with a general decreasing trend, 

suggesting an area of confluence mainly after the center of the band passes 

(on the inside of the rainband). Throughout the entire period, the tangential 

winds also display a general, but very slight, increasing trend. Therefore, 

although there are some suggestions, most strongly from radar, that after 

rainband 3 the tower is inside the eye, the wind data suggest otherwise, since 

the wind speed values still continue to increase. 

The skew T-logp plot shows a nearly moist adiabatic layer from the 

surface to the 770 hPa level (lowest 2 km), suggestive of some ascent in that 

region. Above that, there is an inversion layer that extends up to at least 

700 hPa. Below 900 hPa the air is nearly saturated, and above it is sUghtly 

drier, untU it becomes nearly saturated again at the base of the inversion. 

This dry layer may be indicative of some sUghtly drier air being 

advected in near 800 hPa by strong southeasterly winds. This layer of drying 

also suggests the potential for the production of penetrative downdrafts due 
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Figure 6.41. Dropsonde released at 1824 UTC 26 August 1998 on the inside 
portion of rainband 3. The approximate splash location of the 
dropsonde is displayed in Figure 6.32. One fuU barb equals 10 
m s-i and a flag equals 50 m s ^ 

to evaporational cooling. The coolest equivalent potential temperature found 

at the surface, in the rainband (348.1 K), corresponds to air found near 900 

hPa (2460 ft) in the dropsonde. Also, the presence of the strong mid-level 

inversion suggests that the precipitation that occurs in this region is either 

due to elevated convection or forced ascent. 

The wind field shows the standard veering of the winds with 

increasing height, from easterly winds near the surface to southeasterly 

winds by 2 km. The wind speed also increases significantly from the surface, 
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Figure 6.42. GEMPAK analysis of divergence (xlO"^ S"i) for rainband 3. 
Overlaid is the wind field (m S"i), with one full barb representing 
10 m s-i. Analysis is vaUd at 1819 UTC 26 August 1998. 
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Figure 6.43. GEMPAK analysis of relative vorticity (xlO-5 s-i) for rainband 3. 
Overlaid is the wind field (m s-i), with one fuU barb representing 
10 m s-i Analysis is valid at 1819 UTC 26 August 1998. 
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to a relative maximum near 800 hPa, and then decreases sUghtly above that. 

The most dramatic wind shear is quite near the surface where the wind speed 

increases from 30 to 50 m s^ in the lowest few tenths of a kilometer. 

The GEMPAK objective analysis of divergence for rainband 3 (Figure 

6.42) shows WEMITE in an area of weak to moderate convergence, with the 

convergence increasing steadily to the south. This agrees with the 

continuous redevelopment of radar reflectivity on the inside portion of the 

rainband. Also, although on the fringe of the grid, the maximum convergence 

offshore to the south of the tower supports the assertion that the region of the 

hurricane with the greatest forcing is still offshore. Hence, since the greatest 

forcing typically occurs in the eyewaU region, this rainband is likely not 

currently the dominant eyewall region within Bonnie. 

The objective analysis of relative vorticity for rainband 3 (Figure 6.43) 

shows the band in an area of very little relative vorticity near the WEMITE 

tower. There is a large area of positive relative vorticity to the south and east 

of the tower due to both speed and directional shear near the core of the 

storm. In addition, there is also a buUseye of negative relative vorticity to the 

northwest of the tower that appears to be due to anticyclonic speed shear. 

6.3.4 Rainband 4 (2206 UTC 26 August 1998) 

Rainband 4 began forming in earnest by 2000 UTC, quickly intensified 

and developed as it rotated rapidly cyclonically around the center of 

circulation and formed into a new inner eyewaU. When centered over 

WEMITE, the eyewaU was almost completely closed, with just a smaU 

opening toward the southwest side. The eyewaU rainband passed over the 

tower from 2121 to 2245 UTC, and was approximately 50 km north-

northwest of the circulation center. Throughout the rainband passage it 
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continued to increase in spatial coverage while it expanded outward from the 

center of circulation. 

Figure 6.44 shows the radar reflectivity when the rainband is centered 

over WEMITE, along with standardized, raw, and flight-level wind data. The 

standardized WEMITE observations across the band show relatively steady 

northeasterly winds, with wind speeds generally between 15 and 20 m s"̂ . 

This trend would not imply any substantial surface-level confluence, as one 

might expect with the rapid development. The WEMITE winds do display 

consistent inflow toward the center of the hurricane. 

The flight-level data (taken at 2300 m), which transects the rainband 

well to the east of the tower location, show winds that flow almost exactly 

parallel to the rainband orientation, resulting in no storm-relative inflow. 

AdditionaUy, the wind displays a dramatic drop off (difficult to see in the 

figure) from above 40 m s-̂  on the outside of the band to less than 25 m s-i on 

the inside. 

Figure 6.45 presents the base-level radar reflectivity as rainband 4 

passes over the tower. The figure shows that initially, at 2106 UTC, 

rainband 4 is quite narrow and only occupies the north and east portion of 

the eye, although it does contain reflectivity values around 45 dBz. At this 

time, WEMITE is stiU a number of kilometers outside the northern portion of 

the band. Then, a half an hour later, the rainband encompasses two thirds of 

the old outer eye, with the outer edge just over the WEMITE tower. At this 

time, the band is stiU relatively narrow and not particularly weU organized. 

By 2206 UTC, when the rainband is centered over the tower, the band 

possesses much better organization and forms a nearly complete circle. Also, 

the rainband is now uniformly 20 km wide, with the exception of the 

southeast portion, which has merged with a larger precipitation area. 
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Figure 6.44. Base reflectivity data from the KMHX radar at 2206 UTC 26 
August 1998. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s-̂  and a flag representing 
25 m s-i. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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Throughout the next half hour the rainband continues to expand and move 

outward from the center of circulation, with WEMITE now located on the 

inside edge of the band. During this time, and on thru 2306 UTC, there is 

occasional redevelopment on the inside edge of the rainband. Subsequently, 

at 2306 UTC, the tower is positioned just inside the rainband, with little 

radar reflectivity greater than 0 dBz between WEMITE and Bonnie's center 

of circulation. Furthermore, the rainband has encircled the entire storm and 

forms a much wider ring (around 40 km) of 34+ dBz radar reflectivity. 

The spectrum width data (Figure 6.46) show values generally between 

0 and 2 m s-i over the tower from 2106 to 2136 UTC, with higher values 

north, east, and southeast of the tower. Slightly higher values of spectrum 

width, between 2.0 and 3.5 m s^, occur near the tower while the rainband is 

centered overhead at 2206 UTC. This relative maximum moves off to the 

west and southwest of the tower over the next hour, along with the heavy 

precipitation. The values of spectrum width over the tower, from 2236 to 

2306 UTC, return to the 0 to 2.5 m s-i range. Throughout this entire time, 

the maximum spectrum width values, at times greater than 7 m s-i, exist off 

to the southeast of WEMITE in the convection within the eastern portion of 

the new eyewall. Moreover, a relative minimum in spectrum width is 

consistently present in the region absent of high reflectivities within the eye. 

The radial velocity data (Figure 6.47) depict a general decreasing trend 

over the tower as rainband 4 approaches, passes over, and moves off to the 

north and west. More specifically, the radial velocity data initially holds 

fairly steady between 26.5 and 28.5 m s-i from 2106 to 2200 UTC. Then, 

between 2200 and 2216 UTC, the radial velocity values drop quickly from 27 

m s-i to 18.5 m s-i. Beyond that, the radial velocity over WEMITE quickly 

jumps back up and holds steady at 20 m s-i, untU 2306 UTC, when there are 

not enough scatterers, and no radial velocity measurements exist. 
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Figure 6.45. Base reflectivity (dBz) from KMHX every 30 minutes as 
rainband 4 passes over the WEMITE tower. 

Figure 6.46. Base spectrum width (m s-i) from KMHX every 30 minutes as 
rainband 4 passes over the WEMITE tower. 

143 



Figure 6.47. Base velocity (m S'l) from KMHX every 30 minutes as rainband 
4 passes over the WEMITE tower. 

Figure 6.48. Vertical cross-section of reflectivity (dBz) at 2206 UTC across 
rainband 4. The horizontal and vertical dimensions are in 
kilometers. A plan view is shown in the upper right-hand 
corner. 
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The vertical cross-section of reflectivity for rainband 4 at 2206 UTC 

(Figure 6.48) shows the 34+ dBz reflectivity to be 8 km wide, with a smaU 

area of higher returns at the lowest level and near 5 km. Rainband 4, like 

rainband 3, displays no bright band. In addition, rainband 4 is more erect 

than the previous rainbands, with the 24 dBz contour extending up to the 9 

km level, and the 34 dBz contour pushing up to the 7 km level. These factors 

aU point to the inference that this band is more convective than the previous 

ones. The inside of the rainband does also contain a slope toward the outside 

with increasing height, consist with the stadium effect, which is often found 

in hurricane eyewalls. 

The standardized WEMITE wind speed and direction data as rainband 

4 passes by are shown in Figure 6.49. The wind speed data are steady 

around 20 m s-i up until 2205 UTC, when the observations quickly drop to 

near 15 m s-i. After the sharp decrease, the wind speed remains relatively 

constant with just a hint of an increasing trend through 2340 UTC. This 

sharp fall, although initially thought potentially suspect, is present at all 

three instrumented levels (not shown), and hence, is likely a real 

phenomenon. It is also interesting that the rapid decline is nearly coincident 

with the center of the rainband, although the exact reason as to why this 

occurs is not known. The swift fall in observed wind speed does agree well 

with the rapid decline in radial wind speeds detected over this same period of 

time. Therefore, it is likely that this quick drop off in wind speed is present 

not only near the surface, but aloft as well. Likewise, this information 

suggests that the relative maximum in spectrum width at this time is due 

primarily to sudden changes in the horizontal wind speed (horizontal shear). 

The wind direction remains nearly steady from the east-northeast from 

the beginning of the display untU about 2235 UTC. The one area of spikes, 

very near the axis of the band at 2206 UTC, is due to sensor error. The wind 

145 



direction records at 10 meters change dramatically for 2 minutes and then 

return back to normal. This is likely sensor error since the wind monitors at 

the other two levels did not show any such fluctuations. The reason for the 

brief sensor failure is unknown, but the record beyond 2210 UTC appears 

correct and agrees with the other sensors. Thus, the gradual backing of the 

winds from east-northeast to near north between 2230 and 2340 UTC is real. 

This significant wind shift is a result of the center of circulation (estimated 

from radar) translating essentially north northeastward to a position just 

southeast of WEMITE by 2340 UTC. This motion, in combination with the 

close proximity to the center, quickly shifts the tower location from the north 

side of the storm to the northwest side of the storm, and hence leads to the 

relatively quick shift in wind direction at the tower. The quick wind speed 

decrease, and dramatic change in wind direction make it difficult to make 

inferences on the resulting diffluence/confluence. 

The thermodynamic fields (Figure 6.50) show a number of interesting 

features. First, throughout most of the record, the air is at or very near 

saturation, with the temperature and dewpoint never more than 0.5°C apart. 

This combination produces a small relative minimum in equivalent potential 

temperature around 2200 UTC, when the tower is in the outside portion of 

the rainband. The equivalent potential temperature then rises rapidly 4.5 K 

as the center of the rainband passes overhead, concurrently as the wind 

speed rapidly decreases. This equivalent potential temperature rise may be a 

result of less vertical mixing of lower equivalent potential air down from 

above, due to the weaker winds. Then, from 2230 to 2340 UTC, the 

equivalent potential temperature shows a steady decrease. The onset and 

maintenance of this drop is well correlated with onset of and continuation of 

the shifting wind direction. Although so well correlated, the primary reason 

for the decreasing equivalent potential temperature may well be that at this 

146 



WS (m/s) G (m/s) — • — W D 

splice at 2205 is artificial 

Time (UTC) 

Figure 6.49. Standardized WEMITE observations of the 1-minute wind speed 
(WS), maximum 5-second gust (G), and wind dfrection (WD) 
during the passage of rainband 4. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.50. WEMITE observations of the temperature (Tmp), dewpoint (Td) 
and equivalent potential temperature (Thetae) during the 
passage of rainband 4. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.51. WEMITE pressure data during the passage of rainband 4. The 
vertical Une represents approximately when the rainband is 
centered overhead. 
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Figure 6.52. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE data. 
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time WEMITE is in the outside portion of the reflectivity free eye region. 

Thus, without significant precipitation faUing, the air over the tower is 

allowed to dry out sUghtly (temperature remains steady and dewpoint falls 

sUghtly), leading to the drop in equivalent potential temperature. Toward 

the very end of the record, the temperature begins to faU along with the 

dewpoint, likely as a result of new precipitation development very near the 

tower within the eye. 

The pressure data (Figure 6.51) show a decreasing trend through 2105 

UTC, with a slower decreasing trend after that untU 2200 UTC, when the 

rainband is centered overhead. On the inside of the rainband, the pressure 

rises slightly, then levels out from 2250 to 2310 UTC, and once again begins 

falling more rapidly. The relative maximum in pressure occurs when 

WEMITE is in rain-free air on the inside of rainband 4, but the exact reason 

for it is not understood. 

Examining the storm-relative inflow angle (Figure 6.52), it is almost 

constant as the rainband approaches, and drops off slightly near and just 

inside the band center. Beyond that, the inflow angle quickly and steadily 

increases from 2230 to 2340 UTC. This same pattern is also true of the 

radial wind flow. This pat tern would suggest small amounts of confluence on 

the inside of the rainband, with considerable greater diflluence further inside 

the band, where the radial winds continue to accelerate. The tangential 

wind, on the other hand, is steady until the outside of the rainband 

approaches at 2130 UTC, after which the wind speed drops steadily. 

A dropsonde was released in the outside portion of rainband 4, shown 

in Figure 6.53. The sonde splashed down just over 40 km to the east of the 

WEMITE tower, where the rainband was sUghtly wider, but of approximately 

the same intensity of that which moved over the tower. 
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Figure 6.53. Dropsonde released at 2225 UTC 26 August 1998 on the outside 
portion of rainband 4. The approximate splash location of the 
dropsonde is near the base of the b in Rainband 4, displayed in 
Figure 6.44. One fuU barb equals 10 m s-̂  and a flag equals 50 
m S" 

The sonde shows a relatively moist layer in the lowest 50 hPa, likely 

due to moisture fluxes from the ocean surface. Above that, throughout the 

rest of the sounding, the data show unsaturated conditions, with dewpoint 

depressions anjrwhere between 1 and 5°C. This sounding Ulustrates the 

ability for rain falling through this layer to produce evaporational cooling, 

promoting the transportation of the air to the surface. There is also an 

inversion present between 700 and 765 hPa. The vertical winds show little 
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Figure 6.54. GEMPAK analysis of divergence (xlO-s s-i) for rainband 4. 
Overlaid is the wind field (m s-^), with one full barb representing 
10 m s-i. Analysis is vaUd at 2006 UTC 26 August 1998. 

Figure 6.55. GEMPAK analysis of relative vorticity (xlO-s s-i) for rainband 4. 
Overlaid is the wind field (m s-i), with one fuU barb representing 
10 m s-i. Analysis is valid at 2006 UTC 26 August 1998. 
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variation in direction or speed throughout the entire layer, with southeast 

winds near 40 m s^. The winds do decrease very near the surface to 30 m s-i, 

after a relative maximum of 50 m s-i near the 1000 ft level. 

The GEMPAK objective analysis of divergence (Figure 6.54) shows that 

when rainband 4 is located over the tower there is an area of weak 

convergence present. The analysis also reveals a much stronger area of 

convergence just to the inside of the rainband location. This convergence 

agrees with the redevelopment of reflectivity on the inside portion of the band 

as it passes by, along with more rapid development of reflectivity inside 

rainband 4 beyond 2330 UTC. 

The objective analysis of the relative vorticity (Figure 6.55) reveals 

that the tower and rainband are in a north-northwest to south-southeast axis 

of lower relative vorticity, with the 10 x 10-^ S"̂  contour overhead. Just inside 

the rainband, though, the analysis reveals a large region of strong positive 

relative vorticity, as is expected with the eye region of a hurricane. The 

relative minimum in relative vorticity over the tower appears to be associated 

with a very subtle anticyclonic shift in the wind direction. 

6.3.5 Rainband 5 (2355 UTC 26 August 1998) 

Rainband 5 developed rapidly in the western portion of the eye of 

Bonnie and moved quickly westward. It was the first in a series of convective 

areas that rapidly developed in the western half of the eye and moved quickly 

outward toward the west. More specifically, rainband 5 developed and moved 

over WEMITE from 2340 UTC 26 August to 0005 UTC 27 August. The band 

moved rapidly westward, and merged into the mass of precipitation to the 

west by 0030 UTC 27 August. Throughout the passage of rainband 5 over 

WEMITE the center of circulation was 20-25 km to the southeast of the 

tower. 
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Figure 6.56 displays the observations within an hour of 2355 UTC 

rainband-relative framework, along with radar reflectivity overlaid. The 

analysis shows that the wind directions back some over time, from 

northeasterly weU outside the band to north-northeast. Throughout this 

entire period the wind speeds appear to remain steady near 15 m s-i 

the band. The reflectivity data reveal that the rainband is not very large, in 

width or length, and does have some weaker returns within the band. This 

reflects the fact that the band has just developed, and is not yet mature. 

The base-level reflectivity data (Figure 6.57) reflect the quick evolution 

of rainband 5. Initially, at 2256 UTC, the eye region of Bonnie is relatively 

clear of any reflectivity returns greater than 0 dBz. This changes sUghtly by 

2326 UTC when a large portion of the eye becomes full of scattered, but 

smaU, areas of low reflectivity return, generally between 13 and 24 dBz. 

Then, only a half hour later, at 2355 UTC, the rainband of interest has 

developed and is already positioned directly over the tower, with areas of 

reflectivity greater than 40 dBz. Thus, the development of this rainband is 

quite rapid. The rainband moves quickly to the west, and is well west of 

WEMITE by 0026 UTC. In fact, by 0026 UTC, the rainband has already 

begun to merge with the large area of precipitation well to the west of the 

tower. In addition, some new areas of reflectivity have begun to develop to 

the south and east of the tower. This new reflectivity, like rainband 5, 

quickly develops and moves rapidly westward. At 0056 UTC, rainband 5 is 

virtually indistinguishable from the large rain mass and the new reflectivity 

area is already west of the tower, with an appendage of reflectivity hanging 

to the east over the tower. Now, only two hours after being virtually free of 

precipitation, the eye region is fuU of high reflectivity, and has very little 

rain-free area. 
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Figure 6.56. Base reflectivity data from the KMHX radar at 2355 UTC 26 
August 1998. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s^ and a flag representing 
25 m s-^ Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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The base spectrum width data (Figure 6.58) shows WEMITE in a 

location of relatively low values, between 1 and 2.5 m s-i, at 2256 UTC. The 

radar data over the next hour, from 2256 to 2355 UTC, place the tower in 

values that range from 2.0 to 3.5 m s ^ when data is available. Then, from 

2355 UTC 26 August to 0056 UTC 27 August, the spectrum width values, 

when not range folded, range between 0 and 1 m s-i near the tower. 

Throughout this time, there are significant areas of range-folded and missing 

data, most likely due to the lack of scatterers (precipitation) found in the eye. 

The overall area of missing or range folded data did decrease with time, 

though, as the eye region filled in with precipitation. 

The radial velocity data (Figure 6.59), like the spectrum width data, 

contain some missing and range folded data, and thus, have an incomplete 

record as rainband 5 passes by. In addition, some of the data are unreliable 

and produce unrealistic values. For instance, the data at 2355 UTC have a 

large, sharply defined area of high outbound velocities, including over 

WEMITE. The raw values in this area are constant at 63 m s ^ which is not 

probable. The reason for these unrealistically high values is unknown. 

The more reliable radial velocity data initially show the WEMITE 

tower in a region of approximately 20 m s-̂  radial outward wind at 2256 

UTC. The radial wind speeds beyond that, through 2355 UTC, generally 

range between 20 and 23.5 m s^, with no significant trend. The few reUable 

data points between 2355 UTC on the 26^^ and 0056 UTC on the 27'^ show 

little change, with the radial winds varying between 20 and 25 m s-K This 

indicates one of two possibiUties: either the wind speed remains relatively 

constant over time; or the changing wind speed is almost equally offset by the 

changing wind direction (and thus, the radial wind component sampled 

remains nearly steady). 
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Figure 6.57. Base reflectivity (dBz) from KMHX every 30 minutes as 
rainband 5 passes over the WEMITE tower. 

Figure 6.58. Base spectrum width (m s-i) from KMHX every 30 minutes as 
rainband 5 passes over the WEMITE tower. 
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Figure 6.59. Base velocity (m s"i) from KMHX every 30 minutes as rainband 
5 passes over the WEMITE tower. 

Figure 6.60. Vertical cross-section of reflectivity (dBz) at 2355 UTC across 
rainband 5. The horizontal and vertical dimensions are in 
kUometers. A plan view is shown in the upper right-hand 
corner. 
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The vertical cross-section of rainband 5 at 2355 UTC (Figure 6.60) 

shows that although the rainband is relatively new, and stiU developing, it is 

already quite deep. Specifically, the 24 dBz contour extends nearly to 10 km 

vertically, and the 34 dBz contour reaches 6.5 to 7 km, with no evidence of 

any bright band present. All this information indicates that this is the most 

convectively active of all the rainbands as it passes over the tower. Also, 

since the rainband is still in its development and intensification phase, it still 

has not coalesced into a single, relatively uniform band, but possesses many 

horizontal and vertical gradients. Most noticeably, the rainband appears to 

develop from two smaller bands, immediately next to each other, that quickly 

evolve and join together into the larger single band by 0005 UTC on the 27^^. 

Thus, in Figure 6.60, the two initial narrow 5 km wide bands are not yet fully 

joined, and hence, have a small reflectivity minimum between 2 and 3 km, 

although they do form a continuous 10 to 12 km wide rainband further aloft. 

The standardized WEMITE wind speed and direction data (Figure 

6.61) display a wind speed magnitude around 15 m s^ from 2230 to 2320 

UTC. The 1-minute wind speed then slowly rises to around 18 m s-i through 

2355 UTC, near the center of rainband 5, and then again falls to 15 m s-i. 

The wind speed holds steady at 15 m s-i through 0020 UTC, when it again 

increases slightly to 17 to 18 m s-i untU 0100 UTC. Beyond 0100 UTC the 

wind speed becomes a little more variable, but stiU generally remains 

between 15 and 20 m s-i. Hence, even though there is considerable variation 

in the trend of the wind speed at any given time, the magnitude of the trend 

throughout the whole time is smaU, with the 1-minute wind speed generally 

between 15 and 20 m s ^ 

The WEMITE wind direction data, on the contrary, have a significant 

decreasing trend from 2230 to 2345 UTC, when the wind direction backs from 

east-northeast to north-northeast (70° to 20°). Then, about the time that 
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rainband 5 begins to develop and move over the tower, the wind direction 

becomes steadier from the north-northeast (wind direction between 15° and 

30°) and remains so through 0130 UTC. This wind direction information, 

along with relatively steady wind speeds, would suggest this area where 

rainband 5 forms to be in an area of diffluence and possible divergence. This 

is contrary to what one might expect in an area of rapid convective 

development. Although interesting, this may not be telling the whole story, 

primarily due to the wind field proximity to the hurricane center of 

circulation. Further exploration and explanation will be given when the 

storm-relative wind components are examined. 

The WEMITE temperature data (Figure 6.62) show two relative 

minima in equivalent potential temperature, one from 2335 to 0000 UTC, on 

the outside half of rainband 5, and another shorter minimum around 0040 

UTC. This second minimum appears to be associated with another area of 

rapidly developing high reflectivity that is centered over the tower at the 

time of the equivalent potential temperature minimum. This, again, suggests 

the production of evaporationally cooled air that makes it to the surface in 

the vicinity of rainbands. 

The pressure information (Figure 6.63) displays a relative maximum 

outside the rainband from 2250 to 2310 UTC. The pressure then steadily 

falls as rainband 5 passes by, and reaches an absolute minimum for Bonnie of 

just under 970 hPa around 0040 UTC. After 0040 UTC, the pressure begins 

rising consistently through 0130 UTC. The minimum pressure observation 

in Bonnie corresponds to when the center of circulation is approximately 10 

km to the southeast of WEMITE (estimated from radar). This is about as 

close as the center of circulation, as estimated from radar, comes to the tower 

location. Even so, the center of circulation does remain very near the 

coastUne and WEMITE tower for the next couple of hours as the storm drifts 
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Figure 6.61. Standardized WEMITE observations of the 1-minute wind speed 
(WS), maximum 5-second gust (G), and wind direction (WD) 
during the passage of rainband 5. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.62. WEMITE observations of the temperature (Tmp), dewpoint (Td) 
and equivalent potential temperature (Thetae) during the 
passage of rainband 5. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 6.63. WEMITE pressure data during the passage of rainband 3. The 
vertical Une represents approximately when the rainband is 
centered overhead. 
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Figure 6.64. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE data. 
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northward. Thus, although the center of Bonnie may move away sUghtly, the 

increasing pressure is probably also due to the storm filling with time. The 

best-fit pressure data supports this, with the pressure slowly rising 

throughout this time. The minimum central pressure, for reference, is 963 

hPa at 0000 UTC on the 27th. Hence, there is stiU a substantial difference 

between the minimum WEMITE pressure observation and the best-fit 

minimum central pressure at 0000 UTC. 

The storm-relative inflow data (Figure 6.64) show a consistent increase 

in the inflow angle from 2230 to 2340 UTC, along with increasing radial 

winds. This corresponds to the time leading up to the development and 

approach of rainband 5. After 2340 UTC, the inflow angle, and storm-

relative radial wind component generally decreases, with the exception of 

between 0020 and 0030 UTC. This second relative maximum in inflow angle 

and radial wind occurs just prior to the development and passage of a second 

reflectivity feature. Therefore, these factors suggest that the onset of the 

reflectivity development is correlated with the shifting of the radial winds 

from increasing to decreasing. This shifting of the radial winds from 

increasing to decreasing, with everything else held steady, would suggest the 

presence of convergent air. Hence, these results also hint that the reflectivity 

development is coupled with areas of possible convergence. 

This conclusion, drawn from storm-relative data, is a much different 

result than the standardized WEMITE wind direction and wind speed data 

implied. This significant difference in interpretation is due primarily to the 

fact that, at this time, the center of circulation is passing very close to the 

tower location. Thus, smaU changes in the position of Bonnie's center of 

circulation can lead WEMITE to be in a noticeably different portion of the 

storm, and hence, lead to substantially different storm-relative results over a 

short period of time. More specifically, in this case, even though the wind 
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direction data remains fairly steady with time beyond 2340 UTC, the storm-

relative radial wind decreases, for the most part, with time. This reduction 

in the storm-relative inflow is due almost entirely to the center of circulation 

passing slowly northeast, and not any absolute change in the wind direction. 

Thus, in the case of rainband 5, the inferences from the standardized 

WEMITE data and the storm-relative data are radically different. These 

differences are much less obvious and not nearly as large for the previous 

rainbands since, although in some cases the storm center may be moving 

faster, the storm-relative location of the tower with respect to the storm 

center is not changing nearly as fast with time. Hence, the closer to the 

center of circulation, the more important this factor. 

The objective analysis of divergence (Figure 6.65) shows rainband 5, 

when centered over WEMITE, to lie on a gradient of divergence. More 

precisely, outside of the rainband there is very little divergence, and to the 

inside of the rainband (to the south and east) there are increasing amounts of 

convergence. The exact location and magnitude of the convergence maximum 

must be used with caution since it is very near the edge of the grid. In 

addition, caution is also advised since the center of circulation, as estimated 

from radar, appears to be just offshore to the southeast of the tower, whereas, 

the GEMPAK analysis does not fully resolve this. Hence, manually shifting 

the circulation center a bit north of where it is analyzed would likely shift the 

axis of the convergence maximum up closer toward the tower location. 

The objective analysis of the relative vorticity (Figure 6.66) places 

rainband 5 in a relative vorticity minimum area (zero relative vorticity). This 

minimum appears to be due to relative constant wind speed and wind 

direction from the tower northwest into Virginia. These results, as with the 

divergence calculations, should be used with caution. Moreover, the 

combination of using the time-to-space conversion data and the lack of data 

163 



Figure 6.65. GEMPAK analysis of divergence (xlO-^ s"i) for rainband 5. 
Overlaid is the wind field (m s'̂ ), with one full barb representing 
10 m s-i. Analysis is valid at 2355 UTC 26 August 1998. 

Figure 6.66. GEMPAK analysis of relative vorticity (xlO-s s-i) for rainband 5. 
Overlaid is the wind field (m s-i), with one fuU barb representing 
10 m s-i. Analysis is valid at 2355 UTC 26 August 1998. 
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to the south of the WEMITE tower make the GEMPAK calculations south of 

the tower questionable at best. 

6.4 Radar and WEMITE Correlations 

In order to provide greater insight into both the radar and WEMITE 

information, and their relations, correlations between some of the various 

parameters are made. The correlations are computed according to Milton 

and Arnold (1995). More precisely, an estimate of the Pearson correlation 

coefficient is made using the foUowing formula: 

R 
CovjXj) 

Std{X)Std{Y) (6.1) 

where: R = Estimator of correlation coefficient; 

Cov{X,Y) = Covariance betweenXand 7; 

Std{X) = Standard Deviation of X; and 

Std{Y) = Standard Deviation of Y. 

In reality, the covariance between X and Y, along with their standard 

deviations, are not known. Thus, an estimate of each must be made using 

the samples available. In order to estimate the covariance between the two 

variables, X and Y, the following formula is used: 

±(X,-XIY,-Y) 
Cov(X,Y) = ^ (6.2) 

n 

where: X and 7 = Observations of X and 7 at i, 

X and Y = Means of X and 7; and 

n 
Total number of observations. 
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Using the above formulas, estimates of the correlation coefficient 

between any two variables can be made. The results of the correlation 

coefficient calculations (Equation 6.1) range in value between - 1 and 1. The 

resulting value represents an estimate of the strength of the Unear 

relationship between the two variables of choice, with the larger positive and 

larger negative values signifying a stronger relationship, and a value of zero 

signifying no Unear relationship. Also, values greater than zero represents a 

positive correlation, suggesting larger values of X occur with larger values of 

Y. A negative correlation suggests that larger values of X are likely to occur 

with smaller values of Y. 

In order to carry out correlation calculations between the WEMITE 

and radar data, first data from both platforms must be present at the same 

time. This data overlap occurs between 1002 UTC 26 August and 0634 UTC, 

27 August. In addition, the base-level radar data are only available every 5 

minutes, and thus, only corresponding WEMITE data are used. Also, during 

a few periods, especially near the eye, there are not enough scatterers 

available, and thus no radar data are available. In order to carry out this 

analysis, the few intervals with missing radar data are thrown out. Also, all 

times with range-folded spectrum width and radial velocity radar data are 

thrown out. 

When calculating correlations between two variables, one obvious 

choice is between the radial velocities measured by radar and the wind speed 

observations taken at the WEMITE tower, since they both measure the same 

parameter, the wind. There are a few key differences, though. First, the 

radar can only sample the radial component of the wind. Secondly, since the 

radar beam is tilted in the vertical, the radar estimates are for increasingly 

greater heights moving away from the radar location. To achieve a more 
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Table 6.1. Correlation between various components of the standardized 
WEMITE 1-minute wind speed and the KMHX base-level radial velocity over 
the WEMITE tower. 

Radar 
Product 

WEMITE 
Product 

Correlation 
Coefficient 

Variance 
Explained (%) 

Radial Velocity Total Wind Speed 0.2891 8.36 
Radial Velocity Wind Speed 30 deg less 0.8214 67.48 
Radial Velocity Wind Speed 20 deg less 0.8773 76.97 
Radial Velocity Wind Speed 10 deg less 0.9000 81.00 
Radial Veloc ^ Wind Speed Along Radial 0.9080 82.45 
Radial Veloc ty Wind Speed 10 deg more 0.9087 82.58 
Radial Velocity Wind Speed 20 deg more 0.9051 81.93 
Radial Velocity Wind Speed 30 deg more 0.8984 80.71 
Radial Velocity Wind Speed 40 deg more 0.8887 78.99 
Radial Velocity Wind Speed 50 deg more 0.8756 76.67 
Radial Velocity Wind Speed 60 deg more 0.8578 73.59 

complete understanding of the results, the azimuth and range from the 

KMHX radar to the WEMITE tower must be known. For Hurricane Bonnie, 

WEMITE is located at an azimuth of 240° and a range of 110 km from 

KMHX. This range corresponds to the base-level data being approximately 

1.7 km above the WEMITE tower. This also means that the winds over the 

tower are most fully sampled by the radar when they are from the east-

northeast, since this puts them precisely along a radial beam from the KMHX 

radar. This also implies that a wind from the north-northwest or south-

southeast is essentially invisible to KMHX radar over the tower location. 

Correlations between the radar radial velocity and various components 

of the WEMITE wind speed observations are shown in Table 6.1. The 

WEMITE products include the total wind speed, along with various 

components of the total wind speed. Winds designated as along the radial 

are the component of wind blowing from or towards the east-northeast (60°). 

This orientation is chosen since it is the direction that the KMHX radar 
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makes to north from the WEMITE tower. The number of degrees less (## deg 

less) represent a wind speed component however many degrees specified less 

than 60°, and vice versa for number of degrees more (## deg more). These 

variations of the wind speed component are chosen since often the wind 

direction changes with height. Thus, the direction of the wind at the surface 

may be somewhat different than what the radar beam is encountering at 1.7 

km. Hence, finding which component is most correlated with the radar data 

may suggest the most common directional wind shear between the surface 

and 1.7 km. 

The results, in Table 6.1, show at least two interesting features. First, 

the radial wind has a very smaU correlation (0.2891) with the total 

standardized WEMITE wind. This, obviously, is partially due to fact that the 

two factors are not necessarily measuring the same thing. The other key fact 

is that, throughout the analysis time, the wind direction changes. Thus, the 

component of the wind along the radar radial is changing, even if the wind 

speed is not. This will lead to lower correlations. 

Secondly, the correlation between the radial wind and various 

WEMITE wind speed components is much higher, ranging between 0.8214 

and 0.9087. These high correlation values imply that there is a strong linear 

relationship between the various surface-level wind speed components and 

the radar radial wind speed sampled over WEMITE. In addition, the 

correlations are greatest for surface-level winds along and 10 to 20° more 

than the angle made by the line between WEMITE and the radar. This 

result suggests that the wind direction most likely veers sUghtly with height 

(10 to 20°) from the surface to 1.7 km. This veering is consistent with the fact 

that near the surface, the increased friction slows the winds, thus making 

them more convergent toward the low-pressure system. Moreover, this is 

also consistent with PoweU and Black (1990), who suggest that the wind 
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direction veers approximately 30° between the surface and flight-level (~ 3 

km). Although the Powell and Black (1990) information is only a general 

rule, in combination with this data it does suggest that approximately half to 

two thirds of the veering up to flight-level is in the lowest 1.7 km, with the 

remaining veering occurring between 1.7 and 3.0 km. 

In addition, a similar analysis was completed comparing the radar 

radial velocity and the raw, unadjusted WEMITE wind components. The 

results (not shown) showed a very similar pattern to that found in Table 6.1. 

As in Table 6.1, the strongest correlations occurred with the winds along to 

20° more than the angle made by the line between WEMITE and the radar. 

The correlations, although comparable, were also slightly smaller in 

magnitude. 

Similar correlations are calculated between the radar reflectivity data 

and a wide array of WEMITE observations. The calculations are completed 

with respect to reflectivity in the bin over the WEMITE tower, and 

separately, with respect to a 9 bin average of the reflectivity over and 

adjacent to the bin over the tower. This is done in order to determine the 

effects of sharp gradients very near the tower. Specifically, since the base 

reflectivity observation is taken at 1.7 km, this may not necessarily represent 

what is being experienced at the surface, especially in the case of sharp 

gradients and strong winds. In fact, if there is a substantial slope in the 

reflectivity with respect to height in the lower troposphere, the reflectivity 

over the WEMITE tower at 1.7 km could easily be much different than that 

at the surface. 

With the above Umitations in mind, the results are shown in Table 6.2. 

One obvious result tha t jumps out is that the correlation values are 

significantly less than those found in Table 6.1. This makes sense, though, 

since the two factors tested for correlation in Table 6.2 are not one in the 
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same, as is the case in Table 6.1. Hence, lower correlations are to be 

expected. Even so, the correlations between the reflectivity, both average 

and overhead value, and the total standardized wind speed, raw wind speed 

standard deviation, wind direction standard deviation, equivalent potential 

temperature, vertical wind speed, dewpoint, inflow angle, and raw wind 

speed have very low values, generally between -0.3 and 0.3. This suggests 

that none of these factors have a significant linear relationship with the 

radar reflectivity. 

The only factor in Table 6.2 to have a slightly higher correlation is the 

temperature data, with values up near -0.6. This implies some connection 

between higher reflectivities and lower temperature values, and vice versa. 

This relationship has a number of possible explanations. One possibility is 

that with higher reflectivity values, the rain is most likely falling at a greater 

rate on the WEMITE tower. This heavy rain could result in sensor wetting, 

and hence in the cooling of the sensor to the wet-bulb temperature. This 

sensor wetting would bias the temperature observation low in heavier rain 

(i.e., higher reflectivity). Although potentially a key factor, this is likely not 

too significant since the air is very near or at saturation throughout the 

entire period of study. Additionally, the sensor is housed in a shield. 

Another possible factor is that the more intense precipitation (higher 

reflectivity) may be associated with the transport of cooler air to the surface 

from aloft. This cooler air may be brought to the surface from aloft by the 

downdrafts likely present within the rainbands. Additionally, the cooler air 

itself may likely be a product of the rain as it faUs through unsaturated air 

aloft. This unsaturated air could then cool due to evaporation, and then, 

being less buoyant, begin to sink downward toward the surface. Then, if the 

precipitation is intense enough and/or the air cool enough, the mid-level air 

may be transported to the surface. 
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Table 6.2. Correlation between various WEMITE observations and the 
KMHX base-level reflectivity over the WEMITE tower for Hurricane Bonnie. 
The radar reflectivity is broken up into the value immediately overhead as 
weU as an average of the 9 cells closest to the tower, denoted as overhead and 
average, respectively. The Std. stands for standardized, whereas, the STD 
represents the standard deviation. 

Radar 
Product 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 
Average 

Overhead 

WEMITE 
Product 

Total Std. Wind Speed 
Total Std. Wind Speed 
Raw Wind Speed STD 
Raw Wind Speed STD 
Wind Direction STD 
Wind Direction STD 

Equivalent Potential Temp 
Equivalent Potential Temp 

Vertical Wind Speed 
Vertical Wind Speed 

Dewpoint 
Dewpoint 

Temperature 
Temperature 
Inflow Angle 
Inflow Angle 

Raw Wind Speed 
Raw Wind Speed 

Correlation 
Coefficient 

0.2144 
0.1821 
0.2238 
0.1984 
0.1437 
0.1280 
-0.2729 
-0.2207 
0.0585 
0.0485 
-0.2239 
-0.1800 
-0.6047 
-0.5550 
0.2208 
0.1709 
0.1175 
0.0936 

Variance 
Explained (%) 

4.60 
3.32 
5.01 
3.94 
2.06 
1.64 
7.45 
4.87 
0.34 
0.24 
5.01 
3.24 

36.56 
30.80 
4.88 
2.92 
1.38 
0.88 

Table 6.3. Correlation between various WEMITE observations and the 
KMHX base-level spectrum width over the WEMITE tower. The 
abbreviation notation is the same as Table 6.2. 

Radar 
Product 

Spectrum Width 
Spectrum Width 
Spectrum Width 

WEMITE 
Product 

Wind Direction STD 
Std. Wind Speed 

Raw Wind Speed STD 

Correlation 
Coefficient 

0.0792 
0.4032 
0.3917 

Variance 
Explained (%) 

0.63 
16.26 
15.34 
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The final correlations, shown in Table 6.3, test for any Unear 

relationships between the radar spectrum width data and the WEMITE wind 

information. The results show no significant correlation between the tower 

wind direction standard deviation and the spectrum width. The standardized 

wind speed and raw wind speed standard deviation, on the other hand, do 

show some signs of a linear relationship, with correlation values around 0.4. 

Although not a huge correlation value, this does suggest that there is a weak 

linear relationship, with higher spectrum widths corresponding to locations 

with larger wind speeds and to greater variation in the wind (more 

turbulence). Other possible contributions to the spectrum width include, but 

are not limited to, the vertical wind shear (since the radar beam is not 

entirely horizontal) and the fall speeds of the hydrometeors in the sample 

volume (Rinehart, 1991). Additionally, the WEMITE data is not limited to 

the particular radar radial. Hence, many of the WEMITE observed 

variations (reflected in the standard deviation values) may not lie along the 

radar radial, thus potentially skewing the correlations too low. 
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CHAPTER VII 

DATA MANIPULATION AND PROCESSING 

FOR HURRICANE DENNIS (1999) 

Information for the Hurricane Dennis analysis is quality controlled 

and standardized in the same manner as for Hurricane Bonnie (Chapter IV). 

Conveniently, Dennis passed near the same area along the southeast U.S. 

coastline as Bonnie. Hence, many of the same observation sites are used. 

More specifically, all sites used in the Bonnie analysis are used for the 

Dennis analysis, as well as some additional sites. Sites used in the Bonnie 

analysis are standardized in the exact same manner as described in Chapter 

IV. Thus, no elaboration upon the previously used sites will be given in the 

chapter. Chapter IV may be referenced for the specifications of the 

previously used sites. This chapter will present the characteristics for the 

additional sites used, along with other relevant information needed to carry 

out the standardization process for Hurricane Dennis. 

7.1 WEMITE 

WEMITE data, consisting of 10 Hz temperature, pressure, relative 

humidity, and wind speed and direction information were collected from two 

towers, WEMITE 1 and WEMITE 2, during Hurricane Dennis. The locations 

of the two towers and height of the wind speed data used for the Dennis 

analysis are shown in Table 7.1. Table 7.2 shows the period of data collection 

for each tower. 

The first step was to remove spurious data from the data records. 

Spurious data, for Hurricane Dennis, were defined by an instantaneous 

change (0.1 second change) in temperature greater than 0.25°C, change in 

relative humidity greater than 1.5%, or a change in barometric pressure 
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Table 7.1. Location and anemometer height used for the two WEMITE 
towers during Hurricane Dennis (Smith et al., 2001). 

Tower 

WEMITE 1 

WEMITE 2 

Latitude 
(dd) 

34.883333 

34.733333 

Longitude 
(dd) 

-76.35 

-76.65 

Anemometer 
Height 

(m) 
9.1 

6.1 

Table 7.2. Period of data collection for the two WEMITE towers during 
Hurricane Dennis (Smith et al., 2001). 

Tower 

WEMITE 1 

WEMITE 2 

Start Time 
(Time [UTC] 
MMlDDfYY) 

448 UTC 8/30/99 

123 UTC 8/30/99 

End Time 
(Time [UTC] 
MM/DD/YY) 

247 UTC 8/31/99 

123 UTC 8/31/99 

greater than 0.30 hPa. When these large variations were found, they were 

replaced by averages of good data (data that did not exceed the above criteria) 

on either side of the bad data points. During a short period for WEMITE 1, 

the raw relative humidity data did exceed 100%. When this occurred, the 

relative humidity was systematically reduced to 100%. 

Another quality control issue arose with the wind direction data for 

WEMITE 2 at the 10.1-m level. The last one-third of the WEMITE 2 wind 

direction data record contained very large variations, often times in excess of 

30 degrees over one tenth a second. Since this was implausible, the wind 

speed and direction data from the 6.1-m level, which did not contain such 

features, were used in place of the 10.1-m level data. The wind speed data at 

the 6.1 m level did contain bad information for the first 2.5 hours of data 

collection, but since this was before the rainbands of interest passed over the 

tower, it was of no concern for the analysis. 
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Table 7.3. Adjustments made to the raw tower-relative wind directions in 
order to correct them to true north. 

Tower 

WEMITE 1 
WEMITE 2 

Adjustment made to raw tower-
relative wind direction 

Add 35 degrees 
Subtract 10 degrees 

Next, the wind direction data were adjusted to true north from the raw 

tower-relative values. The adjustments are shown in Table 7.3. The 

adjustment for WEMITE 2 was determined by comparing the WEMITE 2 raw 

wind direction with the hourly and special wind direction observations 

collected from a newly commissioned ASOS (KMRH) located less than 100 m 

away. The WEMITE 1 wind direction adjustment was then determined by 

comparing all the nearby ASOS wind directions, as well as the adjusted 

WEMITE 2 wind direction to the raw WEMITE 1 tower-relative wind 

direction for each hour of data collection. 

After quality control of the data was completed and the raw wind 

directions were adjusted to true north, the two datasets were then averaged 

in order to reduce the dataset size. AU the meteorological parameters were 

averaged into discrete sections of 5-second (50 data points), 1-minute (600 

data points) and 10-minute (6000 data points) mean values. Standard 

deviations of the wind speed and direction were also calculated. 

Once completed, the resulting wind speed information was adjusted to 

a standard 10-meter height and to an open exposure as described in section 

4.9. In order to standardize the wind, the exposure information in Table 7.4 

and Table 7.5 was used. The roughness length estimates were determined 

using a combination of roughness lengths calculated by Smith et al. (2001) for 

the two WEMITE towers with the Hurricane Dennis data, along with site 

survey information (Howard, 2002) and aerial photographs and topographic 
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Table 7.4. Roughness length used at various times for WEMITE 1 during 
Hurricane Dennis. 

Period 
(Time [UTC] MM/DD/YY) 

448-700 UTC 8/30/99 
700-915 UTC 8/30/99 

915-1336 UTC 8/30/99 
1336-2056 UTC 8/30/99 

2056 UTC 8/30/99 to end of record 

Roughness Length (m) 

0.12 
0.24 
0.12 

Linearly increase from 0.12 to 0.4 
0.4 

Table 7.5. Roughness length used at various times for WEMITE 2 during 
Hurricane Dennis. 

Period 
(Time [UTC] MM/DDA^ 

123-945 UTC 8/30/99 
945-1045 UTC 8/30/99 

1045 UTC 8/30/99 to end of record 

Roughness Length (m) 

0.13 
Linearly decrease from 0.13 to 0.04 

0.04 

maps (Terra Server Homepage, 2001) of the tower locations. A storm-relative 

rainband position was then assigned to each data point as described in 

Chapter 5, using the rainband information for Hurricane Dennis in Table 

7.10. Also, storm-relative inflow, in accord with section 4.8 (using the Dennis 

best-fit track data in Table 7.9), and some additional parameters, in accord 

with section 4.7 were calculated. The resulting information was then used for 

the Hurricane Dennis rainband analysis. 

7.2 Surface Observation Network 

All possible ASOS sites within the vicinity of the two WEMITE towers 

were used. This constituted all available ASOS sites between 33.8167 and 

36.5 N latitude and east of 79.7333 W longitude. This included aU sites used 

in the Hurricane Bonnie anafysis plus nine additional sites just north of the 
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Table 7.6. Additional ASOS stations used for the Hurricane Dennis analysis. 
Also shown are the latitude, longitude and anemometer height (if known) for 
each location. This information was acquired from NCDC online 
(http://lwfncdc.noaa.gov/oa/ncdc.html). 

Site 

KBUY 

KECG 

KIGX 

KLBT 

KASJ 

KHRJ 

KOCW 

KRZZ 

KHFF 

Latitude 
(dd) 

36.047500 

36.256389 

35.935556 

34.608056 

36.297500 

35.378611 

35.570556 

36.439444 

35.033333 

Longitude 
(dd) 

-79.473611 

-76.172222 

-79.063889 

-79.058611 

-77.170833 

-78.733611 

-77.049722 

-77.709722 

-79.5 

Anemometer 
Height 

(m) 
10.0 

10.0 

10.0 

9.9593 

Unknown 

Unknown 

Unknown 

Unknown 

Unknown 

Bonnie data domain. The location and anemometer height of the nine 

additional sites are shown in Table 7.6. 

The data, acquired in METAR format, was decoded as specified in 

section 4.2. After adjusting aU the wind speed data to a 10-minute mean, 

when possible, the data were then standardized to a 10-meter height and to 

an open exposure, as described in section 4.9. This standardization could 

only be accomplished for 4 of the 9 additional sites, since these were the only 

sites with sufficient documentation (i.e., anemometer height and exposure 

information). The exposure information for the 4 additional documented sites 

is given in Table 7.7. The roughness length for each of the sites was 

estimated from visual inspection of site characterization photos, along with 

the aid of written site characterization descriptions. 
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Table 7.7. Additional ASOS stations standardized for the Hurricane Dennis 
analysis. Also shown are the upwind fetch direction and the estimated 
roughness for that particular fetch. This information was interpolated from 
descriptions acquired from NCDC online (2001). 

Site 

KBUY 

KLBT 

Upwind 
Fetch 
(deg) 
0-29 

30 

90 

135 

180 

270 

315 

360 

0 

45 

90 

135 

180 

225 

315 

360 

Estimated 
Roughness 
Length (m) 

0.5 

0.1 

1.0 

1.0 

0.5 

0.5 

0.1 

0.5 

0.3 

0.1 

0.3 

0.1 

0.5 

0.1 

0.1 

0.3 

Site 

KECG 

KIGX 

Upwind 
Fetch 
(deg) 

0 

45 

340 

360 

0 

45 

85 

86-134 

135 

180 

270 

315 

360 

Estimated 
Roughness 
Length (m) 

0.5 

0.1 

0.1 

0.5 

0.5 

0.5 

0.1 

0.5 

0.5 

1.0 

1.0 

0.3 

0.5 

The exact value of the roughness length used for any given fetch of 

wind was Unearfy interpolated from the two values of roughness length that 

the given fetch direction bisects. The two exceptions to this were for KBUY 

and KIGX, where discrete cutoffs sometimes occurred. More specificaUy, the 

roughness length between the fetch direction of 29 and 30 degrees changes 

abruptfy from 0.5 and 0.1 meters at KBUY. Similarly, the roughness length 
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between the fetch direction of 85 and 86 degrees changes discretefy from 0.1 

to 0.5 meters at KIGX. In both cases this is due to an abrupt change in the 

upwind terrain. 

After standardizing the wind speed data, the storm-relative inflow was 

calculated, as described in section 4.8 (using the Hurricane Dennis best-fit 

track in Table 7.9). Then, the various additional meteorological parameters 

were calculated as shown in section 4.7. Lastfy, the rainband-relative 

positions were then determined according to Chapter V (using the Hurricane 

Dennis rainband properties in Table 7.10). 

7.3 Marine Data 

All buoy and C-MAN stations used in the Hurricane Bonnie analysis 

were also used in the Hurricane Dennis analysis. Additionally, three buoys, 

Usted in Table 7.8, were used for the Hurricane Dennis analysis. These three 

buoys were treated in the same manner as described in section 4.3. 

After acquiring the data, various meteorological parameters were 

calculated, when possible, as shown in section 4.7. Hurricane-relative inflow 

was then calculated in compliance with section 4.8, using the Dennis best-fit 

Table 7.8. Additional buoy and C-MAN stations used for the 
Hurricane Dennis analysis. Also shown are the latitude, longitude, 
anemometer height and payload for each location. This information 
was acquired from the NDBC online (2002). 

Site 

44004 

44009 

41001 

Latitude (dd) 

38.503333 

38.463611 

34.68 

Longitude 
(dd) 

-70.471667 

-74.701944 

-72.23 

Anemometer 
Height 

(m) 
5 

5 

5 

Payload 

DACT 

VEEP 

DACT 
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track data in Table 7.9. Then, after adjusting the wind speed data to 10-

minute averaging times (using Table 4.12), the winds were standardized to a 

10-m height and open terrain as outlined in section 4.9. This was completed 

after estimating the roughness length for each buoy observation through the 

iteration method explained in section 4.3. Once completed, the rainband-

relative locations were assigned as outlined in Chapter V, using the Dennis 

rainband information in Table 7.10. 

7.4 Flight-Level Data and Dropsondes 

Various flights, consisting of a majority of surveillance missions, were 

completed on Hurricane Dennis between 25 and 30 August 1999. Since 

Dennis did not approach land untU the 30'^, all missions before this were of 

no practical use for this study. On 30 August 1999, two planes were sent out. 

One plane completed a surveillance mission, which consisted of data 

collection well out at sea. Since this flight was always a great distance from 

the area of interest for this study, it provided no relevant information. The 

second plane was suppose to participate in the Windfields at Landfall 

Experiment, thus flying a mission close to various platforms, including the 

WEMITE towers. This mission could have been useful to this study. 

Unfortunately, the plane flying this mission developed a hydraulic leak early 

into its flight plan and was forced to turn back, aborting the scheduled 

mission. Hence, no flight-level data or dropsonde data was available in close 

proximity to the rainbands of interest in Hurricane Dennis during their 

passage over the WEMITE towers. 

7.5 Mobile Mesonet Data 

Mobile Mesonet data from a single car during Hurricane Dennis were 

obtained from Askelson (2002). The data consisted of 6-second observations 
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of barometric pressure, fast temperature, slow temperature, relative 

humidity, vehicle-relative wind speed, and vehicle-relative wind direction as 

well as vehicle position (latitude an longitude), vehicle motion, vehicle 

heading, a flux gate compass heading, and the universal time and date of the 

observation. Data exists from 1115 to 2200 UTC on 30 August 1999. Further 

elaboration on the specifics of the data collection procedures and the 

observational instruments used can be found in Straka et al. (1996). 

Once the data were assimilated, the spurious barometric pressure, 

temperature (both fast and slow), and relative humidity were replaced with 

linear averages of the nearest good data points on either side. As with the 

WEMITE data, the spurious data were defined by a barometric pressure 

change greater than 0.3 hPa in adjacent data points, temperature change 

greater than 0.25°C, or a change in relative humidity greater than 1.5%. 

Once the spurious data were eliminated, the saturation vapor 

pressure, vapor pressure, mixing ratio, dewpoint, potential temperature, and 

equivalent potential temperature were calculated with formulas outlined in 

section 4.7. All moisture related calculations were obtained using the slow 

temperature and relative humidity information, whereas all other 

calculations requiring temperature used the fast temperature information, as 

prescribed by Rasmussen (2002). 

Next, the true wind speed and direction were calculated from the 

vehicle-relative wind speed and direction, the vehicle speed, and the vehicle 

heading. The vehicle-relative wind was broken down into the along- and 

across-vehicle wind components. Then, the vehicle speed was subtracted 

from the along-vehicle wind component. The new true vehicle-relative wind 

speed and direction was then recomposed from the newly determined along-

vehicle component and the across-vehicle component. Once completed, the 

true vehicle-relative wind direction was adjusted to the true meteorological 
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wind direction by determining the difference between the vehicle heading and 

true north and applying that difference to the true vehicle-relative wind. 

This final step was accomplished using the Global Positioning System vehicle 

heading for vehicle speeds greater than 3 m s-\ with the flux gate compass 

heading used for lesser speeds. Winds were not calculated in cases of vehicle 

speed accelerations greater than 1 m s-2 or vehicle direction (heading) 

accelerations greater than 2 deg s ^ in accord with Straka et al. (1996). 

Once completed, the rainband-relative locations are assigned as 

outlined in Chapter V, using the Dennis rainband information in Table 7.10. 

It should be noted that there is an uncertainty in the upwind roughness due 

to uncertainty in the surrounding terrain of the Mobile Mesonet as it 

traverses the countryside. Hence, the wind data cannot be standardized, and 

thus, the wind data are not used in the GEMPAK analyzes. This information 

could prove useful in locating small-scale variations within the rainband 

though. 

7.6 Other Data Sources 

Standard radiosonde observations taken every 12 hours (00 and 12 

UTC) at established NWS sounding sites were used. In addition, a number of 

special soundings, launched at some sites while Hurricane Dennis moved 

close by, were used. Details on the nearby sounding sites can be found in 

Table 4.8. 

Additionally, radar data provided another great source of information. 

Level II radar data were obtained from NCDC for the Morehead City 

(KMHX) NEXRAD WSR-88D radar. Radar data was obtained from 3:38 UTC 

30 August to 21:22 UTC 30 August 1999. This was the nearest NEXRAD 

radar with respect to the WEMITE tower locations. 
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7.7 Hurricane Dennis Properties 

The storm-relative inflow for Hurricane Dennis was calculated in the 

same manner as described in section 4.8. In order to obtain the storm-

relative inflow, the best-fit track data for Dennis, shown in Table 7.9, was 

used. As with Hurricane Bonnie, the storm position was linearly interpolated 

between best-fit locations when the observations were not at a time of a best-

fit location. 

The only difference in the Hurricane Dennis storm-relative inflow 

calculations from the Bonnie calculations (section 4.8), aside from using the 

Dennis storm-track information, was that a different value for a degree of 

longitude was used since the observations were taken at a different latitude. 

Instead of using 1° longitude equal to 91.992757 km, as in the Bonnie 

analysis, 1° of longitude was set equal to the result of 111.325 km multiplied 

by the cosine of the average of the storm latitude and the observation station 

latitude. This accounts for the variation in longitude with latitude, although 

the difference between the two methods is very small. All other storm-

relative inflow calculations were completed in accord with section 4.8. 

Additionally, hurricane rainband-relative time-to-space conversions 

were completed on observations within one hour of each band, when possible. 

After thorough radar analysis, five rainbands that passed between the two 

WEMITE towers were identified. The speed and direction of movement of 

each rainband was then estimated as it passed over the towers using radar 

reflectivity data. The results of the rainband motion analysis are shown in 

Table 7.10. These results were then used to calculate Hurricane Dennis 

rainband-relative positions for rainbands at 750, 1154 and 1214 UTC, as 

described in section 5.5. Time-to-space analysis could not be usefully 

employed for the final two rainbands (at 1448 and 2052 UTC) since they 

displayed no significant motion. 
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Table 7.9. Best-fit location for Hurricane Dennis (National Hurricane Center 
Homepage, 2002). 

Day 

27 

28 

28 

28 

28 

29 

29 

29 

29 

30 

30 

30 

30 

31 

31 

31 

31 

1 

1 

1 

1 

2 

Time (UTC) 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

0600 

1200 

1800 

0000 

Latitude (°N) 

25.9 

26.1 

26.5 

27.1 

27.7 

28.3 

29.0 

29.9 

30.8 

31.9 

32.8 

33.6 

34.3 

34.9 

35.1 

35.2 

35.1 

35.2 

35.0 

35.4 

35.5 

35.4 

Longitude (°W) 

75.9 

76.2 

76.7 

77.0 

77.3 

77.7 

77.9 

78.4 

78.4 

78.1 

77.6 

76.5 

74.8 

73.6 

72.9 

72.8 

73.3 

73.6 

73.4 

73.5 

73.8 

73.7 
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Table 7.10. Estimated motion, from radar reflectivity analysis, of five 
rainbands that passed over the WEMITE towers during Hurricane Dennis. 
The time represents the time that the rainband was centered between the 
two WEMITE towers. AU the rainbands here occurred on 30 August 1999. 

Time 
(UTC) 

750 

1154 

1214 

1448 

2052 

Direction of 
Motion 

(deg) 
340 

270 

270 

Speed of 
Motion 

(m/s) 
5.28 

21.63 

21.80 

U-component 
of Motion 

(m/s) 
-4.97 

-21.63 

-21.80 

V-component 
of Motion 

(m/s) 
1.81 

0 

0 

Rainband approximately stationary 

Rainband approximately stationary 
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CHAPTER VIII 

RESULTS FOR HURRICANE DENNIS (1999) 

8.1 Hurricane Dennis (1999 )̂ 

Hurricane Dennis existed in the Atlantic hurricane basin from 24 

August through 7 September 1999. Dennis became a hurricane at 600 UTC 

26 August whUe positioned just east of the central Bahamas. Dennis 

continued to skirt along the Bahamas as it moved generally northwest over 

the next few days. In time Dennis curved toward the north-northwest (28 

August), to north (29 August), and eventually northeast (30 August) in 

response to a nearby midlatitude trough. The trough ultimately passed by 

Dennis (1 September), leaving it to meander offshore North Carolina. At this 

time Dennis also was downgraded to a tropical storm. Dennis continued to 

7/00 

1^82/00 

w 30/12* 
4/t2 • 

3CI0 

31/12 

30A)6 
4KI6 

3/18 

30/00 

29/18 

29/12 

29/06 

29/00 

23/18 

Figure 8.1. Best-fit track for Hurricane Dennis (day/time (UTC)). 
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rove about the western Atlantic untU 3 September, when it began a more 

steady northwestward track in response to a buUding high to its north. This 

track took then strong Tropical Storm Dennis ashore at Cape Lookout 

National Seashore, North CaroUna, at 2100 UTC 4 September. Dennis 

continued its erratic track across the east-central and northeast United 

States and eventually was classified at extratropical at 1800 UTC 7 

September (Lawrence et a l , 2001). A graphical representation of a portion of 

the best-fit track for Dennis can be seen in Figure 8.1. 

Although Dennis made landfall 4 September, it is of greatest interest 

for this study during the 30^^ of August since high-resolution data exist 

during this time. This time also corresponds to when then Hurricane Dennis 

passes closest to the North Carolina seaboard while recurving temporarily 

out to sea. Although none of the land-based observing systems, during this 

period, capture the center of Dennis, a number of associated rainbands do 

pass over land, hence, making for a very useful dataset. 

Figure 8.2. Infrared GOES-8 satellite images of Hurricane Dennis. 

Figure 8.2 shows three different satellite images as Dennis skirts just 

offshore of eastern North Carolina during the time of greatest interest. 

Dennis is at its maximum intensity of 90 knots initially at 00 UTC 30 

August. There is a clearly developed eye near the center of a healthy central 

dense overcast, reflective of a weU-orgamzed hurricane. Over the next 12 to 
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Figure 8.3. Observational sites used to complete Hurricane Dennis analysis. 

24 hours, the eye region fills in and the entire storm loses some organization. 

This is in part due to the increasing wind shear from the approaching trough. 

The upper-level outflow is now limited to the south and west of Dennis, with 

the stronger upper-level winds carrying many of the higher clouds rapidly off 

to the northeast. During this same 24-hour period the maximum winds for 

Dennis steadily decrease to 80 knots by the end of the period. 

Hurricane Dennis was directly responsible for four deaths in Florida, 

all in association with the hurricane-induced high surf No casualties were 

reported due to the wind, rain, storm surge or tornadoes. Furthermore, 

Dennis was responsible for $157 million in total United States damage, 

including $37 mUUon from agricultural losses (Lawrence et al., 2001). 
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Figure 8.3 displays the surface observing sites used for Dennis. The 

following analysis of Hurricane Dennis makes use of many of the same data 

sources as Hurricane Bonnie. As with Bonnie, the Dennis analysis makes 

use of the data sources outlined in Chapter III, and elaborated upon in 

Chapter IV. The specifics for each site can be found in Chapter VII. 

8.2 Rainbands 

Rainbands were identified through radar reflectivity data. Areas of 

relatively high reflectivity (34+ dBz), bordered by lower reflectivity on both 

sides, with a length greater than its width, were chosen. Additionally, only 

rainbands that passed over or existed between the two WEMITE towers were 

chosen for further analysis in order to best make use of the high-resolution 

data. Table 7.10 shows the five Hurricane Dennis rainbands that met the 

above conditions and were selected for further analysis. Once chosen, 

detailed analysis of radar reflectivity, spectrum width, and radial velocity 

data, close examination of the various meteorological parameters from the 

WEMITE towers, and objective analysis of relevant meteorological fields 

were completed. A time-to-space conversion was then used, when possible, to 

bring all the data together into a single concise display. Supplemental 

information, such as soundings and mobile mesonet data, was also used when 

available. 

8.2.1 Rainband 1 (0750 UTC 30 August 1999) 

The first significant rainband to pass over the WEMITE towers moved 

consistently north to north-northwest while individual elements within the 

band moved more westward. The rainband intensity held relatively steady 

as it passed over the towers from 700 to 835 UTC. Throughout this time, the 

rainband remained approximately stationary relative to the hurricane center 
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Figure 8.4. Base reflectivity data from the KMHX radar at 750 UTC 30 

August 1999. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s'l and a flag representing 25 
m s"^ Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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with WEMITE 1 and 2 roughly 230 and 210 km north-northeast, respectively, 

at 755 UTC. 

Figure 8.4 shows the radar reflectivity data when the rainband is 

located between WEMITE 1 and 2. Overlaid are the time-to-space converted 

wind observations within one hour of 750 UTC. The reflectivity data show 

the rainband oriented approximately east to west near the towers. Along the 

band there are distinct areas of higher and lower reflectivity, suggesting the 

band is much less stratiform than those investigated in Hurricane Bonnie. 

The reflectivity also shows that the band of interest is one of a number of 

bands that exist between the WEMITE towers and the center of the 

hurricane circulation (just out of view on Figure 8.4, to the south-southwest 

of the tower locations). 

The wind direction data from the two WEMITE towers suggest backing 

winds moving from the inside to the outside of the rainband. This implies 

some confluence since the wind speeds remain relatively steady around the 

band. 

Figures 8.5, 8.6, and 8.7 show the evolution of the base-level 

reflectivity, spectrum width, and radial velocity, respectively, as rainband 1 

passes over the WEMITE towers. Figure 8.5 shows the rainband south of the 

towers at 650 UTC. Slowly, this band oriented east-to-west moves 

northward. Then, by 821 UTC, another band-like area with very high 

reflectivity moves up from the southeast and begins to join with rainband 1. 

Beyond that, the rainbands merge together to form a relatively large and 

intense banded area of precipitation immediately north of the tower 

locations. At this time the new intense rainband resembles the principal 

band, as defined by Willoughby et al. (1984). The Rossby number at this 

band is also on the order of one, as expected for a principal band. 
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Figure 8.5. Base reflectivity (dBz) from KMHX every 30 minutes as rainband 
1 passes by the WEMITE towers. 

Figure 8.6. Base spectrum width (m s-i) from KMHX every 30 minutes as 
rainband 1 passes over the WEMITE tower. 
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Figure 8.7. Base velocity (m S"i) from KMHX every 30 minutes as rainband 1 
passes over the WEMITE tower. 

Figure 8.8. Vertical cross-section of reflectivity (dBz) at 0750 UTC across 
rainband 1. The horizontal and vertical dimensions are in 
kilometers. The location and orientation of the cross-section is 
shown in the upper right-hand corner plan view. 
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The spectrum width data (Figure 8.6) display no significant trend 

throughout the passage of rainband 1. The spectrum width values range 

from 0-3 m s-i over the WEMITE towers, indicative of relatively smaU 

amounts of turbulence. There is an area of higher spectrum widths (4+ m s^) 

located to the south of the towers in association with rainbands out at sea. 

The radial velocity data (Figure 8.7) show that the towers lie in a 

region of greens, indicative of wind approaching the KMHX radar. Since the 

WEMITE towers are generally east of the KMHX radar, with the WEMITE 1 

tower east-northeast (azimuth of 76.1° and range of 49.4 km) of the radar and 

with WEMITE 2 located almost due east of the radar (azimuth of 103.1° and 

range of 21.2 km), this would indicate an east component to the wind as it 

passes over the towers. The magnitudes of the radial wind over both towers 

generally range between 20 and 25 m s-i, suggesting a relatively stout east 

component to the flow above the surface. The zero velocity line orientation at 

the range of the towers also indicates the total wind speed wind direction to 

be from the east to east-northeast. Therefore, during this period, a large 

portion of the total wind passing over the towers is likely being sampled by 

the KMHX radial winds. A large S-shaped zero velocity Une (not shown) also 

indicates winds veering with increasing height, suggestive of some warm air 

advection. 

The vertical reflectivity cross-section at 750 UTC shows a band width 

of 10-12 km. The rainband contains very high reflectivity (40+ dBz) from the 

lowest levels to around 5 km, with lower more uniform values above. There 

is also a clear indication of a bright-band near 5 km on the inside of the 

rainband. The inside portion of the rainband also appears more convective, 

with greater reflectivity gradients than the outside portion, which has much 

weaker reflectivity gradients. This suggests the presence of 

redevelopment/regeneration on the inside portion of the rainband, which is 
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also supported by the reflectivity animation (not shown) throughout this 

time. This same area, between 10 and 15 km on the abscissa, consists of 

sUghtly higher spectrum width (3 to 5 m s-i) in the vertical cross-section (not 

shown). The radial velocity cross-section (not shown) of the same area as 

Figure 8.8 depicts the highest approaching radial velocities coincident with 

the center of the rainband at the 2.5 km level. There is also a radial velocity 

relative minimum located on the inside of the rainband in the lowest 

kilometer. These above factors aU support the contention that the updraft on 

this rainband, along with the greatest turbulence, is positioned on the inside 

portion of this rainband. 

Figure 8.9 displays a plot of the standardized WEMITE 2 1-minute 

wind speed, maximum 5-second gust, and wind direction during the passage 

of the rainband. The most noticeable feature is a large jump in the wind 

direction from 45 to 100 degrees as the band passes over the tower, and then 

the subsequent, although more gradual, decrease back towards 50°. The 

wind speeds slowly increase from 10 to 15 m s-i throughout this time, with a 

short period of higher wind speeds between 650 and 705 UTC. This short-

Uved wind speed maximum coincides with the passage of a narrow banded 

reflectivity element. A similar pattern in the wind speed and direction data 

is also present in the WEMITE 1 data, although with some lag since the 

rainband passes by WEMITE 2 later in time. The veering of the wind 

direction as the band passes, along with only small fluctuations in the wind 

speed, suggests confluence. This pattern also suggests some difluence once 

the band passes and the winds back to northeasterly again. 

The WEMITE 2 thermodynamic data, shown in Figure 8.10, show two 

distinct features. First, there is a short but definite relative minimum in 

temperature, dewpoint, and equivalent potential temperature near 710 UTC, 

associated with the passage of the narrow band of rain. The parameters 
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Figure 8.9. Standardized WEMITE 2 observations of the 1-minute wind 
speed (WS), maximum 5-second gust (G) and wind direction (WD) 
during the passage of rainband 1. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 8.10. WEMITE 2 observations of the temperature (Tmp), dewpoint 
(Td) and equivalent potential temperature (Thetae) during the 
passage of rainband 1. The vertical Une represents 
approximately when the rainband is centered overhead. 
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Figure 8.11. WEMITE 2 pressure data during the passage of rainband 1. 
The vertical Une represents approximately when the rainband is 
centered overhead. 
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Figure 8.12. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE 2 
data. 
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quickly recover only to fall much more dramatically with the passage of the 

rainband 1. The temperature and dewpoint drop off about 3°C in 10 minutes, 

resulting in a 10 K equivalent potential temperature decrease as the inside 

portion of the rainband moves by. Beyond that, the temperature and 

dewpoint level out, with only a sUght decreasing trend. Interestingly, the air 

also dries out a bit (with a dewpoint depression ~ 1°C) even though areas of 

light to moderate rain continue to pass over the tower. This sharp drop in 

equivalent potential air to below 340 K on the inside of the band corresponds 

to air from -910 hPa (2850 ft) level, according to a sounding launch at KMHX 

at 600 UTC. This sounding is representative of air well outside the rainband. 

The pressure data (Figure 8.11) show a general decreasing trend, not 

uncharacteristic with an approaching hurricane. There is, however, an 

interruption of this pat tern with a 1.5 hPa relative maximum at 735 UTC. 

This relative maximum in pressure occurs at the same time as the greatest 

cooling, suggesting a source for the mesohigh. 

Figure 8.12 displays the storm-relative inflow and its related 

components as the rainband passes. In this case the storm-relative inflow 

approximates the band-relative inflow due to the orientation of the rainband 

to the hurricane center. As the rainband moves over, the inflow angle 

decreases significantly, leading to a 10 m s-i drop in storm-relative radial 

wind along with a significant increase in the tangential wind. Beyond that, 

the inflow angle increases again, but more slowly. The large decrease in 

band-relative radial wind implies confluence associated with the rainband. 

Thus, this rainband does appear to temporarily impede much of the 

hurricane inflow near the surface. 

A sounding released outside of rainband 1 is shown in Figure 8.13. 

The SkewT/LogP plot shows very moist low-levels with considerable drying 

between 680 and 900 hPa and then near saturation above that. The 
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Figure 8.13. Sounding launched from KMHX at 600 UTC 30 August 1999. 
One full barb equals 10 m s^. 

considerable drying in the mid-level, with dewpoint depressions as great as 

7°C, suggest the potential for evaporational cooling in the presence of 

precipitation. Hence, this layer is a possible source of lower equivalent 

potential temperature air in the vicinity of a rainband. The sounding also 

displays a relatively steep lapse rate (~ 6°C km-i) from the surface to 670 

hPa, with a moist adiabatic lapse rate above that. This thermodynamic 

profile, along with no inversion, suggests favorable conditions for convection. 

The profile provides for over 1700 J kg-i of CAPE, with essentially no 

inhibition. Thus, there is plenty of potential latent heat energy avaUable for 
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future Hurricane Dennis rainbands to make use of with very little resistance. 

The wind profile contains veering winds with increasing height throughout 

most of the troposphere, with a maximum wind of 28 m s ' at 730 hPa (2743 

m). 

All the surface-level standardized wind observations taken within one 

hour of 750 UTC are assigned band-relative positions and fed into GEMPAK. 

The resulting objectively analyzed fields are shown in Figures 8.14 and 8.15. 

The fields are most reliable in east-central North Carolina where a majority 

of the high-resolution data is available. In the analysis for rainband 1 all the 

KDPL wind information is purposely removed since the wind direction 

reported is incorrect, with a constant reading of 170°, while all other stations 

in the area have a northeast wind. 

Figure 8.14 shows the objective analysis of the calculated divergence 

for rainband 1. The analysis depicts an area of weak convergence located 

over the WEMITE towers, in agreement with the confluence inferred 

previously across the rainband. This appears to be primarily due to the 

confluence of the wind direction and not any significant speed confluence. 

There is also a stronger area of convergence present just off the eastern 

shores of South CaroUna, with an area of divergence sandwiched in between. 

Figure 8.15 shows the WEMITE towers to reside in a region of very 

little relative vorticity. Although this region does appear to have some 

cyclonic directional turning it is offset by the anticyclone speed shear also 

present. There is high relative vorticity located to the south and southeast, 

closer to the hurricane center, as anticipated. There is also a large area of 

negative relative vorticity located over south-central North CaroUna that 

appears to be associated with significant anticyclonic speed shear. 
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Figure 8.14. GEMPAK analysis of divergence (xlO"^ S"i) for rainband 1. 
Analysis is valid at 0750 UTC 30 August 1999. 

Figure 8.15. GEMPAK analysis of relative vorticity (xlO-s s-i) for rainband 1. 
Overlaid is the wind field (m s-i), with one fuU barb representing 
10 m s-i. Analysis is valid at 0750 UTC 30 August 1999. 
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8.2.2 Rainband 2 (1154 UTC 30 August 1999) 

The second discernible rainband to pass between the WEMITE towers 

occurred from 1139 to 1204 UTC. As the rainband passed over the towers it 

was located approximately 150 km just west of north of the center of the 

hurricane vortex. During this time the center of circulation was moving 

steadily northeast while the rainband was moving rapidly westward (at 21.6 

m S"0. The rainband itself was oriented northeast to southwest as it passed 

westward past the towers. The relatively small rainband originated from a 

small cell that developed to the northeast of the eye of Dennis at 1025 UTC. 

This small cell moved rapidly northwest and then more westerly, quickly 

becoming elongated and then passed by the towers. Shortly after moving 

over the towers this band merged with a large area of high reflectivity and 

became indistinguishable. 

Figure 8.16 shows the rainband-relative time-to-space adjusted winds 

as rainband 2 passes over the towers. The analysis shows very little 

discernible variation in the wind direction across the rainband, with wind 

generally from the north-northeast. The wind speed data show sUghtly 

higher values east of the rainband than those present to the west. At the 

time of this analysis rainband 2 is already starting to absorb into the higher 

region of reflectivity immediately west of the tower locations. 

The evolution of the horizontal reflectivity data, every 10 minutes, is 

present in Figure 8.17. The images from 1134 to 1154 UTC show the short 

narrow band racing quickly past the WEMITE towers, with maximum 

reflectivities between 40 and 45 dBz. Then, beyond 1154 UTC, the rainband 

becomes indistinguishable as it merges into the large rain mass. Following 

quickfy behind this band is another rainband that wiU be examined in more 

detail in the next subsection. 
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Figure 8.16. Base reflectivity data from the KMHX radar at 1154 UCT 30 
August 1999. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m S'̂  and a flag representing 
25 m s-i. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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The spectrum width data (Figure 8.18) show values ranging between 2 

to 4 m s-i at the towers as rainband 2 passes by. Higher regions of spectrum 

width, at times as great as 7 m s ^ exist to the northwest, southwest, and 

southeast of the towers. The regions of higher spectrum width are in areas of 

higher reflectivity, with the highest values collocated with eyewaU. There is 

also a large area of low spectrum width values (< 2 m s-i) to the east of the 

towers, where there is low reflectivity (< 24 dBz). 

Figure 8.19 shows the radial velocity data as rainband 2 passes. The 

radial velocities sampled over both towers are approaching the radar. The 

approaching radial velocity, along with the zero line west-northwest to east-

southeast orientation at the WEMITE 2 range, indicates a north-northeast 

wind direction. Beyond the WEMITE 2 range, the zero line arcs to the south. 

This shift in the zero line indicates winds at this range shift more toward the 

east from their north-northeasterly direction. The radial velocity magnitudes 

are greater over WEMITE 1 (18-27 m s-i) than over WEMITE 2 (8-13 m s-i). 

Although significant, there are a couple of reasons this may not indicate an 

actual difference in total wind speeds between the two towers. First, 

WEMITE 2 is located almost 30 km closer to the radar site than WEMITE 1, 

resulting in the 0.5° elevation scan occurring 0.4 km closer to the ground (0.2 

km AGL versus 0.6 km AGL). Thus, since the winds sampled are lower in 

the atmosphere at WEMITE 2, they may be weaker due to the increasing 

influence of friction. Hence, the wind speed difference may be real, but they 

are not from the same vertical level. Secondly, the zero line has the large 

curve between the ranges of the two towers, indicative of the shifting wind 

direction with height between the ranges. The shift implies a greater east 

component at greater range. Therefore, since the KMHX radar is generally 

west of the towers, WEMITE 1 would have a greater radial velocity sampled 

due to its greater east component even with identical total wind speeds. 
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Figure 8.17. Base reflectivity (dBz) from KMHX every 10 minutes as 
rainband 2 passes by the WEMITE towers. 

Figure 8.18. Base spectrum width (m s-i) from KMHX every 10 minutes as 
rainband 2 passes over the WEMITE tower. 
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Figure 8.19. Base velocity (m s-̂ ) from KMHX every 10 minutes as rainband 
2 passes over the WEMITE tower. 

Figure 8.20. Vertical cross-section of reflectivity (dBz) at 1154 UTC across 
rainband 2. The horizontal and vertical dimensions are in 
kilometers. The location and orientation of the cross-section is 
shown in the upper right-hand corner plan view. 
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Figure 8.20 displays a vertical cross-section of the reflectivity of 

rainband 2 at 1154 UTC. The cross-section shows rainband 2 to consist of a 

relatively shallow region of higher reflectivity, with very little reflectivity of 

29 dBz or higher extending above the 5 km level. The highest reflectivity, 

located in the lowest few kilometers, is tilted toward the outside of the 

rainband with increasing height. This tilt is consistent with the radar 

indication of the wind direction shifting more to the east with increasing 

height, and thus displacing air rising from the surface toward the west 

relative to its low-level origin. The cross-section of the radial velocity for the 

same location and time (not shown) have a relative minimum between 2 and 

5 km on the outside half of the rainband, with a relative maximum in the 

lowest kilometer just inside the band. This could indicate convergence on the 

inside half of the rainband and/or a shift in wind direction with height 

through the band. The corresponding cross-section of spectrum width (not 

shown) has values between 0 and 5 m s^, with the largest values generally in 

the lowest kilometer. 

The WEMITE 2 standardized 1-minute wind speed, 5-second gust, and 

wind direction information is shown in Figure 8.21. The graph shows slowly 

increasing wind speeds, from 15 to 20 m s-i, with the approach rainband 2, 

from 1110 to 1205 UTC. Beyond 1205 UTC, the wind speed continues to 

increase to 25+ m s-\ but with greater variabiUty. The wind direction drops 

quickly from around 35 to near 25 degrees during the rainband passage, with 

only a sUght decrease after that. The wind direction shift would imply some 

difluence, but in conjunction with the wind speed increase it is too difficult to 

determine the net effect. 

Figure 8.22 displays the thermodynamic data with the passage of 

rainband 2. The temperature and dewpoint have an increasing trend with 

the approach of rainband 2 even though WEMITE 2 is often in areas of 
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Figure 8.21. Standardized WEMITE 2 observations of the 1-minute wind 
speed (WS), maximum 5-second gust (G) and wind direction 
(WD) during the passage of rainband 2. The vertical line 
represents roughly when the rainband is centered overhead. 
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Figure 8.22. WEMITE 2 observations of the temperature (Tmp), dewpoint 
(Td) and equivalent potential temperature (Thetae) during the 
passage of rainband 2. The vertical Une represents 
approximately when the rainband is centered overhead. 
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moderate to heavy rain. Then, as the rainband moves over, the temperature 

and dewpoint drop over 1°C, resulting in a 4 K equivalent potential 

temperature decrease. The equivalent potential temperature holds relatively 

steady beyond 1215 UTC, even as more areas of higher reflectivity pass over 

the region. The reason for the abrupt decrease in all parameters between 

1155 and 1210 UTC is not well understood since many other high areas of 

reflectivity pass over the towers before and after this rainband without 

similar results. The one distinction rainband 2 does have is that it is located 

immediately downwind of a notch of little to no reflectivity. This low 

reflectivity notch, located east of the towers, may act as a region that can 

create/transport unsaturated air in toward rainband 2. Then, when the air 

interacts with rainband 2 it may be evaporatively cooled and/or transported 

to the surface. Since there are no observations within this notch, this 

hypothesis cannot be verified. 

The WEMITE 2 pressure data (Figure 8.23) show a gradual decrease of 

3 hPa during the three-hour period. Imbedded within the gradual pressure 

decrease are smaU (0.5 hPa or less) pressure perturbations. Interestingly, 

there is no noticeable mesohigh in association with the onset of the lower 

equivalent potential temperature air, although a smaU one is noted weU 

afterwards, at 1230 UTC. Hence, dynamic effects may be counteracting the 

thermodynamic effects to reduce/shift the location of the mesohigh. 

The storm-relative inflow angle (Figure 8.24) varies considerably 

during the passage of rainband 2. The radial and tangential wind 

components, conversely, show a steadier increase. The one exception is that 

the radial wind does have a short relative maximum shortly after the passage 

of the rainband at 1218 UTC. This implies some hurricane-relative difluence 

on the inside portion of band 2. The rainband-relative calculations (not 
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Figure 8.23. WEMITE 2 pressure data during the passage of rainband 2. 
The vertical line represents approximately when the rainband is 
centered overhead. 
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data. 
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Figure 8.25. Sounding launched from KMHX at 1200 UTC 30 August 1999. 
One full barb equals 10 m s^. 

shown) hold the same characteristics as the hurricane-relative components, 

although with different absolute magnitudes. 

The 1200 UTC sounding launched from KMHX (Figure 8.25), likely 

released in a large area of heavy rain, shows that the atmosphere is now at or 

very near saturation throughout the entire troposphere. This suggests 

almost no potential for cooling due to the evaporation process. Secondly, the 

sounding is approximately moist adiabatic throughout, indicating rising 

moist air, as is common in a large area of precipitation. The wind profile 

contains fairly steady east-northeast winds with increasing height 
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Figure 8.26. GEMPAK analysis of divergence (xlO-^ s^) for rainband 2. 
Analysis is valid at 1154 UTC 30 August 1999. 

Figure 8.27. GEMPAK analysis of relative vorticity (xlO-s s-i) for rainband 2. 
Overlaid is the wind field (m s-i), with one full barb representing 
10 m s-i. Analysis is valid at 1154 UTC 30 August 1999. 
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throughout the lower troposphere, with the exception of very near the 

surface, with a maximum wind of 35 m s-i at 836 hPa (1524 m). 

Figure 8.26 displays the objectively analyzed surface divergence field 

for rainband 2. The analysis shows the WEMITE towers, along with much of 

the east-central and southeast coastline of North Carolina to be in a region of 

weak divergence, in agreement with the storm-relative wind analysis. The 

strongest divergence is in the south-central portion of the grid, coincident 

with a reflectivity minimum extending inward toward the west side of the 

center of circulation. There is also a region of convergence arcing from the 

north to the west of the towers that coincides with the advancing outer 

rainbands of Dennis. 

The relative vorticity analysis (Figure 8.27) discloses a large area of 

positive vorticity offshore in the south and southeast portion of the grid, 

associated with the circulation center. This positive vorticity extends west 

northwestward toward the southern tip of North Carolina in conjunction with 

a cyclonic wind shift axis. The WEMITE towers, along with most of the land 

area, lie in a region of very little relative vorticity, dominated by 10-15 m s-i 

north to northeast winds. 

8.2.3 Rainband 3 (1214 UTC 30 August 1999) 

The third distinguishable rainband to pass over the WEMITE towers 

followed quickly behind rainband 2. Rainband 3, like rainband 2, moved 

rapidly westward (21.8 m s-i) and passed over the towers from 1204 to 1228 

UTC while the eye of Dennis moved northeastward, and then, by 1300 UTC, 

more eastward. This rainband was also oriented southwest to northeast. 

The band originated from a couple of small cells of reflectivity that first 

become apparent from the KMHX radar at 1059 UTC. As the cells drifted 

northwest, and then more to the west, they quickly merged together into a 
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narrow but intense reflectivity band. The rainband continued to race 

westward until it merged with a large area of high reflectivity immediately 

west of the towers and became indistinguishable around 1230 UTC. Due to 

the close proximity of rainbands 2 and 3, much of the analyses were similar. 

Figure 8.28 presents the rainband-relative time-to-space adjusted wind 

data within an hour of 1214 UTC. Overlaid is the radar reflectivity data 

while rainband 3 is centered between the WEMITE towers. The wind 

direction data tends to veer shghtly from the inside to the outside of the 

rainband, although the wind speeds do decrease somewhat. Thus, it is too 

difficult to infer difluence/confluence. The reflectivity data show that at the 

time of the analysis rainband 3 is already starting to merge with the area of 

higher reflectivity west of the towers. At this time the center of the 

hurricane, as determined from radar, is approximately 160-180 km south-

southeast of the towers. 

Base reflectivity within 20 minutes of rainband 3 passing between the 

WEMITE towers is shown in Figure 8.29. The figure illustrates rainband 3 

as a relatively narrow but intense (40+ dBz) region of reflectivity that moves 

quickly westward. The band passes rapidly over the WEMITE towers and 

merges quickly with the same large mass of precipitation that rainband 2 

merged with. Another interesting feature is that by 1224 UTC the moat of 

lower reflectivity east of the towers quickly fills in with moderate values. 

Therefore, even though rainband 3 moves away, the towers remain under an 

area of moderate to high reflectivity a number of hours afterwards. 

The spectrum width data (Figure 8.30) show the towers to lie in 

regions of moderate spectrum width, with values between 2 and 6 m s-i being 

common. Higher areas of spectrum width do occur generally north of the 

towers, in some high reflectivity regions, as well as south of the towers within 

the eyewall of Hurricane Dennis. There are also a couple of regions of very 
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Figure 8.28. Base reflectivity data from the KMHX radar at 1214 UCT 30 

August 1999. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s-̂  and a flag representing 
25 m s-i. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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high spectrum width located about 150 km southwest of the towers (not 

shown). These high values of spectrum width, in contrast to the above 

regions, occur in areas of low to moderate reflectivity intermixed with little to 

no re turns (< 0 dBz). This area may be at least partial due to interaction of 

some cooler and drier air (sinking south through central and southern North 

Carolina on northerly winds) with the outer rainbands of Dennis. 

Figure 8.31 displays the radial velocity data for rainband 3. The radial 

velocities are very similar to rainband 2, with both towers in flow 

approaching the KMHX radar. The observations over WEMITE 1 are again 

considerable stronger at 15-27 m s-i, whereas the air sampled over WEMITE 

2 is only in the 4 to 10 m s^ range. Also, the zero radial velocity line does arc 

considerably to the south, indicative of the wind veering with height in this 

region. The reasons for the large difference in radial velocity values observed 

between the two towers are likely the same as described in the rainband 2 

radial velocity analysis. 

The vertical cross-section of reflectivity for rainband 3 is shown in 

Figure 8.32. The image displays a distinct bright band at the 5 km level on 

the inside portion of the band, suggestive of stratiform precipitation. The 

center of the rainband, however, does not possess this feature. Instead, the 

high reflectivity (34+ dBz) near the center of the band extends up to 7 km, 

with the 45 dBz shading extending from the surface to 5 km. This suggests 

the presence of stronger up/down drafts within rainband 3, consistent with 

convection. The vertical cross-section of the spectrum width (not shown) has 

pockets of 7+ m s-i values in this same area, indicative of more turbulent 

motions present within the convection. The horizontal width of the 

convective portion of the rainband is about 3 to 5 km, with the entire band 

ranging anywhere between 7 to 15 km. 
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Figure 8.29. Base reflectivity (dBz) from KMHX every 10 minutes as 
rainband 3 passes by the WEMITE towers. 

Figure 8.30. Base spectrum width (m s-i) from KMHX every 10 minutes as 
rainband 3 passes over the WEMITE tower. 
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Figure 8.31. Base velocity (m s-̂ ) from KMHX every 10 minutes as rainband 
3 passes over the WEMITE tower. 

Figure 8.32. Vertical cross-section of reflectivity (dBz) at 1214 UTC across 
rainband 3. The horizontal and vertical dimensions are in 
kilometers. The location and orientation of the cross-section is 
shown in the upper right-hand corner plan view. 
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Figure 8.33 shows the WEMITE 2 standardized wind observations 

centered on rainband 3. It should be noted that since rainband 3 occurs only 

20 minutes after rainband 2 their patterns are very similar. In fact, in many 

cases it is difficult to impossible to distinguish whether characteristics should 

be at tr ibuted to rainband 2 or 3. Frequently, the observed phenomena may 

be partially attributable to both rainbands. With the above in mind, the wind 

speed data show very little change after the passage of rainband 3. The wind 

speeds are around 25 m s^, with a relative minimum between 1225 and 1245 

UTC and a relative maximum just beyond that, between 1250 and 1310 UTC. 

The wind direction initially holds steady around 25° after band 3 passes, and 

then slowly and steadily decreases to 15° over the last 45 minutes of the plot. 

The steady shift in wind direction is consistent with the eye of Dennis sliding 

off to the southeast of the towers. 

The thermodynamic data for WEMITE 2 (Figure 8.34) show only small 

fluctuations (± 1 K) in the equivalent potential temperature after the passage 

of rainband 3. Additionally, the air is saturated from 1235 to 1245 UTC, but 

then dries and warms slightly afterwards. The small amount of drying and 

warming occurs while WEMITE 2 is inside rainband 3 and just outside 

another area of higher reflectivity (later to be designated rainband 4). 

Although not free of rain during the warming and drying, regions of lower 

reflectivity, less than 29 dBz, do pass near the tower. This supports the 

hypothesis that these lower reflectivity notches, like the one present here, 

may act to create/transport unsaturated air within the hurricane. 

Figure 8.35 reveals the WEMITE 2 pressure data for rainband 3. The 

pressure decreases with time, although at a slower rate during the last hour 

of the record shown. The reduction in the rate of the pressure decline is 

likely due to the shift from northeast to more eastward in the storm motion. 
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Figure 8.33. Standardized WEMITE 2 observations of the 1-minute wind 
speed (WS), maximum 5-second gust (G) and wind direction 
(WD) during the passage of rainband 3. The vertical line 
represents roughly when the rainband is centered overhead. 
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Figure 8.34. WEMITE 2 observations of the temperature (Tmp), dewpoint 
(Td) and equivalent potential temperature (Thetae) during the 
passage of rainband 3. The vertical line represents 
approximately when the rainband is centered overhead. 
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Figure 8.35. WEMITE 2 pressure data during the passage of rainband 3. 
The vertical line represents approximately when the rainband is 
centered overhead. 
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Figure 8.36. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE 2 
data 
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This shift in storm motion reduces the rate at which the center of the storm 

approaches the towers, thus reducing the rate that the pressure decreases. 

The storm-relative data (Figure 8.36) show generally decreasing inflow 

angles, though with considerable variations. Even so, the radial and 

tangential winds steadily increase through 1300 UTC, with slight decreases 

thereafter. There is a small radial and tangential relative wind maximum 

approximately coincident with the passage of rainband 3. The hurricane-

relative radial wind trends suggest some difluence outside the rainband 3 

axis, with corresponding amounts of confluence immediately inside the band 

axis. 

The objective analysis of divergence and relative vorticity for rainband 

3 are not shown since they are very similar to the rainband 2 analysis (refer 

to Figures 8.26 and 8.27). The towers, during band 3, are located in a region 

of very weak divergence and near zero relative vorticity. These weak 

vorticity and divergence field calculations are a result of almost steady north-

northeast winds present in east-central North Carolina. 

8.2.4 Rainband 4 (1448 UTC 30 August 1999) 

Rainband 4 is a large and moderately intense band that exists over the 

two WEMITE towers between 1320 to 1510 UTC. Throughout this time, the 

band axis does not shift much, leaving the towers on the outside portion of 

the band for an extended period. This rainband initially develops closer to 

the center of circulation many hours earlier and slowly expands outward to 

the north and northwest through 1300 UTC. Then, just as rainband 4 begins 

to affect the tower locations the hurricane abruptly shifts from a northeast to 

an eastward motion. This prevents rainband 4 from completely passing over 

the towers, but does cause them to remain in the outside of the band for an 

extended period. Eventually, by 1510 UTC, Dennis shifts far enough east to 
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displace the band east of the towers as it dissipates. Since the rainband does 

not move substantially while it is over the towers no time-to-space conversion 

analysis can be completed. 

Figure 8.37 displays rainband 4 at 1448 UTC along with the closest 

available observation for every nearby site. The image depicts the WEMITE 

towers residing in flow from shghtly east of north, with the center of 

circulation well off to the southeast (approximately 150 km away). The 

WEMITE 2 tower, which appears to be just outside of the band at this time, 

has a slightly more east component to its wind then the two observations 

immediately east within the rainband. This wind direction shift, by itself, 

implies some difluence across the outside of rainband 4. Additionally, 

WEMITE 2 and the buoys directly to the southeast have higher wind speeds 

than WEMITE 1. This difference in wind speed would also imply some 

difluence. 

The base-level radar reflectivity for rainband 4 is shown in Figure 

8.38. The images show that between 1348 and 1518 UTC the rainband does 

not move much, although the southern flank of the rainband does begin to 

dissipate by the end of the period. Then, by 1548 UTC, rainband 4 further 

dissipates while another rainband develops and becomes better organized 

immediately inside the weakening band. During its lifetime rainband 4 is 

much larger, both lengthwise and widthwise, than the previous two 

rainbands. This rainband also exists for a much longer time period than the 

previous two bands while remaining at a relatively steady state for a good 

duration of that time, as opposed to the rapidly evolving nature of rainbands 

2 and 3. An animation of the base-level radar reflectivity during rainband 4 

shows almost continual regeneration of reflectivity on the inside edge of the 

rainband, with reflectivity on outside edge gradually decreasing in intensity. 

223 



0 25 50 100 KjJometers 
1 I I I I I [ I I 

Figure 8.37. Base reflectivity data from the KMHX radar at 1448 UCT 30 
August 1999. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m s-̂  and a flag representing 
25 m s-i. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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Figure 8.39 shows the spectrum width data during rainband 4. 

Throughout the entire period the two towers are in a region of moderate 

spectrum width, with values ranging between 2 and 5 m s-i. There are also 

relatively high spectrum widths (4-8 m s-i) north of the tower locations, in 

areas of moderate reflectivity (18-34 dBz) and to the south and southeast. 

The region to the south and southeast is initially collocated with the inside 

portion of rainband 4, but then shifts eastward to the inside portion of the 

newly developing rainband. Furthermore, there is a large region of high 

spectrum width located well south of the WEMITE towers (not shown) that 

occur just west of the eyewall in an area characterized by relative low 

reflectivity (<0 to 29 dBz) and cooler and drier air. 

The radial velocity data (Figure 8.40) portray WEMITE 1 remaining in 

wind approaching the radar, whereas, WEMITE 2 now lies very near the zero 

line. More specifically, the radial winds sensed over WEMITE 1 approach the 

radar at 25 to 30 m s^, while the WEMITE 2 radial winds approach the radar 

at less than 5 m S"̂  until 1530 UTC when they shift away from the radar at 

less than 5 m s-i. The change in the sign of the radial winds over WEMITE 2, 

as visualized by the passing of the zero line overhead, suggests a shift in the 

wind direction from north-northeast to more north at the 0.2 km level. This 

shift in wind direction is consistent with that observed at WEMITE (see 

Figure 8.42). The disparity in wind speed magnitude between the two towers 

is again likely due to the combination of the two towers lying along different 

radar azimuths and different radar ranges (and thus, different vertical 

heights) in a region of varying wind direction and speed with height (wind 

shear). In this particular case, since the wind is almost from the north, the 

azimuth is critically important to the radial wind sign because small changes 

in wind direction will result in large changes in the amount of total wind 

along the radar radial. Further, soundings launched from KMHX at 1200 
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Figure 8.39. Base spectrum width (m s-i) from KMHX every 30 minutes as 
rainband 4 passes over the WEMITE tower. 
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Figure 8.40. Base velocity (m s-̂ ) from KMHX every 30 minutes as rainband 
4 passes over the WEMITE tower. 

Figure 8.41. Vertical cross-section of reflectivity (dBz) at 1418 UTC across 
rainband 4. The horizontal and vertical dimensions are in 
kilometers. The location and orientation of the cross-section is 
shown in the upper right-hand corner plan view. 
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UTC (Figure 8.25) and 1700 UTC (not shown) possess large increases, on the 

order of two, in wind speed from the surface to the 0.6 km level. This large 

increase in wind speed in the lowest 0.6 km could also lead to some of the 

radial velocity differences between the towers. 

Figure 8.41 displays the vertical cross-section of reflectivity for 

rainband 4 at 1418 UTC. The cross-section shows rainband 4 to be 50 km 

wide, much broader than the previous bands. Although the rainband is quite 

wide it is relatively shallow, with little 34+ dBz above the 5 km level. The 

lack of reflectivity gradient suggests the presence of stratiform precipitation, 

as might be expected on the downwind portion of the band. The shallower 

echoes on the inside of the band indicate the location of newer development. 

Subsequent reflectivity cross-sections of this band (not shown) possess better 

well-developed bright bands near the 5 km level, further supporting the 

argument that this rainband is primarily stratiform. The vertical cross-

section of spectrum width at 1418 UTC (not shown) has the highest values in 

the lowest 3 km on the inside of the band, between 45 and 55 km. This 

indicates higher turbulence in the newly developed precipitation, possibly 

due to convection. The vertical cross-section of radial velocity at 1418 UTC 

(not shown) indicates the highest radial velocity around the 3 km level. 

The standardized WEMITE 2 wind speed and direction data for 

rainband 4 are shown in Figure 8.42. The wind speed data are relatively 

steady between 20 and 25 m s-i from 1320 to 1535 UTC, corresponding to the 

entire time rainband 4 is overhead or immediately adjacent (east) to the 

WEMITE 2 location. Then, between 1535 and 1545 UTC, the wind speeds 

decrease to near 15 m s-i. This decrease in wind speed occurs as the rainband 

rapidly dissipates overhead and reflectivity values faU from 34+ to < 20 dBz 

near the tower. The wind speeds beyond 1545 UTC fluctuate more but 

remain generally less than earlier in the record as a couple of small 34+ dBz 

228 



reflectivity echoes pass quickly by. Interestingly, WEMITE 1, which remains 

very near the outside edge of rainband 4 through 1620 UTC, does not have a 

similar wind speed decrease (not shown). Instead the winds speed at 

WEMITE 1 remains steady around 25 m s-i throughout the 3-hour period. 

The WEMITE 2 wind direction is steady -15° from 1320 to 1440 UTC. 

A relative maximum in wind direction (-25°) then occurs between 1440 and 

1510 UTC, with decreasing values to -10° beyond 1545 UTC. The veering 

wind direction near 1440 UTC might imply small amounts of difluence, but 

without more high-resolution observations to the east within the rainband, it 

is not certain. 

Figure 8.43 shows the thermodynamic data obtained from WEMITE 2 

while rainband 4 is nearby. Intriguingly, although the tower is in moderate 

precipitation during much of this record, the air is never saturated, with a 

0.5-1.0°C dewpoint depression throughout. This is verified by a similar trend 

in the WEMITE 1 data (not shown). This may indicate drier air working its 

way into the western portion of Hurricane Dennis. More specifically, the 

equivalent potential temperature has a relative maximum of 337 K at 1340 

UTC, followed by a gradual drop to 333 K by 1415 UTC. The decrease in 

equivalent potential temperature corresponds to the approach and immersion 

of the tower in the outer edge of rainband 4. The equivalent potential 

temperature remains steady, within 1 K of 333.5 K, as the outer portion of 

the band persists nearby. Then, as band 4 dissipates both the temperature 

and dewpoint begin to fall, resulting in a reduction of the equivalent potential 

temperature. 

The pressure data (Figure 8.44) display steady values around 994 hPa 

through 1400 UTC, with a gradual increase to 998 hPa thereafter. The 

relative minimum in pressure at 1340 UTC corresponds to when the center of 

circulation for Hurricane Dennis, as determined from radar, is closest to the 
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Figure 8.42. Standardized WEMITE 2 observations of the 1-minute wind 
speed (WS), maximum 5-second gust (G) and wind direction 
(WD) during rainband 4. 
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Figure 8.43. WEMITE 2 observations of the temperature (Tmp), dewpoint 
(Td) and equivalent potential temperature (Thetae) during 
rainband 4. 
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Figure 8.44. WEMITE 2 pressure data during rainband 4. 
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Figure 8.45. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE 2 
data 
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tower. After 1340 UTC Dennis begins to move away from the WEMITE 2 

location and, as might be expected, the pressure begins to rise. In addition, 

the central pressure of Hurricane Dennis, according to the best-fit data, also 

increases shghtly over this period. 

Figure 8.45 shows the WEMITE 2 storm-relative inflow angle and the 

related tangential and radial winds for rainband 4. The storm-relative inflow 

angle decreases from 47 to 20° over the three hours, with the greatest change 

during the first half of the period. This results in a steady drop in storm-

relative radial wind from 16 to 5 m s-i. Conversely, the storm-relative 

tangential winds increase from 15 to 21 m s-i through 1500 UTC and then fall 

back down to 15 m s^ over the remaining record shown. 

The GEMPAK objective analysis of divergence (Figure 8.46) shows that 

the towers lie near the center of a northwest-to-southeast oriented region of 

divergence at 1448 UTC. This region is also approximately where the radar 

reflectivity quickly decreases (dissipation of band) over the next hour. Thus, 

the divergence of wind at the surface appears to be correlated with the 

decrease in intensity of the southern end of the rainband. Moreover, there 

are two regions of northwest-to-southeast oriented convergence adjacent to 

the area of divergence (north and south). The northern area of convergence 

occurs in association with a large region of heavy precipitation, while the 

southern area occurs in conjunction with a moderate, but persistent banded 

region of precipitation. 

Figure 8.47 shows the objective analysis of relative vorticity at 1448 

UTC. The illustration places the WEMITE towers on the eastern edge of a 

circular region of negative relative vorticity. The negative relative vorticity 

appears to be primarily due to anticyclonic speed shear over east-central 

North Carolina. 
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Figure 8.46. GEMPAK analysis of divergence (xlO-^ s-i) for rainband 4. 
Analysis is valid at 1448 UTC 30 August 1999. 

Figure 8.47. GEMPAK analysis of relative vorticity (xlO-s s-i) for rainband 4. 
Overlaid is the wind field (m s-i), with one full barb representing 
10 ra s-i. Analysis is valid at 1448 UTC 30 August 1999. 
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Figure 8.48. Path traveled by Mobile Mesonet during rainband 4. The 
Mobile Mesonet moved from WEMITE 2 to WEMITE 1 between 
1349 and 1516 UTC 30 August 1999. Overlaid is the KMHX 
radar base reflectivity at 1433 UTC. 
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Figure 8.49. Fast response temperature (FT) and dewpoint (Td) sampled by 
the Mobile Mesonet during rainband 4. The path taken while 
sampling is shown in Figure 8.48. 

Figures 8.48 and 8.49 show Mobile Mesonet data collected inside of 

rainband 4. More specifically. Figure 8.48 shows the path traveled and 

Figure 8.49 displays the temperature and dewpoint data gathered from 

within rainband 4 between 1349 and 1516 UTC. The background radar base 

reflectivity image in Figure 8.48 is from the KMHX radar at 1433 UTC, 
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approximately the midpoint in time of the data shown in Figure 8.49. The 

temperature and dewpoint data indicate unsaturated air throughout, with 

dewpoint depressions around 0.5°C, in agreement with the WEMITE towers. 

The thermodynamic information does possess some small-scale fluctuations, 

possibly indicating the presence of some convective drafts, although there are 

no dramatic changes in the air characteristics. This suggests a mostly 

stratiform regime for the outside portion of rainband 4. 

8.2.5 Rainband 5 (2052 UTC 30 August 1999) 

Rainband 5, an outer rainband, develops between the two WEMITE 

towers around 2022 UTC and persists beyond 2122 UTC, when the radar 

records end. The rainband is the final significant band (> 34 dBz) on the 

western side of Hurricane Dennis. Throughout the radar reflectivity records 

the rainband is approximately stationary, although it does shift/develop 

slightly eastward toward the end of the period. During the existence of the 

rainband, the center of circulation for Dennis is well out to sea, greater than 

220 km east to east-northeast of the towers (from radar). Hurricane Dennis, 

according to best-fit track data, is also moving along toward the northeast, 

away from the towers. 

Figure 8.50 displays the standardized wind observations taken nearest 

to 2052 UTC along with the base-level radar reflectivity at 2052 UTC. The 

analysis shows generally north-northwesterly winds, near 15 m s-i, within 

and nearby the northwest-to-southeast oriented rainband. The rainband 

appears relatively stratiform, with no large gradients in reflectivity over 

small areas. Additionally, the reflectivity is relatively low, with maximum 

values generally less than 40 dBz. 

The base-level reflectivity data (Figure 8.51) show the area around the 

WEMITE towers to be characterized by low to moderate reflectivity, between 
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Figure 8.50. Base reflectivity data from the KMHX radar at 2052 UCT 30 
August 1999. Overlaid are the time-to-space converted winds, 
with one full barb representing 5 m S"̂  and a flag representing 
25 m s-i. Also, the winds are color coded, with black barbs for 
standardized winds, purple barbs for flight-level winds, and 
orange barbs for uncorrected (raw) winds. 
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18 to 34 dBz, at 1923 UTC. Over the next half hour the reflectivity increases 

shghtly, producing a larger mass with values around 34 dBz. This area then 

begins to spUt into two band-like regions of higher reflectivity by 2022 UTC, 

one oriented northwest to southeast between the towers and the other 

oriented north to south to the east of the towers. After 2022 UTC rainband 5 

remains relatively steady, with maximum reflectivity between 34 and 40 dBz. 

Although relatively subtle, the reflectivity animation (not shown) does show 

the rainband to shift east shghtly between 2037 and 2122 UTC. The 

animation also suggests some redevelopment along the inside portion of the 

band. 

Figure 8.52 presents the spectrum width data for rainband 5. The 

spectrum width values near the towers display a relatively large range 

between 0 and 12.0 m s ^ with the larger values occurring nearer to 

WEMITE 1. The zone of highest spectrum width resides near the WEMITE 1 

tower and to its west, north, and east. Lower spectrum width generally 

exists south of the WEMITE 1 tower, including near the WEMITE 2 tower. 

More specifically, the spectrum width values observed over WEMITE 1 range 

anywhere between 3 and 12 m s^, with the largest values occurring between 

2000 and 2045 UTC. The spectrum width over the WEMITE 2 tower, 

conversely, only varies between 0 and 3 m s-i. The reason for the very high 

values at the WEMITE 1 tower is not well known. The WEMITE 1 wind 

speed and wind direction standard deviation data (not shown) do not possess 

any increased values during this time. Hence, whatever is creating these 

high spectrum width values may not be occurring as noticeably at the 

surface. 

The base-level radial velocity data for rainband 5 is shown in Figure 

8.53. The radial velocity data show the zero velocity fine to fall between the 

two WEMITE towers throughout the existence of the rainband. This 
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Figure 8.51. Base reflectivity (dBz) from KMHX every 30 minutes as 
rainband 5 passes by the WEMITE towers. 

Figure 8.52. Base spectrum width (m s-̂ ) from KMHX every 30 minutes as 
rainband 5 passes over the WEMITE tower. 
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Figure 8.53. Base velocity (m s-̂ ) from KMHX every 30 minutes as rainband 
5 passes over the WEMITE tower. 

Figure 8.54. Vertical cross-section of reflectivity (dBz) at 2022 UTC across 
rainband 5. The horizontal and vertical dimensions are in 
kilometers. The location and orientation of the cross-section is 
shown in the upper right-hand corner plan view. 

239 



indicates that the wind sampled over WEMITE 1 has a component toward 

the KMHX radar, whereas the wind sampled over WEMITE 2 has a 

component away for the radar. This is consistent with the north-northwest 

winds observed at each of the towers during this time. The actual values 

observed over each tower vary between 2 and 10 m s-i approaching at 

WEMITE 1, and 9 and 14 m s-i receding at WEMITE 2. Now, the radial wind 

speed magnitudes are greater at WEMITE 2 since much of the wind located 

over WEMITE 1 are tangent to the radar radial. The slight concave 

curvature of the zero line indicates weakly veering winds with increasing 

height. 

Figure 8.54 presents a vertical cross-section of reflectivity for rainband 

5 at 2022 UTC. The image displays a very well pronounced bright band near 

the 5 km level. Below the bright band the reflectivity is relatively uniform 

around 34 dBz. These lack of horizontal and vertical gradients in reflectivity, 

along with the existence of a bright band suggest stratiform precipitation to 

be the dominant mode. Rainband 5 is approximately 15 km wide and 

appears to slope toward the inside (east). A cross-section of radial velocity at 

this time (not shown) has small approaching velocities between 0 and 5 km, 

with a relative minimum (no radial flow) around 2.5 km. Above 5 km, the 

flow switches to weakly receding. This indicates the presence of some 

directional/speed shear with height across the rainband. Since the horizontal 

variations in radial wind speed are quite weak, no significant areas of 

confluence/difluence are implied. 

The standardized WEMITE 2 wind speed and direction data (Figure 

8.55) display consistent wind speeds between 10 and 15 m s-i from 1940 to 

2220 UTC. Additionally, the wind direction remains quite steady around 

340° during this period. The standardized WEMITE 1 data (not shown) also 

has relatively steady winds near 15 m s-i, with a wind direction between 340 
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Figure 8.55. Standardized WEMITE 2 observations of the 1-minute wind 
speed (WS), maximum 5-second gust (G) and wind direction 
(WD) during rainband 5. 
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Figure 8.56. WEMITE 2 observations of the temperature (Tmp), dewpoint 
(Td) and equivalent potential temperature (Thetae) during 
rainband 5. 
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and 350°. Hence, this would suggest very little difluence/confluence across 

the rainband. 

The WEMITE 2 temperature data (Figure 8.56) show steadily 

decreasing temperature from 20.5 to 19.0°C over three hours. The dewpoint 

data exhibit a similar decreasing trend, with the exception of a short-lived 

increase between 1920 and 1940 UTC. The combination results in a relative 

maximum of equivalent potential temperature at 328 K from 1920 to 2020 

UTC, followed by a steady decrease to 322 K over the next two hours. 

Therefore, cooler and drier air continues to be transported down on the 

backside of Hurricane Dennis. The source of the cooler and drier air is a 

large surface high-pressure system centered near the Great Lakes, with an 

associated cold front that gets caught up in the western side of the hurricane 

circulation. The WEMITE 1 temperature and dewpoint data (not shown) 

have similar decreasing trends, although they are consistently about one 

degree Celsius larger in magnitude. 

Figure 8.57 displays the WEMITE 2 pressure data during rainband 5. 

The pressure rises steadily from 1003 to 1008 hPa between 1920 and 2220 

UTC. This is consistent with the center of Dennis moving quickly away from 

the tower. 

The storm-relative inflow data (Figure 8.58) exhibit a generally 

decreasing inflow angle from 34 to 17° over the three hours. This results in 

modest but steady decreases in both the tangential (from 13 to 10 m s-i) and 

radial (from 8 to 4 m s-i) storm relative wind components. The WEMITE 1 

storm-relative data (not shown) is comparable, suggesting very little if any 

confluence/difluence between the two towers during rainband 5. Hence, this 

rainband does not appear to act as a barrier or significantly impede the low-

level flow of Hurricane Dennis in any appreciable way. 
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Figure 8.57. WEMITE 2 pressure data during rainband 5. 
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Figure 8.58. Ten-minute inflow angle (INFLOW), radial (RAD), and 
tangential (TAN) wind speed calculated from the WEMITE 2 
data 
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Figure 8.59 illustrates the GEMPAK objective analysis of the 

divergence calculated using all standardized wind observations within 

10 minutes of 2052 UTC. The analysis places the towers in a large west-

northwest to east-southeast oriented region of very little divergence. This is 

consistent with the implied lack of difluence/confluence. There is a stronger 

region of convergence indicated to the north of the towers in northeast North 

Carolina in association with some speed confluence. This area of convergence 

is approximately coincident with the northern end of rainband 5. There is 

also a north-south zone of divergence in central North Carolina that appears 

to be associated with an axis of shifting wind directions. 

The objective analysis of relative vorticity (Figure 8.60) puts the towers 

in a region of weak negative vorticity. This relative minimum in relative 

vorticity appears to be the result of anticyclonic speed shear. The area 

northeast of the towers is characterized by a swath of north-northwest to 

south-southeast oriented positive relative vorticity collocated with a cyclonic 

shift in wind direction. Immediately to the west of the large positive 

vorticity, in the north-central portion of the grid, there is a matching region 

of negative relative vorticity that appears to be the result of the combination 

of anticyclonic speed and directional shear. Throughout the rest of the grid 

small values of relative vorticity occur as a result of weaker wind 

magnitudes. 

Mobile Mesonet data, shown in Figure 8.62, are also gathered during 

rainband 5. The samphng path of the Mobile Mesonet along with various 

times of locations is presented in Figure 8.61. While sampling, the vehicle 

initially, from 1920 to 1940 UTC, traveled northeast toward the WEMITE 1 

tower. Then, from 1940 to 2005 UTC the vehicle remains relatively 

stationary at its closest point to the WEMITE 1 tower (- 7 km southwest of 

the tower). After 2005 UTC the vehicle begins on a steady track back to the 
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Figure 8.59. GEMPAK analysis of divergence (xlO-^ s-i) for rainband 5. 
Overlaid is the wind field (m S'̂ ), with one full barb representing 
10 m s-i. Analysis is valid at 2052 UTC 30 August 1999. 

Figure 8.60. GEMPAK analysis of relative vorticity (xlO-s s-i) for rainband 5. 
Analysis is vahd at 2052 UTC 30 August 1999. 
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Figure 8.61. Path traveled by Mobile Mesonet during rainband 5. The time 

(UTC) is also labeled every 10 minutes. Overlaid is the KMHX 
radar base reflectivity at 2102 UTC. 
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Figure 8.62. Fast response temperature (FT) and dewpoint (Td) sampled by 
the Mobile Mesonet during rainband 5. The path taken while 
sampling is shown in Figure 8.61. 

west and south, passing the WEMITE 2 tower at 2047 UTC, then 

accelerating westward until the end of the data collection at 2200 UTC. The 

collection ends with the Mobile Mesonet approximately 72 km to the west of 

WEMITE 2. 
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The Mobile Mesonet temperature and dewpoint data, between 1920 

and 2130 UTC, exhibit a decreasing trend, in agreement with both of the 

towers. Throughout this period the dewpoint depression also remains 

relatively steady between 0.5 and 1.0° C, also in accord with the towers. The 

temperature data does, however, have a significant increasing trend toward 

the end of the record between 2130 and 2200 UTC, although the dewpoint 

continues to fall. This time period corresponds to when the Mobile Mesonet 

is well west of WEMITE 2 and is near or beyond the final reflectivity echoes 

associated with Dennis. The continual drop in dewpoint is likely due to even 

drier air plunging south from the high located north of the area. The marked 

warming is most likely associated with increased solar insolation. The 

infrared and visible satellite images around this time (not shown) indicate 

that the edge of the precipitation/radar reflectivity is closely correlated with 

the edge of the cloud cover. Hence, shortly after passing out of the last bit of 

precipitation the Mobile Mesonet likely encounters broken clouds and even 

sunlight, resulting in the warming of the air. Additionally, once the 

precipitation stops evaporative cooling will no longer play a factor in 

temperature reduction. 

8.3 Radar and WEMITE Correlations 

Correlations are calculated between radar observed properties (radial 

velocity, reflectivity, and spectrum width) over the WEMITE towers and 

various WEMITE 1 and WEMITE 2 observations, as defined in section 6.4. 

These correlations are computed from a sample set that contains both base-

level radar data and WEMITE observations concurrently. This occurs 

approximately once every five minutes between 450 and 2122 UTC for 

WEMITE 1 and between 338 and 2122 UTC for WEMITE 2, both on 30 

August 1999. There are also a few intervals within the two datasets where 

247 



the radar data either has gaps or does not contain observations due to lack of 

scatterers. These time periods are not used for the correlation calculations. 

Table 8.1 presents the correlations computed between the KMHX 

radial velocity detected over WEMITE 1 and various components of the 

standardized 1-minute wind speeds observed by WEMITE 1. The designation 

of number of degrees less (## deg less) represents a wind speed component 

however many degrees specified less than the azimuth of the tower to the 

radar location, and vice versa for number of degrees more (## deg more). 

WEMITE 1, for Hurricane Dennis, is located at an azimuth of 76.1° (to the 

east-northeast) and a range of 49.4 km from KMHX. This range corresponds 

to the base-level data being approximately 0.6 km above the WEMITE 1 

tower. 

Interestingly, the results display negative correlations throughout. 

The values are negative because WEMITE 1 generally lies in a region of 

north to northeast winds throughout the period. This equates to approaching 

radial winds from the KMHX vantage point, and thus negative values. Thus, 

the radial winds sampled over WEMITE 1 are negative throughout, whereas 

the components of standardized wind are defined as positive when along the 

radial from the east-northeast. Hence, stronger positive east-northeast winds 

lead to larger negative radar radial velocities and consequently negative 

correlations. The correlation is weakest between the total standardized wind 

speed and the radial velocity (-0.1566) since often much of the total wind 

speed does not necessarily lie in the plane of the radar radial. The 

correlations are much stronger when compared to components of the wind 

along or near the radar radial, as expected. This implies a strong negative 

linear relationship, with higher standardized wind near or along the radar 

radial associated with larger negative radial velocity values. More 

specifically, the strongest correlation (-0.8613) is found with the wind 
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Table 8.1. Correlation between various components of the standardized 
WEMITE 1 1-minute wind speed and the KMHX base-level radial velocity 
over the WEMITE 1 tower. 

Radar 
Product 

Radial Velocity 

WEMITE 
Product 

Total Wind Speed 

Correlation 
Coefficient 

-0.1566 

Variance 
Explained (%) 

2.45 
Radial Velocity Wind Speed 30 deg less -0.6816 46.45 
Radial Velocity Wind Speed 20 deg less -0.8065 65.04 
Radial Velocity Wind Speed 10 deg less -0.8613 74.18 
Radial Velocity Wind Speed Along Radial -0.8474 71.81 
Radial Velocity Wind Speed 10 deg more -0.7915 62.64 
Radial Velocity Wind Speed 20 deg more -0.7162 51.30 
Radial Velocity Wind Speed 30 deg more -0.6357 40.42 
Radial Velocity Wind Speed 40 deg more -0.5553 30.83 
Radial Velocity Wind Speed 50 deg more -0.4760 22.66 
Radial Velocity Wind Speed 60 deg more -0.3971 15.77 

Table 8.2. Correlation between various components of the standardized 
WEMITE 2 1-minute wind speed and the KMHX base-level radial velocity 
over the WEMITE 2 tower. 

Radar 
Product 

WEMITE 
Product 

Correlation 
Coefficient 

Variance 
Explained (%) 

Radial Velocity Total Wind Speed 0.1403 1.97 
Radial Velocity Wind Speed 30 deg less -0.7397 54.72 

Radial Velocity Wind Speed 20 deg less -0.8482 71.94 

Radial Velocity Wind Speed 10 deg less -0.9171 84.11 

Radial Velocity Wind Speed Along Radial -0.9506 
Radial Velocity Wind Speed 10 deg more -0.9550 

Radial Velocity Wind Speed 20 deg more -0.9357 

Radial Velocity Wind Speed 30 deg more 
Radial Velocity Wind Speed 40 deg more 
Radial Velocity Wind Speed 50 deg more 
Radial Velocity Wind Speed 60 deg more 

-0.8972 

-0.8419 
-0.7710 

-0.6843 

90.37 
91.20 

87.56 

80.49 

70.88 

59.44 
46.83 
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component 10 degrees less than the azimuth angle (along 66.1°, 

corresponding to a wind from the east-northeast). This suggests that the 

wind may back sUghtly with height, from the surface at WEMITE 1 to the 

radar level near 0.6 km. This is consistent with the 12 UTC (Figure 8.25) 

and 17 UTC (not shown) KMHX soundings. 

The same analysis is also completed between the KMHX base-level 

radial velocity over WEMITE 2 and the WEMITE 2 wind observations. 

WEMITE 2, for Hurricane Dennis, is located at an azimuth 103.1° and a 

range of 21.2 km from KMHX. This range corresponds to the base-level data 

being approximately 0.2 km above the WEMITE 2 tower. The results of the 

computations are shown in Table 8.2. Like WEMITE 1, the correlations are 

all negative, with the exception of the total wind speed. The reason for the 

negative values is the same as stated above. In this case, the correlations are 

even stronger than for WEMITE 1, with most values less than -0.70. The 

strongest correlations, present generally along the radar radial, exceed -0.95, 

implying a robust linear relationship. The rather high correlations are likely 

related to the fact tha t the WEMITE 2 tower is considerably closer to the 

radar than WEMITE 1, and hence, the base-level beam is considerably closer 

to the tower (only 0.2 km overhead instead of 0.6 km above). Therefore, since 

there is less vertical distance between the radar beam and the tower for 

WEMITE 2, there is less opportunity for the wind properties to change, 

resulting in higher correlations. 

Additionally, a similar analysis was completed comparing the radar 

base-level radial velocity to the raw, unadjusted WEMITE 1 and 2 wind 

components. The results (not shown) displayed analogous correlations to 

those displayed in Tables 8.1 and 8.2 for the standardized winds. 

Correlations between other radar properties, including the base-level 

radar reflectivity and spectrum width to various WEMITE observed 
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Table 8.3. Correlation between various WEMITE 1 observations and the 
KMHX base-level reflectivity over the WEMITE 1 tower. The Std. stands for 
standardized, whereas, the STD represents standard deviation. Additionally, 
the Yam indicates the use of the Yamartino method (Yamartino, 1984) for 
calculating the standard deviation of the wind direction data. 

Radar 
Product 

Reflectivity 
Reflectivity 
Reflectivity 
Reflectivity 
Reflectivity 
Reflectivity 
Reflectivity 
Reflectivity 
Reflectivity 

WEMITE 
Product 

Total Std. Wind Speed 
Raw Wind Speed STD 

Wind Direction STD (Yam) 
Equivalent Potential Temp 

Vertical Wind Speed 
Dewpoint 

Temperature 
Inflow Angle 

Raw Wind Speed 

Correlation 
Coefficient 

0.3742 
0.3264 

0.2055 
-0.3666 
0.2015 
-0.3480 
-0.4442 
-0.1411 
0.3670 

Variance 
Explained (%) 

14.00 
10.65 
4.22 
13.44 
4.06 
12.11 
19.73 
1.99 

13.47 

Table 8.4. Correlation between various WEMITE 1 observations and the 
KMHX base-level spectrum width over the WEMITE 1 tower. The 
abbreviation notation is the same as Table 8.3. 

Radar 
Product 

Spectrum Width 
Spectrum Width 
Spectrum Width 

WEMITE 
Product 

Wind Direction STD (Yam) 
Std. Wind Speed 

Raw Wind Speed STD 

Correlation 
Coefficient 

0.0992 

0.0788 
0.1052 

Variance 
Explained (%) 

0.98 
0.62 
1.11 

meteorological parameters are also computed. The findings are given in 

Tables 8.3 and 8.4 and Tables 8.5 and 8.6 for WEMITE 1 and WEMITE 2, 

respectively. Only the single bin reflectivity value located directly over the 

tower is used, unlike in the Hurricane Bonnie reflectivity analysis when a 9 

bin average is also used. 

The overall results for both towers with the reflectivity and spectrum 

width show low correlations throughout, with most values ranging between 

0.4 and -0.4. This suggests that most of these factors have no significant 
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Table 8.5. Correlation between various WEMITE 2 observations and the 
KMHX base-level reflectivity over the WEMITE 2 tower. The abbreviation 
notation is the same as Table 8.3. 

Radar 
Product 

Reflectiv] 
Reflectiv] 
Reflectiv] 
Reflectiv] 
Reflectiv] 
Reflectiv 
Reflectiv 
Reflectiv 
Reflectiv 

ty 
ty 
t̂y 
t̂y 
t̂y 

Lty 
Lty 
lty 
lty 

WEMITE 
Product 

Total Std. Wind Speed 
Raw Wind Speed STD 

Wind Direction STD (Yam) 
Equivalent Potential Temp 

Vertical Wind Speed 
Dewpoint 

Temperature 
Inflow Angle 

Raw Wind Speed 

Correlation 
Coefficient 

0.4128 

0.1797 

-0.2317 

-0.1944 

0.3352 

-0.1860 

-0.2427 

-0.0779 

0.3982 

Variance 
Explained (%) 

17.04 

3.23 

5.37 

3.78 

11.24 

3.46 

5.89 

0.61 

15.86 

Table 8.6. Correlation between various WEMITE 2 observations and the 
KMHX base-level spectrum width over the WEMITE 2 tower. The 
abbreviation notation is the same as Table 8.3. 

Radar 
Product 

Spectrum Width 
Spectrum Width 
Spectrum Width 

WEMITE 
Product 

Wind Direction STD (Yam) 
Std. Wind Speed 

Raw Wind Speed STD 

Correlation 
Coefficient 

0.0677 

0.0710 

0.0441 

Variance 
Explained (%) 

0.46 

0.50 

0.19 

direct linear relationship between each other. The largest correlation with 

the reflectivity for WEMITE 1 is the temperature at -0.4442. Although not 

very significant, this does suggest a weak inverse relationship between the 

two variables. This also supports the Hurricane Bonnie findings. The 

WEMITE 2 reflectivity and temperature correlation also hint at a negative 

relationship, although the value is even less significant at -0.2427. The 

strongest correlation with the WEMITE 2 reflectivity is with the total 

standardized wind speed (0.4128). Though not large, this does hint at a 

potential relationship between higher wind speeds and higher reflectivity 

values. 
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Surprisingly, the correlations between the spectrum width and both 

the wind direction and wind speed standard deviation are near zero at both 

towers (Tables 8.4 and 8.6). The reason for the lack of any linear relationship 

is unknown. One possible contributing reason is that throughout a portion of 

the sampling period the wind over the two towers is nearly perpendicular to 

the radial from the KMHX radar. This reduces the radial velocity sampled 

over the towers to little or nothing and acts to eliminate any sensitivity that 

might result between the spectrum width and wind variance. 
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CHAPTER IX 

CONCLUSIONS AND RECOMMENDATIONS 

9.1 Summarv 

Ten rainbands, aU from Hurricanes Bonnie (1998) and Dennis (1999), 

were selected for detailed analysis. This examination concentrated on, but 

was not Hmited to, radar and surface-level observational analysis. In order to 

complete the analysis, meteorological data were obtained from all relevant 

observing platforms available, including: ASOS hourly and special reports, C-

MAN and buoy hourly and continuous observations, WEMITE tower data, 

flight-level data, dropsondes, radiosondes, satellite information, and 

NEXRAD WSR-88D data. 

Once ascertained, all surface-level wind data were objectively adjusted 

in an effort to standardize them to a 10-meter height, open exposure 

(zo= 0.03 m), and a one-minute averaging time, whenever possible. All 

information was then brought together through GIS to obtain a clear all-

encompassing view of each particular rainband. Additionally, thorough 

examination of radar and WEMITE data were completed, with the aid of 

graphs and images, for the passage of each rainband. Furthermore, surface 

fields of objectively analyzed divergence and vorticity were produced from 

standardized wind observations. Moreover, correlations between an 

assortment of WEMITE observed properties and radar sensed parameters 

were computed. 

9.2 Conclusions 

Table 9.1 presents summary information for all 10 rainbands 

examined in this study. The first column, labeled, "Band," hsts the particular 

rainband and the rainband type including outer, connecting (conn), principal 
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(prin), eyewall, and secondary. The next column, entitled, "Location," lists 

the rainband distance and direction from the hurricane circulation center, 

along with the abbreviated quadrant position (FQ = forward quadrant, RQ = 

rear quadrant, LFQ = left front quadrant, etc.). The "Size" column gives the 

approximate width of the rainband near the WEMITE towers and the 

relative length. A short length is 100 km or less and a long length is on the 

order of lOO's to lOOO's of kilometers. The "Intensity" lists the maximum 

reflectivity and the rainband motion. The "Stage" classifies each rainband as 

intensifying, mature, or dissipating and states whether a band is stratiform 

or convective. The "Radar Prop" column lists the spectrum width (Sw) and 

radial velocity (Vel) values in meters per second as well as the maximum 

height of the 34 dBz contour. When multiple values, separated by a comma, 

are listed for the spectrum width or radial velocity, the first set belongs to 

WEMITE 1 and the second set belongs to WEMITE 2. The "Equiv Pot Tmp" 

states the equivalent potential temperature trend across the rainband, while 

the "Hurr inflow" column presents any significant changes in the hurricane 

inflow angle (inflow), radial (rad) or tangential (tan) winds in the vicinity of 

the rainband. The "Div/Rel vort" column lists the results of the objectively 

analyzed divergence and relative vorticity surface fields over the WEMITE 

towers during the rainband passage, and the "Notes" column presents any 

other relevant information about the given rainband. The BB abbreviation 

represents bright band. 

The entire dataset is comprised of: 

1. Eight of 10 bands from the forward or left-forward quadrant; 

2. Two outer, two connecting, two eyewall, two secondary, one principal, 

and one rainband within the eye, and; 

3. One dissipating, six mature, and three intensifying rainbands. 
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These rainbands have the following properties: 

4. Occur from 20 to 230 km from the circulation center, with Bonnie's 

rainbands being generally closer; 

5. Range in width from 5 to 50 km, with a mean of 21 km; 

6. Have a maximum intensity between 40 to 45 dBz, and; 

7. Contain spectrum width values between 0 and 12 m s-i, with values 

between 2 and 4 m s-i most common. 

Thus, this collection of landfalhng rainbands, although relatively small, does 

represent a wide array of rainband types, stages, hurricane-relative locations, 

and sizes. The one obvious limitation is that only two of the rainbands occur 

in the rear half of the storm. This is in part due to the storm's motion 

relative to the tower locations and partially because the rear portion of the 

storms over land tend to form a large area of precipitation that, although 

they have banded features, do not fall into a rainband classification. A 

second limitation is that 5 of the 7 rainbands that reach the freezing level 

possess bright bands, suggesting that this dataset is predominately 

stratiform. Hence, the results may not hold true for more convectively active 

hurricane rainbands. 

Some additional key elements that lend potentially greater insight into 

hurricane rainband structure are: 

1. All bands possess a drop of, or interruption in the rise of, the 

equivalent potential temperature; 

2. Six of the rainbands exhibit decreasing hurricane-relative radial flow 

across (although none result in total interruption to the radial flow), 

three exhibit increasing radial flow, and one has no discernable trend; 

3. Five rainbands occur in regions of convergence, four in divergence, and 

one with little divergence; 
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4. Three rainbands exist in negative relative vorticity, six in little relative 

vorticity, and one in positive relative vorticity, and; 

5. Six of the rainbands have regeneration/redevelopment on the inside 

portion of the rainband, as indicated by radar. 

The most significant result is that all the rainbands show a negative 

rate of change in the equivalent potential temperature, usually from a 

combination of both a temperature and dewpoint decrease. This decrease 

strongly supports past studies (Barnes et al., 1983, 1986; Powell, 1990b; 

Cione et al. 2000), which also found similar reduction in the vicinity of 

rainbands at lower levels. Although always present, the location of the 

reduction does vary between the outside, the center, and the inside of the 

rainband. The largest reduction, 10 K, occurs with a principal rainband, just 

as is the case with Barnes et al. (1983). This large reduction is likely because 

principal rainbands are extensive, well organized, and contain many 

convective cells that may act to transport lower equivalent potential air, 

when available, to the surface. The few cases that have corresponding 

sounding data suggest the lower equivalent potential temperature air 

originates between 0.7 and 0.9 km AGL, assuming no dilution. This 

reduction is also consistent with the correlation results that found the 

reflectivity to be most strongly linked to the temperature decreases. More 

specifically, the correlation results suggest higher reflectivity (heavy rain and 

possibly rainbands) to be associated with a greater probability of lower 

temperatures. 

The second key element is that a majority of the rainbands are 

collocated with decreasing radial flow. This supports findings made by 

Barnes et al. (1983) and Powell (1990a) that rainbands can act to impede the 

storm-relative inflow near the surface. All six of the cases that possess this 

feature are either intensifying or mature rainbands, while the one dissipating 
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band has increased radial flow across it. This also suggests that the radial 

inflow may act to indicate the rainband stage or be a byproduct of it. 

Interestingly, all 10-minute WEMITE records for both storms contain only 

inflow (positive radial wind), although the magnitude does fluctuate 

considerably. 

Additionally, half of the rainbands over the WEMITE towers occur in 

regions of convergence, as might be expected from the radial wind results. 

All of these cases occur with intensifying or mature rainbands. These results 

support the hurricane rainband observations and models set forth by Barnes 

et al. (1983) and Powell (1990a), although this study cannot accurately 

pinpoint, within the rainband, the smaller scale regions of convergence due to 

spatial limitations in the observations and in the GEMPAK analysis package. 

Interestingly, the one dissipating case does exist in a region of divergence. 

This is in contrast to the two dissipating rainbands examined by Barnes et al. 

(1986, 1991) that occurred in regions of convergent yet drier and more stable 

air. Hence, a combination of dry, stable air and/or surface divergence may be 

directly linked to dissipating rainbands. 

Surprisingly, nine in ten of the rainbands over the WEMITE towers 

occur in regions of little or negative relative vorticity. The small relative 

vorticity is primarily due to relatively steady wind speed and directions 

present from the WEMITE locations inland. This is unanticipated since 

Powell (1990a) found the inside of a rainband to be a prime location for a 

relative vorticity maximum. Many of the differences may be a function of the 

analysis. Powell's vorticity maxima are on the scale of just a few kilometers 

wide. The GEMPAK analysis in this study, on the other hand, only analyzes 

larger-scale (20 to 50 km) features, and does not even resolve the small-scale 

features that Powell refers to. Hence, these two studies may not be 

contradictory even though it appears so on the surface. 
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Another common feature, found in six in ten of the cases, is that they 

tend to regenerate/redevelop on the inside portion of the rainband, as found 

by Barnes et al. (1983). All cases that have this property are the larger 

mature or intensifying bands. This suggests that these larger bands are 

organized in a manner that promote updrafts and reflectivity redevelopment 

to their inside. This concept appears to work well, in this hmited study, for 

the outer, principal, connecting, and eyewall rainbands. The one large 

rainband from this study that is not included in these cases is a dissipating 

outer rainband that does not exhibit any regeneration or redevelopment 

anywhere. 

The three remaining rainbands that do not fall into the above model 

are aU shorter in length, with two being secondary rainbands and one 

rainband occurring within the eye. These shorter rainbands appear to form 

as one or a number of cells that are then elongated into a band by the strong 

winds within a hurricane, as hypothesized by Barnes et al. (1991). The three 

cases also appear to slope upwind with height, as is consistent with 

decreasing wind speeds with height. In all three of these cases the rainbands 

move much more rapidly than longer bands located in the same general 

region. This may be an artifact of their relative size, since their translation is 

easily seen. The larger rainbands, conversely, do not appear to move as fast, 

but individual elements within them may also move quite rapidly. 

Therefore, this research indicates that hurricane rainbands making 

landfall along the southeast United States coastline do share many common 

characteristics with those in previous rainband studies based primarily on 

airborne data taken well out to sea. More specifically, rainbands, as defined 

in this study, are associated with equivalent potential temperature relative 

minima near the surface, regardless of type or intensity. If the rainbands are 

intensifying or mature they often impede the inflow to some degree (radial 
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wind relative minimum), which frequently leads to a region of low-level 

convergence. Further, the larger intensifying or mature rainbands, 

consisting of outer, principal, connecting, and eyewaU rainbands, generally 

redevelop on their inside. The smaller secondary bands, conversely, develop 

from one or more individual cells that, due to the inherent wind shear become 

elongated into a band. 

Hence, rainbands have the ability to significantly modify the 

thermodynamic and kinematic properties of the hurricane boundary layer. It 

follows that these hurricane boundary layer modifications can directly affect 

the future intensity of the entire hurricane. Specifically, the reduced 

equivalent potential temperature and interruption of the radial flow (inflow) 

possess the ability to limit the intensity of the parent hurricane. Thus, 

rainbands are an important component of hurricanes and require further 

investigation to better understand and quantify their impacts. 

9.3 Recommendations 

Given the preceding analysis several recommendations can be made: 

1. More studies/analyses should be completed on rainbands in order to 

expand this very limited dataset. This would allow for universal 

characteristics, if they exist, to be better defined. A larger dataset 

would also enhance the possibility of creating rainband subsets that 

might share more common traits. 

2. Study the clear lanes/moats between rainbands to compare and 

contrast their kinematic and thermodynamic properties to those found 

in the rainbands. This comparison would allow for a better 

understanding of how rainbands interact with their surrounding 

environment. 
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3. In addition to the correlation analysis presented here, complete a more 

comprehensive multivariate statistical analysis testing for possible 

interrelations between multiple WEMITE variables and radar 

products. The two datasets could also be tested for possible lags that 

might exist. These statistical analyses could also be carried out for 

subsections of the total event, such as only during the passage of the 

rainband over a WEMITE tower, to test the correlation sensitivity to 

various factors. 

4. Complete a similar analysis, including the calculation of correlations, 

between WEMITE data and higher resolution, more closely located 

Doppler radar data. This would be possible for Hurricanes Isidore and 

Lili of 2002 since high-resolution Doppler radar data (from the Shared 

Mobile Atmospheric Research and Teaching Radar, abbreviated 

SMART-Radar) was collected near high-resolution meteorological 

towers. 

5. Perform a dual-Doppler analysis over high-re solution meteorological 

towers for a landfalling hurricane. This would enable the creation of 

wind fields for hurricane rainbands above the surface, and aid in 

obtaining a three-dimensional view of the hurricane and rainband 

structure. The dataset for Hurricane Lili (2002), with SMART-Radar 

and Doppler On Wheel (DOW) data, may have this potential. 

6. Obtain high-resolution meteorological data from an array of towers in 

a hurricane environment. This would permit better examination of the 

surface-level horizontal structure of hurricane rainbands. Potential 

datasets include Tropical Cyclones Lih, Isidore, and Fay of 2002, each 

of which contains six to seven meteorological towers. 
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7. Launch a series of meteorological soundings before and after the 

passage of hurricane rainbands to document the evolving vertical 

structure of the atmosphere. 

8. Obtain data from more intense hurricanes to determine whether the 

properties of the rainbands change with increased storm intensity. 

9. Examine the fine-scale structure of the divergence and relative 

vorticity fields. 

10. Complete similar standardization analyses with more complete site 

characterization information, when available. 

11. Study the validity of the standardization procedure within the 

hurricane environment. 
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