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ABSTRACT 

 

 

A hurricane’s destructive nature must be evaluated on as small a scale as possible 

to reveal the various types of mesoscale circulations that are embedded within the storm’s 

overall wind field.  This research develops a technique to estimate small scale surface 

wind speeds in hurricanes crossing Florida, and thereby identify areas of anomalous 

winds.   

Level II Doppler radar data are analyzed onto a high resolution (1 degree radial, 

0.5 km gate) grid.  An algorithm is developed to estimate the total wind speed from a 

combination of radial velocity and quality controlled reflectivity.  These variables are 

utilized by identifying the location of the eye and then using radial velocities and an 

assumed symmetric wind field about the eye to estimate the total wind field over the 

entire radar scan area.  Once the total wind field is computed along a scan, reduction 

factors are used to transpose the winds at the varying beam altitudes down to the surface 

using similarity theory.   

Case studies of Hurricanes Jeanne (2004), Frances (2004), Wilma (2005), 

Irene(1999), Ivan (2004) and Charlie (2004) are investigated.  The success of the 

algorithm depends greatly on the ability of the Weather Surveillance Radar 88 Doppler 

(WSR-88D) to sample the velocity data and the ability to properly unfold it.  Hurricane 

Wilma is an example of dry air being entrained into the cyclone, which produces an 

inadequate concentration of targets to provide a velocity profile, thereby resulting in poor 

results.   

Computed wind speeds are compared with National Weather Service (NWS) 

ASOS observations and independent wind observations supplied by the University of 

Florida.  The estimated winds and those from the two datasets exhibit reasonable 

agreement; however, additional validation is needed to determine the actual skill of the 

algorithm.  The observed data indicate that gust factors are not optimally estimated by 

applying a uniform percentage of the total wind speed.  Further investigation is needed to 

determine the proper procedure for estimating wind gusts.  Results also show that the 



 xi 

algorithm can be used with some confidence to diagnose the damage potential for 

embedded tornadic cells located within the land-falling hurricane.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

1.1      Motivation 

 Hurricanes are one of the most destructive natural phenomena affecting the 

United States.  Not only do hurricanes cause deaths and injuries, but they destroy 

personal property, electrical systems, and other vital infrastructure.  A better 

understanding of hurricanes and their potential for damage is of great interest to the 

scientific community as well as those groups that are affected by them.   

Damage surveys have shown that high resolution wind data are needed to capture 

the various types of mesoscale circulations, such as tornadoes and microbursts, that are 

embedded within a hurricane’s wind field (Wakimoto and Black 1994; Powell et al. 

1996; Powell and Houston 1998).  The automated surface observing system (ASOS) 

network is far too coarse to routinely to detect these phenomena, and it often fails during 

strong wind events.  Thus, alternative observing systems are needed to diagnose the 

detailed surface (10 m) winds of tropical systems.  Since aircraft reconnaissance 

generally does not gather meteorological data over land, the only currently viable way to 

spatially estimate high resolution near surface winds is to employ the use of a high 

resolution numerical model or to use data supplied by Doppler radar.  The goal of this 

study to develop an application of Doppler radar data to estimate high resolution surface 

winds. 

 

1.2      Large Scale Structure of a Tropical Cyclone Wind Field 

Many observational studies over the past few decades have contributed to 

advancements in understanding the synoptic and mesoscale structures of tropical 

cyclones.  This research has spanned the spectrum from hurricane structure (Shea and 

Gray 1973; Frank 1977a; Shapiro 1983; Fiorino and Elsberry 1989; Kepert 2006), the 

energetics and dynamics of a storm (Shea and Gray 1973; Frank 1977b; Emanuel 1988; 

Carr III and Williams 1989; DeMaria and Kaplan 1994; Montgomery and Franklin 1998; 
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Emanuel 1998), to the climatology of tropical cyclones (Elsner et al. 1996; Hart and 

Evans 2001; Kimball and Mulekar 2004; Emanuel et al. 2004).      

The wind field of a tropical cyclone is highly variable in both the horizontal and 

vertical dimensions.  Frictional effects in the planetary boundary layer (PBL), often 

referred to as Ekman pumping, create a vertical profile of increasing winds with height.  

Understanding and accounting for the vertical distribution of the wind field is important 

to this research.  Since the height of a radar beam increases with distance from the radar, 

the altitude of Doppler-derived radial velocities must be considered to properly account 

for the vertical distribution of the winds.  

 

1.3    Mesoscale and Convective Scale Wind Phenomena in a Tropical Cyclone 

 The eyewall and rainbands are the two major convective structures in a tropical 

cyclone.   Mesoscale circulations such as tornadoes often are present in the rainbands of a 

storm.  These tornadoes generally are weak compared to those associated with mid-

latitude systems, and they usually occur along the outer rainbands of the hurricane.    

Hurricane-spawned tornadoes are most likely located in the right-front quadrant of the 

tropical cyclone and are least common in the left-front quadrant due in part to the 

enhanced shear and helicity in the right-front quadrant (Pearson and Sadowski 1965; 

Gentry 1983; McCaul Jr. 1991).  McCaul, Jr. (1991) notes that reduced tornadic activity 

occurs in the eyewall due to the relatively small thermal instability near the cyclone 

center.  Wakimoto and Black (1994) hypothesized that the increase in surface roughness 

from water to land contributes to enhanced surface convergence, resulting in a more 

favorable environment for tornadogenesis in the right-front quadrant. 

 It is important to note the observational and theoretical limitations of detecting 

smaller scale wind events.  Observed surface winds during landfall are woefully 

inadequate, generally describing only a small fraction of the impacted area.  In the case of 

remote sensing platforms that measure wind speed, such as the Weather Surveillance 

Radar 88 Doppler (WSR-88D), the wind measurements are “snapshots” that are a 

composite of the sustained winds and gusts, producing an overestimate of the average 

wind speed at any level (high bias).  However, the wind speed also is volume averaged 

over the sampling bin, which acts to decrease the estimated wind speed (low bias).  It is 
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not yet known how these biases would impact the estimation of surface winds produced 

by the Doppler radar data. 

  

1.4       Radar Applications to Hurricanes 

 Prior to the introduction of Doppler radar, meteorological observations of tropical 

cyclones were scarce, unreliable, and inadequate.  The first Doppler-derived view of a 

tropical cyclone’s eye was at the U.S. Naval Air Station in Lakehurst, New Jersey, during 

September 1944 (Maynard 1945).  Many subsequent papers have used Doppler data to 

analyze the structure and evolution of tropical cyclones (e.g., Bluestein and Hazen 1989; 

Stewart and Lyons 1996; Skwira et al. 2005; Knupp et al. 2006; Baker et al. 2009).     

 Doppler radars such as the WSR-88D detect the radial component of the wind 

with respect to the radar site.    Multiple overlapping radars are needed to determine the 

3-dimensional components of the wind field (henceforth denoted the total wind) of a 

tropical cyclone.  The approach combines information from two or more overlapping 

Doppler radars to provide multiple samples at the same gridpoint. This approach limits 

the problems of beam spreading, cone of silence, beam height, and beam blockage.  

Lakshmanan et al. (2006) tested the applications of a radar merger technique.  Although 

their algorithm showed promise, there is only a limited area in Florida where two radars 

sample the same region . 

 Numerous algorithms have been developed to estimate variables not observed 

directly by radar, including the total wind field.  Lee et al. (1994) used airborne Doppler 

measurements to develop the velocity track display (VTD) method that estimates the 

horizontal winds of a tropical cyclone relative to the mean wind vector.  Lee et al. (1999) 

later expanded the concept by creating the ground-based velocity track display 

(GBVTD), which uses WSR-88D data to produce the three-dimensional circulations of 

landfalling tropical cyclones.  This method depends on a defined aspect ratio, R/RT, 

where R is the radius of the harmonic analysis ring and RT is the distance from the radar 

to the center of the storm’s eye.  The method produces large biases at large aspect ratios.  

While the method would be adequate at large distances from a radar, the current research 

is concerned with landfalling hurricanes that are close to the radar site where large aspect 

ratios occur.    
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 Tuttle and Gall (1999) described a method called TREC (tracking reflectivity 

echoes by correlation) that detects local maxima in the reflectivity field at two times 

separated by several minutes.  The movement of reflectivity maxima during the time 

interval determines a motion vector that is assumed to represent the local wind at that 

location.  The TREC algorithm performs well in areas of the cyclone where reflectivities 

are not uniform in the direction of the airflow (i.e., areas outside of the eyewall and 

strong outer rainbands).  However, since the current research focuses on the destructive 

nature of tropical cyclones that mostly is located in the eyewall and rainbands, another 

technique must be utilized.   

 Knowledge of tornadic vortices within a tropical cyclone can aid in forecasting 

and determining the damage potential of the storm.  The NSSL-MDA algorithm 

(National Severe Storms Laboratory – Mesoscale Detection Algorithm) detects the 

presence of mesocyclones using radial velocity data (Stumpf et al. 1998).  The procedure 

produces skill scores that are much greater than those of previous detection algorithms.  

Originally designed to detect tornadoes in mid-latitude systems, its efficacy when applied 

to tropical cyclones has not been assessed. 

 

1.5     Research Objectives 

 The primary objective of this research is to develop and evaluate a technique to 

produce high resolution spatial estimates of 10 m surface winds derived from Level II 

archived single Doppler radar data.  The wind fields then are used to detect synoptic-

scale and mesoscale circulation features within a hurricane’s environment.  Six recent 

hurricanes are studied: Hurricanes Wilma (2005), Charley (2004), Frances (2004), Ivan 

(2004), Jeanne (2004), and Irene (1999).   The goal is to produce wind estimates for 

storms of varying strengths, trajectories, and environments.  Hurricane Wilma exhibited 

large areas of range folding due to the lack of hydrometeors.  This demonstrates that wind 

estimation greatly depends on the ability of the Doppler radar to provide adequate data.  

Frances and Jeanne are broad, westward tracking cyclones in comparison to Ivan, which 

was a powerful, compact system that moved from a southerly direction.  Irene was a 

weaker hurricane that moved over South Florida, and Hurricane Ivan was used 

specifically to determine the capability of the algorithm to detect tornadic events. 
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The algorithm to create surface winds consists of several steps.  The first corrects 

the data due to velocity aliasing (unfolding process) and applies a quality control 

algorithm to remove non-meteorological contamination in the velocity data.  Then, an 

estimated total wind field is determined from the quality controlled radial velocities. A 

reduction factor, using Monin-Obhukov similarity theory, is applied to the total winds at 

the altitude of the radar’s beam to obtain estimates of the assumed 1 min mean wind field 

at the standard anemometer height (10 m).  The vertical reduction is assumed to follow 

Monin-Obhukov similarity theory for winds in the boundary layer.  Values of 3 s gusts 

and peak 1 min and 3 s values are estimated for the duration of the storm.  Finally, 

limited observations from ASOS and other meteorological platforms are compared to 

results from the algorithm to validate the calculated wind estimates.  Statistical 

evaluations of the average wind field, gust data, and peak gust data are investigated.  

Chapter 2 details the data that are used and the process by which the algorithm 

determines the total wind field.  Chapter 3 discusses the results that are produced, with 

Chapter 4 summarizing the full body of work. 
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CHAPTER 2 

 

DATA AND METHODOLOGY 

 

 

2.1      Level II Doppler Radar Data 

 Level II archived WSR-88D radar data were obtained online from the National 

Climatic Data Center (NCDC) website at http://hurricane.ncdc.noaa.gov/pls/plhas/ 

has.dsselect.  These data consist of reflectivity and radial velocities at a horizontal 

resolution of 1 degree radial and 0.27 n mi (0.5 km) range gates, and a temporal 

resolution of approximately 6 min.  As described later, only the 0.5 degrees elevation 

scan was used in this research.   

“Raw” reflectivity fields generated by a pulsed Doppler radar contain both 

meteorological and non-meteorological elements.  It is important that the non-

meteorological contaminating factors be removed to obtain a representative sample of the 

wind field.  Thus, quality control steps must be applied.  Our quality control utilized the 

Warning Decision Support System – Integrated Information (WDSS-II) software that was 

developed at the National Severe Storms Laboratory (NSSL) and the Cooperative 

Institute for Mesoscale Meteorological Studies (CIMMS) at the University of Oklahoma 

(Lakshmanan et al. 2007a).   

 WDSS-II has been tested and reviewed during multiple meteorological conditions 

and has shown reliable skill in producing a quality controlled product (Lakshmanan et al. 

2007b).  The algorithm quality controls reflectivity data by using a neural network that 

eliminates the contamination associated with anomalous propagation, ground clutter, and 

clear-air returns (Lakshmanan et al. 2007b).  The algorithm detects contaminated returns 

and uses neighboring radials to interpolate and adjust/remove the erroneous returns.   

 

2.2 Aliasing and Range Folding 

 Aliasing and range folding are important considerations when using radar data 

that contain strong wind velocities.  A moving target shifts the frequency of the 

impinging radar pulse by an amount proportional to the speed of the moving target.  In 
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other words, as the speed of a target increases along the unidirectional path of 

measurement, the shift in Doppler frequency also increases.  However, there is an upper 

limit to the magnitude of the target velocity (the Nyquist velocity) that stationary radars 

can detect unambiguously.  Velocity aliasing occurs when that limit is exceeded.   The 

Nyquist velocity (VN) or unambiguous velocity for the WSR-88D is defined as:  

 

                                                                      (1) 

 

where λ is the radar’s wavelength (λ = 10 cm for the WSR-88D) and f is the pulse 

repetition frequency (PRF).  According to (1), the unambiguous velocity increases with 

increasing PRF.  There is an optimal relation between VN and the range that the radar can 

observe (RN) since RN is related to VN by  

                                                                                            (2) 

 

where c is the speed of light.  Thus, a large PRF yields a large unambiguous velocity, but 

reduces the range at which the radar provides reliable information. 

 The unambiguous velocity of the WSR-88D in velocity mode is approximately 17 

m s
-1

 (33 kt) (Miller et al. 1994).  Aliasing occurs when that velocity is exceeded.  Thus 

in a tropical cyclone environment, there likely will be areas of significant velocity 

aliasing.  Several techniques have been developed for unfolding velocity data (Friedrich 

and Caumont 2004; Gao and Droegemeier 2004; Tabary et al. 2001; Zhang and Wang 

2006).   

 WDSS-II utilizes the Advanced Weather Interactive Processing System (AWIPS) 

Build 10 de-aliasing scheme (Eilts and Smith 1990) that is incorporated in the suite of 

programs comprising the WSR-88D Radar Product Generator (RPG).  The algorithm 

compares each velocity value with those of its neighbors.  If the velocity varies 

significantly (~ 10 m s
-1

 compared to that of any neighboring gridpoint in precipitation 

mode), the algorithm attempts to substitute an estimated value that is provided after a set 

of error checks using the WDSS-II algorithm.  Since the algorithm depends on the 

surrounding data, the continuity of the velocity data is important. 
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Figure 1 is an example of the Build 10 de-aliasing scheme as Hurricane Jeanne 

(2005) approached central Florida.  Since some wind speeds exceed the unambiguous 

value, discontinuities are evident as large shifts between positive and negative radial 

velocities (Top of Fig. 1).  The maximum aliased radial velocity of 13.9 m s
-1

 

corresponds only to marginal tropical depression force winds, which greatly 

underestimates much of Jeanne’s wind field.  The de-aliased velocity field (Bottom of 

Fig. 1) contains wind speeds exceeding 81.3 m s
-1

, a more realistic portrait of the radial 

velocity field. 

 

 

 

Fig. 1.  (Top)_aliased and (bottom) de-aliased radial velocities for Hurricane 

Jeanne at 0413 UTC 25 September 2005 at an elevation angle of 0.5 degrees.  The blue X 

represents the location of Hurricane Jeanne. The radial velocities are in units of knots. 
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2.3       Total Wind Estimation 

 Doppler radars only detect the wind component that is directly along the radar 

beam.  Therefore, any wind component that is tangential to the beam will not be 

measured.  Thus, as the actual wind becomes more perpendicular to the beam, the radial 

wind increasingly underestimates the actual flow.  This underestimate presents a major 

problem for diagnosing the location of a tropical cyclone’s strongest winds since the 

radial velocity only captures the actual flow at a few locations.   

 Multiple techniques were investigated to estimate the total wind field from the 

observed radial velocities.  Spline interpolation was investigated as a first guess estimate 

of the wind field.  The technique uses low-degree polynomials to provide a smooth curve 

fitting to the data.  Unfortunately, the complicated nature of the data, where certain grid 

points contained 100 percent of the total wind field and other grid points measured 0 

percent of it, made applying spline interpolation very complicated.  We decided to use a 

technique that assumes a set of wind profiles about the center of the hurricane’s eye 

(explained in the following section).  Calculations determine the angle between the radar 

beam and the assumed wind direction, thereby estimating the amount of the total wind 

that is detected by the radar beam.     

 

2.4 Total Wind Algorithm 

 Assumptions are needed to calculate the total surface wind from a single radar’s 

radial velocities.  Knowing the direction of the winds relative to the tropical cyclone’s 

center is significant when determining wind speeds from observed radial velocity data.  

We initially assumed that winds are oriented 90 degrees counter-clockwise from the 

radial vector, producing cyclonic tangential winds along a constant radius from the center 

of the eye.  The translational speed associated with the progression of the tropical cyclone 

is neglected for initial diagnosis of this algorithm.  Figure 2 illustrates this wind field for 

a generic tropical cyclone.   
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 Fig. 2. Schematic of the procedure used to calculate the total wind from radial 

velocities.  Red arrows denote the wind field associated with the tropical cyclone, while 

blue arrows represent locations of the radar beam.  The wind field is perpendicular to the 

radar beam at point A, parallel to the radar beam at point B, and between 0 and 90 

degrees to the radar beam at point C. 

 

 

The next step was to calculate at each grid point the angular difference, θ, 

between the radar beam and the wind direction that is less than or equal to 90 degrees.  

Theta is easily determined (Fig. 3) since the azimuthal angle of the radar beam (providing 

angle α), the radial velocity, and the assumed wind direction are known.  Considering the 

right side of Fig. 3, the solution for the total wind speed becomes: 

                                                     (3), 
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where VTOTAL is the total wind speed and VRADIAL is the radial wind speed.   

               

 Fig. 3. Schematic describing the calculation of the total wind.  The blue arrow 

denotes the radar beam, and the red arrow the total wind vector.   

 

 

 Based on this assumption, the total wind estimate is a function of the angle 

between the radar beam and the wind direction.  For an angle greater than 60 degrees the 

cosine function is less than 0.50, implying that the radar beam detects less than half the 

actual wind speed.  Therefore, only gridpoints whose angle is less than 60 degrees were 

used.  For angles greater than 60 degrees the uncertainty is too great for the winds to be 

useful.  Figure 4a shows the distribution of the cosine function as a function of the angle 

between the radar beam and a purely cyclonic wind field with the inflow angle set to 0 

degrees.  The area where the wind field is not estimated (where the angle between the 

radar beam and the environmental flow pattern is greater than 60 degrees) is shown in 

Fig. 4b.  This profile will change due to the changing inflow angle and distance between 

the radar site and the eye of the cyclone.  Thus, as the cyclone makes landfall, the region 

of unreliable winds will shift. 

 

α 

Radar Site 

VTOTAL 

 

 
θ 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 Figure 4.  a) Profile of the cosine angle (Eq. 3) between the radar beam and the 

flow pattern of purely cyclonic flow about the eye of a hurricane.  b) Illustrates the region 

where the total wind field can be calculated with reasonable reliability based on the angle 

of the radar beam and environmental flow pattern.  The blue X marks the location of the 

eye of the cyclone.   

 

 

 Once the initial wind field is calculated, the algorithm repeats the process after 

shifting the winds (Fig. 2) inward at 10 degree increments to a maximum of 30 degrees to 

consider the effects of surface friction.  Malkus and Riehl (1960) note that for a moderate 

hurricane, inflow angles typically are 20 to 25 degrees.  This iterative process provides a 

range of possible wind estimates instead of a deterministic value of the total wind field. 

 

2.5       Reduction Factors 

 The procedure described above produces winds at the sloping altitude of the radar 

beam.  These values then must be transformed to the surface using a reduction factor.  

Previous research has estimated reduction factors for tropical cyclones over the ocean 

based on dropwindsonde data (Franklin et al. 2003).  However, for landfalling hurricanes, 

we must account for variations in boundary layer height over land.  A high-resolution 

(111 m) land-use dataset was obtained from Florida’s Water Management Districts 

(http://www.dep.state.fl.us/secretary/watman) and used to calculate reduction factors. The 

land-use dataset was derived by photo-interpreting 1:12,000 USGS color infrared digital 

orthophoto quarter quadrangles (DOQQ).  According to the Hazards United States 
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(HAZUS) project, the classifications over Florida are 85 percent to 95 percent accurate 

(Axe 2003).  Each gridpoint then is assigned a representative roughness length based on 

its land use according to Wieringa (1993).  In general, as the surface layer becomes 

rougher, the wind speed decreases more rapidly with decreasing height due to frictional 

effects.   

Between the surface and top of the boundary layer, winds in the tropical cyclone 

environment increase approximately logarithmically with height.  An important question 

is whether there is a strong relation between the wind speed at the surface and at the 

height of the radar beam.  If not, reducing the wind speed at the altitude of the radar beam 

height will produce surface wind speeds that are located down wind of the location of the 

beam.  It is assumed that there is a strong relation near the surface such that the wind at 

the height of the radar beam can be reduced to the surface.  Thus, the study area was 

confined to a radius of 100 km of the radar site where the greatest altitude of the radar 

beam at the 0.5 degrees elevation angle was approximately 2.0 km.  Franklin et al. (2003) 

provided the mean vertical wind profile for a mature tropical cyclone based on GPS 

dropwindsonde data and showed that hurricanes over the ocean typically have boundary 

layer heights of approximately 0.75 – 1 km.   However, this height greatly increases as 

the cyclone makes landfall due to the increasing roughness lengths.  Powell et al. (1991) 

showed that as Hurricane Hugo made landfall the boundary layer height was 

approximately 0.5 - 1 km in the outer portions of the storm; however, in regions of deep 

convection over land, the PBL height can be much larger.  Franklin et al. (2003) indicated 

that boundary layer heights near the eyewall are larger.   Thus, I assumed that all velocity 

data at beam altitude within 100 km of the eye were in the PBL.   

Monin-Obukhov similarity theory was applied to reduce the winds to the surface 

(10 m) according to 
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where V10 is the wind speed at 10 m, VZ is the wind speed at the top of the boundary 

layer, HZ is the height of the boundary layer, and zo is the surface roughness length 
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(Garratt 1992).  This procedure accounts for variations in land surface type and their 

resulting surface roughness.  The reduction rate depends greatly on the roughness length.  

The greater the roughness length, the more the wind is reduced at the surface (Fig. 5). 

 

 

 Figure 5.  Vertical reduction profile (Eq. 4) as a function of roughness length, z0.  

Hz is set to 1 km, and Vz is set to 40 m s
-1

.   

 

2.6 Evaluation of the Total Wind 

 Quantitative comparisons between observed winds and a computed total wind 

field often are limited to locations of the sparse ASOS sites during hurricane landfall.  

However, Powell et al. (1996) described multiple possibilities of ASOS failure that can 

occur during tropical cyclone events.  These failures include damage from strong winds, 

flying debris, and design faults.  In addition to missing observations, the data that are 

collected contain errors of 7 percent and 10.5 percent for oceanic and land based 

observations, respectively, when summing the variance contributions of height-exposure 

and temporal sampling (discussed by Powell et al., 1996).  Since a dataset with higher 

time resolution than that of the ASOS data is desired, I searched for other forms of 

verification data. 

 The Florida Coastal Monitoring Program (FCMP) is a research project aimed at 

observing near-surface winds during land-falling hurricanes (Masters 2004).  Four 
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portable towers have been placed in strategic areas that tropical cyclones often impact.  

This mobile network measures velocities at 5 and 10 m elevations.  FCMP provided 15 

min resolution data for hurricanes Jeanne and Frances during 2004 (Gurley et al. 2005). 

 We compared the Doppler-derived reduced surface winds with observations from 

the few available ASOS sites and the tower data from FCMP.  However, it is challenging 

to validate volume averaged surface wind speeds computed by the total wind algorithm 

with the point specific ground-based observations.  Individual wind data exhibit much 

more variability than area-averaged wind measurements.  In fact, our results showed that 

the best agreements between the FCMP/ASOS observations and the computed wind 

estimates occurred after averaging the computed wind speeds within a 10 km radius of 

each FCMP/ASOS observation location.   

Due to the radial distribution of the WSR-88D field, more data are available when 

the location in question is close to the radar site.  This resolution may impact the ability 

of the algorithm to resolve mesoscale features imbedded in the hurricane wind field since 

more than one point will be needed to capture the tornado signature in the wind field.   

Besides direct comparisons with observations, we also considered the time 

continuity and realism of the calculated wind fields.  Time series plots at specific grid 

points were examined to determine the variability of the total wind.  Finally, sensitivity 

estimates of the total wind were prepared by varying the inflow angle of the cyclonic 

wind field and quantifying the effects on the derived winds.  As described earlier, this 

process involved systematically incrementing the inferred angle between the radar beam 

and wind direction.  The final product consists of an estimated total wind as well as the 

approximate range of values associated with the calculations and geometry relative to the 

radar site. 

The ability to detect tornadoes embedded within a hurricane’s wind field was of 

special importance in developing the total wind algorithm.  Thus, evidence of the 

algorithm to resolve these mesoscale features is provided.  Hurricane Ivan (2004), which 

produced multiple tornadoes in the Florida panhandle, was used as the case study.  Fields 

of instantaneous and maximum wind during a specific time window will show the 

capability of the algorithm to realistically depict the mesoscale structure (discussed in 

Chapter 3).   
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CHAPTER 3 

 

RESULTS 

 Analysis and sensitivity studies were conducted on Hurricanes Jeanne and 

Frances (2004).  Hurricanes Irene (1999), Charley (2004), Ivan (2004), and Wilma (2005) 

also were investigated.  Jeanne contains the most observational data for verification and 

was extensively investigated to validate the wind estimating algorithm.  Ivan was 

analyzed to determine the capability of the total wind algorithm to detect mesoscale 

events associated with rainbands. 

3.1  Total Wind Field Calculations 

 Calculation of the total wind field was limited by the availability and quality of 

the required Level II Doppler radar data.  If the radial velocity field is contaminated or 

poorly sampled, the calculated surface wind field will be impacted greatly.  The range of 

the radial velocity data also limits the application of the algorithm.  Specifically, the area 

of calculations was limited to 100 km from the radar site to ensure that radial velocities 

were within the boundary layer (below 2 km).  In the case of Hurricane Wilma, Fig. 6 

illustrates that large swaths of southern and northern Florida were outside any radar’s 

range such that wind estimates could not be obtained.  This lack of data occurred over 

most of Wilma’s path over Florida since it made landfall in Southwest Florida and 

traveled northeast just south of Lake Okeechobee. 

 The process of estimating the surface wind field begins by converting the radial 

velocities to a 2-D wind field along the sloping plane of the radar beam.  Figure 7 shows 

the radial velocities (Fig. 7a and 7c) and 2-D wind fields (Fig. 7b and 7d) at two times 

during Hurricane Jeanne’s landfall.  As noted previously, the underlying challenge is that 

radial velocities (Fig. 7a and 7c) only capture the full 2-D wind at the few grid points 

where the radar beam is parallel to the wind.  Thus, the majority of the input data is a 

percentage of the total wind that depends on the orientation of the wind relative to the 

radar beam.  The total wind algorithm produces an estimated wind field that is a more 
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realistic depiction of a tropical cyclone (Fig. 7b and 7d).  One should remember that these 

velocities still are at beam altitudes that increase with distance from the radar site.  

Therefore, reduction to the surface must be performed as a function of radial distance 

from the Doppler radar. 

 

 

 Fig. 6. Area within 100 km of each radar site in which the algorithm can provide 

surface winds. 
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 Fig. 7. Radial velocities (left) and total winds (right) for Hurricane Jeanne (2004) 

at 0506 UTC  26 September (top) and 0604 UTC (bottom) at the height of the radar 

beam.  Wind speeds are in m s
-1

.  The blue X marks the location of the tropical cyclone. 

 

3.2  Reduction Factor 

 The beam level winds are reduced to the surface using Monin-Obukhov similarity 

theory and the high resolution (111 m) land-use datasets (Section 2.3).  It is assumed that 

the wind speeds can be reduced to the surface with minimal change in vertical location of 

the air parcel since the highest beam altitude is below 1.5 km.  Similarity theory requires 

that the 2-D wind be reduced at a greater rate over land than water due to the land’s 

greater roughness lengths (Fig. 5) and the fact that the reduction algorithm does not 
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account for ocean waves generated by the prevailing winds.  Fig. 5 shows that the greater 

roughness length (1.5 m) over land reduces the wind speed by nearly 70 percent.  

However, for smaller roughness lengths (0.05 m), the wind is reduced by only 45 percent.  

This impact is indicated in Fig. 8 where wind speeds both inland and offshore before 

reduction are greater than 54 m s
-1

, however, after reduction the strongest wind speeds are 

offshore.  Inland surface wind speeds are approximately 70 percent of the values along 

the radar beam (altitude less than 1.5 km), consistent with Franklin et al. (2003). 

 

 

 Fig. 8. Beam level total wind (a and c) and surface wind (b and d) for Hurricane 

Jeanne (2004) valid at 0506 UTC 26 September (a and b) and 0604 UTC (c and d).  Wind 

speeds are in m s
-1

. The blue X marks the center of the tropical cyclone. 

 

 Histograms of each 2-D wind speed within the domain before and after the 

reduction process are shown in Fig. 9 during the landfall of Hurricane Jeanne at 0103 
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UTC 26 September.  Wind speeds before reduction exhibit a bimodal distribution, with 

peaks at slower speeds (5~10 m s
-1

) and at speeds just exceeding hurricane strength 

(30~40 m s
-1

) (Fig. 9a).  The bimodal distribution can be attributed to two factors, 1) 

Jeanne was just coming onshore and had weaker (stronger) winds over the land (ocean), 

which is illustrated in Fig. 9c and d, where the stronger wind speeds are over the ocean 

and 2) the radar beam is sampling wind measurements at higher levels with increasing 

distance from the radar combined with the wind speed increasing with height.  After 

applying the reduction, the distribution becomes skewed toward smaller speeds (Fig. 9b) 

as one would expect in observed data.  Before reduction, 35 percent of the wind speeds at 

the height of the radar beam exceed hurricane force (35 m s
-1

); however, after reduction, 

only 5 percent of the surface domain experiences wind speeds exceeding 35 m s
-1

.  

 

 Fig. 9. Histogram of each wind speed calculation (m s
-1

) before reduction (a and 

c), after reduction (b and d) during Hurricane Jeanne at 0103 UTC 26 September 2004.  

Figs 9c and 9d distinguish between wind speeds over land (red) and ocean (blue).  
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 Fig. 10. Beam level total wind (a and c) and surface wind (b and d) for Hurricane 

Charley (2004) (a and b) valid at 2103 UTC 13 August and Hurricane Frances (2004) (c 

and d) valid at 0945 UTC 5 September.  Wind speeds are in m s
-1

. The blue X marks the 

center of the tropical cyclone. 

 

 Hurricanes Charley (2004) (Fig. 10a and 10b) and Frances (2004) (Fig. 10c and 

10d) also demonstrate the ability of the algorithm to produce encouraging surface winds 

for varying types of tropical cyclones.  Specifically, Hurricane Charley made landfall 

with a small, well defined eye (diameter ~ 10 km), moving to the north-northeast with a 

path of severe destruction very close to its eyewall.  The compact eye is denoted in Fig. 

10a by the blue X.  The strongest winds are concentrated just east of the eye.  The path of 

Hurricane Frances was similar to that of Jeanne.  Frances was a category 2 storm at land 

fall, with an eye much larger than that of Charley (Fig. 10c).  Frances impacted a larger 
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area of Florida with hurricane force winds even though Charley had stronger maximum 

winds.  Only limited validation data exist for these storms.  Thus, the remaining focus of 

the results will be on Hurricane Jeanne where more validation data are available and 

Hurricane Ivan concerning the ability to detect mesoscale wind phenomena.      

 

 

 Fig. 11. Surface winds for Hurricane Jeanne (2004) valid on 26 September at a) 

0402, b) 1305, c) 2338, and d) 3415 UTC.  Wind speeds are in m s
-1

.  The arrow marks 

the small scale feature that propagates through the wind field as Jeanne moves inland. 

 

 The total wind algorithm must provide a realistic estimation of surface winds.  

Figure 11 shows that the algorithm produces temporally consistent wind estimates as 

Jeanne made landfall.  The strongest wind speeds remain offshore, but smaller scale 

features propagate in the general direction of the cyclonic flow over land (an example is 
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indicated by the arrow in Fig.11).  Some small pockets of stronger winds maintain their 

intensity during the 40 min interval.  Thus, these results indicate that the algorithm 

produces realistic wind distributions, both spatially and temporally. Furthermore, the 

horizontal and time resolution of the dataset (0.5 km) and (~ 5 min) provides the best 

chance that a tornadic event will be captured.  Later sections discuss the applicability of 

the total wind algorithm to mesoscale detection. 

  

Fig.12. Time series of wind speeds calculated using four vector orientations 

around the center of Hurricane Jeanne at 27.5314 N, -81.04 W (a) and 27.6546 N, -

80.4182 W (b).  The blue line denotes the original gradient wind profile, while the black 

line represents an orientation of 10 degrees, green line 20 degrees, and red line 30 

degrees radially inward. 
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 The uncertainty of the surface winds is described next.  One aspect of the 

uncertainty regards the effects of friction on wind direction (Fig. 5). Specifically, the 

algorithm “adjusts” the orientation of the wind field around the center of the storm by 

changing the orientation of the assumed wind field in 10 degree increments (Section 2.2) 

and then recalculates the surface winds starting at the beginning of the process.  This 

process creates a range of possible wind speeds at each location in the domain.  Thus, the 

calculation of surface winds becomes more probabilistic than deterministic.  Figure 12 is 

a graph of wind speeds for each wind vector orientation at two locations in different areas 

with respect to the location of the hurricane’s eye.  Figure 12a (12b) denotes a location 

where the gridpoint is distant (near) the “void” region where less than half of the sampled 

wind is measured.  The closer the gridpoint is to this region, the greater the uncertainty in 

the wind estimate.  The spread between the different profiles of Fig. 12 indicates the 

sensitivity of the wind vector assumption.  When the spread is small, e.g., ~ 1 m s
-1

 in 

Fig. 12a, the sensitivity is minimal.  However, the large range of wind speeds, e.g., ~ 10 

m s
-1

 in Fig. 12b, implies that the calculated wind speed is sensitive to the orientation of 

the assumed wind field.  Additional sources of uncertainty may include the smoothing 

routines of the raw Doppler radar, the possibility of mesoscale features present, future 

land use changes, and even translational speed of the system not taken into account.  

However, it was not possible to quantify the contributions of these sources. 

3.3  Validation 

 The relatively small areas (100 km radius of each radar site) over which surface 

wind calculations can be made limits a validation of the procedure (Fig. 4).  There are 

few opportunities to compare the computed winds with ASOS observations because 1) 

few ASOS stations are located within the relatively small computational area, 2) there is 

a limited number of case studies available for examination, and 3) it is likely that ASOS 

stations will fail to report consistent and/or accurate observations during the landfall of a 

powerful tropical cyclone (Powell et al., 1996).  In fact, for the available case studies, 

only a few observations were taken during Hurricanes Jeanne and Charley 
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Table 1.  Comparisons of wind speed observations from ASOS and the 2 km area 

averaged estimated wind speeds from the algorithm during two tropical cyclone landfalls.  

The surface sites are GIF (Winter Haven, FL), SRQ (Sarasota, FL), and FPR (Fort Pierce, 

FL). All speeds are in m s
-1

 , and time is in UTC. 

 

Storm Station Date/Time Obs. 

Wind  

Obs. 

Gust 

Est 

Wind  

(Obs-

Est)/(Gust-

Est) 

Angle 

Diff 

Error* 

cos(Angle 

Diff) 

Charley GIF 13/2000 6.2 N/A 3.1 3.1/NA 50.0 1.99 

Charley GIF 13/2100 6.7 N/A 4.4 2.3/NA 48.6 1.52 

Charley GIF 13/2200 8.2 N/A 10.1 -1.9/NA 42.7 1.40 

Charley GIF 13/2300 17.0 24.7 16.2 0.8/8.5 39.9 0.61 

Charley SRQ 13/2000 7.2 10.8 12.0 -4.8/-1.2 51.2 3.00 

Charley SRQ 13/2100 9.3 13.4 15.6 -6.3/-2.2 10.8 6.19 

Charley SRQ 13/2200 8.8 13.9 13.6 -4.8/0.3 26.1 4.31 

Charley SRQ 13/2300 8.8 11.8 8.1 0.7/3.7 48.4 0.46 

Jeanne FPR 26/0100 13.4 23.7 21.7 -7.3/2.0 53.4 4.35 

Jeanne FPR 26/0200 18.0 26.2 22.3 -4.3/3.9 57.6 2.30 

 

 Table 1 shows the observed wind speed and gusts at three ASOS sites, 

along with estimated wind speeds from the algorithm for Hurricanes Charley and Jeanne. 

The algorithm-derived winds are averaged over a 2 km radius from the location of the 

ASOS sites.  No ASOS observations were available after 2300 UTC at either GIF 
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(Winter Haven, FL) or SRQ (Sarasota, FL) for Hurricane Charley.  The results during 

Charley’s landfall suggest that the algorithm produces stronger surface wind speeds with 

the mean difference being 3.0 m s
-1

. These stronger wind speeds could be due to several 

factors including large differences between the angle of the radar and assumed wind 

direction, smoothing performed by the WDSS-II software, or even mesoscale features 

embedded in the wind field.   

 

 Fig 13.  Scatter plot of error between ASOS observations and the wind estimation 

algorithm versus the angle difference of the radar beam and the assumed wind flow 

vector.  ASOS and error values are taken from Table 1. 

 

 At FPR (Fort Pierce, FL) during Hurricane Jeanne, the angle was large, and the 

station was very near the “void” region where the angle between the radar beam and wind 

direction is greater than 60 degrees and thus where speed errors are presumed to be 

greatest.  Based on (3), the smaller the angle, the less likely the algorithm will introduce 

major errors.  Figure 13 determines whether this assumption is true for all available 

observations in Table 1 by demonstrating the relationship between the estimated angle 

between the radar beam and wind direction and the error.  The limited ASOS data do not 

provide a clear depiction of angle dependency and the error resulting from the wind 

estimates.  However, Table 1 (last column) shows that the angle difference accounts for a 
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majority of the error produced.  Thus based on these findings, when calculated speeds are 

presented, they should include the estimated angle between the radar beam and wind 

direction. A better determination of the wind angle should dramatically reduce the overall 

error. 

 

 Fig. 14.  FCMP tower locations during the landfall of Hurricane Jeanne (2004).  

Towers 0, 1, 2, 3 are located in Orlando, Sebastian, Merritt Island, and Vero Beach, 

respectively.   

 

 Data from four FCMP towers were available to evaluate the surface (10 m) total 

wind calculations.  Tower placements during Hurricane Jeanne are shown in Fig. 14; the 

observations are sparse.  Even when the FCMP towers are within 100 km of a radar site, 

there still are long periods when the angle between the wind field and radar beam is 

greater than 60 degrees.  As noted earlier, such regions are not examined due to their 

greater uncertainty.  Therefore, only a few select times can be used for validation.  For 

example, Tower 3 (Vero Beach) measured some of the strongest winds near Hurricane 

Jeanne’s eyewall, yielding a 1-min sustained wind of 38 m s
-1

 (74 kt) and a maximum 
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gust of 46 m s
-1

 (89 kt).  Early during Jeanne’s landfall the tower location coincided with 

a period when the winds could not be calculated because of the 60 degree restriction (Fig. 

15).  As Hurricane Jeanne progressed inland, this “void” region moved with the storm, 

and after 0614 UTC, the tower was located in a region where the angle was less than 60 

degrees, permitting the winds to be calculated.  Unfortunately, Tower 3 stopped 

recording at 0747 UTC, leaving a window of only 1.55 h for comparison.  

 

 

 Fig. 15.  Location of Tower 3 (Vero Beach, FL, red X). Winds (m s
-1

) are along 

the height of the radar beam and have not been reduced to the surface.  The winds are 

valid at 0506 UTC 26 September during the landfall of Hurricane Jeanne.  The blue X 

denotes the location of Hurricane Jeanne’s eye.   
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Fig. 16. Time series of 1-min mean wind measurements (m s
-1

) at 10 m from FCMP 

(black line) and surface (10 m) wind calculations for designated angles of 0 (blue line), 

10 (green line), 20 (red line), and 30 degrees (light blue line).  Wind measurements are at 

Tower 3 (Vero Beach, Fig. 13) for Hurricane Jeanne on 26 September 2004.  

 

Fig. 17. As in Fig. 16, except the FCMP winds are 10-min averages.  
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Figure 16 contains the standard 1-min output of the FCMP data and computed 

surface winds from each assumed beam vs. wind direction orientation (i.e., Fig. 2).  Since 

winds calculated by the algorithm are at ~ 5 min intervals due to the radar’s volume 

scanning, its wind field will be smoother than the 1-min averaged winds from FCMP.  

Therefore, a 10-min average of the FCMP winds provides a better comparison with the 

algorithm’s surface winds (Fig. 17).   

Figure 17 shows that the surface wind speed estimates initially exhibit large 

uncertainty, i.e., a large spread of speeds between the various angle configurations.  As 

discussed in previous chapters, the uncertainty at each gridpoint is dependent on the 

percentage of the total wind that is detected by the radial velocity.  The 60 degree 

boundary, chosen because it represents the ability of the radar to measure at least 50 

percent of the observed wind field assuming a gradient wind circulation, becomes more 

sensitive to errors as the angle increases between the radar beam and the assumed wind 

vector.  Once the gridpoint is farther away from the “void” region, this uncertainty 

diminishes, and the spread between the surface wind estimates decreases.  Thus, Fig. 17 

shows that the initial spread is approximately 8 m s
-1

, while one hour later the spread is 

reduced to only 1.5 m s
-1

. There is considerable agreement between the two products 

during the period when both are available (Fig. 17).  Nearly 75 percent of the time the 

wind measured by FCMP lies within the window of the calculated values, with only 9 

percent of FCMP data more than 3 m s
-1

 outside that window.    

The other tower locations during Jeanne either were positioned outside the 100 

km range of the algorithm or were located near the void region but still within the 100 km 

radius.  More case studies are needed to provide additional validation of the algorithm.  

Further collaboration between the FCMP group and Florida State University could 

provide additional beneficial verification data for future storms. 

3.4  Gust Factor 

 Wind gusts are responsible for a large portion of the damage that occurs during a 

landfalling hurricane.  Since gusts are essentially the variability of the observed wind, 

they are difficult to estimate.  Krayer and Marshall (1992) proposed a gust factor 
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equation (5) for hurricane winds based on the duration of the sampling period.  The 

equation was derived based on two profiles (Fig. 18) used by engineers in the United 

States (Curve B) and the United Kingdom (Curve A): 

G(t) =
1

N

U
t

U36001

N

"                     (5) 

where G(t) is defined as the gust factor, Ut is the maximum gust speed of duration t, and 

U3600 is the hourly mean wind speed.   

 

Fig. 18. Gust factors (G) based on hourly mean wind speed (z = 10 m).  Curve “A” (Cook 

1985) is a simplified version that is used for structural designs in the United Kingdom, 

while Curve “B” (Durst 1960) is used in the United States. After Krayer and Marshall 

(1992). 

 

 It is difficult to apply this equation to data from our total wind algorithm.  Radial 

velocities from the WSR-88D’s are calculated over the volume of the pulsed radar beam, 

but are assigned to a particular pixel.  Averaging over this pixel area naturally smoothes 

the wind field, eliminating much of its variability.  Therefore, to determine the 
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appropriate gust factor to use with the Level II Doppler data and the area-averaged winds, 

it was necessary to compare observed 3 s gust data with the estimated winds.   

 

Fig. 19.  Example of 3 s gust data from Tower 3 (Vero Beach) during the landfall of 

Hurricane Jeanne on26 September 2004.  Figure taken from 

http://fcmp.ce.ufl.edu/collected_data/storms/ Jeanne/towerdata/Jeanne-XP-T3-VRB-

Speed-mph-AZ.png. 

 

 The FCMP recorded 3 s gust data at its towers.  Unfortunately, these data were 

not available in digital form for validation purposes, but can be seen on the FCMP 

website http://fcmp.ce.ufl.at. edu/collected_data/storms/Jeanne/towerdata.htm.  An 

example of the 3 s gust data taken at Tower 3 is shown in Fig. 19.  Although the gust 

profile is highly variable, it tends to be 40 to 50 percent greater than the 15 min average 

winds.  This is comparable to the observations noted by both Krayer and Marshall (1992) 

and Vickery and Skerij (2005), where gust factors of ~ 1.69 were observed using 1-hour 

mean wind fields.  One should recall from Figs. 16 and 17 that both datasets only were 

available between 0614 and 0747 UTC.  However, during this period the observed gusts 

consistently reached ~ 42 m s
-1

 (~ 95 mph).  Thus, gusts are approximately 25 to 45 

percent greater than the algorithm’s estimated winds, which are reasonable considering 

that the winds produced by this research’s algorithm are 6 min averages.  This will 

smooth out most short time-scale variability needed to accurately estimate wind gusts.  It 
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is expected that the nature of a gust is not constant as shown by the FCMP data. Thus, 

more investigation is needed to retrieve gust information from the estimated winds 

produced from this research.  

 

3.5  Resolution of finer scale wind structures  

 Strong mesoscale wind features such as tornadoes are of great interest when 

estimating the intensity of winds in a landfalling hurricane.  Multiple publications have 

noted tornadic outbreaks during landfalling tropical cyclones (Baker et al. 2009; 

Hagemeyer 1997; McCaul Jr. 1996).  Due to their economic and sociologic impacts, it is 

important to investigate the capability of the algorithm to detect these storms.  One of the 

goals of this research was to consider the ability of the algorithm to either detect 

enhanced wind speeds at the location of a tornado report or produce stronger winds along 

the paths of discrete cells inside the rainbands. 

 The tornadic cells that are spawned in a hurricane’s environment typically have a 

much smaller horizontal and vertical scale compared to that of supercells in a mid-

latitude system (McCaul Jr 1996).  The small nature of these tornadic cells means that the 

width of the radar beam can be larger than the tornadoes embedded within the hurricane.  

Combined with the fact that only a small number of mesocyclones produce verified 

tornadoes, it is possible that the algorithm might not show any indication of a tornadic 

signal.  However, due to the strongly sheared lower troposphere, McCaul (1996) showed 

that tropical cyclone related tornadoes generally have the strongest vertical wind speeds 

at low levels, at approximately 750 hPa or 1.5 km.  Thus, even though the algorithm uses 

only the lowest radar scan at 0.5 degrees, it is possible that the algorithm can provide an 

indication of tornadic activity.   
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Fig. 20.  Locations of tornado reports (derived from National Climatic Data Center) from 

0800 UTC 15 September through 1400 UTC 16 September 2004 during the landfall of 

Hurricane Ivan.  After Baker et al. (2009). 

 

 Hurricane Ivan (2004) was chosen as the case study for this aspect of the research.  

Ivan made landfall on the U.S. mainland at Gulf Shores, Alabama as a Category 3 

hurricane with wind speeds of 53.64 m s
-1

 (120 mph).  As Ivan approached the Gulf 

Coast, multiple rainbands passed over Florida’s panhandle.  Thirty-one tornado reports 

were confirmed; their locations are given in Fig. 20 (Baker et al. 2009).  Reports inside 

the boxes were associated with storm cells that came onshore and propagated inland.  

Figure 21 (left) is a snapshot of radar reflectivity as one of the rainbands moved onshore.  

 There are several ways to investigate the capability of the algorithm to detect a 

wind perturbation associated with a tornado.  The basic algorithm assumes a symmetric 

wind field about the eye of the hurricane.  This assumption introduces a varying range of 

error depending on the flow pattern of the system.  Thus, greater error is associated with a 

mesoscale feature that disrupts the overall flow pattern.  If one is interested in just the 

small subset of winds related to the tornadic event, the algorithm can be centered over the 
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“eye” of the tornado, rather than the eye of the parent tropical cyclone, to determine the 

wind speeds surrounding that point.  However, one rarely sees the assumed symmetric 

pattern in the radial velocity field.  An example can be seen in Fig. 21 where a tornado is 

reported just off-shore of Bay County, FL and is denoted by the arrow.  There is a strong 

negative/positive couplet in the radial velocity field, although the shape of the wind field 

is irregular. 

 

 

Fig. 21. Reflectivity (dBZ, a) and radial velocity (m s
-1

, b) of a rainband associated with 

Hurricane Ivan at 2017 UTC 15 September 2004.  The yellow arrows mark the location 

where a tornado was reported. 

 

 Unfortunately, at the time this research was being performed the high resolution 

land use dataset for the panhandle of Florida was not available, so all investigations 

concerning Ivan will be focused at beam level height and will not be reduced to the 

surface.  Figure 22 shows the results of centering the algorithm at the location of the 

observed tornado.  Wind speeds between 18 - 33 m s
-1

 (40 – 74 mph) provide some 

indication of the mesoscale feature since wind speeds are almost three times greater than 

values only a few radar gates away.  The magnitude of the wind velocity alone may not 

be sufficiently reliable to diagnose the damage generated by a tornado.  The smaller than 
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expected values of wind velocity may be a result of the radar’s volume sampling and the 

WDSS-II processing algorithm that filters out the largest wind measurements within the 

radar bin.  Thus, the spectral width for each range bin might provide a better indication of 

a radar-sampled tornado.  Since the algorithm is not configured to use spectral width 

measurements, another option to determine whether specific locations experienced 

unusually strong wind speeds due to a mesoscale feature is to examine the wind speeds 

over a period of time, not just a single time.   

 

 

Fig. 22. Total wind field (m s
-1

) along the radar beam at the location of a reported tornado 

at 2017 UTC 15 September 2004 (shown in Fig. 21).  The “X” marks the location of the 

tornado. 
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Fig. 23. Track of individual cells based on radar reflectivities that came onshore during 

the landfall of Hurricane Ivan during the period 0800 UTC 15 September through 0800 

UTC 16 September 2004. 

 

 One of the motivating factors for this research was identifying potential areas of 

damage due to mesoscale events.  Figure 23 is a plot of the individual cells, based on 

radar reflectivities, which came ashore between 0800 UTC 15 September and 0800 UTC 

16 September 2004.  During this 24 h time period, the maximum wind speeds at each 

point were estimated using the algorithm and then plotted (Fig. 24).  The areas of 

maximum winds coincide well with the individual cell paths (black lines in Fig. 24).  For 

the purposes of showing damage potential to electrical infrastructure, we can see that the 

algorithm produces enhanced wind speeds along the cell paths.  Therefore, it is possible 

to use the algorithm to, at a minimum, determine ex post facto those areas that most 

likely were impacted by a mesoscale wind feature. 
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Fig. 24.  Plot of maximum wind speeds (m s
-1

) between 0800 UTC 15 September and 

0800 UTC 16 September 2004.  The black lines represent the individual paths of each 

cell shown in Fig. 23. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

 

 Radial velocities obtained from archived Level II Doppler radar data are used to 

estimate the surface wind speeds of landfalling tropical cyclones.  Before using the radial 

velocity data, both quality control and de-aliasing algorithms are applied to remove “non-

meteorological” contamination.  An algorithm is then developed to “correct” the radial 

velocities by assuming a purely cyclonic wind field around the eye of the tropical 

cyclone.  The two-dimensional wind field along the height of the radar beam can be 

estimated by considering the angle between the radar beam and the radial velocity at each 

grid point.  Areas where the radial velocity comprises less than 50 percent of the total 

wind are not considered. The winds then are reduced to the surface using similarity 

theory and a high resolution land-use dataset.  Once the initial wind field is calculated, 

the algorithm repeats the process after shifting the winds inward at 10 degree increments 

to a maximum of 30 degrees to consider the effects of surface friction.  This procedure 

produces a range of surface wind speeds at each gridpoint, thereby providing a measure 

of uncertainty. 

 Six landfalling tropical cyclones were investigated. Strongest wind speeds were 

observed offshore where the reduction factor over open water is not as great as over land.  

In general, surface wind speeds depend on the height of the radar beam and the roughness 

length associated with each gridpoint.  

 The combination of limited radar range and the small number of ASOS 

observations greatly impacts the ability to evaluate skill.  Large swaths of Florida are 

outside the useful range (100 km) of any radar’s velocity scans such that wind field 

estimates cannot be obtained. While verification of the algorithm was limited due to 

inconsistent and unavailable surface observations during tropical cyclone landfall as well 

as a limited number of storms to investigate, those observations that were available 

indicated that the algorithm produced encouraging results.  The majority of the errors 

produced by the wind estimates appear to be associated with the angle determination 
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between the radar beam and the assumed wind flow vector.  A research project led by the 

Florida Coastal Monitoring Program supplied limited data from portable towers that 

observed near-surface high resolution wind velocities during Hurricane Jeanne (2004).   

The calculated surface winds show reasonable agreement with the tower data.  The 

limited amount of data that are available reduces the ability to determine the algorithm’s 

skill, and more investigation will be needed to obtain this information.   

Wind gusts are difficult to estimate since they are a brief increase in wind speed 

and also a function of the variability of the observed wind.  High resolution gust data 

from the Florida Coastal Monitoring Program were examined to determine if a uniform 

gust factor could be applied to produce realistic surface wind gusts from the calculated 

winds. The limited amount of data that were available showed that the variability in the 

wind gusts is not constant. Results suggested that the wind estimate algorithm currently 

cannot account for wind gusts and that more investigation is needed.        

 The algorithm was applied to mesoscale features in rainbands that may cause 

stronger than expected wind speeds.  Results were shown by centering the location of the 

circulation not at the tropical cyclone’s eye, but rather the location of the embedded 

tornado.   While wind speeds were stronger in the region of the tornado than in its 

surroundings, one should not consider the magnitude of the winds to be truth, but rather 

an indication that stronger mesoscale features are present.  These stronger winds were 

shown to correspond with the paths of the individual cells that came ashore inside 

Hurricane Ivan’s rainbands. 

Further development of the wind algorithm should include the utilization of 

multiple elevation scans, not just the lowest scan.  Level II Doppler radar data provide 

these scans.  It is possible that knowing the two-dimensional wind field at several levels 

can provide better estimates of the surface reduction process.  However, tests will needed 

to determine whether the location is positioned above the planetary boundary layer.  

Updated land-use data will be needed for future storms.  Presently, tropical cyclone 

impacts on the Florida panhandle have not been considered since land-use data are not 

available.  Obtaining these data will greatly increase the number of case studies that can 

be examined.  Also, the reduction factor is a function of roughness length.  An 

investigation into the impact of using a duration-limited fetch may be warranted.     
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Other avenues of future exploration include incorporating more observational data 

into the verification process.  For example, the Kennedy Space Center has a network of 

towers near Melbourne that supply wind measurements at various heights. Although 

these data were not applicable to the cases studied here, they could prove useful for future 

tropical cyclones.  Damage reports from local utilities can be used to determine the 

locations where severe wind damage occurred.    
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