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ABSTRACT 

 

The understanding of the overall hurricane wind structure has constantly 

progressed over the years. However, predicting and modeling irregularities in the surface 

wind field that are believed to be responsible for some of the observed discrepancies 

between the mean surface wind of tropical cyclones and resulting damage patterns remain 

a scientific challenge. Hurricane boundary layer (HBL) smaller-scale features are thought 

to be one of the causes of these surface wind irregularities but, because of a significant 

lack of high resolution observations of these phenomena, little is known about their 

structure and relationship with the underlying surface wind field.  

In order to answer these questions, the Texas Tech University Hurricane Intercept 

Team designed and conducted two field experiments focusing exclusively on 

documenting the smaller scales of motion in the HBL wind. High-resolution Shared 

Mobile Atmospheric Research and Teaching (SMART) radars and instrumented 10-m 

towers were deployed during the landfalls of Hurricanes Isabel (2003) and Frances 

(2004) resulting in the collection of an unprecedented data set. 

The data were processed to investigate HBL small-scale features. The radar data 

were used to study the physical characteristics and three-dimensional structure of the 

small-scale features. A unique in-depth wavelength analysis was conducted and various 

scales of motion of the HBL were examined. A spectral analysis of accompanying tower 

data was produced to establish the correlation between the signature of the small-scale 

features and the underlying near-surface wind field. Comparisons to previous research 

studies were made to highlight similarities and differences.  
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CHAPTER I 

INTRODUCTION 

 

Hurricanes are among the most destructive meteorological events that affect 

society. Proper forecasting of hurricane track and intensity is critical to minimizing the 

effects of a hurricane. However, an accurate forecast can only be performed if the 

structure, kinematics and thermodynamics of the tropical cyclone are reasonably 

understood and can be modeled. Over the years, numerous studies and experiments have 

been conducted, and tremendous scientific and technological advances have resulted. 

However, many questions still remain. 

Recently, hurricane kinematic structure has been well documented thanks to 

technological progress (e.g., airborne Doppler radar, dropsondes). Unfortunately, a large 

amount of this information was collected over open oceans and therefore does not 

completely correspond to the wind structure over land, which directly affects society. 

Ground-based instruments thus became indispensable to acquire data at landfall.  

Instrumented towers and ground-based Doppler radars have been the primary instruments 

used to gather data from landfalling tropical storms. However, little is known about the 

winds over land due to instrument failure, lack of high-resolution data, and the 

complexity of the hurricane boundary layer (HBL) at landfall. 

Understanding the HBL is fundamental. Improved understanding would allow for 

the amelioration of the boundary layer parameterization in numerical weather prediction 

models and therefore improve boundary layer wind forecasting. Moreover, it has been 

reported that damage surveys conducted after hurricane landfalls revealed discrepancies 

between the overall mean wind of the tropical cyclones and the resulting damage patterns 

(Wakimoto and Black, 1994; Fujita, 1992). Hence, a more complete knowledge of the 

HBL spectrum of winds and causes would be beneficial for the improvement of building 

codes. Part of the discrepancies between surface wind field and damage patterns 

described in the past studies was attributed to smaller-scale features whose physical 

properties are not well understood or documented. Several smaller-scale features have  
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been identified in the HBL through observations (Wurman and Winslow, 1998; Morrison 

et al., 2005) and/or simulation (Drobinski and Foster, 2003; Nolan, 2005; Yau et al., 

2004), and are believed to be responsible for changes in the surface wind structure as well 

as transport of vertical moisture and heat fluxes. These smaller-scale features have been 

characterized as small-spiral bands, horizontal boundary layer rolls, wind streaks or 

instabilities. 

Doppler radial velocities of HBL have exhibited small-scale instabilities that are 

superimposed on the average wind field. The focus of the present study is to analyze 

these instabilities that will be referred to as HBL small-scale features throughout this 

document, and to attempt to characterize and identify them. In past studies, these features 

were identified as HBL rolls (Wurman and Winslow, 1998; Morrison et al., 2005). 

Boundary layer rolls, also called horizontal convective rolls, generally span the depth of 

the boundary layer (Drobinski and Foster, 2003) and are believed to be responsible for 

change in the surface wind due to transport of high momentum from above to the surface 

that could be the causes of the discrepancies in the damage patterns mentioned earlier 

(Wurman and Winslow, 1998). The rolls are also suspected to be accountable for 

additional moisture and heat flux (Glendening, 1996) that could have an effect on 

hurricane intensity before and after making landfall.  

The HBL rolls, however, are not the only features of the HBL, and therefore the 

small-scale features identified via a Doppler radial velocity field could represent another 

type of phenomenon. Other studies have mentioned the existence of wind streaks in the 

HBL (Nolan, 2005). The streaks are believed to have a more transient life cycle than the 

HBL rolls but may also be the cause of irregularities in the surface wind field. They are 

generally thought to be located in the surface layer or the lower planetary boundary layer 

(Young et al., 2002), and can be identified in low-level radar data. 

Thus, this research is an attempt to document the HBL small-scale features by 

gathering high spatial and temporal resolution data of the boundary layer of hurricanes at 

landfall, in order to:  
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• Thoroughly document the vertical and horizontal structure of the small-scale 

features; 

• Establish the correlation between the small-scale signature and the underlying 

near-surface wind field; 

• Determine the wavelength distribution of the features in order to be able to 

categorize them; 

• Identify their motion; 

• Determine the three-dimensional circulation, which could enable their 

identification. 

 

 To answer all these questions, data were acquired during the landfalls of 

Hurricane Isabel (2003) and Hurricane Frances (2004). Hurricane Isabel made landfall as 

a Category One hurricane on the North Carolina coast while Hurricane Frances ravaged 

the east coast of Florida as a Category Two. The data sets from these two storms will be 

exclusively used in this study.  High-resolution data were collected using several 

instrumented towers and two mobile radars, the Shared Mobile Atmospheric Research 

and Teaching (SMART) Radars. The experiments were primarily designed to document 

the HBL and the small-scale features embedded within its flow. The main experimental 

goal of the deployment was to perform a dual-Doppler radar data acquisition, but 

unfortunately such a setting was not possible due to unsuitable experimental sites limiting 

the resulting resolution. However, even though only single-Doppler analysis was 

available, the data were sufficient enough to resolve the scale of motion of the features 

under investigation. 

The different steps taken to conduct this study will be described throughout this 

document. Chapter II gives a scientific background relative to the HBL and the relevant 

small-scale features. Chapter III outlines the experiments that took place to provide data 

for this research. Chapter IV offers a complete description of the radar processing 

employed to analyze the data. Chapters V, VI and VII present the results of the analysis 

while Chapter VIII provides conclusions and recommendations.   
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Small-Scale Features of the Atmospheric Boundary Layer 

Understanding the behavior of the HBL and the small-scales features embedded 

within it is crucial to properly forecast surface wind and better parameterize the HBL in 

numerical models. Although HBLs are different from non-hurricane BLs, information on 

the general atmospheric BL can be helpful. Like HBLs, there are a variety of small-scale 

features that can occur in the general BL and a better knowledge of their characteristics 

can shed light on those contained in the HBL.  

Young et al. (2002) wrote a review on BL features such as horizontal rolls, 

streaks, waves, etc. with the intention of helping distinguish the different BL features and 

the mechanisms generating them. In their review, the authors listed several mechanisms 

responsible for the generation of small-scale features in the BL. Low-wind speed updraft 

and high-speed downdraft streaks can be generated by shear-driven surface layer 

turbulence. Similar structures can also be generated by buoyancy-driven turbulence in the 

sheared surface layer. Other features such as gravity waves are attributed to the combined 

actions of the forces within and above the mixed layer. All the features generated by 

these mechanisms are characterized as quasi-two dimensional structures. In their study 

the authors explain that because BL contains a number of different features that can be 

generated by different processes, it is important to be able to make a distinction between 

them. They emphasize different mechanisms for roll formation (aspect ratios), which 

could be due to surface buoyancy flux, latent heat release, cloud radiative effects, 

roughness-induced shear and baroclinically induced shear. The fact that the different 

types of rolls can be produced by diverse mechanisms could be one of the reasons why 

they have been so widely studied. 

One of the most studied features of the BL is horizontal rolls and streaks. Both 

streaks and rolls are very important features of the BL and, although they have been 

extensively studied, there is still a lot to learn about them. Streaks are dominantly quasi-
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two-dimensional structures located in the near-surface layer of sheared BLs and can be 

confused with horizontal rolls (Drobinski and Foster, 2003).  Streaks have mainly been 

studied through numerical models and are difficult to observe due to their relatively small 

wavelength of hundreds of meters (Drobinski and Foster, 2003). They are described as 

elongated features (Figure 2.1), organized as areas of alternating high- and low-speed 

fluid (Drobinski and Foster, 2003). The stronger the shear, the more elongated they can 

be (Khanna and Brasseur, 1998). They usually exist in the surface layer but can extend 

into the mixed layer (Moeng and Sullivan, 1994). They are believed to have short life 

cycles (~20 minutes) and regenerate quickly. In a large eddy simulation (LES) study 

Drobinski and Foster (2003) simulated a neutrally stratified dry atmosphere of the mid-

latitudes with a shear-dominated flow and obtained streaks with 380 m wavelength 

oriented at 20° from the geostrophic wind and aligned with the surface wind. 

 

 
 

Figure 2.1: Streaks present in surface layer above Lake Michigan (Young et al., 2002). 
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Although it is important to know these characteristics it is also crucial to 

understand their evolution and their impact on the upper BL. Another in depth LES study 

involving a three-dimensional visualization of the BL structures provided very 

informative results about streaks and also rolls. Khanna and Brasseur (1998) conducted a 

LES study to describe various features of the BL under different conditions. In their 

study, the authors tested three different stability states of the BL. The stability parameter 

(-zi/L), where zi represents the height of the convective BL and L is the Obukhov length 

that represents the height at which buoyant forces dominates mechanical forces, was used 

to set the atmospheric stability. The three states chosen was a purely convective BL (-zi/L 

= 730), near-neutral BL (-zi/L = 0.44) and moderately convective BL (-zi/L= 3 and 8). As 

expected, in the purely convective boundary layer, updrafts were produced and large-

scale turbulent cellular patterns were generated. Figure 2.2 displays contours of vertical 

velocity fluctuations on horizontal plans at different heights and illustrates how small-

scale thermal plumes near the ground, grew into large cellular structures throughout the 

BL. The horizontal flow consisted essentially of updrafts and downdrafts turned to the 

horizontal direction at the capping inversion and near the ground. 
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Figure 2.2:  Vertical velocity fluctuations contours for various heights for the purely 
convective case (-zi/L=730) (Khanna and Brasseur, 1998). 
 

Results for the near-neutral boundary layer case exhibited elongated 

concentrations of high- and low-speed fluctuations streamwise velocity throughout the 

BL, particularly near the ground. They noticed that the low-speed streaks were more 

elongated and diminished in intensity with height (Figure 2.3). Figure 2.4 represents the 

streamwise velocity fluctuation contours for vertical plans oriented along and 

perpendicular to the flow and shows the vertical coherency of one of the streaks 

throughout the BL (Figure 2.4 bottom), which contrasts with the fact that streaks were 

thought to stay confined to the surface layer.  
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Figure 2.3: Streamwise velocity fluctuations (u) contours for various heights for the 
neutral case (-zi/L=0.44) (Khanna and Brasseur, 1998). 
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Figure 2.4: Streamwise velocity fluctuations (u) for a vertical plan normal to the 
streamwise direction (Top) and along the streamwise direction (Bottom) for the neutral 
case (-zi/L=0.44) (Khanna and Brasseur, 1998). 
 

The authors also show that the streak spacing increases with height, but suggests 

that this is due to the fact that only a few streaks were coherent up to the upper BL and 

there exist two scales of motion in the near-neutral case, one scale of motion that remains 

near the ground and another subset of streamwise turbulence, with a strong vertical 

coherency. Analysis of the vertical velocity shows a strong spatial correlation between 

updraft (w>0) and negative streamwise velocity (u<0) in the outer neutral BL.  

In the case of the moderately convective BL, two cases were analyzed, -zi/L = 3 

and 8. In both cases rolls were observed. They appeared as very fine structures aligned 

with the mean wind, and had a spacing of 2zi, which suggests an aspect ratio of 2. Figure 

2.5 represents cross-stream and streamwise cross-sections of vertical velocity 



 10

fluctuations. The top figure exhibits strong narrow buoyancy induced updrafts (red) next 

to wider and less intense downdrafts (blue).  

 

 
 

Figure 2.5: Streamwise velocity fluctuations (u) for a vertical plane normal to the 
streamwise direction (Top) and along the streamwise direction (Bottom) for the 
moderately convective case (-zi/L = 8) (Khanna and Brasseur, 1998). 
 

Examination of Figure 2.5 shows coherency of the updrafts. The authors suggest 

that the formation of the rolls is a consequence of low-speed streaks near the ground. 

Their theory is that in a moderately convective atmospheric BL vertical temperature flux 

along with strong mean shear near the ground would result in high positive temperature 

fluctuations, which would concentrate in shear-induced low-speed streaks. The warm 

fluid in the streaks would then increase buoyancy forces, provoking an upward motion of 

the fluid. If the buoyant forces are strong enough, plumes will form in the streaks, merge 

with others and create coherent “sheetlike” updrafts. Upon reaching the capping 
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inversion, the fluid will be forced to turn and form the downward legs of the rolls. This 

phenomenon is not possible for low –zi/L where buoyancy forces are not strong enough 

to produce the large streamwise vertical motions and, when –zi/L is too strong, the shear 

is too weak to organize the low-speed streaks, and therefore there is no concentration of 

temperature in elongated streamwise structures. They also argue that the downward legs 

of the rolls could reduce or destroy the coherence of the near-ground streaks. This study 

is very informative as it suggests that the rolls and streaks can coexist and interact, and 

therefore it is important to discriminate the two structures to understand BL flow. 

It is also important to individually study rolls. To be able to discriminate the BL 

structures it is necessary to increase our understanding of each of the considered features. 

Moreover, it is important to conduct observational studies to provide validation for the 

numerous simulations. As mentioned previously, BL rolls are among the most widely 

studied BL structures. One of the reasons for such a great interest is that the horizontal 

BL rolls can have a real impact on the BL structure and behavior. They are believed to 

transport moisture and momentum throughout the BL (Etling and Brown, 1993) and 

could even trigger thunderstorms (Weckwerth, 2000). The most common definition is 

that horizontal rolls or roll vortices are counter-rotating vortices that usually occur in the 

convective BL (Huschke, 1959).  The most common way of visualizing the BL rolls in 

the mid-latitude regions is generally via cloud streets that are created on the updraft legs 

of the roll circulation. The early studies of the rolls were essentially based on theoretical 

knowledge such as inflection point instability (Lilly, 1966) or parallel instability. The 

first visual observations were generally based on cloud streets observations obtained from 

satellite images. The importance of the rolls in the PBL led to increased studies, which 

included experimental projects. Instruments such as lidar, radar, instrumented towers, 

surface stations, etc. were used. Often the experiments took place during cold air 

outbreaks, lake effect snowstorms and clear air conditions.  

Lemone (1973) conducted a field project that involved a tower array (including a 

444 m tower) and an aircraft. The goal was to determine the structure and dynamics of 

the roll circulation, temperature fields, phase speed, orientation and stability of the BL. 
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The data were collected during cold air outbreaks and pre-frontal situations in Oklahoma. 

Winds greater than 17.3 mph at an altitude greater than 45 m and the presence of cloud 

streets were required for data collection. Phase speeds were calculated but could have 

been biased by the fact that rolls may drift at various phase velocities at a point and 

therefore point measurements are not always appropriate (Etling and Brown, 1993). Few 

data were collected in the upper BL and only eight sets of rolls were examined. Table 2.1 

describes the atmospheric conditions when rolls were present.  Rolls occurred in 

moderately strong winds in slightly unstable conditions. The ratio zi/L was between 3 and 

10 for all examined cases, which is consistent with the results published in Khanna and 

Brasseur (1998) for roll occurrence.  

 

Table 2.1: Atmospheric conditions when rolls were present (Lemone, 1973).  

Date 
Vg (sfc) 
(deg/m 
sec-1) 

Vg(zi) 
(deg/m 
sec-1) 

Zi (km) |L| Zi/L Re Rib 

15 June 
1970 

(OKC) 
220/15 220/15 0.8±0.1 200 4 2100 -0.01 

28 June 
AM 1970 

(OKC) 
220/12 230/9 1.2±0.2 130 9 825 -0.03 

28 June 
PM 1970 
(OKC) 

220/14 225/10 2.2±0.1 300 7 500 -0.03 

29 June 
1970 

(OKC) 
220/15 205/14 1.8±0.1 530 3 1570 -0.01 

1 October 
1970 

(Haswell) 
M M 1.0 100 10 

Values 
below 
assume 
δ=0.196zi 

 

5 
November 
1970 (L. 

Michigan) 

350/16 340/16 1.0 240 4 1630  

16 
November 
1970 (L. 

Michigan) 

290/10 290/8 0.7 100 7 1170  

11 May 
1969 

(BOMEX) 
  0.6 60 10   
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Table 2.2 describes the roll characteristics. The wavelengths ranged from 1.5 km 

to 6.5 km with orientations from 10 to 20° to the left of the wind at the inversion base 

with one occurrence at -5°. The aspect ratios were found between 2.2 and 6.5. The 

estimated Reynolds numbers, which represent a parameter that distinguishes roll 

formation due to inflection point instability versus parallel instability, were compared. 

The results implied that dynamical (inflectional) instability was the reason for roll 

occurrences. The study presented results in agreement with previous research, however, 

the small number of rolls (8) examined made it difficult to generalize the results.  

 

Table 2.2: Roll characteristics (Lemone, 1973). 

Date 

Mean 
horizontal 

wavelength 
λy** (km) 

Mean 
convective 
layer depth 

zi (km) 

λy/ zi 
ε* 

(±10°) cτ** τ  
(min) 

15 June 
1970 (OKC) 1.8±0.5 (1.8) 0.8±0.1 2.3 15 1.0±0.3 30 

28 June AM 
1970 (OKC) 3.7±0.7 (1.5) 1.0±0.2 3.7 16 -1.0±0.1  

(-0.5±0.1) 48 

28 June PM 
1970 (OKC) 7.2±2 (3.6) 2.2±0.1 3.2 -5 3.2±0.5  

(1.6±0.5) 38 

29 June 
1970 (OKC) 4.9±2 (4.7) 1.8±0.1 2.7 10 -2±1 46 

1 October 
1970 

(Haswell) 
2.1 1±0.1 2.1 ?   

5 November 
1970 (L. 

Michigan) 
6.5 1±0.1 6.5 15   

16 
November 
1970 (L. 

Michigan) 

2.0 0.7±0.1 3.3 19   

11 May 
1969 

(BOMEX) 
1.3 0.6±0.1 2.2    

* Degrees to the left of geostrophic wind. On 15 and 29 June wind at inversion level was used 
instead. 
** Values in parentheses are estimates before corrections to force agreement betweenamplitudes 
of kinematic wr from (3.3) and measured wr. 
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Because of the limited vertical extent of instrumented towers and also limited 

horizontal coverage, field experiments with instruments that cover larger areas were 

conducted. An early dual-Doppler experiment (Reinking et al., 1981) provided 

encouraging results on how effective a dual-Doppler set up was at retrieving the three-

dimensional circulation of the horizontal rolls. The experiment took place on a clear 

spring afternoon in Oklahoma. Two radars and a gust probe system were employed in the 

study. Atmospheric conditions exhibited surface heating and moderately strong advection 

with considerable speed shear in the lowest 500 m. Figure 2.6 shows a vertical cross-

section showing the cross-roll circulation (v’) and the vertical circulation (w’) of the rolls 

and displays a very striking counter-rotating circulation of the vortices. The results 

proved how effective dual-Doppler analysis could be at resolving BL rolls.  

 

 
 
Figure 2.6: Vertical cross-section displaying the cross-flow and the vertical flow of the 
roll circulation (Reinking et al., 1981). 
 

They found rolls aligned about 10-20° to the right of the mean BL wind direction 

with a wavelength of the ~ 4 km, varying from 2-6 km and mean aspect ratio of 2.7. 

These results agreed very well with Lemone (1973). Spectral analysis of the radar data 

was performed and although it showed peaks at the roll wavelength, the peaks had 

amplitude considerably less than those obtained from the probe analysis (Figure 2.7). The 

authors proposed that the difference in the spectra was due to the fact that the radar 
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spectrum was generated from a grid average of 16 one-dimensional spectra taken along 

parallel lines in the y-direction. 

 

 
 

Figure 2.7: Spectrum of the cross-roll velocity (v’) from radar (solid line) and the gust 
probe (dashed line). The radar spectrum was obtained by averaging 16 one-dimensional 
spectra (Reinking et al., 1981). 
 

A series of papers on BL rolls by Weckwerth et al. (1997, 1999 and 2000) 

furthered the understanding of the BL rolls and their generation mechanisms by using 

comprehensive data sets. The first paper (Weckwerth et al., 1997) combined data from 

the convection and precipitation/electrification (CAPE) project and numerical data to 

investigate the rolls. The experiment included a great number of instruments that 

provided valuable information. The data were acquired with CP3 and CP4 radars (5 cm 

radars), soundings, portable automated mesonets (PAM), cloud photos, GOES-7 visible 

satellite imagery and research aircrafts. The radar temporal resolution was 3-5 minutes, 
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with a gate spacing of 150 m. The acquired data were more comprehensive than most 

previous observational studies, which provided more representative results. 45 cases were 

analyzed, including 13 roll cases, allowing comparison of roll and non-roll cases. Cases 

with incomplete data sets or cases that occurred during BL deep convection events were 

eliminated. The experiment showed that rolls existed when cloud streets were not present 

in the area. An objective method to define rolls was created based on horizontal aspect 

ratio values. Velocity azimuth display (VAD) analysis of the radar was used to retrieve 

the BL horizontal winds and vertical shear. The BL depth was estimated from sounding 

and reflectivity profiles, although the second method tends to lack accuracy. The data 

analysis was coupled with a three-dimensional cloud model that was initialized with 

CAPE observations, to test the generality of the results. Both observations and 

simulations suggested that rolls occurred in a specific range of sensible heat flux. 

Observations of five cases suggested that they occurred in a limited range of sensible heat 

flux, while the cloud model, run for a large sensible heat flux range, suggested that a 

maximum value for roll existence was necessary. The sensible heat flux values were 

related to the stability parameter. Runs with a sensible heat flux of 25 Wm-2 (-zi/L=5.6) 

closely mimicked the observations and revealed well-defined rolls, which is consistent 

with previous findings (Lemone, 1973). However, for a sensible heat flux of 200 Wm-2           

(-zi/L=56.7) rolls were also well defined, which seems to disagree with previous results 

(Etling and Brown, 1993). However, Deardoff (1972) noted that rolls could persist for     

-zi/L greater than 10 and more, if –zi/L is increasing with time. This might have happened 

in Weckwerth’s simulation, since the value –zi/L=56.7 occurred in afternoon conditions. 

For extreme values such as –zi/L =129.4 (sensible heat flux of 400 Wm-2) less organized 

convective features were obtained. Observations revealed that a minimal wind of 5.5 ms-1 

throughout the convective BL was required for roll occurrence, which was corroborated 

by the model. It did not seem that directional shear was necessary for roll formation. As 

for speed, the observations showed that rolls existed within low convective BL shear 

conditions greater than 2×10-3 s-1. However, the author suggested that the low-level shear 

was more important than the shear across the convective BL for roll existence, although 
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neither the observations nor the numerical simulation output provided results to 

corroborate this assertion. Wavelength values ranged from ~0.7 km to ~6 km, and were 

found to be proportional to the convective BL depth with smaller wavelengths associated 

with shallower mixed layers (Figure 2.8). Larger aspect ratios were related to more 

convectively unstable convective BLs. The orientation was determined to be aligned with 

the mean convective BL wind, the low-level wind and convective BL wind shear, which 

was due to the fact that the examined cases occurred in an environment with little 

directional shear with height. This led to inconclusive results for roll orientation.  

 

 
 

Figure 2.8: Roll wavelength versus BL depth. Linear relationships from this study (dotted 
line) and a previous study (Kuettner, 1971) (dashed line) were also added (Weckwerth et 
al., 1997). 

 

Following this study, Weckwerth et al. (1999) conducted another observational 

study based on data acquired in Florida, Illinois and Kansas, for the entire life cycle of 

rolls, including pre-roll conditions. Clear air conditions prevailed during the data 

acquisition. A comprehensive data set was analyzed to provide another valuable roll 
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analysis. The instrumentation used in this study was similar to the previous ones; 

however the observational network was augmented with a flux sensor, a boundary layer 

profiler and a radio acoustic sounding. Additionally, Doppler on Wheels (DOW) radar 

data were used but unfortunately technical problems did not allow an extensive analysis 

of that data. The other radar had the same temporal and spatial resolution as the previous 

study (Weckwerth et al., 1997). The profiler was used to estimate the convective BL 

depth. For all cases of the three locations, the initial form of organized convective 

features resolved by the radar was two-dimensional rolls. Conditions for roll formation 

were investigated and unlike the previous study, the magnitude of the mean convective 

BL wind speed did not seem to play a role in formation, which suggests that the 

minimum wind threshold for roll occurrence, if it existed, was very small (less than 1   

ms-1 at 10 m AGL or ~ 2 ms-1 for the mean convective BL speed). Likewise, it did not 

appear that the convective BL shear had an effect on roll formation as suggested by 

Weckwerth et al. (1997). The stability parameter did not explain the formation of the 

rolls, and it appeared that in this case study, buoyancy seemed to best influence the roll 

formation when a critical buoyancy flux was reached. However, it appeared that the –zi/L 

parameter did explain the existence of the rolls. They also observed that the rolls would 

break apart when the BL became more convectively unstable. When –zi/L increased past 

~25, the linear two-dimensional organization decreased. However, in some cases, rolls 

broke apart even when –zi/L remained low, which could be not be explained. They also 

suggested that the only role played by the wind was in dictating the roll orientation. They 

found that the rolls were closely oriented with the mean wind direction of the convective 

BL and also the low-level wind. No relationship was found between the orientation and 

the mean convective BL shear. They suggested that roll direction was defined mostly by 

mean convective BL wind direction. Table 2.3 summarizes the orientation results for six 

cases.  
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Table 2.3: Roll orientation and BL wind direction and shear information (Weckwerth et 
al., 1999). 

 
 

Thus, BL features are very challenging to study. Numerous BL studies are based 

on numerical model simulations, essentially due to the fact that the features and more 

specifically rolls and streaks are not easy to sample.  The different processes and 

conditions that lead to their formation have been largely investigated but the complexity 

of the different phenomena has not yet allowed definitive conclusions about the subject. 

Complicating factors are added when several features can interact or influence the 

formation of others as mentioned by Khanna and Brasseur (1998). Moreover, although 

the various observational studies provided valuable information about rolls, they also 

showed that results found in one study could disagree with subsequent others 

(Weckwerth et al., 1997, 1999), illustrating the large range of possibilities to obtain and 

sustain rolls. Although all the studies mentioned are related to a mid-latitudes BLs, the 

information gathered here will be very useful to better understand the HBL features, the 

purpose of the current study.    

 

2.2 HBL and its Small-Scale Features 

 The numerical and observational studies described in the previous section were 

focused on clear air and relatively calm wind conditions. Few of them considered BL 

features found in strong wind events such as tropical cyclones. One of the main reasons 

for lack of studies is probably due to the difficulty of modeling the HBL and collecting 

data in such extreme events. The need to better understand the embedded smaller-scale 

features of the HBL was highlighted when it was found that some of these features could 

be responsible for irregularities in the damage swaths, which could not be attributed to 

the tropical cyclone primary circulation (Wakimoto and Black, 1994). They noticed 
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gradients of destruction over short distances that could not be attributed to the variations 

in the near-surface wind of Hurricane Andrew. They found areas moderately damaged 

while a few kilometers away they encountered areas severely damaged. Several smaller-

scale features are believed to exist in the HBL and could have potentially influenced the 

near surface wind field. The irregularities in the damage path that could be caused by 

small phenomena were investigated by Wakimoto and Black, while completing a damage 

survey of Hurricane Andrew. Willoughby and Black (1996) presented a study in which 

they suggested three possible causes for the surface wind variations found in Hurricane 

Andrew.  The surface wind could have increased due to precipitation-induced downdrafts 

introducing high momentum air into the frictional BL; this air would consequently 

accelerate along the ground. A second explanation was that the convective cell 

circulation seems to have caused wind speed surges. However, the most unusual 

explanation was that convective cells located where the eyewall intersected with the coast 

rapidly grew, leading to the formation of strong updrafts and consequently increased the 

vorticity and causing stretching of the vertical vorticity and vertical tilting of the 

horizontal vorticity, resulting in the formation of a mesovortex. This mesovortex could 

have increased the near-surface wind speed.  

Other HBL features are believed to be responsible for transport of higher 

momentum to the surface resulting in higher surface wind speed (Wurman and Winslow, 

1998, Gall et al. 1998, Morrison et al., 2005), but it is quite challenging to document 

these increases in speed as well as the features responsible for them. Measuring surface 

winds from hurricanes is very difficult. Surface winds before landfall can be measured 

from aircraft but safety measures do not allow aircraft to fly in the surface layer (Powell 

and Black, 1989), so the surface winds are obtained through adjustment methods, and 

very few direct measurements are possible over water. Although the adjustment methods 

are reliable, smaller-scale features of the BL can cause wind speeds not predicted by the 

adjustment method, resulting in an underestimation of the surface wind. Over land, 

surface wind measurements are also difficult to assess as aircraft cannot fly for security 

purposes, and often the routine operational instrumentation (ASOS, AWOS) often fails. 
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A complicating aspect of the surface wind measurement over land is that different 

sources of the data can make data comparison complicated (Powell et al., 1996). They 

described a method to standardize and adjust measurement of the surface wind for 

Hurricane Andrew and found the method provided reasonable results for the 10-minute 

mean wind in the surface layer. However, the method did not take into account 

parameters such as how mesoscale phenomena could impact the surface wind flow. One 

way of assessing the influence of the HBL features on the near-surface wind flow is to 

analyze the surface wind speed in the frequency domain and assess the scales of motion 

present in the hurricane spectra. A spectral analysis of radar reflectivity and wind speed 

for Hurricane Bob (1991) data (Powell et al., 1992) (Figure 2.9) shows the presence of a 

convective peak, representative of the contribution of convective scales of motion to the 

wind flow during the passage of rainbands. 
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Figure 2.9: Reflectivity (Top) and wind speed (Bottom) spectra of Hurricane Bob (1991) 
(Powell et al., 1992). 
 

 In their study, Powell et al. (1996) reviewed spectral analyses of past hurricanes 

and found that turbulent and convective meso-gamma (10-100 h-1, 0.5-6 min) scales were 

the principal contributors to the wind variations. The excess energy in the low frequency 

was also noted for lower speeds in Hurricane Bob, with spectra displaying high energies 

in the meso-gamma and meso-beta (0.5-10 h-1, 6-30 min) range, which could be due to 

rainbands or BL rolls. Similar results were found for Hurricane Bonnie (1998) (Schroeder 

and Smith, 2003). In this study, the authors generated power spectrum density (PSD) 

estimates of wind speed for a two-hour period near the peak intensity of the storm and 

found a high energy area in the low frequency range, characteristics of the meso-gamma 

scales of motion mentioned by Powell et al. (1996). Figure 2.10 represents the PSD 



 23

obtained from the two-hour period in Hurricane Bonnie. The PSD was plotted with a 

reduced frequency to allow comparison with universal spectra models. The universal 

spectra are spectra obtained in high wind conditions for different types of terrain for a 

neutral BL (Geurts, 1997). The high energy area in the low-frequency range (< 0.01) of 

Hurricane Bonnie’s PSD does not match any energy present in the universal spectra. This 

result suggests that this energy is due to the “storm environment.” Moreover, the authors 

also suggested that the excess energy could be due to trends and non-stationarities in the 

record. 

 

 
 

Figure 2.10: Comparison of observed PSD from Hurricane Bonnie and universal PSDs 
(Schroeder and Smith, 2003). 
 

Because those studies essentially aimed at collecting surface wind field data, they 

did not focus on the phenomena that could be responsible for the low-frequency energy 

of the spectra. Understanding these features, their physical structure, their mechanism of 

generation and their impact in the HBL is of extreme importance as it would help shed 

light on the HBL and the surface wind field and its irregularities. 
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 Recently scientists started to investigate the HBL smaller-scale features using 

numerical models. Nolan (2005) analyzed small-scale instabilities that scaled to the BL in 

an environment defined as a hurricane-like BL. The study considered a non-linear model 

and a linearized stability model, with axisymmetry in both cases. The first model 

simulated a vortex that resembles a hurricane with a radial and vertical extent of 80 km 

and 10 km, respectively. The wind field was chosen to be constant with height. During 

the simulation waves were created and were apparent in the radial and azimuthal velocity 

fields. They had radial wavelengths between 2.8 and 3.8 km, which decreased with 

decreasing radial wind speed. It is interesting to note that the phase speed was increasing 

with decreasing radial wind speed, which the author thought to be due to an even slower 

radial wind speed in the outflow aloft. The linearized stability model run exhibited 

overall results similar to the non-linear model. Although the author identified these 

features as roll instabilities, it appears that these features resemble fine-scale spirals of the 

BL that were documented by Gall et al. (1999). The two types of features were compared 

in Nolan (2005), and the results were in general agreement.  

Another numerical modeling study (Foster, 2005) investigated HBL features, but 

in this case the HBL rolls were the focus of the study. The results presented in the study 

are of great interest as they provide very detailed information about HBL rolls 

characteristics, such as horizontal and vertical circulation, wavelength, orientation and 

aspect ratio. A detailed discussion of the stability issues is also provided that explains the 

reason why roll formation are expected in HBLs. The results are also compared with two 

observational studies (Wurman and Winslow, 1998 and Morrison et al., 2005). Foster 

(2005) conducted this study to investigate the idea that the rolls could be predominant 

features of the HBL over the ocean. First a linear stability analysis was completed. The 

model simulated a hurricane with a radius of maximum wind (RMW) of 40 km and a 

maximum gradient wind of 40 ms-1. This simulation provided roll instabilities. The 

results showed a decrease in the HBL depth and the wavelength of the resulting of the 

instabilities with increasing distance from the center, for both neutrally and unstable 

conditions. Sub-kilometer rolls were found within the RMW, while outside the RMW 
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wavelengths on the order of 1 to 2 km were found. Unstable conditions seem to increase 

the BL depth as well as the rolls wavelengths; however, for both stability cases the aspect 

ratio was rather constant at a value of ~2.4. The roll orientation was found between 10 

and 20° from the mean azimuthal wind direction above the BL and at ~10° to the right of 

the surface wind, which corresponded to a position parallel to the mean BL shear. The 

non-linear analysis also produced rolls with different circulations than those in the linear 

analysis. Figure 2.11 presents vertical cross-sections of the linear solution exhibiting 

asymmetries in roll flow revealed as stronger and narrower updrafts than the downdrafts. 

These observations are similar to the results found in Khanna and Brasseur (1998) for the 

case of a moderately convective BL. This configuration of the updrafts and downdrafts 

led to stronger and narrower negative along-roll perturbations relative to the positive 

anomalies. As expected near the bottom of the counter-rotating circulations, divergence is 

located under the downdrafts and convergence under the updrafts. After an analysis of the 

results presented in his study and a review of previous stability studies, the author 

suggested that the HBL roll formation is mainly due to dynamical instabilities rather than 

buoyant instability. He also argues that roll formation could be accelerated due to the 

presence of intense turbulence and other processes such as streaks and therefore implies 

the coexistence of both phenomena. However, these smaller-scale phenomena could not 

be resolved. The author also proposes that in strong convective regions, the roll 

circulation would be disrupted, which was observed in a midlatitude case presented by 

Weckwerth et al. (1999).  
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Figure 2.11: Solutions of the non-linear case. Contours of cross-roll velocities (A) every 
0.5 ms-1, streamwise velocities (B) every 1 ms-1, vertical velocities  (C) every 0.25 ms-1 
and temperature perturbations (D) every 0.2°C. (Foster, 2005). 
 

Although the subject of the HBL smaller-scale features represents an important 

topic in understanding the HBL and potential irregularities in the surface wind field, very 

few observational studies have been conducted. The principal reason for this lack of 

observational data of the HBL features is the difficulties in sampling the lowest parts of 

the HBL (Powell and Black, 1989). One other complicating factor was the relatively 

small size of the features and the inability of resolving them using conventional 

instruments. Recent technical advances have allowed a more effective sampling of the 

HBL that enabled the study of several HBL features.  

Other types of HBL smaller-scale features were identified by Gall et al. (1998). 

Indeed, analysis of radar data for Hurricanes Andrew, Hugo and Erin revealed the 

presence of small-scale spiral bands that are different from the common rainbands. The 

data used in this study consisted essentially of reflectivity and velocity images from 
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WSR-88D and WSR-57 radars. The WSR-57 had a 1 km gate-to-gate resolution and a 

beamwidth of 1°, a temporal resolution of one minute for Hurricane Hugo and Andrew. 

In the case of Hurricane Erin, WSR-88D data were used with a gate-to-gate spacing of 1 

km and 250 m for reflectivity and velocity, respectively. In all cases the small-scale 

spirals features were located between outer rainbands and the eyewall. Because the 

original reflectivity field did not strongly depict the small-scale spirals, an averaging 

method was applied to obtain the perturbation field of the reflectivity data. Figure 2.12 is 

an example of the perturbation field of the reflectivity data. The analysis of the features 

revealed that the small-scale spirals had a spiral pattern in clockwise direction directed 

out from the center. A qualitative assessment estimated the translation speed close to the 

tangential speed. The wavelength was on the order of 10 km and had a length that could 

extend up to 100 km. They features seem to have a life cycle of at least one hour.  

 

 
 

Figure 2.12: Residual reflectivity image of Hurricane Andrew displaying small-scale 
spiral bands (Gall et al., 1998).  
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The authors also performed a correlation analysis, which typically would 

emphasize a certain wavelength. It was found that the small-scale spiral features were 

best defined for wavelengths of 10-15 km (Figure 2.13). The small-scale spiral features 

appear to be well-defined over water, but over land mixed results were obtained. 

 

 
 

Figure 2.13: Contours of correlation for Hurricane Andrew every 0.1 superimposed on 
the reflectivity field (Gall et al., 1998). 
 

 Although the features were apparent over land for Hurricane Hugo, they 

appeared to be random for Hurricane Andrew. The analysis of RHIs documented spiral 

features extending up to 6 km, characteristic of the large depth of the features. The 

authors suggested that the underlying surface (water and land) could be the cause of their 

structure if they are rooted in the HBL. Because a definitive description was not possible 

with the available data set, the small-scale spirals could not be formally identified; 

however, the authors suggested that they might be present in most hurricanes. Although 
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there was no information about the formation mechanism or about the role of these 

features in terms of flux, the authors did propose that they are similar to HBL rolls.  

An unprecedented study focused on HBL rolls was presented by Wurman and 

Winslow (1998). For the first time, radar data with very high spatial resolution were used 

to investigate the HBL, and features with a sub-kilometer range (~600 m) were identified. 

Wurman and Winslow (1998) used data from a DOW radar, with gate-to-gate spacing of 

~75 m to sample Hurricane Fran (1996). They identified HBL small-scale features, 

referred as HBL rolls, in the hurricane eyewall, superimposed on the radial velocity field 

(Figure 2.14). The rolls were identified in the velocity field as bands of alternating strong 

winds (40 to 60 ms-1) and weak winds (15 to 35 ms-1). 

 

 
 

Figure 2.14: Radial velocity data from Hurricane Fran where alternating strong and 
weaker wind characteristics of HBL rolls are present (Wurman and Winslow, 1998). 
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 Although the authors did not specify the method of analysis or the size of the data 

set, they did provide various information of the perturbation of the mean wind field. They 

found the orientation to be approximately parallel to the 0-1 km wind shear vector 

intersecting the 100 m-1 km shear vector at ~30°, which they suggest was indicative of a 

slightly convectively unstable environment. The authors argued that the rolls transported 

higher momentum (~60 ms-1) at 1 km AGL to the surface while the updraft leg of the roll 

would transport slow wind aloft. Figure 2.15 shows an example of data where wind at 

~100 m and 1 km  height had the same magnitude that would lead the author to the 

suggestion that the HBL rolls transported these high winds to the surface. They suggested 

that HBL rolls might be the cause of small-scale irregularities in damage pattern.  

 

 
 

Figure 2.15: Doppler velocity data versus height AGL for DOW and WSR-88D data 
(Wurman and Winslow, 1998).  
 

 The peak horizontal wind shear across the rolls was estimated at ~30 ms-1 over a 

distance of 300 m. The cross-roll flow was assessed using velocity data acquired when 
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the radar beam was perpendicular to the rolls and the values between 3 to 5 ms-1 were 

obtained. Because of a coarse temporal resolution, the roll propagation and evolution 

could not be assessed. These wavelength results are in agreement with Foster (2005) but 

only for data inside the RMW. The depth of the rolls was estimated to be ~ 1000 m 

yielding aspect ratio of ~0.6. Figure 2.16 is a schematic of the rolls identified in 

Hurricane Fran with the DOW radars, displaying the three-dimensional circulation of the 

rolls as well as the dimensions.  

 

 
 

Figure 2.16: Schematic of rolls observed in Hurricane Fran BL (Wurman and Winslow, 
1998). 
 

Smaller-scale features were also hinted in the DOW data, which the authors 

attributed to sub-roll scales of motion, with wavelengths up to ~ 100 m. Rolls did not 

seem to be present in regions of weaker flow, but were identified over water and over 

land. In accordance with Weckwerth et al. (1997, 1999), the authors hypothesized that 

this absence of rolls could be due to a more convective environment disrupting the rolls 

or that rolls needed a threshold value of wind speed to be sustained. It is interesting to 
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note that the difference in radial velocity between a peak and a trough was 30% lower in 

the WSR-88D data and therefore the DOWs displayed stronger peaks of low-level wind 

speed than the WSR-88D radar. Like Gall et al. (1998), Wurman and Winslow (1998) 

also suggested that the land could affect the near-surface wind field, which might 

influence the roll structure.  

Interestingly, this study contrasts in some respect with a recent study which also 

documented Hurricane Fran. Morrison et al. (2005) conducted a study that contains 

WSR-88D radar data from four hurricane landfalls: Hurricanes Fran (1996), Bonnie 

(1998) and George (1998). Like Wurman and Winslow (1998), HBL features identified 

as rolls were found on the radial velocity field, superimposed in the mean wind field. 

They found that after the first roll was identified 35 % to 69% of the scans show evidence 

of the rolls. To better identify the rolls, the VAD method (Browning and Wexler 1968) 

was performed on the radial velocity data to retrieve the mean wind flow, then removed 

from the original radial velocity field to obtain a perturbation or residual field (Figure 

2.17).  

 

 
 

Figure 2.17: Residual velocities from WSR-88D data displaying pairs of positive and 
negative residual velocities for successive scans characteristics of HBL rolls (Morrison et 
al., 2005).  
 

 The method was performed at ranges between 5 and 9.75 km for elevations 

between 0.5 to 19.5°, yielding an analysis domain of vertical extent between ~100 m and 

3.4 km, every 25 m. Because the gate-to-gate spacing of the WSR-88D radar was 250 m, 

the authors analyzed the roll wavelength for data for which the beam was parallel to the 

roll orientation. With a beamwidth of 0.95°, the resolution at the maximum range was 
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160 m, which was comparable to the resolution of the DOW at maximum range. 

However, features with wavelengths smaller than ~320 m could not be resolved, and 

features of wavelengths between 400 and 600 m could not be fully resolved. The roll 

motion was estimated by following a pair of residuals for successive scans. A total of 149 

rolls were analyzed. Figure 2.18 displays the results of the analysis. The wavelength 

distribution exhibits a large range of values between 500 m and 3 km, however the 

dominant wavelength appears to be around ~1400 m, which contrasts with the sub-

kilometer range found in Wurman and Winslow (1998). However, this result agrees with 

Foster (2005) outside the RMW. The order of magnitude of the wavelength also agrees 

with the findings of studies of the rolls of the general BL. The aspect ratio distribution 

appears to also agree with Foster (2005) and results for the general BL, exhibiting values 

between one and five, and a mean of 2.4, but greater than 0.6 value found in Wurman and 

Winslow (1998). The depth distribution displays great variability with values between 

~300 m to 1 km, and a mean of ~660 m. Again, these results contrast with the 

observational study of Wurman and Winslow (1998) which estimated a mean depth of 1 

km, whereas in Morrison et al. (2005), a depth of 1 km would represent less than 10% of 

the estimated depths found for the 149 rolls.  
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Figure 2.18: Histograms of wavelength (a), depth (b), aspect ratio (c), positive 
streamwise perturbation (d), difference between the VAD wind direction and the roll 
orientation (e) and momentum flux (f) for 149 cases of rolls (Morrison et al., 2005). 
 

 The authors compared the HBL depth and the inflow layer depth and found that 

on average the rolls were deeper than the inflow layer and shallower than the HBL depth 

determined from the height of the inflection point in the radial wind profile. They also 

found that increasing distance from the eye of the tropical storm led to an increase in the 

depth of the rolls and the aspect ratio, which is tied to the increase of the inflow layer 

with distance to the center. They found the rolls to be oriented on average ~4° to the left 

of the mean wind direction, which is in agreement with Foster (2005). The data revealed 

the along-roll circulation to be ~7 ms-1, with a narrow range of values between 5 ms-1 to 
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10 ms-1. Estimation of the roll momentum flux was also provided. The momentum flux 

was assessed with an indirect method that computed the vertical velocity using a method 

called the mixing length approach (Stull, 1988) while the horizontal wind (u) was 

estimated from the residual velocities. An areal average of the momentum flux was 

computed and the resulting mean was 8 m2s-2. Comparisons between average momentum 

flux associated with rolls and the HBL shear seems to confirm earlier findings about the 

capability of the rolls to transport momentum from the upper HBL down to the surface. 

The mean gradient between adjacent positive and negative residual velocities was 

associated with a mean shear of 14 ms-1over a distance of 725 m which corresponds to a 

vertical component of shear vorticity of 1.1×10-2 s-2 a schematic of the roll 

characteristics, taking into account results from the study along with findings from Foster 

(2005) was produced (Figure 2.19) displaying the asymmetric structure of the roll 

circulation seen in Foster (2005). Although the roll wavelengths found are much larger 

than those assessed by Wurman and Winslow (1998), Morrison et al. (2005) argued that 

it is not likely the difference was due to a radar resolution issue since both types of radar 

had the same beamwidth. One of the reasons that they proposed to explain such 

discrepancies in the wavelength was that in the study conducted by Wurman and 

Winslow (1998) the rolls were in the eyewall, a highly sheared region of the hurricane, 

and therefore, the wavelength and the depth of the rolls could have been influenced by 

the mean shear and the inflection point height (Foster, 2005). They also argued that a 

shallow inflow layer could have increased the influence between surface layer features 

and the rolls, which was reflected in their physical characteristics. Also, the authors 

believed that the rolls documented in Wurman and Winslow (1998) had been advected 

into the eyewall, instead of originating there. 
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Figure 2.19: Schematic of HBL rolls using results presented in Foster (2005) (Morrison et 
al., 2005). 
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CHAPTER III 

EXPERIMENT 

 

The main goal of this study is to investigate the structure of the HBL structure at 

landfall. Two field experiments were conducted in order to acquire high-resolution data 

of the HBL. The first experiment took place in North Carolina during the landfall of 

Hurricane Isabel in 2003, and the second deployment occurred in Florida for the landfall 

of Hurricane Frances in 2004. The instruments used for these field projects were mobile 

radars and instrumented towers. The radars used were the Shared Mobile Atmospheric 

and Teaching (SMART) radars, two C-band radars (5-cm) mounted on trucks with a half-

power beam width of 1.5° (Figure 3.1). Table 3.1 lists the principal characteristics of the 

SMART radars (SR1 and SR2) (Biggerstaff et al. 2005).  

 

 
 

Figure 3.1: Photo of SR2 during the landfall of Hurricane Isabel (Courtesy of Bruce 
Haynie). 
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Table 3.1: Characteristics of the SMART radars (Biggerstaff et al. 2005). 

Subsystem  Description  

Platform  4700 International dual-cab diesel truck 

Physical dimensions  Length: ~10 m (32 ft. 10 in.); height: ~4.1 m (13 ft. 6 in.); weight: 
~11,800 kg total system  

Power plant  10-kW diesel generator 

Leveling system  Computer assisted; variable rate manual hydraulic controls  

Transmitter  Frequency: 5635 MHz (SR1), 5612.82 MHz (SR2)  

Type  Magnetron; solid-state modulator and high-voltage power supply  

Peak power  250 kW  

Duty cycle  0.001 

Pulse duration  Four predefined values selectable from 0.2 to 2.0 µs  

Polarization  Linear horizontal  

Antenna  Size: 2.54-m diameter solid parabolic reflector  

Gain  40 dB (estimated)  

Half-power beam  Circular, 1.5° wide  

Rotation rate  Selectable from 0–33 deg/s  

Elevation range  Selectable from 0°–90°  

Operational modes  Pointing, full PPI, range–height indicator (RHI), sector scans  

Signal processor  SIGMET RxNet7 with AUX board  
Maximum number of 

bins per ray  2048 

Bin spacing  Selectable from 66.7 to 2000 m  

Moments  Radar reflectivity (filtered and unfiltered), velocity, spectrum width  

Ground clutter filter  Seven user-selectable levels  

Range averaging  Selectable  

Dual-pulse repetition 
frequency dealiasing  Selectable  

Processing modes  Pulse pair, fast Fourier transform, random phase  

Data archive  CD-ROM; SIGMET IRIS format  

Display  Real-time PPI; loop, pan, and zoom PPI or RHI products  
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 The towers were 10-m portable towers instrumented with a wind anemometer, 

along with a temperature and humidity sensor and a barometer (Figure 3.2).  

 

 
 

Figure 3.2: Photo of the portable 10-m towers deployed for Hurricane Michelle (2001) 
(Courtesy of Rob Howard). 
 

 

3.1 Hurricane Isabel Deployment 

3.1.1 Hurricane Isabel Synopsis 

 On 1 September 2003, a tropical wave originating near the African coast moved 

westward across the Atlantic. The system organized and developed into Tropical Storm 

Isabel on 6 September. On 7 September, Isabel strengthened into a hurricane moving 

west-northwestward under the influence of the Azores-Bermuda high-pressure system. 

Hurricane Isabel reached Category Five status on 11 September with maximum sustained 

winds of 145 kt (74.6 ms-1) (Lawrence et al., 2005). Hurricane Isabel remained a 
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Category Five/strong Category Four for several days, displaying an eye diameter of 65-

83 km and showing evidence of mesovortices (Figure 3.3).  A weakness in the Azores-

Bermuda high-pressure system resulted in a northwestward motion of the storm until 

landfall, which occurred at 17 UTC on 18 September, near Drum Inlet, NC, as shown on 

Figure 3.4, after the hurricane weakened to a Category Two due to strong wind shear.  

 

 
 

Figure 3.3: Satellite (visible) photo of Hurricane Isabel northeast of the Lesser Antilles on 
12 September at 15 UTC as a Category Five hurricane. Satellite: Terra. 
(rapidfire.sci.gsfc.nasa.gov). 
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Figure 3.4: NHC official best track of Hurricane Isabel. 
(www.nhc.noaa.gov/2003isabel.shtml). 
 

Figure 3.5 is a radar image acquired right before landfall from the WSR-88D in 

Morehead City, NC. The radar data indicates stratiform rain with reflectivities around 30-

35 dBZ. In the eyewall and some outer rainbands stronger echoes with ~40 dBZ are 

visible. The strongest echoes are found in the eyewall when it intersects with the coast of 

North Carolina. At landfall the eye is not free of rain, but instead a few echoes with 

reflectivities as high as 40 dBZ are clearly apparent.  
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Figure 3.5: Radar image acquired on 18 September at 15 UTC right before landfall by the 
Morehead City, NC, WSR-88D radar. 
 

3.1.2 Experimental Design 

 The Texas Tech University Hurricane Intercept Team (TTUHIT) deployed radars 

and instrumented towers during the landfall of Hurricane Isabel as part of the 

Characterization of Atmospheric Turbulence and Flood Initiation and Validation 

Experiment (CAT-FIVE). Two teams were involved in the CAT-FIVE project, Texas 

Tech University (TTU) and Oklahoma University (OU), with two distinct scientific 

objectives. TTU’s main goal was focused on acquiring data to characterize turbulence 

present in the HBL while OU was mainly interested in documenting mesoscale 

precipitation involved in tropical storms. The TTU experimental plan was designed to 

acquire high spatial and temporal resolution data of the HBL using the two SMART 
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radars and 10-m towers. Although the two SMART radars were operated during the 

deployment, only one was dedicated to the TTU experiment plan, the other one being 

assigned to the OU dual-Doppler set up. One of the TTU scientific objectives was to 

document small-scale features observed in HBLs and to study their possible interaction 

with the surface wind field. To be able to perform such an analysis, the experiment was 

designed so that the instrumented towers were deployed at close range from the radar in 

order to correlate the radar-identified features with the surface wind field. SR2 and three 

portable towers were deployed at the Craven Regional Airport in New Bern, NC. Figure 

3.6 is an aerial photograph of the deployment site with the positions of the radar and the 

towers identified, and illustrates that the towers were less than 1.5 km from the radar. 

Tables 3.2 and 3.3 provide information about geographical position and settings of the 

instruments.  

 

 
 

Figure 3.6: Aerial photograph of the deployment site with the position of each instrument 
identified. 
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Table 3.2: Geographical positions and characteristics of each tower during the Hurricane 
Isabel deployment. 

Tower 
# Latitude Longitude 

Sampling 
Frequency 

(Hz) 

Deadband 
Orientation 

(º) 

Distance 
from SR2 

(m) 

Tower 
1 N 35° 04' 27.6" W 77° 02' 42.9" 0.5 307 896.5 

Tower 
2 N 35° 04' 22.3" W 77° 02' 39.4" 5 265 947.6 

Tower 
3 N 35° 04' 14.9" W 77° 02' 42.4" 5 288 1174.3 

 
 
Table 3.3: Geographical position and heading of SR2 during the Hurricane Isabel 
deployment. 

Latitude Longitude Heading (º) 
N 35° 04' 45.7" W 77° 02' 15.2" 359 

 
 

The deployment site was at approximately 60 km from the coastline as shown in 

Figure 3.7. After landfall the center of Hurricane Isabel passed at approximately 47 km 

east of the deployment site. 
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Figure 3.7: Position of the experimental site with respect to the track of Hurricane Isabel. 
(Image generated with the software Visky – Courtesy of Gordon Carrie). 
 

Two scanning strategies were implemented to collect data that would help address 

the objectives enumerated in Chapter I. Each scanning strategy was performed 

alternatively with strategies used by the OU team, therefore one TTU strategy was 

performed every 30 minutes.  Table 3.4 presents the radar specifications used during the 

deployment, and Table 3.5 describes the different scanning strategies and the scientific 

objective targeted. The VERT scanning strategy was designed to document the physical 

characteristics of the HBL small-scale features, scanning at six elevations angles up to 

8.25° in order to capture the features for their entire depth. The TEMP scanning strategy 

was aimed to correlate data higher in the HBL with the near-surface wind field acquired 

by the towers and contained scans at three low elevation angles to allow high temporal 

resolution. For both scanning strategies sector scans with limited azimuthal extent were 

scheduled to provide high temporal resolution data capable of following the HBL features 

evolution. Some RHIs were realized near the end of the deployment, but were not an 

integral part of the strategy.
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Table 3.4: SR2 specifications during the Hurricane Isabel deployment. 

PRF (Hz) 
Pulse 

Duration 
(µs) 

Antenna 
Rate (º/s) 

Gate 
Spacing (m)

Azimuth 
Resolution  

( º ) 

Vertical 
Resolution  

( º ) 

Filtering 

1600 0.5 30 66.7 1 1 V (all pass), W (all pass), Z (all pass) 

  

Table 3.5: Description of the scanning strategies used to study the HBL small-scale features during the Hurricane Isabel deployment. 

Volume 
Name  Description 

Azimuth 
Range 

(°) 

Elevation 
Series (°) Azimuth Series 

Specified 
Max Range 

(km) 

Estimated 
Time 

Required 
(minutes) 

Volume 
Iterations 

VERT  
Document the physical 

characteristics of the HBL 
small-scale features 

80 0.75, 2.25, 3.75, 
5.25, 6.75, 8.25 Not Applicable 50 0.67 31 

TEMP  

Fast scanning at three elevations 
to allow correlation with high-
temporal resolution data from 

the tower 

90 0.5, 0.8, 1.5 Not Applicable 50 0.33 70 
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The towers recorded a total of ~47 hours of data without any major issues while 

SR2 recorded ~6 hours of data using TTU scanning strategy. Technical limitations 

restricted the PRF at 1600 Hz, causing multiple folds in the resulting radial velocity 

fields. The gate-to-gate spacing was set as low as possible to enable the resolution of the 

HBL small-scale features. Although the deployment site was chosen with care to avoid 

blockage and ground clutter, the presence of nearby trees, the control tower and other 

buildings resulted in a few areas of bad data using the lowest elevation angle of the radar 

data. Figure 3.8 is a radial velocity image illustrating the presence of ground clutter at 

close range from the radar.   

 

 
Figure 3.8: Radial velocity data acquired with a 0.75° elevation angle and edited to 
remove ground clutter. 
  

Although no apparent difficulties were experienced during the deployment or 

during the radar editing phase with SOLO II, one major issue arose during the radar 

processing: entire rays of data were missing from a great number of sweeps. Indeed, 
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while trying to display the radar data in Matlab, certain sweeps were causing difficulties 

with the software. After investigation, it was found that certain files did not contain data 

for particular azimuths. For instance, a sweep file would contain data from azimuth 180° 

to 200°, then from azimuth 240° to 360°, but data between azimuths 200° to 240° would 

be missing. Communication with the SMART radar engineer revealed that this issue was 

due to overload of the radar processor during the data acquisition.   Figure 3.9 is an 

example of a sweep file for which entire rays of data were missing. Although some 

sweeps contained only a few missing rays of data and were usable for analysis, some time 

periods were totally unusable. For sweeps with few missing rays, the algorithm created to 

process the data was adjusted by first looking into each file and search for successive 

azimuths distant from more than one degree, the horizontal resolution. The final data 

chosen for analysis from the original six hours of data was partly dictated by this ray 

dropping issue.  Since the azimuth extent of the sweep were limited, it was crucial that 

the analyzed data contain as little missing data as possible. It was found that the 30-

minute period starting on 18 September at 17Z from the VERT scanning strategy was 

totally exempt from missing data and therefore was used in the analysis. The TEMP 

scanning strategy starting at 15Z, while containing missing data, was the best data to use 

for this scanning strategy. At 17Z the eyewall was close to the radar, however, the area 

scanned by the radar was relatively homogeneous, and therefore this did not affect the 

subsequent processing. 
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Figure 3.9: Reflectivity image displaying dropped rays during radar acquisition. 

 

Overall the scanning strategies provided worthy data capable of furthering the 

scientific objectives of this study. However, after analysis (following chapters) two main 

flaws related to the scanning strategies could be identified. For the VERT scanning, the 

vertical resolution should have been smaller to allow a finer Cressman gridding, and for 

both VERT and TEMP scanning, the highest elevation angle should have been higher to 

allow the analysis of the entire BL. Also, a few RHIs that were collected at the end of the 

deployment proved to be informative, and hence it was decided that future experiment 

focusing on the HBL data should include an RHI scanning as an integral part of the 

strategy.  

 

3.2 Hurricane Frances Deployment 

3.2.1 Hurricane Frances Synopsis 

 Hurricane Frances originated from a tropical wave coming from the coast of 

Africa on 21 August 2004. The system progressively became organized and intensified 
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until it reached tropical storm status on 24 August. Tropical Storm Frances started 

moving west-northwestward and became a hurricane on 26 August. Hurricane Frances 

reached its first maximum intensity peak (115 kt or 59 ms-1) on 28 August then 

underwent an eyewall replacement cycle, reaching a second maximum as it became a 

Category Four hurricane on 31 August (Franklin et al., 2006). Hurricane Frances then 

remained at this strength for approximately two days while moving west-northwestward. 

It then weakened due to vertical shear and became a Category Two hurricane over the 

Northwest Bahamas. On 4 September Hurricane Frances started moving west and made 

landfall over Hutchinson Island, FL, on 5 September as a Category Two hurricane. 

Hurricane Frances weakened to a tropical storm while crossing the Florida peninsula. It 

emerged into the Gulf of Mexico and as it moved northwestward made a second landfall 

near Aucilla River, FL, on 6 September.  Figure 3.10 is the NHC best track of Hurricane 

Frances. 

 

 
 

Figure 3.10: NHC official best track of Hurricane Frances. 
(www.nhc.noaa.gov/2004frances.shtml) 
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Figure 3.11 is a satellite image taken as Hurricane Frances makes its first landfall.  

The satellite image, acquired at 12 hours before landfall, displays the hurricane with a 

rather asymmetric appearance and an eye filled with clouds. The eyewall and the outer 

rainbands can also be identified. 

 

 
 

Figure 3.11: Satellite (visible) photo of Hurricane Frances off the Florida coast on 4 
September at 16 UTC (12 hours before landfall). Satellite: Terra. 
(rapidfire.sci.gsfc.nasa.gov). 
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3.2.2 Experimental Design 

 TTUHIT deployed during the landfall of Hurricane Frances as part of the 

Hurricane at Landfall Experiment (HALEX). The primary objective of the project was to 

acquire data that could document the coastal internal BL development and behavior. For 

the experiment to be a success it was crucial to collect data from marine exposure, 

therefore the deployment site needed to be located as close as possible to the coast. Data 

collection of the HBL small-scale features was also part of the project to complement the 

data base acquired during CAT-FIVE, however of lesser priority. In practice, the 

principal goal for the actual deployment design was to achieve a dual-Doppler set up 

using the two SMART radars with a baseline no larger than 25 km, oriented parallel to 

the coastline. One of the dual-Doppler lobes had to cover an off-shore area while the 

other would cover an on-shore area. Instrumented towers were scheduled to be deployed 

within this dual-Doppler lobe, as close as possible of the coastline. The data collection 

aimed at the documentation of HBL small-scale features was going to be fulfilled 

throughout scanning strategies alternated with the dual-Doppler scanning strategies.  The 

experimental set up followed the experimental plan. SR1 was deployed at the Merrit 

Island Airport, FL, between the Indian and Banana Rivers at 8 km from the open ocean. 

SR2 was located at the Space Coast Regional Airport in Titusville, FL, at ~1.5 km from 

the Indian River, 16.8 km from the Banana River and 24 km from the open ocean. The 

baseline of the dual-Doppler set up was 21.9 km, and one 10-m tower was deployed near 

SR2 to document the correlation between the surface wind field and smaller scales of 

motion of the HBL. Figure 3.12 is a map of the deployment area and includes the track of 

Hurricane Frances. The center of Hurricane Frances passed ~ 100 km and ~105 km from 

SR1 and SR2, respectively.  
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Figure 3.12: Position of the deployment sites with respect to the center of Hurricane 
Frances. The dotted circles represent the dual-Doppler lobes and solid red circles 
represent the maximum range for each radar. (Image generated with the software Visky – 
Courtesy of Gordon Carrie). 
 

Tables 3.6, 3.7 and 3.8 indicate the geographical positions of the tower and the 

radars and their specifications during the deployment. Table 3.9 describes the four 

scanning strategies that provided data used for this study, and Table 3.10 provides 

information on the data included in the analysis. The VERT and TEMP scanning 

strategies had the same objectives as the Hurricane Isabel scanning strategy. For both 

strategies the azimuthal extent was increased to allow a larger domain of analysis of the 

features under investigation. The vertical extent of the VERT strategy was also increased 

while the TEMP strategy was limited to only one elevation angle. The RHIs were 

realized successively over 120° to allow useful data in the long axis of the features. The 

TR20DD strategy was implemented for other scientific objectives but was useful for 

detailed description of the features due to its vertical oversampling.  
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Table 3.6: Position and other specificities of the tower that was placed nearby SR2. 

Tower 
# Latitude Longitude 

Sampling 
Frequency 

(Hz) 

Deadband 
Orientation 

(º) 

Distance 
from SR2 

(m) 

Tower 
1 N 28° 30' 53" W 80° 46' 06" 1 270 392 

 

Table 3.7: Geographical positions and heading for both SMART radars. 

Radar Latitude Longitude Heading (º) 

SR1 N 28° 20' 29" W 80° 41' 15" 195 

SR2 N 28° 30' 41" W 80° 47' 59" 261 

  

Table 3.8: Radar specifications for the Hurricane Frances deployment. 

 

 

 

PRF (Hz) 
Pulse 

Duration 
(µs) 

Antenna 
Rate (º/s) 

Gate 
Spacing 

(m) 

Azimuth 
Resolution 

(º) 

Vertical 
Resolution 

(º) 
Filtering 

2700 0.3 30 66.7 1 1 

V(all pass), 
W (all 

pass), Z (all 
pass) 
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Table 3.9: Description of the scanning strategies used to study the HBL small-scale features during the Hurricane Frances deployment. 

Volume 
Name 

(Radar) 
Description Azimuth 

Range (°) 
Elevation Series 

(°) Azimuth Series 
Specified 

Max Range 
(km) 

Estimated 
Time 

Required 
(minutes) 

Volume 
Iterations 

VERT (SR1) 
Document the physical 

characteristics of the HBL 
small-scale features 

140 0.5, 2.0, 3.5, 5.0, 
6.5, 8.0, 9.5 Not Applicable 50 0.9 20 

TEMP 
(SR2) 

Fast scanning at one 
elevation to allow 

correlation with high-
temporal resolution data 

from the tower 

180 3 Not Applicable 50 0.1  

TR20DD 
(SR1 and 

SR2) 

High vertical resolution 
useful for detailed 

description of the small-
scale features 

360 

0.5, 0.8, 1.1, 1.4, 
1.7, 2.0, 2.3, 2.6, 
2.9, 3.2, 3.5, 3.8, 
4.1, 4.5, 5.0, 5.5, 
6.0, 6.5, 7.0, 7.5, 

8.0, 8.5 

Not Applicable 50 4 5 

RHI-120 
(SR1 and 

SR2) 

Succesive RHIs at different 
azimuths approximately 

centered on the long axis of 
the small-scale features to 

allow a possible 3D 
depiction of the features 

when RHI data are 
associated with PPI data 

120 Not Applicable 

60 azimuths 
separated by 2° 

for a total of 120°, 
center of range 

should be aligned 
with 45° angle to 
the long axis of 
the small-scale 

features and over 
the coastline. 

50 2.5 10 
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Table 3.10: Data included in the analysis. 

Scanning Strategy Time Period 

VERT 
09/05/00:00Z to 09/05/00:30Z 

09/05/04:00Z to 09/05/04:30Z 

TR20DD 

09/04/23:40Z to 09/05/00:00Z 

09/05/03:00Z to 09/05/04:00Z 

09/05/09:00Z to 09/05/10:00Z 

TEMP 09/05/00:00Z to 09/05/00:30Z 

RHI-120 
09/04/23:00Z to 09/04/23:30Z 

09/05/03:00Z to 09/05/04:00Z 

 

Overall the deployment was successful. The tower recorded ~70 hours of data 

while SR1 and SR2 recorded ~20 hours.  Finding two suitable sites for such an 

experiment to meet the requirements of the experimental plan was the most challenging 

part of the deployment. No major technical difficulties were reported, however, some 

mechanical problems with SR1 were experienced near the end of the deployment. For 

this deployment the PRF of both radars was set at 2700 Hz, which resulted in fewer folds. 

SR2 was located in a position resulting in only minimal ground clutter/blockage.  SR1 

experienced tree blockage to the south of the radar (Figure 3.13) and tree and building 

blockage to the southwest, west and north of the radar (Figures 3.14, 3.15 and 3.16).  
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Figure 3.13: Photo of the deployment site looking to the south (Courtesy of Kevin 
Scharfenberg). 
  

 
 

Figure 3.14: Photo of the deployment site looking to the southwest (Courtesy of Kevin 
Scharfenberg). 
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Figure 3.15: Photo of the deployment site looking to the west (Courtesy of Kevin 
Scharfenberg). 
 

 
 

Figure 3.16: Photo of the deployment site looking to the north (Courtesy of Kevin 
Scharfenberg) 
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 These objects had a negative effect on the radar data at low elevations as shown in 

Figure 5.17. The northern and the southeastern parts of the image indicate significant 

blockage. 

 

 
Figure 3.17: Radial velocity data at a 0.5° elevation angle edited due to blockage and 
ground clutter.  
 

Data collected with the VERT scanning strategy did not experience significant 

data loss due to blockage/ground clutter when the azimuthal range was between 330° and 

110°. The problem that caused the ray dropping in Hurricane Isabel was resolved and did 

not occur during Hurricane Frances deployment. The scanning strategies were useful for 

the HBL small-scale feature study. The elevation angle used in VERT was higher than 

the one used for Hurricane Isabel deployment, however, it was still too low to document 

the entire BL, and the vertical resolution was still insufficient. However, the volumes 

acquired with TR20DD were useful for a qualitative description of the features since 
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there was vertical oversampling. The RHIs were qualitatively informative but their 

processing was quite challenging and provided mixed results (Chapter V). 
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CHAPTER IV 

VELOCITY-AZIMUTH DISPLAY 

 

4.1 Radar Pre-Processing 

 In order to analyze the radar data collected during Hurricanes Isabel and Frances a 

radar editing phase was necessary. Indeed, due to the blockage issues and/or second trip 

echoes mentioned in Chapter III, the data required a significant amount of editing. 

Furthermore, because the Nyquist velocity for which the radars were set was in general 

lower than the experienced mean wind speed, unfolding was also necessary. All the 

editing was completed using the NCAR software package SOLOII. Because the radar 

data acquired with the SMART radars were originally in a format called SIGMET, the 

data were first converted from SIGMET to Universal Format (UF), and then from UF to 

Doppler Radar Data Exchange Format (DORADE), which is the format read by SOLOII. 

Once editing was complete, scripts were developed and implemented to convert the 

DORADE format into ASCII format, which is easily read by various software such as 

Matlab. Missing azimuths (Chapter III) were handled by adding the same value (not-a-

number value also known as NaN) to the data record in appropriate locations.   

 

4.2 VAD Processing 

4.2.1 Existing Single-Doppler Methods 

 The main goal of the present work is to study the small-scale features of the HBL. 

Because the features were not identifiable in the radar reflectivity field, the present study 

focused on Doppler radial velocity. Indeed, the HBL features can be identified in the 

radar radial velocity field as striations superimposed on the mean wind field. Figure 4.1 is 

a full PPI from Hurricane Frances, where the features are identifiable, mostly in areas 

close to the radar. However, their analysis is quite challenging from radial velocity data, 

since no specific details of the features can be discerned on the image.   
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Figure 4.1: Example of a full PPI scan taken at a 5˚ elevation angle from Hurricane 
Frances. 

 

The first step to better identify these features was to isolate them, and this was 

possible by retrieving the mean wind vector and removing it from the radial velocity data 

to obtain residual radial velocity data. The residual radial velocity data would then allow 

for a more detailed analysis of the features. Numerous single-Doppler radar processing 

methods have been developed over the years to retrieve mean horizontal winds. Among 

the existing methods, a few have become widely employed, including the VAD method, 

the Velocity Volume Processing (VVP) method, the adjoint method and the synthetic 

dual-Doppler method. 

The VAD technique is one of the most commonly used. The method was first 

developed by Lhermitte and Atlas (1961). They proposed that the horizontal mean wind 

Vh and the fall velocity of particles Vf could be estimated from the radial velocity 

assuming the horizontal wind and the particle fall velocity were uniform over the 

analyzed area. They showed that the Doppler radial velocity was a sine function of 
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azimuths and that the amplitude and phase of the function were measures of speed and 

direction of the wind at a particular height. This method was later extended by Browning 

and Wexler (1968), who proposed that the radial velocity could be decomposed into a 

Fourier series and then parameters such as divergence, deformation, etc. could be 

retrieved. This method was used on data acquired on individual sector scans.  

Another method, the VVP method was developed to overcome limitations of the 

VAD method in the case of convective rainfall (Koscielny et al.,1982). The VVP 

technique was first created by Waldteufel and Corbin (1979) and typically assumes that 

the wind vector was spatially linear within a particular volume. Basically, the method 

differs from the VAD method by considering a volume, and therefore multiple sector 

scans, instead of individual sector scans. Several studies were conducted comparing the 

two methods (Boccippio, 1995; Holleman, 2005), and overall the two methods provided 

similar results. Because some of the scanning strategies used for this study contained only 

sector scans with a unique elevation angle, the use of the VVP method was not 

implemented. 

Other methods such as the adjoint method (Qui and Xu, 1992) or the synthetic 

dual-Doppler method (Klimoski and Marwitz, 1992, Bluestein and Hazen., 1989) were 

also considered to retrieve the mean wind field. However, these methods are much more 

complex and more time consuming than the previously mentioned methods and are 

usually used to retrieve more than the basic mean wind flow, therefore such methods 

were not required.  

After analysis of previous studies using VAD processing to study BL features 

(Weckwerth et al., 1997; Weckwerth, 2000; Morrison et al., 2005), it was decided that the 

VAD technique would be used to process the data collected during the landfall of 

Hurricanes Isabel and Frances. 
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4.2.2 VAD Method Theory  

  Browning and Wexler (1968) conducted a study describing the VAD technique in 

details. This technique is based on the fact that the Doppler radial velocity is a function of 

the azimuth and can be expressed as follows:  

 

αβ+αββ−αββ=β sin)(Vcos sin)(Vcos cos)(V-  )(V fyxR                              (4.1) 

 

where VR is the radial velocity, β is the azimuth angle, α is the elevation angle and Vx and 

Vy are the horizontal components of the wind vector.  The horizontal component of the 

wind vector represented by a sum of their value at the center of the coordinate system and 

mean linear velocity terms, results in the following equation: 
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Assuming that that Vf is horizontally homogeneous and equal to its value at the center of 

the coordinate system and that x = r cosβ and that y = r sinβ,  equation (4.1) can be 

written as follows: 
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where r is the horizontal range. 
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Equation (4.3) can then be decomposed as a Fourier series, giving the following equation: 
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Parameters of the mean wind flow could then be retrieved using the non-zero Fourier 

coefficients a0, a1, a2, b1 and b2: 
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Divergence: 
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Orientation of axis of dilatation: 
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 Two limitations in the VAD technique were discussed by Browning and Wexler 

(1968). These include limitations due to inhomogeneous precipitation fall speeds and 

vertical wind shear. In the case of extreme fall speed fluctuations it was found that to 

keep the error in horizontal wind smaller than 1 ms-1 it was necessary to keep the 

elevation angle smaller than 9° in rain and smaller than 27° in snow. Limitations 

attributed to vertical shear of the horizontal wind are related to errors in height 

measurements, either because of elevation angle fluctuations during the scan or because 

of the reflectivity distribution inhomogeneity. With the great technological advances 

made since 1968 it is unlikely that fluctuations in the elevation angle would affect radar 

analysis greatly. However, inhomogeneous reflectivity fields can result in large errors in 

height measurements, which the authors found to be permissible when the range of the 

analyzed radar data does not exceed 20 km. Although these limits can be quite useful 

during field projects, they should not be taken as absolute limits since they would depend 

on the convective nature of the scanned phenomenon. 

 

4.2.3 Evaluation of the VAD Method for the Collected Data 

Although the original technique gives accurate results with complete 360˚ scans, 

it gave mediocre results for scans smaller than 180˚ and definitely failed for sector scans 

smaller than 90˚. The VAD technique was applied to the scan displayed in Figure 4.1 at 

580 m AGL. Figure 4.2 presents the fitting process, and illustrates that the Fourier series 

fits quite well the data over the entire azimuthal range. 
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Figure 4.2: Example of a VAD process applied to radar data. The solid red line represents 
the fitting curve and the dotted blue line the original radial velocity data. 

 

However, once the azimuthal range is reduced either due to editing or because of 

the chosen scanning strategy, the number of iterations required for the fitting to converge 

becomes larger, resulting in long computation times. Moreover, reducing the azimuthal 

range of the sweeps caused the fitting curve to depart from a sine curve. To test accuracy 

of the method for scans smaller than 360˚, the azimuthal coverage of the data used in 

Figure 4.2 was reduced to 200˚, 140˚ and 80˚ and the VAD method was applied in each 

case. Figure 4.3 and Figure 4.4 show the fitting curves becoming more and more different 

as the azimuthal coverage is reduced.  

 



 68

 
 

Figure 4.3: Example of VAD processing results for data with respectively 360˚ (red), 
200˚ (green) and 140˚ (black) azimuthal coverage.  

 

 
 

Figure 4.4: Same as 4.3 with fitting result for data with 80˚ azimuthal coverage 
(magenta). 
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Although fitting a curve to data acquired with 200˚ of azimuthal coverage 

provides results that closely mimic the original curve, the curve acquired using 140˚ of 

coverage departs from the original curve. In the case of data acquired with 80˚ of 

azimuthal coverage, the algorithm completely failed to provide a curve that fit the data. 

Table 4.1 displays the wind speed and direction values retrieved from each fitting case.  

 

Table 4.1: Results of the VAD technique for data with different azimuthal coverages. 

Azimuthal 

Coverage (˚) 
Wind Speed (ms-1) Wind Direction (˚) 

Wind Speed/Wind 

Direction  % Error 

360 35.2 53.7 NA 

200 33.9 56.3 3.7 / 4.8 

140 43.4 51.4 23.3 / 4.3 

80 124.04 45.03 252.4 / 16.1 

 

The results for data with 200˚ azimuthal coverage are close to the results of the 

full PPI. However, for data with 140˚ and 80˚ azimuthal coverage, the derived wind 

speed and direction depart drastically from the results from the full scan and it is nearly 

impossible to reliably retrieve the wind vector with this technique. These results illustrate 

the inadequacy of the method described by Browning and Wexler (1968) when dealing 

with sparse data. The results also reveal that the wind speed results are more sensitive to 

the azimuthal coverage than the wind direction. Because the data set collected for 

Hurricanes Isabel and Frances consists of scans with azimuthal coverage of 140˚ and 80˚ 

it was not possible to apply the original VAD technique to the current study; instead, a 

modified VAD method was successfully used. 
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4.2.4 Modified VAD Method 

 To retrieve the average wind vector for scans for which the azimuthal coverages 

were smaller than 140˚ another fitting equation was used. The choice of the fitting type 

was based on the Lhermitte and Atlas (1961) findings that stated that the radial velocity is 

a sine function of azimuth whose amplitude and phase are measures of speed and 

direction of the wind at the sample altitude. Several different sine functions were tried to 

fit the radial velocity as a function of azimuths. Surprisingly, the most accurate fit of the 

radial velocity data was the simple trigonometric equation: VR= a sin(β+b), where a is the 

amplitude, β is the azimuth and b is the phase shift.  The algorithm created to perform the 

technique was coded so that outliers would not be included in the calculations.  

 To verify that this modified VAD method was appropriate and was retrieving the 

correct wind vector, the original and the modified methods were compared.  Figure 4.5 

represents a comparison between the two methods using the data previously used (Figure 

4.2).  

 
 

Figure 4.5: Comparison between original VAD method (red) and modified VAD method 
(green). 
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The two curves are not perfectly identical; however, they practically match and 

exhibit almost similar extrema. Quantitatively the wind speed and direction are 

practically identical with wind speeds of 35.2 ms-1 and 35.02 ms-1 and wind directions of 

53.7˚ and 53.8˚ for the original and the modified method, respectively.  Figures 4.6 and 

4.7 are histograms comparing the two methods for two entire volumes from the TR20DD 

scanning strategy. Figures 4.6 and 4.7 present histograms of the wind speed and direction 

differences between the two methods, for all the scans, including those whose azimuthal 

coverage was reduced to less than 360˚ due to editing. 17600 data are represented in each 

histogram, more than 90% of the wind data retrieved with the modified VAD method was 

within 5° of the wind direction retrieved with the original VAD technique, and more than 

85% of the wind speed differences had values lower than 1 ms-1.  Table 4.2 provides the 

percentile results relative to these data. 

 

 
 

Figure 4.6: Histogram of the difference in wind direction retrieved with the original VAD 
technique and the modified VAD technique for a volume from the TR20DD scanning 
strategy. 
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Figure 4.7: Histogram of the difference in wind speed retrieved with the original VAD 
technique and the modified VAD technique for a volume from the TR20DD scanning 
strategy. 
 

Table 4.2: 90, 95 and 99 percentile of the wind difference results. 

Percentile (%) 90 95 99 

Wind Direction 
Difference (º) 3.4 5.9 10.6 

Wind Speed 
Difference (ms-1) 1.8 3.6 8.9 

 

When only PPIs that truly have 360˚ azimuthal coverage were considered in the 

comparison (Figures 4.8 and 4.9), in almost every case the wind direction difference was 

less than 5˚ and the wind speed difference less than 1 ms-1. Table 4.3 provides the 
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percentile results relative to these histograms. This result confirms that the modified 

VAD technique gives similar results to the original VAD method commonly used.  

 

 
Figure 4.8: Histogram of the difference in wind direction retrieved with the original VAD 
technique and the modified VAD technique for scans with 360˚ azimuthal coverage (no 
blockage, no editing). 
 
 
 



 74

 
 

Figure 4.9: Histogram of the difference in wind speed retrieved with the original VAD 
technique and the modified VAD technique for scans with 360˚ azimuthal coverage (no 
blockage, no editing). 
 

Table 4.3: 90, 95 and 99 percentile of the wind difference results for complete 360º scans. 

Percentile (%) 90 95 99 

Wind Direction 
Difference (º) 1.3 2.2 7.1 

Wind Speed 
Difference (ms-1) 0.6 0.7 1.5 

 

Although the two methods give identical results for full PPIs, their results diverge 

increasingly with decreasing azimuthal coverage. In order to verify the modified method 

performed with smaller sector scans (data coverage), the data used in Figures 4.3 and 4.4 

were re-processed with the sine fitting type. Figure 4.10 presents the different curves fit 

for 360˚, 200˚, 140˚ and 80˚ azimuthal data coverage. Qualitatively, all the curves are 
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almost identical to the 360˚-fitting curve, which was not the case for the original VAD 

technique.  

Table 4.4 presents the results for the retrieved wind speed and direction for each 

case. Both the wind speed and direction values are close to the full PPI values. The wind 

speed differences between the sector-scans and the full PPI are smaller than 0.5 ms-1 and 

the differences in wind direction, smaller than 1.5˚. Hence, the modified method gives 

better results for small sector scans than the original method. 

 

 
 

Figure 4.10: Example of modified VAD processing results for data with respectively 360˚ 
(red), 200˚ (green), 140˚ (black) and 80˚ (magenta) azimuthal coverage. 
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Table 4.4: Results of the modified VAD technique for data with different azimuthal 
coverage. The results from the original VAD technique for the full PPI were added for 
reference. 

Azimuthal 

Coverage (˚) 

Wind Speed 

(ms-1) 
Wind Direction (˚) 

Wind Speed / Wind 

Direction % Error 

360˚ (Original 

VAD) 
35.2 53.7 NA 

360 35.02 53.8 0.5 / 0.2 

200 34.96 53.2 0.7 / 0.9 

140 35.3 54.9 0.3 / 2.2 

80 34.97 54.9 0.7 / 2.2 

 

An error analysis was completed to test the method when using 140˚ and 80˚ 

sector scans.  The modified VAD technique was applied to full scans which where then 

truncated to 80˚ sector scans for Hurricane Isabel and 140˚ sector scans for Hurricane 

Frances. Figures 4.11 to 4.16 present the results of the error analysis for both hurricanes. 

Figures 4.11 and 4.12 present the error analysis for 80°-sector scans for Hurricane Isabel. 

72% of the differences in wind direction between full PPIs and the sector scans are 

smaller than 10˚ and approximately 80% of the differences in wind speed are smaller than 

5 ms-1. Table 4.5 presents the percentile analysis for the error analysis for Hurricane 

Isabel. 
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Figure 4.11: Error analysis for VAD-retrieved wind direction for Hurricane Isabel. 
 
 

 
 

Figure 4.12: Error analysis for VAD-retrieved wind speed for Hurricane Isabel. 
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Table 4.5: 90, 95 and 99 percentile of the error analysis of wind for Hurricane Isabel. 

Percentile (%) 90 95 99 

Wind Direction 
Difference (º) 11.8 17.8 26.3 

Wind Speed 
Difference (ms-1) 3.5 7.4 12.6 

 

This study was focused on analyzing scales of motion that are relatively small, 

therefore the spatial range of the analysis was not to be extended further than 10 km 

range from the radar. Thus, the error analysis of the VAD method was completed for data 

within 10 km of the radar. In this case (Figures 4.13 and 4.14), 83% of the direction 

difference values were smaller than 10˚ and 95% smaller than 15˚. Furthermore, 

approximately 80% of the speed difference values were smaller than 3 ms-1, with more 

than 90% smaller than 5 ms-1 (Table 4.6).  This error analysis reveals that, although the 

retrieved wind directions and speeds will at times slightly depart from full PPIs retrieved 

wind data, the error is small enough so that retrieved data from such small sector are still 

valuable for subsequent analysis.  
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Figure 4.13: Error analysis for VAD-retrieved wind direction for data within 10 km of the 
radar for Hurricane Isabel. 
 

 
 

Figure 4.14: Error analysis for VAD-retrieved wind speed for data within 10 km of the 
radar for Hurricane Isabel. 
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Table 4.6: 90, 95 and 99 percentile of the error analysis of wind data within 10 km for 
Hurricane Isabel. 

Percentile (%) 90 95 99 

Wind Direction 
Difference (º) 9.4 11.7 21.3 

Wind Speed 
Difference (ms-1) 2.7 3.7 7.4 

 

Figures 4.15 and 4.16 present the error analysis for Hurricane Frances. For 140˚ 

sector-scans the modified VAD technique provides accurate results even with data 

beyond the 10 km limit imposed previously. 93% of the differences in wind directions are 

smaller than 10˚, with 80 % smaller than 5˚. More than 90% of the speed difference 

values are lower than 3 ms-1 (Table 4.7). The error analysis for the two hurricanes shows 

that, as expected, the VAD results are more accurate for larger sector scans. However, the 

modified VAD technique provides valuable results in both cases and provides the 

possibility of retrieving the mean wind vector even for small sector-scans assuming a 

uniform wind field.   
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Figure 4.15: Error analysis for VAD-retrieved wind direction for Hurricane Frances. 

 

 
 

Figure 4.16: Error analysis for VAD-retrieved wind speed for Hurricane Frances. 
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Table 4.7: 90, 95 and 99 percentile of the error analysis of wind for Hurricane Frances. 

Percentile (%) 90 95 99 

Wind Direction 
Difference (º) 4.0 7.5 16 

Wind Speed 
Difference (ms-1) 1.5 2.2 2.9 

 

4.2.5 Mean Wind Vector Removal 

 Once the efficiency and the accuracy of the modified method were validated, it 

was applied to data from both Hurricanes Isabel and Frances. The mean wind vector at 

each height, for each scan, was retrieved, and then saved for further analysis of the HBL 

(Chapter V). After retrieving the mean wind, the next step was to subtract it from the 

recorded radial velocity data in order to obtain the residual radial velocity field that will 

allow for a better representation and a more detailed depiction of the features under 

investigation. To do so, the mean wind vector, for a particular height, was projected onto 

each azimuth to obtain the radial component of the mean wind on the considered 

azimuth. The radial component was then subtracted from the recorded radial velocity. 

Radial components directed toward (away from) the radar were considered negative 

(positive). Figure 4.17 is an example of radial velocity data from Hurricane Frances and 

Figure 4.18 is the associated residual radial velocity field after removal of the mean wind. 

This figure provides a well defined depiction of the features present in the HBL. It is 

interesting to mention that although the method performs well in general, it seems to 

struggle near the zero isodop. A slight error in the retrieved wind vector could result in 

residual velocities that are different than the expected values of zero near the zero isodop, 

which may cause the effect seen in Figure 4.18.  A more detailed analysis of the residual 

velocity data and the features will be presented in the following chapter. 
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Figure 4.17: Example of a radial velocity scan from Hurricane Frances. 

 

 
 

Figure 4.18: Residual radial velocity from data from Figure 4.17. 
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CHAPTER V 

STRUCTURE OF HBL SMALL-SCALE FEATURES 

 

5.1 HBL Small-Scale Feature Analysis 

5.1.1 Sector Scan Analysis 

 The study of the horizontal and vertical structure of the HBL small-scale features 

was made through the analysis of the residual radial velocities obtained from the 

modified VAD technique (Chapter IV).  Figures 5.1 and 5.2 display two residual velocity 

images from Hurricanes Isabel and Frances, respectively. The two figures present 

residual velocity data of scans acquired at a 3.2º and 3º elevation angle, respectively. On 

both images, the small-scale features appear as coherent linear structures that are 

approximately aligned with the mean wind direction. A comparison between the two 

hurricanes suggests that the features seem finer and more defined in Hurricane Frances 

than in Hurricane Isabel. In Hurricane Isabel the features seem to take a more cellular 

appearance while in hurricane Frances they appear more linear. This cellular pattern 

could be due to the slower surface winds (Foster, 2005) since in Hurricane Isabel the 

radar was further inland, in an offshore flow and therefore more prone to frictional 

effects. In both cases the overall magnitude of the residuals are similar, ranging from ~-6 

ms-1 to ~+6 ms-1, and seem to remain the same throughout the analyzed period. The 

difference between adjacent negative and positive residual velocities is globally stronger 

for Hurricane Isabel. This result could be attributed to the fact that the data were collected 

further inland during Hurricane Isabel, and therefore were more prone to stronger shear 

effects over land due to increased surface friction. If true, this result would mean that, 

either the features were shear-generated or that shear-generated scales of motion could be 

superimposed on other HBL small-scale features.  The increase in shear could have also 

disrupted the features’ structure, leading to this more cellular pattern observed in the 

residual velocity field. It does not seem that the proximity of the eyewall affected the 

structure of the features since data collected at a time period for which the eyewall was 
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very far from the radar presented the same cellular pattern and similar residual 

magnitude. 

 

 
 

Figure 5.1: Residual velocity from a scan taken at 3.2º from Hurricane Isabel. 
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Figure 5.2: Residual velocity from a scan taken at 3º from Hurricane Frances. 

 

It seems that the overall residual velocity magnitudes are weaker than those 

documented in Morrison et al. (2005) where it appears that the maximum/minimum 

amplitude reaches values as high as +13/–11 ms-1. This result could be due to the coarser 

resolution of the WSR-88D radar allowing the resolution and therefore the superposition 

of other larger scales of motion that would increase the amplitude of the residual velocity 

data.  When looking at Figures 5.1 and 5.2, it seems that the orientation and the 

wavelength of the features change with height. These changes are more pronounced in 

the case of Hurricane Isabel. Because both figures are slanted representations of the 

features, the interpretation of these observations could prove to be challenging. To further 

the understanding of structure of the features, horizontal and vertical cross-sections were 

constructed from the gridded data sets. 
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5.1.2 Cressman Gridding Scheme  

The residual velocity data obtained from the subtraction of the mean wind profile 

from the radial velocity data contain valuable information about the HBL small-scale 

features. However, because sector scans are slanted (increasing height with increasing 

distance from the radar) they do not provide a complete representation of the three-

dimensional structure of the HBL features, which is important for a definitive 

characterization of the features. In order to provide a complete depiction of the features, it 

was essential to display the data in horizontal and vertical plans. Diverse techniques exist 

to grid data into a Cartesian framework, however, in the field of radar processing, 

techniques based on the successive correction method (SCM) have been largely used and 

proved to provide successful results. The Barnes and Cressman methods were both tried 

and gave similar results and ultimately the Cressman scheme was chosen to grid the radar 

data.  

 The Cressman gridding scheme used in this study is based on the SCM first 

proposed by Bergthorssen and Döös (1955) and described as follow in Kalnay (2003). In 

theory, the SCM requires a first guess of the observational field. Then, to estimate the 

value at each grid point at an nth iteration, the following equation was applied: 
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where fi
n is the calculated value at nth iteration at the grid point i, 0

kf is the kth observation 

surrounding the grid point i, n
kf  is the value of the nth field estimate evaluated at the 

observation point k, 2ε  is an estimate of the ratio of the observation error variance to the 

background error variance and n
ikw  is the weight. Cressman assumed 2ε  to be zero and 

defined the weights as follow: 
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where 2
ikr is the square of the distance between an observation point kr and a grid point at 

ir , ROn is the radius of influence and n
iK  is the number of observations within a distance 

ROn of the grid point i.  

 

5.1.3 Cressman Analysis for Radar Data 

 In order to display the radar data into a Cartesian framework, the Cressman 

gridding scheme was used in a three-dimensional framework, for only one iteration and 

no first guess. At each grid point the residual radial velocity was expressed as follows: 
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where RiV is the residual radial velocity estimated at the grid point i, RkV the kth observed 

radial velocity within the radius of influence. The radius of influence (RO) now 

represents a sphere of influence, as this is a three-dimensional gridding. The RO was 

chosen equal to 150 m. The choice of the RO was dictated by the number of data that was 

included in the calculation of each grid point value and the size of the features under 

investigation. When chosen too small, only a few data were included in the computations, 

and the resulting gridded field was noisy. However, the RO had to be small enough to 

allow for the resolution of the HBL features. Because ROs smaller than 100 m would not 
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be useful due to the radar spatial resolution, such small ROs were not considered. A RO 

of 100 m was tried but provided noisy data with limited spatial coverage. ROs of greater 

values were tried until an optimum value of 150 m was found, fulfilling both 

requirements dictating the choice of the RO. To avoid tendentious results at grid points 

for which there were still few data entering the Cressman algorithm, a thresholding was 

applied. Spurious data and gap were found to be associated to grid point calculated with 

less than 15 observational data points. Hence, only gridded data computed with at least 

15 observation data points were included in the analysis.  

 Generally, this type of three-dimensional gridding of data (not recorded 

simultaneously) requires an advection correction to conserve the coherency of the 

features. However, in this case it is assumed that the motion of the features is 

approximately along the mean wind vector of the analyzed depth. Hence, the features’ 

motion was assumed to be quasi-stationary in the transverse direction during the time of a 

volume scan, which would allow wavelength estimation.  

 

5.1.4 Horizontal and Vertical Structure 

Once the Cressman gridding applied on the data, horizontal and vertical cross-

sections were constructed. Figures 5.3 and 5.4 are horizontal cross-sections taken at 300 

m AGL for Hurricane Isabel and Frances, respectively. This representation is less noisy 

than the original scans and provides a better view of the features. The linear character of 

the features of the HBL is even more pronounced in Hurricane Frances. In Hurricane 

Isabel, although the features appear more defined than in the sector scan, they still present 

a less organized pattern than in Hurricane Frances. Overall, the amplitudes of the residual 

velocity are stronger in Hurricane Isabel than in Hurricane Frances. Comparisons of the 

residual velocity amplitudes between the sector scans and the gridded data indicate that 

the residual velocity amplitudes are stronger in the sector scan data than in the gridded 

field, which is due to the smoothing effect of algorithms such as the Cressman gridding 

scheme. 
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Figure 5.3: Horizontal cross-section at 300 m AGL for Hurricane Isabel. 

 

 
 

Figure 5.4: Horizontal cross-section at 300 m AGL for Hurricane Frances. 



 91

Figures 5.5 and 5.6 are three-dimensional representations of the gridded data. 

Examination of the images reveals a definite vertical coherency of the features, which 

validates the steady state assumption used for the Cressman scheme. Because the 

scanning strategy used in Hurricane Frances scheduled higher elevation scans than for 

Hurricane Isabel, gridded data up to ~600 m AGL (or 1000 m AGL when data from the 

TR20DD scanning strategy were used) were available for Hurricane Frances where as in 

Hurricane Isabel the data were only available up to ~450 m AGL.  

 

 

 
 
Figure 5.5: Three-dimensional view of a volume scan from Hurricane Isabel. 
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Figure 5.6: Three-dimensional view of a volume scan from Hurricane Frances. 

 

 Veering with height of the features’ orientation is apparent between 300 m and 

450 m AGL in Hurricane Isabel. In Hurricane Frances the veering of the features is more 

subtle, but is clearly apparent between the lowest and the highest horizontal cross-

sections. It is questionable whether or not this change of orientation with height is real or 

if it is due to a possible superposition of different scales of motion, which are oriented 

differently at different heights.  In both figures the features seem to lose definition with 

height. At this point, it is unclear if this loss of definition could be attributed to the 

combined effect of aliasing (due to radar beam spreading) and smoothing of the 
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Cressman scheme or to the fact that the top of the features has been reached. The latter 

will be investigated through an RHI analysis (see next section).  

 To fully investigate the vertical structure of the HBL small-scale features, vertical 

cross-sections from the gridded data were completed. Figures 5.7 and 5.8 represent 

vertical cross-sections taken roughly perpendicular to the features’ orientation, 

approximately 2 km from the radar. In both cases the features appear well defined, 

exhibiting a strong vertical coherency. Globally, the features seem to extend 

uninterrupted from the ground to the top of the analyzed depth. It is interesting to note 

that, although the linear character is difficult to assess on the horizontal cross-sections of 

the features in Hurricane Isabel, it is quite striking in the vertical cross-section. The 

amplitudes of the residual velocity data appear stronger near the ground, which could be 

due to more shear near the ground. Overall, there is a definite loss of definition of the 

features at the top on the analyzed depth. This loss of definition could be due to the 

reduced effect of friction around 500 m AGL. However, because the features seem to 

change orientation with height, the cross-section that was normal to the features’ 

orientation in the lower elevations was not perpendicular anymore at the highest altitudes. 

Therefore, the loss of definition could be attributed to the direction of the features relative 

to the direction of the cross-section. Moreover, the observed flow may change from the 

along-feature direction to the cross-feature direction along a particular vertical cross-

section, which might affect the features’ definition in the area of mixed flow. A 

qualitative assessment of the features’ wavelength indicates results in the sub-kilometer 

range as stated in Wurman and Winslow (1998). A close look at Figure 5.8 reveals 

wavelengths of approximately ~500 m. An extensive wavelength analysis will be 

provided in Chapter VI to investigate these observations. Overall, all the data analyzed 

for Hurricanes Isabel and Frances present the same characteristics described in Figures 

5.1 to 5.8.  
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Figure 5.7: Vertical cross-section at 2 km from the radar for Hurricane Isabel. 

 

 
Figure 5.8: Vertical cross-section at 2 km from the radar for Hurricane Frances. 
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5.2 Depth Analysis 

 The loss of feature definition with height and the limited vertical extent of the 

collected data impeded the assessment of the feature depth. It was thought that an RHI 

analysis could be a valuable tool to study the depth of the features.  

 

5.2.1 Boundary Layer Analysis 

 Most of the past studies that treated the subject of BL features (such as BL rolls) 

noted that the features scaled to the depth of the BL (Chapter II). Several studies dealing 

with rolls in non-hurricane environment used the similarity theory to assess the BL depth 

(Chapter II). In the case of HBL rolls (Morrison et al., 2005), the depth of the BL was 

estimated using the inflection point in the radial wind profiles. Basically, the top of the 

HBL was reached when the radial wind profile curvature changed sign. The depth of the 

HBL rolls was then compared to the HBL depth and the depth of the inflow layer, which 

was also determined from the radial wind profile. 

 Because shear and thermodynamic data were not available for this study, the BL 

depth determination was performed using the VAD profiles. Figures 5.9 and 5.10 are 

wind profiles completed from the data obtained from the VAD technique performed on 

the radar data. Figure 5.9 is the VAD retrieved wind profile for Hurricane Isabel on the 

18 September at 17Z. There is a general veering of the wind up to 2 km AGL. The wind 

speed increases in the BL up to ~1400 m AGL then decreases thereafter, as expected in 

the HBL. Figure 5.10 represents the VAD retrieved profile for Hurricane Frances and 

presents the same overall characteristics as the profile of Hurricane Isabel. Although 

Figure 5.10 is a profile of Hurricane Frances on the 5 September at 03Z, profiles with the 

same characteristics were generated for other time periods (not shown here). As for 

Hurricane Isabel, there is a general veering up to 2 km AGL. It is interesting to note that 

the slope of the veering decreases considerably above 1300 m.  The wind speed increases 

with height up to 1300 m then decreases thereafter.  
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Figure 5.9: VAD profile from Hurricane Isabel at 17Z. The red solid line represents the 
wind direction and the black solid line the wind speed.  
 

 
 

Figure 5.10: VAD profile from Hurricane Frances at 03Z. The red solid line represents 
the wind direction and the black solid line the wind speed. 
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From the previous profiles, tangential and radial profiles were constructed taking 

into account the position of the center of the hurricane based on the NHC best track 

positions and NCH archive of hurricane seasons (http://www.nhc.noaa.gov/pastall.shtml). 

Figures 5.11 and 5.12 are tangential and radial profiles for Hurricanes Isabel and Frances, 

respectively. In Hurricane Isabel, the tangential wind has the same behavior as the total 

wind speed in Figure 5.9. The radial wind speed displays an inflow layer with relatively 

strong wind speed values as high as 12 ms-1. The depth of this inflow layer is ~850 m 

AGL. The inflection point, and therefore the top of the BL, was estimated by looking at 

the change in sign of the second derivative of the radial wind profile. The top of the 

boundary layer was found at ~1425 m AGL.  The tangential wind speed for Hurricane 

Frances presents the same characteristics as in Hurricane Isabel, with an overall increase 

below, then decrease above 1400 m AGL. The radial wind profile displays an inflow 

layer of ~800 m depth, with radial inflow between 2 and 6 ms-1. The discrepancy between 

the magnitudes of the radial velocity between the two storms could be due to the position 

of the radar with respect to the storm, since during the analyzed time period, the radar 

was at least ~80 km from the center of Hurricane Isabel at close proximity from the 

eyewall, while in Hurricane Frances the radar was between ~135 km to ~200 km from the 

center of the storm, far from the eyewall. It could also be due to the azimuth relative to 

center, i.e., right-left or front-back asymmetry or to errors in the location of the hurricane 

center. The inflection point was estimated at ~1.1 km AGL, which is representative of a 

relatively shallow HBL. Figure 5.6 displays HBL features still visible at 1 km AGL, 

which would imply that the features depth might extend almost up to the depth of the BL 

in Hurricane Frances, but no inference can be made for Hurricane Isabel using the three-

dimensional images (data only extend up to ~ 500 m).  
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Figure 5.11: Tangential (solid red) and radial (solid black) wind profile for Hurricane 
Isabel at 17Z. 
 

 
 

Figure 5.12: Tangential (solid red) and radial (solid black) wind profile for Hurricane 
Frances at 03Z. 
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5.2.2 RHI Analysis Coupled with the VAD Method 

 Because RHI scanning strategies provide data acquired higher in the BL, it was 

thought that an RHI analysis could provide useful information about the features’ depth. 

Figure 5.13 is an example of an RHI taken during the landfall of Hurricane Isabel. The 

position of the maximum winds is clearly visible at ~1200 m, with a turbulent wind field 

below and a more laminar flow above. Near the ground, features resembling the features 

under investigation are visible up to 10 km range from the radar, but were difficult to 

isolate.  

 

  
 
Figure 5.13: Example of RHI taken at 185° acquired during the landfall of Hurricane 

Isabel at 17Z. 
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To be able to analyze the HBL small-scale features using the RHIs, it was 

imperative to obtain the residual velocity field. To do so, a coupled VAD/RHI method 

was implemented, which consisted of removing the mean wind field from RHIs using the 

VAD results of PPIs acquired close in time to the RHIs. Because the mean wind field did 

not change noticeably over time periods as short as 30 minutes, quasi-stationarity was 

assumed for data within a 30-minute window. Thus, the mean wind retrieved from PPIs 

was assumed to be the same for RHIs that were acquired within 30 minutes of the 

considered PPIs. Typically, for each datum retrieved from the VAD technique 

corresponding to a wind direction and speed at a particular height, the wind vector was 

projected onto the azimuth on which the RHI was realized and subtracted from the bin 

that corresponds to the particular height that was considered. All the heights for which 

VAD data were unavailable were then interpolated. Because the scanning strategy in both 

hurricane deployments scheduled PPI scanning up to ~9º-elevation angle, it was not 

possible to obtain residual velocity data past this elevation. Figures 5.14 and 5.15 

represent data on which the method was applied for Hurricanes Isabel and Frances, 

respectively.  Figure 5.14 is the resulting residual velocity field of data from Figure 5.13. 

The HBL small-scale features, displaying alternate values of positive and negative 

residual velocities, can be easily identified. Although it is difficult to determine the depth 

of the small-scale features with accuracy, the top of the features can be estimated as being 

located where the features lose definition and the residual values are close to zero. Part of 

the loss of definition is due to aliasing. However, at distances such as ~7.5 km from the 

radar at 1 km AGL where wavelengths of 396 m could be resolved, the features were not 

resolved.  This suggests that the loss of definition in this area could be due to the fact the 

top of the features has been reached since a rough estimation determined that their 

wavelength was in the order of ~400-500 m and therefore they should have been resolved 

at this height. The examination of multiple images of residual velocity for the same time 

period provided the same characteristics as Figure 5.14 and suggests that the top of the 

small-scale features in Hurricane Isabel was located close to 1 km AGL, higher than the 

inflow layer and much lower than the top of the BL previously estimated at ~1400 m.  
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Figure 5.14: Residual radial velocity from an RHI taken at 185° for Hurricane Isabel at 
17Z. 
 

As shown in Figure 5.15, the residual velocity data are noisier for Hurricane 

Frances data and the depiction of the small-scale features is quite challenging. The 

residual velocity values depicting the small-scale features are between – 3 and +3 ms-1, 

with little contrast to clearly identify the features, however alternating positive and 

negative residual velocities are still evident. The top of the RHI displays a smooth area of 

high positive values of residual velocity where values close to zero were expected. The 

lack of values close to zero could be caused by a poor performance of the VAD 

technique, which may have resulted in an underestimate of the mean wind for this portion 

of the RHI. However, the residual velocities for this RHI were obtained from a VAD 

profile using full scans collected less than 10 minutes after the RHI acquisition, which 

should have provided accurate wind estimates. Thus, the reasons for such values of 

residual velocity are unclear and should be addressed if a quantitative analysis of the 
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RHIs were to be completed. The smooth area of residual velocities where the small-scale 

features lose definition could represent the top of the features in Hurricane Frances at ~1 

km AGL, however, this loss of definition could be due to the area of higher velocity data 

overshadowing the features. The analysis of RHIs at other time periods presented the 

same results and did not provide a better representation of the features. Thus, although 

the depth of the HBL features cannot be assessed with accuracy, the analysis of the RHIs 

suggests that for both Hurricanes Isabel and Frances, the top of the features was more 

than ~200 m above the inflow layer and well below the top of the BL in Hurricane Isabel. 

These results agree with the observations made by Morrison et al. (2005). In Hurricane 

Frances, it seems that the top of the features was located slightly below the top of the BL, 

however, these results cannot be confirmed due to the issue with the high residual 

velocity data previously mentioned. 

 

 
 

Figure 5.15: Residual radial velocity from an RHI taken at 312° for Hurricane Frances at 
03Z.  
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5.3 Orientation 

A qualitative examination of various horizontal cross-sections and sector scans 

indicates that the HBL small-scale features in both Hurricane Isabel and Frances are 

approximately oriented with the mean surface wind direction. A more accurate evaluation 

of the orientation was necessary and therefore a quantitative analysis of the features’ 

orientation was completed. Although Figures 5.5 and 5.6 revealed a slight veering of the 

features with height, the change of orientation did not seem to exceed 10º below a 400 m 

depth in Hurricane Isabel and 5º over 550 m in Hurricane Frances. Therefore, it was 

assumed that an analysis of the orientation would provide the average orientation of the 

features for the considered depth. The method used to assess the orientation was 

identified as the method of the minimum variance. It is assumed that along the direction 

of orientation of the features, the variance of the residual velocity data should be 

minimal, as all the values along this direction should have approximately the same sign 

and the same order of magnitude. The method was applied as follows: 

1. Display the residual velocity in a Cartesian framework. Figure 5.16 is an 

example of the data used to compute the orientation of the features in 

Hurricane Frances at 0Z.  

 

 
Figure 5.16: Example of residual velocity data used in the orientation analysis.  
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2. Rotate the data and compute the variance along given cross-sections for 

each iteration. The cross-sections were taken oriented in the vertical 

direction and were rotated every 0.5º. Each cross-section had to contain 

the same number of data so that the variance values would not be biased 

by the sample size. For each iteration the resulting variance was the mean 

of the variances computed for each cross-section. To limit the number of 

iterations a qualitative assessment of the orientation from original residual 

velocity data gave the range of angles that would be included in the 

calculation. Thus, in the case of Figure 5.16, since the orientation angle 

would be ~45º, then the range of angles used in this case was 0-70º.  

3. Retrieve the orientation associated with the minimum variance. 

 

Figure 5.17 illustrates the explained method. The left images depict different rotation 

angles applied to the data, the right images show the resulting variance function and the 

red dot represents the value of the variance for the considered rotation angle. The 

variance function depicts relatively well where the variance is minimal indicating a 

minimum at 48º relative to North, close to the estimation previously suggested. For this 

analysis to be relevant, the method was performed on 70 files for Hurricane Isabel and 

110 for Hurricane Frances.  
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Figure 5.17: Different steps of the method of minimum variance. a), c), e) and g) 
illustrate different rotation angles applied to the data. b), d), f) and h) represent the 
variance function with the position (red dot) of the variance value for the considered 
rotation angle. 
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 Figures 5.18 and 5.19 are histograms displaying the orientation relative to true 

North at 15Z for Hurricane Isabel and 0Z for Hurricane Frances, respectively. In both 

cases the range of the orientation angle values is relatively narrow with data ranging from 

-5º to ~15º for Hurricane Isabel and from 35º to 45º for Hurricane Frances. Negative 

values represent orientations that are left of North. The mean orientation for the 

considered time period was 5.4º for Hurricane Isabel with a small variance of 6.4º. For 

Hurricane Frances, the mean orientation was 53º with a variance of 8.7º.  

 

 
 

Figure 5.18: Histogram of the orientation of the features at 15Z for Hurricane Isabel. 
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Figure 5.19: Histogram of the orientation of the features at 00Z for Hurricane Frances. 

 

Since the orientation of the HBL small-scale features change with time, it was 

more informative to classify their orientation with respect to the mean wind direction. 

Thus, the mean orientation was compared with the mean surface wind. Because for these 

time periods the shear throughout the BL was not very significant, the surface wind could 

then be representative of the BL wind in order to compare the results with previous 

studies. The difference between the average orientation and the wind direction for 

Hurricane Isabel was -26º to 4º. In Hurricane Frances, this difference was between -20º 

and 10º. Negative values represent orientation to the left of the wind direction when 

looking downwind. Figure 5.20 is a histogram summarizing the results about the 

orientation of the features with respect to the mean surface wind direction for both 

hurricanes. ~65% of the data were within 10º of the mean wind direction, and ~93%, 

within 20º, with a mean of 7.1º. It also appears that on average, the orientation is mainly 

to the left of surface wind direction. 
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Overall, these results seem to agree with previous observation studies. Indeed, 

Weckwerth et al. (1999) documented BL rolls of orientation within 15º of the mean 

convective BL and mostly to its left. She also compared the orientation with the low-level 

wind and found BL rolls aligned within ~20º to the right of the low-level wind. These 

results are comparable to those presented here even though the side of the orientation (left 

or right) does not always agree. The rolls observed by Reinking et al. (1981) were also 

oriented between 10 to 20º of the mean planetary BL wind, as documented here, however 

to the right of the wind direction. Comparisons with Morrison et al. exhibited very similar 

results but with a much narrower range than those documented in Morrison’s study, more 

concentrated toward 0-10º ranges. In this case the orientation is also mainly to the left of 

the mean wind. Because of small shear it seems that features might also be oriented 

within 10 to 20º of the shear vector, which would disagree with Wurman and Winslow 

(1998) who found the analyzed rolls approximately parallel to the 0 to1 km shear vector.  

In the case of numerical studies, LES simulations conducted by Drobinski and 

Foster (2003) provided streaks aligned with the surface wind field, which is different 

from the results found in the present study. However, in Foster (2005), a linear instability 

analysis revealed instabilities aligned at ~10º to the right of the surface wind, close to the 

mean of 7.1º found here.  
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Figure 5.20: Histogram of the difference between orientation and mean surface wind for 
both hurricanes. 
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CHAPTER VI 

WAVELENGTH OF THE HBL SMALL-SCALE FEATURES  

 

One of the main goals of this study is to retrieve the wavelength distribution of 

the HBL small-scale features. As mentioned in Chapter II, few observational studies have 

addressed the subject of HBL small-scale features. Wurman and Winslow (1998) found 

HBL features with a mean wavelength of ~ 600 m, but neither sample size nor the 

method used to obtain the results was specified. In the study conducted by Morrison et al. 

(2005), the wavelength distribution varied greatly from the results from Wurman and 

Winslow with a mean wavelength value of 1450 m. Because smaller-scale features are 

not as easily traceable with WSR-88D radars relative to the DOWs or the SMART radars, 

the wavelength distribution (Figure 2.18a) may have not accounted for smaller-scale 

features. To further investigate the discrepancies between the various studies, and 

potentially provide further identification of the type of small-scale features present in the 

HBL, a wavelength analysis was conducted with a new technique. 

 

6.1 Pre-Analysis 
6.1.1 Domain of Analysis 

The wavelength analysis conducted here differs from the technique used in 

Morrison et al. for various reasons. First, the method was completely quantitative and did 

not rely on manual estimations. Secondly, the data used for the analysis were all gridded 

onto a Cartesian framework so that any changes of the wavelength with height or with 

distance from the radar would be accounted for. Moreover, the analysis was not limited to 

data taken from beams parallel to the long axis of the features, but instead, the data were 

extracted on planes normal to the direction of orientation of the features. The data domain 

was limited to ensure that wavelengths of 300 m could be resolved. At closer range, 

wavelengths as small as 200 m could be resolved. This technique allowed for a larger 

dataset to be included in the analysis. 
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Thanks to the relatively small gate-to-gate range resolution of the SMART radar, 

the data included in the analysis did not need to be limited to the beams parallel to the 

long axis of the features. Instead, data from any beams could be considered, but it was 

crucial to assure that the analysis was not performed with aliased data. A “non-aliased” 

domain was thus predefined, taking into account the radar specifications. It was assumed 

that since the gate-to-gate resolution was ~66.7 m, wavelengths smaller than 134 m could 

not be resolved. A domain was predefined to unambiguously resolve wavelengths greater 

or equal to 200 m. The SMART radar half-power beam width is 1.5°, hence the 

maximum range to resolve 200 m wavelengths would be: 

 

  m 3820
)tan(0.75

50
)2/tan(

4/R max ≈
°

=
θ

λ
=                                          (6.1) 

 

where λ represents the wavelength of the features and θ the radar half-power beam width. 

However, such a short range severely limited the amount of available data in the vertical 

direction and therefore was not suitable for analysis. The final chosen domain can resolve 

wavelengths as small as 300 m at the maximum range, and is limited to a range of 5.7 

km. In practice, a circle of radius 5.7 km was defined around the radar and only data 

within this circle were analyzed. This method differs from the one used in Morrison et al. 

(2005), which used a domain limited to beams parallel to the long axis of the features due 

to the rather large gate-to-gate resolution (250 m) of the WSR-88D radar. Although the 

half-power beam width of the SMART radar causes rapid beam spreading with range and 

hence does not permit the use of data at large ranges as for WSR-88D radars, the 

relatively small gate-to-gate resolution of the SMART radars allows for the use of large 

amount of data in the azimuthal direction, which is essential for the analysis. 

 

6.1.2 Data Extraction Method 

 To determine wavelength information and obtain a relevant distribution, it is 

important that the amount of data included in the analysis be substantial. Furthermore, the 
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results should reveal information about vertical and horizontal coherency in terms of 

wavelength. The following is a detailed description of the method used to extract data for 

the wavelength analysis. 

1. Gridded volumes from various time periods were considered. Data were 

segregated into 30-minute periods to prevent the effect of any significant 

temporal changes in the characteristics of the features, such as orientation. 

Because the features were approximately aligned with the mean wind direction 

(Chapter V), which was assumed to be quasi-stationary over a 30-minute time 

period, it was hypothesized that the orientation of the features would also be 

quasi-stationary during the same time period. This assumption was 

corroborated by a comparison between the first and the last volume scan of the 

considered time period (Figures 6.1 and 6.2) that does not exhibit any 

substantial changes in the features’ orientation. 

 

 
 

Figure 6.1: Horizontal cross-section of residual radial velocity from Hurricane Isabel at 
200 m AGL at 17Z (Right) and17:30Z (Left). 
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Figure 6.2: Horizontal cross-section of residual radial velocity from Hurricane Frances at 
200 m AGL at 04Z (Right) and 04:25Z (Left). 

 

2. For each gridded volume scan, vertical cross-sections were taken, normal to the 

orientation of the features. The direction of orientation, first estimated 

qualitatively, was later confirmed by the method of minimum variance 

(Chapter V). In order to examine the horizontal coherency of the wavelength of 

the features several cross-sections were obtained along the long axis of the 

features (Figure 6.3). 
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Figure 6.3: Horizontal cross-section from Hurricane Frances at 300 m AGL. The black 
lines represent the position of some the vertical cross-sections taken for the wavelength 
analysis. 
 

3. Data along the vertical cross-section at individual heights were obtained to 

produce wavelength distributions. This method also allows for an assessment of 

the wavelength coherency in the vertical direction. Figures 6.4 is an example of 

residual radial velocity data at 250 m AGL extracted from a vertical cross-

section. Although the shape of the signals is strongly sinusoidal, the amplitude 

of the maxima and the minima is highly variable. In this case for example, the 

difference between maxima and minima can vary anywhere from 0.003 ms-1 to 

4.2 ms-1 , although values such as 0.003 ms-1 are most probably artifact of the 

analysis since the radar precision is much coarser. 
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Figure 6.4: Radial velocity residual data extracted from cross-sections approximately 
perpendicular to the features at 250 m for Hurricane Frances.  
 
 

The analysis consisted of 465 vertical cross-sections for Hurricane Isabel and 336 

for Hurricane Frances. Data were assimilated from all cross-sections of each gridded 

volume scan, and a wavelength histogram/distribution was assembled.  

 

6.1.3 Band-Pass Filtering 

As mentioned previously, there is a superimposition of several scales of motion 

present in the BL data acquired in both Hurricanes Isabel and Frances. One of the 

methods used to discriminate the different scales of motion present in the BL wind field 

was filtering the residual velocity data through a band-pass filter. Assuming that the order 

of magnitude of the feature wavelength was known, it was possible to filter the data so 

that after filtering, the main wavelength was still present in the signal while other 

wavelengths were damped out. Such a filtering would allow viewing separately the 
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different scales of motion and hence help understand how the superposition of different 

scales of motion can affect the determination of the wavelength of the features.  

The filter employed in this analysis was a Butterworth filter. The cutoff frequency 

for the low-pass filter was chosen based either on the associated radar resolution, which 

varies by range or on a single value that would set the smallest wavelength allowed in the 

record after filtering. In the latter case, if the smallest wavelength allowed was 1 km, then 

the cut-off frequency for the low-pass filter would be set at 10-3 m-1. In the former case, 

for each range, the minimum resolvable wavelength was assessed, and then its inverse 

was chosen as the cutoff frequency. For cases where the range resolution (66.7 m) was 

larger than the bin width, the cutoff frequency was (66.7 m)-1. Any signal with a 

frequency larger than the cutoff frequency could not have been resolved by the radar and 

should be removed from the data. For instance, at a range of 2 km from the radar, the 

beam width would be 2×2000 m×tan (0.75) = 52.4 m, which would allow a minimum 

wavelength resolution of 2×52.4 m ≈ 105 m. The low-pass filter cutoff frequency would 

then be set to Fc = 9.5 × 10 -3 m-1, disregarding all frequencies greater than Fc. After the 

low-pass filtering, a high-pass filter was applied with a cutoff frequency that would be 

equal to the inverse of the maximum wavelength allowed in the signal. Thus, to remove 

data of wavelength greater than 2 km the high-pass filter cut-off frequency would be set 

at 5 × 10-4 m-1. This type of filtering requires computations of a spatial sampling 

frequency. The sampling frequency was computed at each range and was equal to the 

distance between the centers of two adjacent radar bins. Figures 6.5 and 6.6 represent the 

Butterworth filter frequency response for both low-pass and high-pass filters. For both 

low-pass and high-pass filters, the magnitude decreases beyond the cut-off frequencies 

and remain the same in the band pass region. This response is very important, since it 

means that filtering hardly affects the magnitude of the residual velocity data, already 

altered by the Cressman gridding scheme (Chapter V).  However, the filter response was 

not always as accurate as displayed in Figures 6.5 and 6.6. In some cases, for instance, 

the magnitude of the low-pass filter would slowly reach 0 dB after the cutoff frequency, 

letting data with frequency higher than the cutoff frequency pass. Moreover, the phase 
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response could exhibit the same type of delay, which could cause some phase shifting in 

the resulting filtered data. This issue arose, but was not recurrent in this analysis, and 

overall, the filtering was efficient. The filtering should be useful to identify and isolate 

the scales of motion that are studied. A discussion on the various scales of motion 

revealed by filters with different pass bands will be given in section 6.3. 

 

 

 
 

 
Figure 6.5: Frequency response graph for a low-pass filter at 4.5 km from the radar. The 
cutoff frequency is ~ 4.2 ×10-4 m-1. 
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Figure 6.6:  Frequency response graph for a high-pass filter at 4.5 km from the radar. The 

cutoff frequency is 5 ×10-4 m-1. 

 

6.2 Wavelength Analysis 

6.2.1 Frequency Analysis 

 After extraction of the data it was then possible to perform the wavelength 

analysis. Information about HBL small-scale features is contained in both the spatial and 

the frequency domains of the collected data. To retrieve the wavelength distribution of 

the features, it was originally thought that a frequency analysis of the features could be 

used to obtain the associated wavelength at which they occur. Once all the data were 

extracted, Fast Fourier Transform (FFT) processing was applied on each individual one-

dimensional record at each height for all cross-sections. Each FFT was realized with a 

fixed length to allow averaging of the results afterwards. Each record was detrended and 

normalized by the variance.  All the power spectrum densities (PSD) of each record for a 
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particular height were averaged together. Figures 6.7 and 6.8 represent the overall 

distribution of wavelength with height for Hurricanes Isabel and Frances, respectively.  

 

 
 

Figure 6.7: PSD versus height for a 30-minute time period for Hurricane Isabel. 
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Figure 6.8: PSD versus height for a 30-minute time period for Hurricane Frances. 
 

 

In both cases it is difficult to determine the energy associated to the small-scale 

features under investigation since most of the energy is associated with larger scales of 

motion. These larger scales contain a significant amount of energy and effectively mask 

the energy of smaller scales of motion. In both Figures 6.7 and 6.8 the highest energy is 

located around 3 km. In Figure 6.7 there is also a secondary peak of energy at 1.5 km 

whereas for Figure 6.8 there is a broad area of high energy between 1.5 km and 3 km 

above 300 m AGL. Any conclusion about the wavelength of the small-scale features 

under investigation seems difficult. Indeed, the areas of high energy appear to be quite 

large (~2 km wide), with most of the energy being present at large scales (~ 3 km), which 

does not represent the wavelength of the features that have been qualitatively identified. 

In an attempt to minimize the effect of large scales of motion in the frequency analysis, 

the data were filtered with various cutoff frequencies.  Figures 6.9 to 6.11 and 6.12 to 
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6.14 represent PSD distributions for data filtered above 5 km, 2 km and 1 km for 

Hurricanes Isabel and Frances, respectively. In most cases the highest PSD amplitudes 

are generally associated with wavelengths close to half the cutoff wavelength. In Figure 

6.9 high amplitudes are associated with a wide range of wavelengths between 1.5 km and 

3 km range, with one narrow peak at 1.5 km between 100 and 300 m AGL. In Figure 

6.12, most of the energy appears at 3 km. For data filtered above 2 km for Hurricane 

Isabel (Figure 6.10) most of the energy is associated to wavelengths of 900-1000 m 

below 250 m AGL and wavelengths of 1-1.7 km above this height. The peak energy 

present at 1.5 km is not as pronounced as before even though the data are filtered above 2 

km. For Hurricane Frances (Figure 6.13) the maximum energy is located at 800 m and 

1.5 km whereas for a filtering above 1 km the dominant wavelength is 500 m with some 

energy at 800 m above 300 m AGL. This energy at 500 m was entirely overshadowed by 

the energy of larger scales of motion. For both storms the magnitude of the PSD 

amplitude decreases with decreasing cutoff wavelength. For instance, in the case of 

Hurricane Frances, the maximum PSD amplitude is ~1600 for a filtering at 5 km, ~1000 

for 2 km and ~700 for 1 km. This could explain why the small scale of motion energy 

does not appear clearly when the data are not filtered, or when they are filtered above 

wavelength of large value. 
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Figure 6.9: PSD versus height for data filtered above 5 km for Hurricane Isabel. 
 

 
 

Figure 6.10: PSD versus height for data filtered above 2 km for Hurricane Isabel. 
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Figure 6.11: PSD versus height for data filtered above 1 km for Hurricane Isabel. 
 

 
 

Figure 6.12: PSD versus height for data filtered above 5 km for Hurricane Frances. 
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Figure 6.13: PSD versus height data filtered above 2 km for Hurricane Frances. 
 

 
 

Figure 6.14: PSD versus height data filtered above 1 km for Hurricane Frances. 
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The analysis of all the PSD distributions is not sufficiently conclusive to 

determine which wavelength is associated with the features qualitatively identified for 

investigation. The superposition of different scales of motion made the identification of 

the scales of motion of interest challenging. The analysis of the wavelength in the 

frequency domain was also limited due to the missing data contained in the record. 

Indeed, missing data due to radar editing and/or the geometry of the volume scans 

(Figure 6.15) created gaps in the individual records that were impossible to interpolate, 

which greatly affected the FFT processing. Moreover, the fact that some individual 

records could be short, either due to small cross-sections next to the radar, edited data, or 

limited azimuthal coverage, also affected the accuracy and the resolution of FFT 

calculations. The difficulties in resolving the small wavelengths could also be due to the 

spatial averaging method used to obtain the final spectra (Reinking, 1981). The fact that 

the variance of the different scales of motion could affect the interpretation of the PSDs 

and that there was missing data in the records were the main limitations for the analysis.  

The method was therefore not appropriate to determine the wavelength distribution of the 

HBL small-scale features. 
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Figure 6.15: Vertical cross-section from Hurricane Frances. The conical geometry of the 
volume scan induces a gap after the Cartesian gridding.  
 

6.2.2 Peak-to-Trough Analysis 

 To obtain the wavelength distribution of the features under investigation in a more 

straightforward manner another approach that utilizes data in the spatial domain was 

used. As for the frequency analysis, the data used in this analysis were extracted with the 

method described in 6.1.2. For records along a cross-section and at each height, the 

wavelengths were determined by measuring the distance between a peak (local 

maximum) and an adjacent trough (local minimum), and multiplying the result by 2 to 

obtain the full wavelength. Because missing data due to editing or bad data could bias the 

results, only consecutive minima and maxima with no missing data in between were 

considered. The results of the analysis were assimilated and displayed on histograms. 
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The analysis of Hurricane Isabel was conducted over a 30-minute period, which 

included 31 volume scans. Because of technical limitations due to the scanning strategy 

(low elevation angles) and the Cressman gridding (Chapter V), only the lowest 450 m 

of the HBL of Hurricane Isabel were analyzed. Figure 6.16 represents the overall 

wavelength distribution with height. The color scheme represents the percentage of 

occurrence of each wavelength. Most wavelengths were found in a range of 200-600 m, 

with a maximum around 350 m below 150 m AGL and 450 m above. The histogram 

illustrates the vertical coherency of the wavelength as the distribution remains 

approximately the same from the 0 up to ~400 m AGL. There is a widening of the 

distribution with height toward larger wavelengths, but the percentage stays relatively 

low. This might be due to the fact that the features of interest are losing definition, 

and/or that larger wavelengths became more dominant aloft. An increase of the 

wavelengths with height could also be possible as noted by Khanna and Brasseur 

(1998) in their near-neutral simulation. 

 

 
 

Figure 6.16: Wavelength distribution with height for Hurricane Isabel. 
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The top left side of the figure, due to some edge effect due to noisier data at the 

top edge of the cross-sections, exhibits higher percentage of very low wavelengths (<100) 

that should be disregarded. Figure 6.17 exhibits the same edge effects although this 

histogram is built from data far enough from the radar (3.4 km) that resolution of such 

small scales is not possible, confirming that this high occurrence of small wavelengths is 

due to noise. There is a slight leaning to the right above ~400 m that could be due to the 

lack of data on the edge of the domain or the influence of larger scales from above. 

Furthermore, the change of orientation of the features above this height (Chapter V) 

could also affect the results of the analysis.  

 

 
 

Figure 6.17: Wavelength distribution for data further than 3.4 km from the radar for 
Hurricane Isabel. 
 

 In order to study the horizontal coherency of the wavelength distribution and to 

verify that there is no aliasing with distance from the radar, histograms of data taken at 
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various ranges from the radar were produced. Figure 6.18 to 6.20 represent histograms 

versus height at ranges 1.5 km, 2.5 km and 3.6 km from the radar, along the direction of 

the features. All three figures present the same characteristics, indicating that there is no 

noticeable change of the wavelength along the features.  The histograms are noisier than 

Figure 6.16 since only a small portion of the data are represented for histograms at 

specific distances from the radar. All histograms reveal that at all heights there are nearly 

no wavelengths larger than 1200 m. 

 

 
 

Figure 6.18: Wavelength distribution at 1.5 km from the radar for Hurricane Isabel. 
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Figure 6.19: Wavelength distribution at 2.5 km from the radar for Hurricane Isabel. 

 

 
 

Figure 6.20: Wavelength distribution at 3.6 km from the radar for Hurricane Isabel. 
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As with Hurricane Isabel, the data set used for the Hurricane Frances wavelength 

analysis represents a time period of 30 minutes, with 20 volume scans. In Hurricane 

Frances, the scanning strategy employed allowed the acquisition of data higher in the BL. 

Figure 6.21 shows the wavelength distribution with height. As with Hurricane Isabel 

most wavelengths range between 200-600 m, with a maximum at 350 m below 100 m 

AGL and 450 m above. The vertical coherency is pronounced, as in Hurricane Isabel, and 

expends up to ~ 600 m AGL, and the widening of the distribution is also present. Figures 

6.22 to 6.24 allow the evaluation of the horizontal coherency along the orientation of the 

features over a distance of 4 km along the direction of the features. As for Hurricane 

Isabel, the figures display noisier data due to the limited amount of data incorporated in 

each analysis at a fixed distance from the radar. Each figure displays some differences 

due to its location with respect to the radar.  Figure 6.24 exhibits a peak at 200 m near the 

ground, which is approximated as noise since this type of wavelength could not be 

resolved such large distance from the radar. However, all three figures exhibit the same 

overall characteristics, with most of the wavelengths in a range of 200-600 m and a peak 

around 400 m, confirming a general horizontal coherency of the wavelengths of the 

features. 
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Figure 6.21: Wavelength distribution with height for Hurricane Frances.  

 

  
  

Figure 6.22: Wavelength distribution at 1.1 km from the radar for Hurricane Frances. 
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Figure 6.23: Wavelength distribution at 3 km from the radar for Hurricane Frances. 

 

 
 

Figure 6.24: Wavelength distribution at 4 km from the radar for Hurricane Frances. 



 134

The wavelength distribution found for both Hurricanes Isabel and Frances 

contrasts largely with the results presented in most of the previous studies of HBL rolls, 

which mainly documented rolls with wavelengths greater that 1 km. Morrison et al. 

(2005) also found rolls with wavelengths in the order of 500 m, but they were not 

dominant. Foster (2005) found rolls with wavelengths in the sub-kilometer range, but 

only inside the RMW. Only Wurman and Winslow (1998), who found wavelengths of 

~600 m, determined wavelengths close to those found here. This scale was found whether 

the small-scale features were located close to (Hurricane Isabel) or far from the eyewall 

(Hurricane Frances). 

 

6.3 Discussion 

6.3.1 Amplitude Adjustment and Thresholding 

Although the qualitative analysis for both storms showed striking differences in the 

structure of the small-scale features (Chapter V), the wavelength analysis revealed that 

the BL of both hurricanes exhibits small-scale features with the same scale of motion. 

The lack of data in the upper parts of the HBL does not allow conclusions for the entire 

HBL; this issue should be addressed in future field projects. 

 Examination of records at individual heights along a vertical cross-section indicates 

that several scales of motion are superimposed in the signal. Figure 6.25, extracted from 

Hurricane Frances illustrates the superimposition of several scales of motion present in 

the record, with a ~5 km wavelength overlaid on scales of ~500 m and smaller.  
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Figure 6.25: Radial residual velocity at 200 m AGL from Hurricane Frances (red). Sine 
curve of 5 km wavelength overlaid. 
 

 The presence of large scales of motion is one of the reasons why it is challenging 

to retrieve the wavelength of the small-scale features with the frequency analysis method 

since the variance provided by the larger scales dominates the energy of the smaller-scale 

features.  Figure 6.25 also reveals some small fluctuations in the signal that would 

suggest smaller-scale features in the order of ~150 m wavelength. These could however 

be noise inherent to the data or the data processing. In both Hurricanes Isabel and Frances 

histograms (Figures 6.17 and 6.21) there are some wavelengths as small as 200 m, with a 

few occurrences around 150 m. To evaluate if these results are valid or if they in fact 

represent noise, the residual velocities from cross-sections far enough from the radar that 

these types of scales could not be resolved were examined. Figure 6.26 is an example 

taken from Hurricane Frances data from a cross-section located at ~4 km from the radar. 
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Although at this distance the minimum resolution is ~250 m, wavelengths on the order of 

~ 200 m are still present.  

 

 
Figure 6.26: Residual velocity at 4 km from the radar showing 200 m-wavelength. 

 

It is hypothesized that those wavelengths are caused by the small fluctuations 

identified in the signal. A distribution of amplitude differences of residual radial 

velocities with wavelength was created to test this assumption (Figures 6.27 and 6.28). 

The results indicate that most of the amplitudes between a peak and an adjacent trough 

smaller than 0.5 ms-1 are associated with wavelengths smaller than 300 m. This result 

suggests that most of the smallest wavelengths are likely associated with small 

fluctuations and are likely noise. This observation raises two important questions: Should 

these small fluctuations be suppressed from the data through thresholding? And since the 

Cressman gridding causes reduction of the data amplitude (Chapter V), should the 

reduced amplitudes be adjusted before thresholding the data. 



 137

 
 

Figure 6.27: Distribution of amplitude with wavelength for Hurricane Isabel for 
the considered time period. 
 

 
 

Figure 6.28: Distribution of amplitude with wavelength for Hurricane Frances for the 
considered time period. 
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To address the amplitude reduction issue, a two-dimensional cosine wave was 

simulated. The Cressman scheme was then applied using a radius of influence of 150 m. 

The ratio between the original cosine wave and the gridded wave was calculated to 

analyze the amplitude reduction caused by the gridding. It is important to point out that, 

although this analysis of amplitude reduction gives an estimation of the effect of the 

spatial gridding on the amplitude of the data, it does not entirely represent this gridding 

effect since the simulated wave is a two-dimensional wave, and therefore, the vertical 

contribution of the gridding is not taken into account.  It should also be mentioned that 

since the data do not follow an exact sinusoidal curve, the estimated ratio would also be 

affected. However, having the order of magnitude of the amplitude reduction will assist 

in making some valuable adjustment before any thresholding.  Because the radius of 

influence is 150 m, wavelengths smaller than 150 m cannot be resolved, and therefore a 

reduction factor was estimated for wavelength larger than 200 m. The reduction factor is 

defined as the ratio of the amplitude of the original cosine wave over the amplitude of the 

gridded cosine wave. Figure 6.29 displays the reduction factors for each considered 

wavelength and reveals that the smaller the wavelength the greater the amplitude 

reduction. 

 

 



 139

 
 

Figure 6.29: Graph of the reduction factor of the amplitude of a cosine wave after 
Cressman gridding. 

 

 Given the reduction factor, it was possible to adjust the amplitudes and then 

retrieve the new distribution of difference of amplitude versus wavelength (Figures 6.30 

and 6.31). The results indicate that when the amplitudes are adjusted the percentage of 

200-300 m wavelengths associated with small amplitudes is much less. All the 

wavelengths smaller than 200 m are entirely associated with amplitudes smaller than 0.5 

ms-1, which indicates that most of the wavelengths smaller than 200 m are likely to be 

noise.   
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Figure 6.30: Distribution of amplitude with wavelength after amplitude adjustment for 
Hurricane Isabel for the considered time period. 
 

 

 
 

Figure 6.31: Distribution of amplitude with wavelength after amplitude adjustment for 
Hurricane Frances for the considered time period. 
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Figures 6.32 and 6.33 represent histogram distributions after adjustment of the 

amplitude and only taking into account amplitude differences greater than 0.5 ms-1 for 

Hurricanes Isabel and Frances, respectively. Overall both figures exhibit the same results 

as the original histogram distributions (6.16 and 6.17). A closer examination of both 

figures reveals that the percentage of wavelengths in the order of 200 m or smaller has 

decreased compared to the original wavelength distribution. For Frances there is also an 

increase of the percentage of wavelengths between 500 and 600 m.  

 

 
 

Figure 6.32: Wavelength distribution with height after amplitude adjustment and 
thresholding above 0.5 ms-1 for Hurricane Isabel. 
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Figure 6.33: Wavelength distribution with height after amplitude adjustment and 
thresholding above 0.5 ms-1 for Hurricane Frances. 
 

 

6.3.2 Analysis of Filtered Data 

Part of the problem of retrieving the wavelength of the small-scale features was to 

isolate the different scales of motion to analyze the particular features under 

investigation. In order to understand how the different scales of motion are organized in 

the wind field and to isolate the features under investigation, filters with different band-

pass ranges were applied to the data. The following ranges were the band-pass of the 

filters applied: 

• Filter 1: [200 m – 1000 m] 

• Filter 2: [1000 m – 3000 m] 

• Filter 3: [3000 m – 5000 m] 
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To present a general view of the organization of the different scales of motion, 

scans, horizontal and vertical cross-sections and three-dimensional views of the filtered 

data are displayed in Figures 6.34 to 6.49. Figures 6.34 to 6.37 are sector scans from 

Hurricane Frances of original residual velocity data and filtered data using filter 1, 2 and 

3, respectively.   

 

 
 

Figure 6.34: Residual velocity data before filtering. 
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Figure 6.35: Residual velocity data after filtering with filter 1. 

 

 
Figure 6.36: Residual velocity data after filtering with filter 2. 
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Figure 6.37: Residual velocity data after filtering with filter 3. 

 

 When the filtered data are compared with the original residual velocity data, it 

seems that the data filtered with filter 1 are qualitatively the most similar in terms of 

wavelength. The wavelength is on the order of ~500 m. The intensity of the data filtered 

with filter 1 are as strong as for the original data near the radar but this intensity 

decreases rapidly with increasing distance from the radar. The intensity of the residual 

velocity data filtered with filter 2 is stronger overall than the data filtered using filter 1 

and filter 3. The qualitative examination of the wavelength indicates that the wavelengths 

of the scales of motion present in the filtered data using filter 2 seem to be on the order of 

~1500 m, and thus greater than the wavelength of the features under investigation.  The 

fact that these scales of motion have stronger intensity could explain why their 

superimposition on features with lower intensity could lead to challenging wavelength 

analysis. It appears that the features obtained with filter 1 are indeed small-scale features 

under investigation. These observations are consistent with the previous results since it 



 146

has been shown that the features under investigation were sub-kilometer, and therefore it 

is normal to find them in data that were filtered to pass scales under 1 km. Figure 6.37 

displays data filtered with filter 3. The intensity of the scales of motion in the range of 

3000 m to 5000 m is much lower that the other data.  Generally, all the scales of motion 

seem to have similar orientation.  The “washing” effect apparent in Figures 6.36 and 6.37 

is likely to be due to the imperfection in the filter, which might cause shift in the phase of 

the filtered data. However, this shift does not seem to be too significant since the scales 

of motion in both cases have kept an overall coherency, and therefore this should not 

affect the wavelengths. The upper-left part of all the images is less defined as it is an area 

of bad data due to second trip echo and VAD processing near the zero-isodop. It is 

interesting to notice that for all the filtered data there are changes in the sign of the 

residual velocity when compared to the original data, which is due to the fact that several 

scales of motion have been superimposed on the original data, blending the various scales 

of motion together.  

To have a less noisy view of the filtered data, the Cressman gridding scheme was 

applied to the data.  Figures 6.38 to 6.41 are horizontal cross-sections of the filtered data, 

and the data from the original data are also displayed as a reference.  
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Figure 6.38: Horizontal cross-section of residual velocity data before filtering. 

 

 
 

Figure 6.39: Horizontal cross-section of residual velocity data after filtering with filter 1. 
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Figure 6.40: Horizontal cross-section of residual velocity data after filtering with filter 2. 

 

 
 

Figure 6.41: Horizontal cross-section of residual velocity data after filtering with filter 3. 
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As for the results revealed in the sector scans data, the intensity of the scales of 

motion displayed in Figure 6.40 is stronger than the intensity displayed in Figures 6.39 

and 6.41. The data filtered with filter 3 definitely show scales with amplitude weaker than 

for the other smaller scales of motion. Examination of Figure 6.38 shows that the features 

under investigation are linear, sub-kilometer features. However, they often appear broad, 

and not very well defined. After filtering, those features appear much better defined, and 

also finer as shown in Figure 6.39.   

It was interesting to investigate how the scales of motion were organized the 

vertical direction and if they were more or less pronounced depending on whether they 

were near the ground or higher in the BL. Moreover, the assumption whether or not the 

change of orientation of the features under investigation could be attributed to other 

features could also be confronted. To do so, three-dimensional views of the filtered data 

were generated. Figures 6.42 to 6.45 are three-dimensional views of images of those data, 

with the original residual velocity as reference.  
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Figure 6.42: Three-dimensional view of residual velocity data before filtering. 

 

 



 151

 
 
Figure 6.43: Three-dimensional view of residual velocity data after filtering with filter 1. 

 



 152

 
 
Figure 6.44: Three-dimensional view of residual velocity data after filtering with filter 2. 
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Figure 6.45: Three-dimensional view of residual velocity data after filtering with filter 3. 

 

 The examination of three-dimensional views of the filtered data reveals that for 

each filter considered, there is vertical coherency with height. The data filtered with filter 

1 have stronger intensity in the lower levels then the intensity decreases with height. On 

the other hand the intensity of the data filtered with filter 2 seems to keep a higher overall 

intensity throughout the analyzed depth, which means that features in this frequency 

range might have the same overall presence throughout the analyzed depth. This result 

could explain why the histogram distribution of the wavelength seemed to lean to the 

right with height towards larger wavelengths. Indeed, the larger scales of motion 

superimposed on the features under investigation could overpower them when they 

become the dominant scale of motion. The intensity of these features seems also to be 



 154

stronger at higher levels. These observations suggest the idea that the small-scale features 

are shear-induced phenomena in the lower HBL and that the scales of motion in the 1-3 

km range spanning the entire HBL could be the features identified as HBL rolls in the 

previous studies (Khanna and Brasseur, 1998; Foster, 2005).  The orientation of the data 

filtered with filter 1 and 2 does not seem to vary with height, whereas the data filtered 

with filter 3 display a drastic change in orientation. Examination of several other 

horizontal cross-sections of these data (not shown here) shows that the intensity decreases 

with height up to ~750 m AGL, then it increases again but with a drastic shift in 

orientation. It is not clear at this point if this phenomenon really occurs or if this effect is 

due to the phase issue noticed for filter 3.  

To complete the analysis of the filtered data, vertical cross-sections were 

generated for each filtered data and the original residual velocity. Figures 6.46 to 6.49 

represent vertical cross-sections taken at ~2 km from the radar.  

 

 
 

Figure 6.46: Vertical cross-section of residual velocity data before filtering. 
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Figure 6.47: Vertical cross-section of residual velocity data after filtering with filter 1. 

 

 
 

Figure 6.48: Vertical cross-section of residual velocity data after filtering with filter 2. 
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Figure 6.49: Vertical cross-section of residual velocity data after filtering with filter 3. 

 

 Figures 6.47 and 6.48 confirm the vertical coherency of the scales of motion 

obtained after filtering with filter 1 and 2. In both cases the scales of motion appear very 

well defined and coherent through the analyzed depth. A qualitative assessment of the 

wavelengths indicates that the predominant wavelength present in Figure 6.47 is on the 

order of 400-500 m, which should be expected since these data are a more define 

representation of the features under investigation. An estimation of the wavelengths 

present in data filtered with filter 2 provides values on the order of 1.5 km. An 

examination of Figure 6.46 shows that wavelengths on the order of 400-500 m were 

retrieved, but not because of the sign changeover of the residual velocities, but thanks to 

decreases or increases of intensity of the residual velocity, whereas in the filtered data, 

the wavelengths were retrieved thanks to changes of sign of the residual velocity data.  

This again confirms that the features under investigation were partially masked by the 

superimposition of the different scales of motion. As previously mentioned, the intensity 
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of the data filtered with filter 2 is more homogeneous throughout the depth whereas the 

intensity of the data filtered with filter 1 is in general stronger near the surface.  Figure 

6.49 also displays vertical coherency of the larger scales of motion, however, it appears 

that there is strong leaning with height. However, this could be attributed to the issue of 

the phase of the filtering discussed previously. The wavelengths estimated for these data 

are on the order of 3.5 km. 

 Filtering the BL residual velocity data was qualitatively very useful as it enable 

the identification of several scales of motion at work in the HBL and also provided 

clarification on the reasons why the determination of the wavelength of the HBL small-

scales features could be challenging when all the scales of motion are superimposed. 

Comparison between the filtered data and the original data confirmed that the features 

under investigation have indeed wavelengths on the order of 400-500m. Although results 

of the analysis of filtered data for Hurricane Isabel are not shown here, the analysis was 

indeed conducted and provided results similar to those exhibited by Hurricane Frances.  

This analysis of filtered data could also partly explain the differences between the 

results presented in this study and those published by Morrison et al. (2005), where they 

documented wavelengths greater than 1 km. To better understand these differences a 

quick study of WSR-88D data was completed. 

 

6.3.3 Comparison with WSR-88D Data 

 Because of the obvious discrepancies in the results of the wavelength analysis 

found between this study and that in Morrison et al., a short analysis of one volume scan 

acquired in Hurricane Fran (1996) was completed. The choice of this volume was 

dictated by the fact that data from this volume were utilized in the analysis conducted in 

Morrison et al. (2005). Figure 6.50 is a radial velocity image of a PPI taken with a 2.4º 

elevation angle. As displayed in the SMART radar data, the small-scale features appear 

in the wind field as linear striations superimposed on the mean wind flow.  



 158

 
Figure 6.50: Radial velocity data from Hurricane Fran. 

 

Figure 6.51 is the residual velocity image resulting from the application of the 

VAD technique on the previous radial velocity data. Although as expected the features 

appear more detailed than the previous image, it very challenging to identify them and 

isolate them. Comparison with residual velocity data from the SMART radar indicates 

that the residual velocity data from the SMART radar are clearly more defined, have less 

noise and the structures are more easily recognized than from residuals from the WSR-

88D data. This result might be mainly due to aliasing, and suggests that any manual 

identification of the wavelength of the features could lead to overestimation of the 

wavelength.  
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Figure 6.51: Residual velocity from Hurricane Fran. 

 

 In order to obtain a better depiction of the small-scale features from the WSR-

88D data, the Cressman gridding scheme was applied to the data. Although the volume 

contains scans up to 19º elevation angle, it was not possible to obtain data above 1500 m 

AGL due to the Cressman gridding constraints discussed in Chapter V.  Figures 6.52 and 

6.53 are the resulting horizontal and vertical cross-sections of the WSR-88D data. The 

smoothing effect of the gridding scheme provided less noisy data, enabling a better 

depiction of the small-scale features. The residual velocity values are greater than those 

displayed by the SMART radar data. A careful examination of the features provides an 

assessment of the wavelength on the order of 800 m to 1 km.  The vertical cross-section 

appears noisier than the cross-sections from the SMART radars. It displays clearly the 

vertical coherency of the small-scale features, however, it is quite challenging to follow 

them from the surface to the top of the analyzed depth. In this case, the wavelengths seem 

to be smaller, on the order of ~500 m. Moreover, the wavelengths appear smaller near the 
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ground, while broader features are displayed at the top. However, overall, both horizontal 

and vertical cross-sections display features of wavelengths that appear to be sub-

kilometer or close to 1 km, which was not necessarily obvious from the noisy residual 

velocity sector scan. It does not seem that dominant wavelength was larger than 1 km. 

 

 
Figure 6.52: Horizontal cross-section at 200 m AGL from Hurricane Fran. 
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Figure 6.53: Vertical cross-section at 4.2 km from the radar from Hurricane Fran. 

 

 A quantitative assessment of the features was then completed using the peak-to-

trough method and provided results similar to those found for Hurricanes Isabel and 

Frances. Figure 6.54 is a histogram presenting the wavelength distribution for the 

considered volume. The dominant wavelengths found for this volume were between    

300 m and 700 m with a maximum at ~500 m.  There are a few occurrences of 

wavelengths greater that 1 km. These results are close to those found in Wurman and 

Winslow (1998) for the same storm, however, not the same region. The vertical 

coherency is verified with the histogram, displaying a quasi-identical distribution at each 

height up to 1 km m AGL.  
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Figure 6.54: Wavelength distribution for one volume scan of Hurricane Fran. 

 

 The wavelength analysis of one WSR-88D volume scan from Hurricane Fran 

revealed that the order of magnitude of the dominant wavelength determined with the 

method employed in this study was much shorter than in the results presented by 

Morrison et al. (2005) After considering the parameters that could influence such 

discrepancies between the studies, it was thought that the difference in results could be 

due to: 

• Superimposition of scales of motion: The analysis of the filtered data and 

Hurricane Fran volume scan suggested that the influence of mesoscale scales of 

motion could lead to the determination of wider wavelength, especially when 

coupled with thresholding.  
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• Aliasing: Although in Morrison et al. (2005) the analyzed data were taken when 

the beam was directed parallel to the along axis of the rolls, it is possible that the 

data could be subject to aliasing since the rolls were likely not perfectly parallel to 

the radar beam. Moreover, since the wavelength of 400-600 m could not be fully 

resolved by the radar, which characterizes the dominant wavelength of the 

features under investigation, it is possible that the features studied in Morrison et 

al. could be features of greater scales, such as those observed in the data filtered 

with filter 2. 

• Thresholding: The examination of the data showed that the influence of larger 

scales of motion could mask the smaller-scale contribution, which could result in 

decreasing and increasing residual velocities instead of alternating positive and 

negative velocities. Hence, if the wavelength retrieval was to consider features 

only characterized by positive and negative values of residual velocities, it could 

lead to overlooking many of the small-scale features. Thus, a thresholding 

technique such as one only considering  ±3 ms-1 residual velocities could result in 

overestimating the wavelengths. Figure 6.55 is an example of what the analysis 

results would be if such a thresholding were applied prior to the analysis for 

Hurricane Frances. Because the residual velocity magnitude in Hurricane Frances 

was smaller than for the WSR-88D data, the threshold value was set at ±1.5 ms-1.  

Comparison with Figure 6.21 shows that there is a shift of the distribution towards 

larger wavelengths. In this case, the dominant wavelengths were between 500 and 

900 m below 100 m AGL, ~800 m between 100 and 300 m AGL and ~1 km up to 

600 m. There is a definite leaning with height that was not present in the original 

data.  There is a broad area of values that is due to the fact that the amount of data 

included in the analysis after thresholding is much lower than before.  Table 6.1 

compares results of the wavelength analysis when a ±3 ms-1 thresholding was 

applied and when no thresholding was considered. The first point to mention is 

that the number of data points is much smaller when the thresholding is applied, 

which means that a significant amount of data is lost using this method. The 
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results obtained when thresholding was applied seem to agree more with the 

results presented by Morrison et al. (2005). The percentage of wavelengths 

smaller than 1000 m is much lower after thresholding the data, while the amount 

of data of wavelength greater than 1 km after thresholding becomes much larger 

when no thresholding is applied. This table shows how sensitive the data are with 

thresholding and illustrates how the thresholding applied in Morrison et al. (2005) 

might have been a major factor in the discrepancies found in the wavelength 

results.  

 

 
 

Figure 6.55: Wavelength distribution after thresholding between ±1.5 ms-1. 
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Table 6.1: Comparison of the wavelength analysis results when no thresholding is 
considered and when a ±3 ms-1 is applied. 

 No thresholding ±3 ms-1 thresholding 

Number of data 

points 
340 41 

λ ≤ 500 m 42% 24% 

500 m < λ ≤ 1000 m 48% 29% 

1000< λ ≤ 1500 m 7% 19% 

λ > 1500 m 2% 27% 

  

• Height of the analysis: As mentioned previously, the current study analyzed data 

located between the surface and 450 m AGL for Hurricane Isabel and 600 m AGL 

for Hurricane Frances. In Morrison et al. (2005), the considered data were 

between ~100 m AGL and 3.5 km AGL. However, it was not mentioned where 

the data included in the wavelength analysis were located. In other words, it is not 

clear what height the data were at when the wavelength of a single roll was 

determined. This information could be important, since the analysis of the filtered 

data showed that larger scales of motion were dominant in the upper levels of the 

HBL.  

•  Method of analysis: The two methods used here and in Morrison et al. (2005) 

were fundamentally different. In the method used here, the data used were gridded 

and the method was automated, although a great number of qualitative 

verifications were conducted to confirm that the automated algorithm was 

providing realistic and correct results. These results were also in accordance with 

visual assessment of the wavelengths. In Morrison et al. (2005), the analysis was 

subjective and conducted manually. Moreover, because the features under 

investigation are not perfectly linear, and do not always maintain positive and 

negative residual velocities, the method presented here was designed so that these 
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specificities were taken into account. The results of the analysis of Hurricane 

Fran’s volume illustrate how much the employed method can influence the 

results.  
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CHAPTER VII 

CORRELATION WITH NEAR-SURFACE  

WIND FIELD 

 

The experimental setup used during Hurricanes Isabel and Frances was based on 

two main goals, documenting the physical characteristics of the HBL small-scale 

features, as well as identifying and assessing the possible interaction of these features 

with the near-surface wind field. Several studies (Wakimoto and Black, 1994; Fujita, 

1993) have suggested that HBL features were responsible for irregularities in the surface 

wind field and resulting damage, however little is known about the reflection of these 

features in the near-surface wind field. In order to better understand this interaction, radar 

and tower data were assimilated (Chapter III), providing a simultaneous view of the near-

surface wind field and the wind field in the HBL. The TEMP scanning strategy was 

specifically designed for the radar-tower analysis. Outside constraints only allowed the 

TEMP strategy to be executed for periods of 30 minutes. The analysis presented here was 

completed for radar data acquired for time periods starting at 09/18/15Z and 09/05/00Z 

for Hurricane Isabel and Frances, respectively.  

 

7.1 Time History Comparison 

The most straightforward method used to compare the impact of the HBL small-

scale features on the near-surface wind field was the direct comparison of the tower wind 

speed and the radar radial velocity time histories. The tower used for this analysis was 

Tower #3 in Hurricane Isabel, which maintained a 5 Hz sampling rate. In Hurricane 

Frances, the only tower located at close range of SR2 recorded data with a sampling rate 

of 1Hz. Figures 7.1 and 7.2 are 2-hour wind speed and direction time histories from the 

considered towers. The time histories are centered on the 30-minute section of the radar 

data for Hurricanes Isabel (starting at 15Z) and Frances (starting at 00Z), respectively. 
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Figure 7.1: Wind speed (blue) and direction (red) from Tower #3 on from 14Z to 16Z on 
18 September 2003 during the landfall of Hurricane Isabel. The solid vertical lines 
indicate the section used in the analysis. 
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Figure 7.2: Tower wind speed (blue) and direction (red) on from 23Z to 1Z on 4 and 5 
September 2004 during the landfall of Hurricane Frances. The solid vertical lines indicate 
the section used in the analysis. 
 

Because Doppler radars only measure radial velocity, the tower data had to be 

projected onto the radar tower axis to derive the equivalent radial velocity to compare 

with the Doppler data. Figure 7.3 illustrates how the tower wind vector was projected 

onto the radar tower axis using simple trigonometry in the Isabel case. Positive/negative 

values of the resulting radial tower wind speed represent projections that are directed 

away/toward the radar. 
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Figure 7.3: Projection technique to obtain tower radial wind speed.  

 

The radar data used were located above the nearby towers at 30.4 m AGL for 

Hurricane Isabel and 20.5 m for Hurricane Frances. Only results for one bin above the 

tower are presented here for brevity. However, the analysis was also completed for mean 

radial velocities determined from five and nine data bins located over the tower 

deployment site. The results yielded no noticeable changes relative to the one bin 

comparison. Windows using various averaging times were employed on the tower data to 

maximize the correlation between the two signals. The best correlation was obtained 

using 30-second windows centered on the time of the radar acquisition. Some of the 

results of this one-to-one comparison are presented in Figure 7.4 and 7.5 for Hurricane 

Isabel and Frances, respectively.  
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Figure 7.4: Radar and tower radial wind speed comparison for Hurricane Isabel. The 
radar data are located at 30.4 m AGL (20.4 m above the tower). 
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Figure 7.5: Radar and tower radial wind speed comparison for Hurricane Frances. The 
radar data are located at 20.5 m AGL (10.5 m above the tower). 
 

 In both cases the radar and the tower time histories are similar. The individual 

values of the radar radial velocity data are in general greater than the values of the tower, 

which could be due to the increase of the wind speed with height in the HBL. Although 

the two signals mimic each other, there are occurrences for which there is an obvious 

time lag between peaks or troughs. This lag is particularly pronounced at the end of the 

record in Figure 7.5. The comparison was not as straightforward as initially thought since 

the two types of measurement are inherently different. Indeed, tower measurements are 

typically point measurements whereas radar data represent measurements taken 

throughout a specific volume which size is dictated by the gate-to-gate spacing and 

horizontal and vertical beam spreading. However, it does not seem that the difference 

between the types of measurements could result in time lags of 30 to 60 seconds. The 

time lag issue is quite puzzling. While the plots show the data pattern from the tower time 
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history occurred later relative to the same pattern in the radial velocity time history, there 

are also instances where the inverse occurs. The correlation factors are 0.42 and 0.22 for 

Hurricane Isabel and Frances, respectively. 

 Although the correlation factors between the radar and the tower data are low, the 

similarity between the two signals is obvious, confirming a relationship between the near-

surface wind field and wind field higher in the HBL. Logically, the next step of the 

analysis was to investigate a possible link between the HBL small-scale features with the 

near-surface wind field. To do so, comparisons between pronounced peaks and troughs of 

the time series and images of radar residual velocity were made. This method was 

difficult to conduct given the data set in hand. The data acquired with the TEMP scanning 

strategy in Hurricane Isabel were 1.5º elevation scans and were contaminated by a 

significant amount of ground clutter. This clutter made such a comparison close to the 

radar very challenging. In Hurricane Frances, the tower was so close to the radar (392 m) 

that it was nearly impossible to clearly identify any feature on a 3º elevation angle scan. 

A few good comparisons were possible with the Hurricane Isabel data set, and these are 

now discussed. 

 Figure 7.6 is a plot of the radial velocity data above the tower in Hurricane 

Isabel. The numbers indicate instances for which comparisons with the residual velocity 

images were made. Figures 7.7 to 7.12 display the residual velocity images at each time 

instant 1 to 6 were acquired (Figure 7.6). The X symbol on the images represents the 

location of the tower. Qualitatively, all four peaks occur at instances that suggest the 

presence of a small-scale feature.  In all four examples, the peaks are associated with 

positive residual velocities while the troughs are associated with negative residual 

velocities. However, the highest (lowest) radial velocity amplitudes do not necessarily 

correspond to the highest (lowest) residual velocity amplitudes. This comparison suggests 

a link between the HBL small-scale features and the near-surface flow as the passage of 

the features is associated with the peaks and troughs in the radial wind speed time 

histories (radar and tower). However, because several scales of motion are superimposed 

in the signal, it is impossible to discriminate the effect of each scale of motion and 
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therefore impossible to link a peak or a trough in the time histories to a particular scale of 

motion, or to assess how much each scale of motion contributes to a peak or trough in the 

wind speed time history. 

 

 
 

Figure 7.6: Time histories of radial wind speed data for Hurricane Isabel. The numbered 
stars represent the peaks and troughs that are compared with residual velocity images. 
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Figure 7.7: Residual images taken at 15:00Z corresponding to 1. X indicates the position 
of the tower. 
 

 
 

Figure 7.8: Residual images taken at 15:04Z corresponding to 2. X indicates the position 
of the tower. 
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Figure 7.9: Residual images taken at 15:06Z corresponding to 3. X indicates the position 
of the tower. 
 

 
 

Figure 7.10: Residual images taken at 15:09Z corresponding to 4. X indicates the position 
of the tower. 
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Figure 7.11: Residual images taken at 15:10Z corresponding to 5. X indicates the position 
of the tower. 
 
 

 
 

Figure 7.12: Residual images taken at 15:16Z corresponding to 6. X indicates the position 
of the tower. 
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7.2 Comparison in the Frequency Domain 

 The direct comparison of the radar and tower time histories did not provide 

conclusive evidence that the small-scale features had an impact on the near-surface wind 

field due to the difficulty of visually identifying the features on scans contaminated with 

bad data and/or the inability to discriminate the effect of the investigated scale of motion. 

Another method involving an analysis in the frequency distribution was then 

implemented. The objective was to retrieve the ground-relative frequency domain of the 

small-scale features and examine the power spectrum density (PSD) of the surface wind 

field for the potential presence of a significant amount of energy at the frequency range 

of the features. Obtaining PSDs of the surface wind field was rather straightforward since 

the high temporal resolution data of the towers can easily provide accurate PSDs. On the 

other hand, although the temporal resolution of the radar data was high enough to follow 

the evolution of the features, it was not high enough to provide valuable PSDs. The 

frequency of the features was therefore determined by an indirect method. The following 

are steps taken to determine the ground-relative frequency of the features: 

1. Estimate the translation vector of the features.  

2. Use the orientation of the features (Chapter V) and couple this information with 

the translation vector to determine the crosswise motion of the features (Vc). 

3.  Couple the crosswise motion with the wavelength distribution to determine the 

ground-relative frequency distribution using the following relationship: 
λ

= cVF , 

where F is the features frequency in s-1, Vc in ms-1 and λ the wavelength in m. 

 

7.2.1 Estimation of the Translation Vector 

The determination of the translation vector of the features was completed using 

the TREC method (Tuttle and Foote, 1990). This technique uses the cross-correlation 

between two radar reflectivity (or radial velocity) images obtained at two different times 

to determine the local advection. In practice, the authors identified several sub-regions on 

an initial radar image and they compared sub-regions of subsequent images until the best 
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match was located. For each comparison a cross-correlation coefficient is computed and 

the best match is retrieved for the highest cross-correlation coefficient. Once the match 

was obtained, the displacement of the echoes between the two images could be assessed 

and the TREC vector or translation vector could be computed. The time between the 

acquisitions of the two images was then used to compute the translation speed. Figure 

7.13 is a schematic illustrating the TREC method. The search area is determined by 

qualitatively assessing the order of magnitude of the translation speed of the echoes. The 

assessed speed divided by the time between the two scans provides an estimation of the 

distance the echoes traveled between the scans and therefore an estimation of the search 

area. This method of limiting the search area is quite useful to reduce computational time 

requirements. 

 

 
 

Figure 7.13: Schematic illustrating the TREC method (Tuttle and Foote, 1990). The 
vector is determined by a cross-correlation between the initial array in Time1 and all 
other arrays of same size in Time 2. 
 

To determine the translation vector of the HBL small-scale features the residual 

velocity field of the TEMP scanning strategy was used. Over a 30-minute period, 68 and 

110 scans were used in the analysis for Hurricanes Isabel and Frances, respectively.   For 
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each considered scan three arrays of approximately 2.5×1.5 km were chosen for both 

Hurricanes Isabel and Frances analyse. The correlation was performed between an initial 

image and the three following scans to limit the time between the initial scan and the 

subsequent scans (∆t) to less that 60 seconds. Indeed, to insure that the translation vector 

is not influenced by a leaning of the features with height, ∆t was limited to a duration for 

which the depth between the initial and the tracked arrays (∆h) remained small enough to 

avoid any bias due to vertical leaning of the features. In the case of Hurricane Frances, 

for instance, for a given value of translation speed 30 ms-1and ∆t = 60s, ∆hmax would be 

90 m. An analysis of the vertical structure (Chapter III) has shown that there was no 

noticeable leaning with height of the features over such a small height. In Hurricane 

Isabel ∆hmax was even smaller as the highest elevation angle was 1.5˚, two times smaller 

that the elevation angle used in the TEMP scanning strategy in Hurricane Frances.  

Figure 7.14 represents the initial sweep at 00:03:05Z, and Figure 7.16 represents a sweep 

at 00:03:35Z.  The black boxes on Figures 7.14 and 7.16 represent the initial and the 

tracked arrays, respectively. Figure 7.15 is a close-up of the initial array, where several 

well-defined features are displayed, and Figure 7.17 is the tracked array for which the 

correlation was maximized. The two images are very similar and suggest a high 

correlation. In this particular example the maximum correlation was 0.922 with the 

horizontal displacements ∆x = -550 m, ∆y = -575 m which resulted in a translation vector 

with the following specifications:  
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Figure 7.14: 3° elevation angle sweep at 00:03:05Z. The black box indicates the array 
that is correlated in the method. 
 

 
 

Figure 7.15: Selected array of residual velocity at 00:03:05Z. 
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Figure 7.16: 3° elevation angle sweep at 00:03:35Z. The black box indicates the array 
that is correlated in the method. 

 

 
 

Figure 7.17: Tracked array at 00:03:35Z. 
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For the analysis to be as accurate as possible, only maximum correlation 

coefficients greater that 0.6 were considered. The final samples had average correlations 

of 0.7 and 0.8, and sample sizes of 200 and 482 for Hurricane Isabel and Frances, 

respectively. Figures 7.18 to 7.21 are histograms of the resulting translation speed and 

direction for the two storms. For both cases the range of the translation speed and 

direction is relatively narrow. For Hurricane Isabel the translation speed ranges from 21 

to 28 ms-1 and the translation direction between 348 and 3˚. For Hurricane Frances, the 

translation speed ranges between 22 and 29 ms-1 and the direction between 37 and 47˚.  

These results indicate that on average the small-scale features were moving at a 

speed close to the mean surface wind speed, but some instances did occur at higher 

translation speeds. The translation direction seems to be right of the surface wind in both 

Hurricanes Isabel and Frances.  

 

 
 

Figure 7.18: Histogram of the translation speed for Hurricane Isabel. 
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Figure 7.19: Histogram of the translation direction for Hurricane Isabel. 

 

 
 

Figure 7.20: Histogram of the translation speed for Hurricane Frances. 
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Figure 7.21: Histogram of the translation direction for Hurricane Frances. 

 

The translation vector was then contrasted to the mean surface wind to compare 

the features motion with the HBL surface flow. Figures 7.22 and 7.23 are histograms of 

the distribution of the difference between the mean surface vector and the translation 

vector. The histograms indicate the translation vector direction is close to the surface 

mean wind direction. In the case of Hurricane Isabel, the distribution does not follow any 

standard distribution. The difference between the two directions is relatively small with 

the maximum at approximately 7.5˚ and an overall range of about 14˚. However, the 

distribution suggests that in general the difference between the surface wind direction and 

the translation direction is between –2 and 5˚. In the case of Hurricane Frances, the 

histogram is skewed to the right.  The overall range is approximately 10˚ with a 

maximum difference around –8º and the majority lying between 3 and 8˚. The mean of 

the difference between the translation direction and the mean wind direction is +1.2º and  
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+4.6º for Hurricanes Isabel and Frances, respectively. These values indicate that the 

features were moving on average slightly to the right of the mean surface wind direction 

in both Hurricanes Isabel and Frances. 

 

 
 

Figure 7.22: Histogram of the difference between the surface wind direction and the 
translation direction of the features for Hurricane Isabel. 
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Figure 7.23: Histogram of the difference between the surface wind direction and the 
translation direction of the features for Hurricane Frances. 
 

7.2.2 Estimation of the Crosswise Motion 

 The assessment of the crosswise motion of the HBL small-scale features is 

essential to calculate the ground-relative frequency of the features, as it will determine 

how fast the features move laterally across their wavelength. The crosswise motion was 

calculated by coupling the mean orientation value for the time considered time period 

(Chapter V) and the translation vector distribution. Figure 7.24 illustrates how the 

crosswise vector was determined. The crosswise motion (Vc) is calculated using the 

simple trigonometric formula: 

              )ba(ins |V| V tc −×=             (7.2) 

where Vt  is the translation speed, a the features’ orientation angle and b the translation 

direction. 
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Figure 7.24: Crosswise vector computation method. 

 

Positive (negative) values of Vc represent crosswise motion to the right (left) of 

the orientation of the features. Figure 7.25 and 7.26 represent the crosswise motion 

distribution for Hurricane Isabel and Frances, respectively. Both distributions present a 

similar evolution with values below 8 ms-1, and a mean of 3.7 ms-1 for Hurricane Isabel 

and 5.5 ms-1 for Hurricane Frances. The difference in amplitude of Vc between the two 

storms seems to be related to the difference in translation speed since the directional 

difference (a-b) is not very large between the two storms. The extreme values of (a-b) in 

Hurricane Isabel case are 2.2 and 15.6˚ whereas they are 5.9 and 16.5˚ for Frances, 

suggesting that Vt is the most probable cause of the difference in crosswise motion 

amplitude. 
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Figure 7.25: Histogram of the distribution of the crosswise motion in Hurricane Isabel. 

 

 
 

Figure 7.26: Histogram of the distribution of the crosswise motion in Hurricane Frances. 
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7.2.3 Ground-Relative Frequency 

 The ground-relative frequency distribution of the HBL small-scale features was 

calculated using the simple formula: 

     
(h)

V
  )h(F c
λ

=                                           (7.3) 

where F (h) is the ground-relative frequency at a particular height h and λ(h) the mean of 

the wavelength values between 200 and 650 m. Figures 7.27 and 7.28 are histograms 

distribution of the ground-relative frequency with height for both hurricanes. In 

Hurricane Isabel the frequency distribution is coherent from the surface up to 425 m 

AGL, with a maximum around 9×10-3 Hz, while overall frequency distribution ranges 

from 3×10-3 to 16×10-3 Hz. In the upper-right half of the histogram there is a second 

maximum that could be due to wider wavelength distribution at higher levels. Figure 7.27 

presents the same overall characteristics as for Hurricane Isabel, with the maximum 

slightly to the right of the maximum found in Hurricane Isabel case due principally to the 

difference in Vc values. The overall distribution ranges from 6×10-3 to 2×10-2 Hz, with a 

maximum around 1.3×10-2 Hz for the entire analyzed depth.  
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Figure 7.27: Histogram distribution of ground-relative frequency with height for 
Hurricane Isabel. 
 

 
 

Figure 7.28: Histogram distribution of ground-relative frequency with height for 
Hurricane Frances. 
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7.2.4 Frequency Comparison 

 In order to compare the derived ground-relative frequency of the HBL features 

with the surface wind flow, wind speed PSDs from tower data were generated. Two hours 

of tower data, centered on the time the analyzed radar data were considered. Each PSD 

was generated by averaging the results from 20-minute sliding windows with 50% 

overlap. Figure 7.29 illustrates the method. At each iteration, the mean value of the solid 

box is removed and the FFT is computed, then the box is moved (dashed box) 10 minutes 

later and the same process is repeated. The final FFT is an average of all the computed 

FFTs. 

 

 
 

Figure 7.29: Example of Computation of FFT using a 20-minute sliding window with 
50% overlap. The solid black box represents the initial 20 minutes and the dashed box 
represents the window moved by 10 minutes (50%). 
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Figure 7.30 and 7.31 are the PSDs generated from Hurricane Isabel and Frances 

wind speed tower data. The ordinate represents the normalized power and the abscissa is 

the frequency.   The shaded areas on both figures represent the ground-relative frequency 

range of the HBL features computed in the previous section. In both cases the frequency 

range of the features matches almost exactly with the high-energy area in the low-

frequency range in the near-surface wind PSD, which suggests that the features have an 

influence on the surface wind field. This assertion is strongly corroborated by the fact 

that the observed shift in the frequency range of the features in Hurricane Isabel and 

Hurricane Frances appears also in the PSDs, which reinforces the idea that these high-

energy areas are linked to the HBL small-scale features. 

 

 
 

Figure 7.30: PSD with overlaid ground-relative frequency range of HBL features 
(shaded) for Hurricane Isabel. 
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Figure 7.31: PSD with overlaid ground-relative frequency range of HBL features 
(shaded) for Hurricane Frances. 
 

Because the comparison of PSDs could be biased by the magnitude of the mean 

wind speed and the mean surface wind speed was greater in Hurricane Frances, PSDs 

with reduced frequency were constructed. The reduced frequency is a non-dimensional 

parameter obtained by multiplying the original frequency with the height at which the 

measurements were acquired then dividing by the mean wind speed of the record. 

Reduced frequency is a valuable tool to compare spectra obtained for data collected in 

different conditions, such as data sets with different mean wind speeds. Figure 7.32 

shows that the high-energy areas under investigation are at the same reduced frequency in 

both storms, confirming that they are associated with the same phenomenon and also 

confirming that the shift in the frequency range of the HBL features was due to the 

difference in the wind speed magnitude. 
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Figure 7.32: Comparison of the PSD from Figures 7.30 and 7.31 when displayed on a 
reduced frequency axis. 
 

The spectra were compared with data from different terrain and synoptic 

conditions to assess the generality of the results (Van Der Hoven, 1957). Thus, a 

comparison of the PSDs generated with universal spectra (Geurts, 1997) was completed 

to determine if these high-energy areas at relatively low frequencies are typical of 

“standard” surface wind flows or if it is a characteristic of hurricane near-surface wind 

flow.  These universal spectra provide a typical spectral representation of the atmospheric 

surface layer under conditions such as a flow over a perturbed terrain, over a flat and 

smooth uniform surface (FSU terrain) or under conditions described in the Kaimal model. 

Figures 7.33 and 7.34 show the comparison for Hurricanes Isabel and Frances, 

respectively, and exhibit two major differences at two ends of the spectra. In the high 
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frequency portion of the spectra there is a lack of energy in the observed PSDs for both 

storms, principally due to the response of the R.M.Young propeller anemometer in high 

wind events (Schroeder, 1999). In low frequency range (~10-3 Hz) there is an increase of 

energy in the observed PSDs, relative to the universal PSDs. This excess energy in this 

frequency range has been mentioned by Powell et al. (1996) and Schroeder and Smith 

(2003) as being characteristic of the hurricane spectrum and matches very well with the 

ground-relative frequency of the HBL small-scale features. This result implies that the 

features have an influence on the surface wind field. Results from previous research 

combined with this result suggest that the kinematic signature of the features could be an 

integral part of the HBL near-surface wind flow. 

 

 

 
Figure 7.33: Comparison of observed PSD from Hurricane Isabel and universal PSDs. 
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Figure 7.34: Comparison of observed PSD from Hurricane Frances and universal PSDs. 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

 

8.1. Summary and Conclusions 

Understanding the HBL and its embedded small-scale features is crucial for an 

accurate parameterization of the HBL. It is also relevant to providing a full an assessment 

of the surface wind field for an improvement of building codes. This study was 

conducted with the intention of providing valuable information concerning HBL behavior 

at landfall and the embedded coherent linear features that have been identified in several 

HBLs. Because these coherent features have been identified as potentially being 

responsible for the irregularities found in damage patterns and little is known on their 

physical structure or their impact on the surface wind field, the goals of the study were to 

provide an in-depth representation of the features, understand their scale of motion, and if 

they had any effect on the near-surface wind field.  

Two experiments were conducted to acquire data that would allow such a study. 

Instrumented towers and mobile Doppler radars (SMART radars) were deployed in the 

paths of Hurricane Isabel (2003) and Frances (2004). The towers were deployed in the 

vicinity of the radar to collect data that enabled a direct comparison between the near-

surface wind flow and the structure of the features in the HBL. The two deployments 

were successfully conducted and valuable data were acquired. This field effort was the 

first to collect high spatial and temporal resolution radar and tower data focused on the 

HBL. The radial velocity data exhibited fine linear features that were referred as HBL 

small-scale features. Although these features were identified as HBL rolls in previous 

studies (Wurman and Winslow, 1998; Morrison et al., 2005), it was decided that the 

features would be called HBL small-scale features until evidence (wavelength, cross and 

along-feature circulation, depth, etc.) would allow any formal identification.  

The analysis was completed using three hours of data, and the data processing was 

performed using: 
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• A modified VAD technique that was created to allow for the processing of sector 

scans with limited azimuthal extent, which was not possible with the original 

method (Browning and Wexler, 1968); 

• A three-dimensional Cressman gridding that enable the analysis of the features on 

vertical and horizontal plans; 

• A method that coupled the VAD results from PPIs with RHIs was created to 

identify the features on high resolution vertical cross-sections; 

• The TREC method (Tuttle and Foote, 1990) was used to determine the motion of 

the features; 

• The method of minimum variance to assess the orientation of the features; 

• A Butterworth pass-band filtering to identify the various scales of motion present 

in the HBL. 

 

The dataset collected in both hurricanes contained a few time periods with data 

issues, but overall they were of good quality and provided valuable results. Although the 

conclusions drawn here might not be applicable for every tropical cyclone at landfall, 

there are several aspects of the experiment that led to conclusions that could help further 

the understanding of the HBL behavior. First, the fact that the hurricanes were 

structurally different (Hurricane Isabel seemed to exhibit relatively stratiform 

precipitation while Hurricane Frances was quite convective) indicates that the small-scale 

features can exist in HBLs with different precipitation structure. Moreover,  the data were 

collected near the shore line, far from the eyewall and in an onshore flow for  Hurricane 

Frances,  while in Hurricane Isabel the radar was located much further inland, close to the 

eyewall and within an offshore flow, which might help the generalization of  the results 

of this study. The following conclusions were reached from the analysis of the acquired 

dataset: 

1. Examination of radial velocity data from the two hurricanes revealed that 

HBL small-scale features were present in all inspected data. This suggests that 

the features are an integral part of HBLs and not occasional features. Indeed, 
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these observations are not only valid for regions that are far from the center, 

but also hold true for regions closer to the center and even the HBL eyewall 

where the features were also identified. This result agrees with Wurman and 

Winslow (1998) who also observed these types of features inside Hurricane 

Fran’s eyewall. The fact that the features are omnipresent in the HBL flow is 

very important, as it emphasizes the need to better understand their behavior 

for a necessary parameterization in NWP of the HBL. 

2.  An unprecedented representation of the features was obtained through the 

analysis of PPIs and RHIs. This study offers for the first time very defined 

vertical and horizontal views of the HBL small-scale wind perturbations from 

observational data. The vertical coherency and the linear structure of the 

features were revealed through the analysis of the radar data. Hurricane Isabel 

residual radial velocity data showed that the small-scale features embedded in 

the BL were vertically coherent, with an interesting cellular pattern, which 

could be due to a decrease in wind speed (Foster, 2005) and increase in 

surface friction. In hurricane Frances the features appeared more defined and 

finer than for Hurricane Isabel, with a similar vertical coherency. Individual 

features were not always identified with alternating positive and negative 

residual velocities but sometimes they were identified by increasing and 

decreasing residual velocities even though the change of sign did not occur. 

Overall there was a slight change of orientation and loss of definition with 

height that might have been partly due to other scales of motions becoming 

dominant in the upper levels of the analyzed depth.  

3. The depth of the features was also analyzed. Although a depth could not be 

quantitatively retrieved, it was found that for both Hurricane Isabel and 

Frances, the small-scale features were deeper than the inflow layer. The RHI 

analysis also revealed that in Hurricane Isabel the depth of the features was 

below 1 km AGL, lower than the top of the HBL. In Hurricane Frances, the 

analysis was not conclusive, but it appeared that the features were deeper than 
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those in Hurricane Isabel, even though the BL in Hurricane Frances was 

shallower.  

4. The orientation of the features could be retrieved. On average, the features 

were oriented to the left of the mean surface wind direction, mainly within 10° 

of it. However, there were occurrences for which the orientation could be 

within ~ 30° of the mean surface wind direction. These results agreed well 

with previous research on HBL rolls. 

5. The motion of the features was also determined. For the first time both the 

translation and the crosswise motion of the HBL features were evaluated from 

observational data. It was found that the features were translating at a speed 

close to the mean surface wind. The majority of the features were moving 

more slowly, however, there were cases where they moved slightly faster. In 

general the translation was to the right of the mean surface wind for both 

hurricanes. For the considered time periods, the translation speed was larger in 

Hurricane Frances than in Hurricane Isabel. The crosswise motion was 

estimated using the orientation information. On average it was slower than 8 

ms-1, with means of 5.5 ms-1 for Hurricane Frances and 3.7 ms-1 for Hurricane 

Isabel. The difference in feature crosswise motion between the two hurricanes 

seemed to have been due to the faster translation speeds in Hurricane Frances. 

6. This study documented the different scales of motion present in the HBL and 

superimposed on the features of interest. Understanding what scales of motion 

exist in the HBL and how they are organized is very important as it is so 

challenging to study observational data of the HBL small-scales features. It 

also suggests why some studies using instruments with coarser resolutions can 

provide different results. The data were filtered using various methods, and 

the resulting scales of motion were qualitatively studied. The analysis 

revealed that different scales of motion were at work simultaneously. It seems 

that all the scales have approximately the same orientation and are present 

throughout the analyzed period and depth. However, it seems that the HBL 
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small-scale features are not the predominant scales of motion in the upper 

levels, and this could be the reason for the loss of definition observed at the 

top of the vertical cross-sections. Scales of motion with wavelength between 3 

to 5 km appeared at the top of the analyzed depth and exhibit a drastic change 

of orientation with height. However, these results could be biased by 

imperfections of the band-pass filter. The scales of motion in the 1-3 km range 

displayed strong residual velocities, stronger than those exhibited by the 

features under investigation which could explain why when superimposed 

they are difficult to isolate. The analysis of the filtered data also helped 

confirm that the features of interest were in the sub-kilometer range. 

7. The wavelength of the features was quantitatively assessed. The wavelengths 

were similar for both hurricanes and ranged mainly between 200 and 600 m 

with a maximum near 450 m. The wavelength distribution was vertically and 

horizontally coherent and confirmed earlier qualitative assessments of the 

wavelengths. These results are very important as they contrast with the 

majority of the results presented in the previous studies about HBL rolls, 

numerically and observational. However, these results are in agreement with 

the study presented by Wurman and Winslow (1998), since they documented 

wavelengths of ~600 m and suggested that there could be features with 

wavelength in the order of ~100 m. It is interesting to note that Wurman and 

Winslow’s study is the only HBL observational study other that the present 

one that used high-resolution radar data. 

8. For the first time, the relationship between the near-surface wind field and the 

HBL small-scale features was assessed using observational data. First a direct 

comparison between radar and tower time histories was completed, revealing 

a definite correlation between the residual velocities of the features and the 

tower derived radial wind speed. An indirect method was then conducted to 

obtain a unique ground-relative frequency of the HBL features. For both 

hurricanes the ground-relative frequency distribution was vertically coherent 
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with a narrow and well-defined range frequency, ranging from 3×10-3 to 

16×10-3 Hz for Hurricane Isabel and from 6×10-3 to 2×10-2 Hz for Hurricane 

Frances. The range of frequencies in which the small-scales features 

contribute more were compared with the tower near-surface wind speed using 

PSDs. The results revealed that the ground-relative frequency range of the 

features matches almost perfectly with the location of high energy areas of the 

tower PSDs and confirm that there is a strong correlation between the 

kinematic signature of the features and the near-surface flow. The tower PSD 

were compared with universal spectra which showed that the HBL contained 

excess energy in the low-frequency range and confirmed that this excess 

energy is characteristic of the hurricane near-surface spectrum (Powell et al., 

1996; Schroeder and Smith, 2003) and suggest that the kinematic signature of 

the features could be a characteristic of the HBL near surface flow.  

Although very important results were found in this study, it is still not possible to 

positively identify the HBL small-scale features as streaks or rolls. The principal reason 

for this is that neither along nor cross-feature flow could be determined with the available 

data set. Moreover, the limited vertical extent of the analysis made it even more difficult 

to formally characterize the features. The fact that different scales of motion were 

superimposed made the analysis quite challenging. In some instances the features had 

characteristics close to streaks. For example, they seemed to lose definition with height as 

seen in Khanna and Brasseur (1998) and have small wavelength ~400 m, as reported by 

Drobinski and Foster (2003). However, their larger vertical extent seems to disqualify 

them as streaks. Indeed, although not fully resolved, the vertical extent of the features 

seems to correspond to the depth of HBL rolls, but with a decrease in intensity with 

height. Also, the depth of the features relative to the HBL depth is more characteristics to 

what has been observed for HBL rolls (Morrison et al., 2005). The orientation also agrees 

with other HBL studies (Morrison et al., 2005; Foster, 2005), but does not disagree with 

the documented orientation of streaks (Drobinski and Foster, 2003). Although the 
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wavelengths found here disagree with most of the HBL rolls findings, it does agree with 

Foster (2005) for values inside the RMW and Wurman and Winslow (1998).  

The analysis of the different scales of motion present in the signal tends to suggest 

that streak-like features and roll-like features might be acting simultaneously in the HBL.  

The fact that the smaller features (200-600 m) have stronger intensity near the ground and 

lose definition with height seems to indicate that they might be shear-generated. The 

larger features (1-3 km) displayed consistently strong intensity throughout the analyzed 

period and do not seem to lose definition at the end of the domain, which suggests that 

they might extend well above the analyzed depth and could be identified as HBL rolls. 

Analysis of data from Hurricanes Isabel and Frances showed that the streak-like features 

are present in all inspected radar scans (over land) and displayed residual velocity values 

rarely reaching 10 ms-1. Moreover, these small-scale features do not seem to extent to the 

height of the maximum wind speed and therefore could not transport this high 

momentum down to the surface. These observations indicate that the circulation of these 

small-scale features might not be directly responsible for the irregularities observed in 

damage patterns.  

Examination of residual velocities of the streak-like features did not reveal 

asymmetries between the amplitude of positive and the negative velocities, which 

suggests a negligible net horizontal transport of momentum by these features in the 

downwind direction. However, asymmetries between the size of the positive and negative 

residual velocities should be investigated before definitely conclude about the net 

horizontal transport of momentum.  It is possible that these features might be responsible 

for some vertical transport of momentum in the HBL, which would result in a sharpening 

of the wind speed profile. However, this transport of momentum might not be important 

when compared to the transport of momentum due to larger scales of motion such as BL 

rolls. However, an important role of these streak-like features might be their involvement 

in the formation and/or existence of roll-like features. Indeed, Foster (2005) suggests that 

warmer temperatures near the surface might be associated with lower near-surface wind 

speed. These warmer temperatures could in fact be linked to the low-speed anomalies 
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associated with the streak-like features, which would help form or reinforce the roll-like 

features (Khanna and Brasseur, 1998). These larger features could then be responsible for 

most of the transport of momentum, moisture and heat in the HBL. This hypothesis 

seems to agree with the fact that these larger-scale features extend higher in the HBL, 

with the same intensity. It is assumed that these features could extend up to the height of 

maximum wind of the HBL and might be the ones responsible for transporting the 

highest momentum to the surface. Although Khanna and Brasseur (1998) suggest that the 

downward legs of the roll might be responsible for the disruption of the streak 

circulation, this scenario seems unlikely as well-defined streak-like features coexist with 

the roll-like features. A more likely feedback mechanism could be an increase of the 

shear which could generate more streak-like features. Finally, the determination of the 

crosswise motion revealed that the features were moving in the inward direction, which 

implies that the features might be involved in inward transport of momentum. Thus, 

lateral transport of energy by the features is an important subject and should be addressed 

in the future. 

 

8.2 Recommendations 

 Although the data set used in this study was of good quality and allowed for 

unprecedented results, there are several aspects of the HBL that could not be investigated 

due to the lack of a more complete data set. The following are recommendations that 

might provide a much complete data set of the features and could help their 

identification: 

1. A dual-Doppler experimental setting would be a great opportunity to obtain a 

three-dimensional representation of the features and allow for the 

determination of the cross- and along-features flow. The dual-Doppler 

experiment would also provide a more accurate estimate of the HBL mean 

wind and a more defined representation of the features. Such an experiment 

would however be challenging to perform due to the small wavelength of the 

features of interest and would require a small baseline. The experimental setup 
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would depend on the radar specifications. A radar with a better gate-to-gate 

spacing and smaller beamwidth to avoid beam spreading and allow for a 

bigger domain of analysis would be desirable. A baseline too small would 

cause the domain to be too small for an appropriate analysis in the vertical 

direction.  

2. Whether it is a dual-Doppler or single-Doppler set up it will be important to 

schedule scanning strategies with higher elevation angles. This is very 

important to help access the entire HBL depth, which would provide more 

comprehensive information of the depth of the features and therefore aspect 

ratio and help define the features.  

3. In the case of another single-Doppler experiment, it would be better to only 

use sector scans with a minimum of 140º azimuthal extent. Although the 80° 

scans realized for Hurricane Isabel provided fairly good results, it would be 

preferable to realize sector scans no smaller than 140°. 

4. Because of structural changes of the HBL occurring after landfall, it would be 

necessary that a future experiment would deploy radars close enough to the 

shore line to enable the collection of data both over land and over water. This 

would allow comparison of the small-scale features structure in both cases.  

5. If possible, measurements should be made also in areas when offshore and 

onshore flow could be sampled for the same storm to study the effect of 

friction. Influence of the distance from the coast should also be investigated. 
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