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ABSTRACT 
 

Over the last decade substantial improvements have been made in one’s ability 

to observe the tropical cyclone boundary layer. Mean wind profiles computed from GPS 

dropwindsonde data have shown a “jet-like” wind speed maximum located near 500 m 

above ground level however measurements from individual GPS dropwindsondes (GPS 

sondes) exhibit variability. Tropical cyclone low-level wind maxima represent a source 

of momentum available for vertical transport; however little is known regarding their 

characteristics over open ocean conditions or at landfall. 

In order to thoroughly characterize low-level wind maxima, over 1080 GPS  

sondes were employed.  Given the lack of GPS sonde data at landfall the National 

Weather Service’s network of Doppler radar systems was used to mitigate the data void. 

Over 380 velocity azimuth display wind profiles were derived in order to evaluate the 

structure and evolution of the boundary layer wind profile at landfall. These data were 

processed to investigate low-level wind maxima as well to separate the influence of 

turbulence from quasi-steady low-level jet features described in previous studies. 

Analysis of the GPS sonde dataset revealed a decrease in the height of the wind 

maximum with radius and mean boundary layer wind speed. An azimuthal dependence 

was also observed as the left-front storm-relative sector contained the lowest mean wind 

maximum.  Low-level jet features were observed within more than half of all GPS 

sondes their mean and variance mirrored the statistics associated with low-level wind 

maxima. The characteristics of the jet features were in good agreement with previous 

numerical studies. Logarithmic and power law profiles were also found to perform quite 

well for composite vertical wind profiles; however when used for individual GPS 

sondes they were somewhat less effective.  

The use of velocity azimuth display (VAD) wind profiles proved to be effective 

in resolving the boundary layer wind vertical wind profile. The height of the wind 

maximum was found to be radially and azimuthally dependent. Persistent low-level jet 

features were identified primarily within the off-shore flow regime. The passage of 

rainbands was also found to influence the vertical wind profile. Log and power law 

profiles also performed well for VAD derived wind profiles.  

 vi
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CHAPTER I  

INTRODUCTION AND MOTIVATION 

 
 
 Tropical cyclones are one of nature’s most violent events and have the capacity to 

inflict significant damage over a large swath of coastline. Property loses due to 

landfalling hurricanes have also increased dramatically (Pielke et al. 2008). The prolific 

Atlantic basin hurricane seasons of 2004, 2005, and 2008 have underscored the need for 

improved understanding of the processes within a tropical cyclone as well as increased 

efforts to mitigate their detrimental effects. As coastal populations continue to increase at 

an alarming rate, the need to understand the variability in the wind field of a landfalling 

hurricane both horizontally and vertically has become quite apparent. Understanding the 

structure of hurricane winds is vital in maintaining appropriate minimum design 

standards for hurricane-prone coastlines. Technological progress has allowed for 

increased ability to observe the kinematic structure the tropical cyclone wind field, 

however questions remain regarding the structure of the hurricane boundary layer (HBL) 

and its evolution over water, at the coastal interface, and over land.  

 Within the last ten years substantial improvements have been made in tropical 

cyclone observational capabilities. These observations have revealed the presence of low-

level wind speed maxima at heights well below 1 km above ground level (agl) The 

structure of these wind profiles resembled that of the nocturnal low-level jet described by 

Blackadar (1957) (Wilson 1979; Korolev et al. 1990; Moss and Merceret 1976; Franklin 

et al. 2003; Powell et al. 2003; Kepert 2006a, b; Schwendike and Kepert 2008). Given the 

substantial quantity of observations now available, a more comprehensive study of low-

level wind maxima can be conducted.  

The jet-like features represent momentum available for vertical transport.  Low-

level wind maxima have been identified at altitudes below 200 m within 10% of all GPS 

sondes. An example of a low-level wind maximum observed during Hurricane Rita is 

shown in Figure 1.1. The downward transport of higher momentum may contribute to 

observed damage gradients at landfall (Wakimoto and Black 1994; Fujita 1992). In 

addition, substantial growth along the coastlines of the United States has resulted in an 
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increase in large high-rise structures (> 30 m) very near the immediate shoreline. The 

rapid change in wind speed with height associated with their presence could result in the 

upper floors of high-rise structures (height > 30 m) experiencing wind speeds above their 

minimum design standards for intense tropical cyclones. Current logarithmic and 

exponential relationships used to estimate the vertical wind profile within the minimum 

design standard code may not account for the significant change in wind speed with 

height (ASCE-07). Additionally, current hurricane risk models do not account for the 

presence of low-level wind maxima (Powell 2008 personal communication).   

 

 
FIG 1.1. GPS sonde wind profile from Hurricane Rita launched at 0313 UTC 21 September 2005. 
Horizontal axes represent a storm-relative latitude and longitude. The vertical axis represents 
height above ground level in meters. The sonde descent is shaded by observed wind speed (ms-1).  

 

Historically little work has focused on evaluating vertical wind profiles in 

landfalling tropical systems as well as documenting the presence of low-level wind 

maxima. Blackwell (2000) and Knupp et al. (2006) have shown some observational 

evidence of low-level jet features at altitudes near 500 m in two weak landfalling tropical 

cyclones. The sharp increase in wind speed above the surface may not be well captured 

by log and power law wind profiles. Although little GPS sonde data is available to 

examine the jet features strictly at landfall, their presence in open-ocean conditions 

suggested that the feature cannot be ignored. The National Oceanic and Atmospheric 

Administration’s (NOAA) coastal network of Weather Surveillance Radar 1988 Doppler 
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(WSR-88D) systems provides additional data sources to evaluate coastal wind profiles 

during landfall events (Klazura and Imy 1993).  

Theoretical studies by Kepert (2001) and Kepert and Wang (2001) have provided 

mechanisms which are capable of producing and maintaining the broad wind speed 

maximum shown by Franklin et al (2003) and Powell at al. (2003). Individual sondes 

appear to represent this mean profile with other scales of motion super-imposed upon it. 

Kepert (2006a, b) and Schwendike and Kepert (2008) have provided some observational 

evidence validating theoretical studies of jet features but significant differences were still 

noted between observed and modeled wind profiles. In addition, several studies have 

documented the presence of coherent turbulent structures in the HBL (Wurman and 

Winslow 1998; Morrison et al. 2005; Lorsolo et al. 2008), as well as larger-scale 

mesovorticies within the eyewall region (Marks and Black 1990; Black and Marks 1991; 

Willoughby and Black 1996; Stewart and Lyons 1996; Stewart et al. 1997; Hasler et al. 

1997; Braun 2002; Kossin et al. 2002; Marks et al. 2007). It is unclear what effect each 

has on the observed low-level wind maxima, but GPS sondes likely encounter several 

phenomena during their descent. 

The presented research focuses on thoroughly documenting low-level wind 

maxima and low-level jet features using high resolution GPS sonde data and coastal 

WSR-88D radar data, in order to:  

 

• Define the mean and variance of hurricane boundary layer wind profiles; 

• Evaluate the performance of logarithmic and power-law vertical wind speed profiles; 

• Separate large scale jet features from smaller-scale turbulence;  

• Thoroughly characterize the identified low-level jet features 

• Qualitatively compare observed characteristics of the low-level jet features to the 

theoretical features defined by Kepert (2001) and Kepert and Wang (2001); 

• Determine if the observed low-level jet features are a transient phenomenon 

• Evaluate the presence and characteristics of low-level jet features at landfall.  
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In order to accomplish the objectives stated, GPS sonde data were obtained from 

NOAA’s Hurricane Research Division (HRD) data archive from 1997 – 2005. Data were 

collected from both Air Force reconnaissance flights and NOAA aircraft research efforts. 

The sonde data include events from both the Atlantic and Pacific basins. The initial 

dataset includes nearly 2000 GPS sonde profiles for evaluation.  Additional 

environmental and storm-scale data were also assimilated with the sonde dataset.  

Only a minimal number of GPS sondes were available to evaluate the presence of 

low-level jet features at landfall. To mitigate this data void WSR-88D data were obtained 

for 15 separate events and the velocity azimuth display technique (VAD) was used to 

derive vertical wind profiles (Browning and Wexler 1968). The radar data was sufficient 

to document the mean structure of the HBL as well as its evolution with time and radial 

distance. Over 380 VAD profiles were derived for use.  

The methodology used to complete this research will be described in detail 

throughout this document. Chapter II provides a scientific background on the HBL and 

presents historical work relating to both vertical wind profiles in tropical cyclones, the 

mean structure of the HBL, and turbulence structures found within the HBL. Chapter also 

summarizes the current understanding of tropical cyclone vertical wind profiles and 

contains hypotheses developed for the current study.  Chapter III outlines the 

instrumentation characteristics of the GPS dropwindsonde as well as the methodology 

used to process and analyze the data. Chapter IV details the characteristics of the WSR-

88D data and processing. It also provides the background on the VAD technique used to 

generate the complete two-dimensional wind vector profiles. Chapters Chapter V 

describes additional data sources which were assimilated with both the GPS sonde and 

VAD profile datasets. Chapters VI, and VII present the analysis conducted on the 

datasets described while Chapter VIII summarizes the conclusions and recommendations 

for future research.  
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CHAPTER II 

BACKGROUND AND HISTORICAL RESEARCH 

 

2.1. Characteristics of the hurricane boundary layer 
The planetary boundary layer (PBL) is often labeled as the section of atmosphere 

which responds directly to the earth’s surface characteristics, with the layer above 

referred to as the “free atmosphere” (Stull 1988). The PBL is characterized by turbulent 

eddies which are superimposed upon a mean flow regime. The largest sizes of turbulent 

eddies in the boundary layer are typically 0.1 – 3 km (Stull 1988). Therefore the 

instantaneous wind speed can be viewed as possessing a mean (Ū) and a turbulent 

component (u' ). The PBL has two primary forcing mechanisms in which eddies are 

produced. The first is the mechanical generation of turbulence due to the interaction 

between the Earth’s surface and the air above. The second is a result of convective or 

buoyant forces, which are generated by differential surface heating or cooling aloft.  

Boundary layer characteristics are governed by the static stability of a defined 

layer or the change in thermal properties with height. In a high wind environment (wind 

speed > 10 ms-1) such as a tropical cyclone, mechanical generation of turbulence is 

expected to dominate buoyant production as surface heating is limited by nearly constant 

cloud cover. Given the lack of substantial surface heating beneath a tropical cyclone, 

convective motions developing at the surface are typically minimal and surface frictional 

effects dominate eddy production. The turbulent kinetic energy (TKE) profile exhibits a 

maximum near the surface and decreases with height. With an environment dominated by 

mechanical turbulence and high wind speeds, the HBL is typically well mixed. 

Thermodynamic properties are relatively uniform vertically throughout the HBL and the 

neutral stability is assumed but locally the HBL may exhibit weakly stable or unstable 

characteristics.  

Neutral boundary layers are often divided into two regions: 1) Surface Layer and 

2) Ekman Layer. The surface layer is the region directly influenced by frictional effects 

and turbulent fluxes are nearly constant within the layer (Stull 1988). Length scales are 

governed by the aerodynamic roughness length (zo) which typically is representative of 
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the height and density of surrounding roughness elements and provides a measure of 

upwind terrain conditions.  By applying the “no-slip” boundary condition, at the surface 

we can assume the wind speed at a height of zo is zero.  The Ekman layer lies above the 

surface layer and is characterized by larger eddy sizes than those found within the surface 

layer as convective processes can influence the flow characteristics. The mean flow 

within this layer is sub-geostrophic. However in the case of a hurricane, centrifugal 

forces must also be considered and therefore the flow is typically sub-gradient. Monin-

Obukhov similarity theory can be applied to neutral boundary layers and a relationship 

between surface roughness effects and the mean wind speed vertical profile can be 

applied.  

The vertical profile typically exhibits a logarithmic shape as wind speed increases 

with height. The most common assumed form of the logarithmic profile or log-law is 

shown in Equation 2.1. This form of the log-law is arrived by applying Buckingham Pi 

Theory (Stull 1988).  

                                 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

oz
z

k
uU ln* ,                                (2.1) 

Where Ū represents the mean wind speed, u* is the friction velocity, which is a measure 

of shear stress, k is the von Karman constant and often assumed to have a value of 0, z 

represents height, and zo is the aerodynamic roughness length (Stull 1988). In other cases, 

the vertical mean wind profile is approximated using an exponential or power-law 

function. Hsu et al. (1994) have shown its applicability over the ocean in neutral stability 

conditions while Amano et al. (1999) have applied it to the HBL. The most common 

version of the power-law is shown in Equation 2.2.  
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,                                          (2.2) 

where Ūz is the mean wind speed at a given height z; Ūr is a known wind speed at height 

zr, and α represent an exponent which describes the vertical shear for a given atmospheric 

stability. Given neutral stability conditions, α is assumed to be 1/7. The use of a constant 

exponent does not account for surface roughness, displacement height, or changes in 

atmospheric stability.  
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The “no-slip” boundary condition is no longer applicable over the ocean. 

Aerodynamic roughness becomes a function of wave characteristics. While the wind 

profile still exhibits a logarithmic shape, the depth of the surface layer for which it can be 

applied is dependent on wave conditions. The results of Powell et al. (2003) indicated 

that a logarithmic wind profile was valid in a high-wind and open ocean environment. 

The log wind profile has also been shown to be applicable at a variety of mean wind 

speeds (Powell et al. 2003). Amano et al. (1999) also presented evidence that power law 

profiles perform well in the lowest 500 m of the HBL.  

 Additionally, the HBL has been represented as the layer beneath the gradient 

wind. Within the HBL the flow is typically sub-gradient due to the influence of frictional 

effects. The gradient wind is often utilized within the engineering community to represent 

the lowest level of the “free atmosphere.”  The determination of a gradient height 

observationally is quite difficult, as Willoughby (1990) has shown that the flow as high 

as 3 km may reach gradient balance.  

The HBL depth can also be characterized thermodynamically by the presence of a 

well mixed layer of potential temperature and specific humidity, often 300 – 500 m deep. 

However, a thermodynamically defined boundary layer may differ from the kinematic 

definition due to the mechanisms for transport of these quantities. It has also been shown  

that boundary layers can be locally statically stable in some cases and not display a well 

mixed layer. Powell (1990a, b) has shown this to be the case when the boundary layer 

was influenced by convective downdrafts.  

 There has been speculation that coherent turbulent features are also responsible 

for excessive wind damage during the landfall of some hurricanes (Fujita 1992; 

Wakimoto and Black (1994) suggested that small-scale turbulent features maybe 

responsible for anomalies in damage patterns observed following Hurricane Andrew 

(1992). Willoughby and Black (1996) offered three possible mechanisms for the 

anomalous damage patterns: 1) downward transport of higher momentum through 

convective downdrafts 2) increase in rotation of cells within the eyewall enhanced the 

local wind field 3) mesoscale vorticies within the eyewall.  These embedded features 

represent a variety of scales of motion which have an effect on the local wind field. 

Mesoscale structures have been documented near the eyewall of intense hurricanes 
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extending vertically from the boundary layer through the middle troposphere (Marks and 

Black 1990; Black and Marks 1991; Willoughby and Black 1996; Stewart and Lyons 

1996; Stewart et al. 1997; Hasler et al. 1997; Kossin and Schubert 2001; Braun 2002; 

Kossin et al. 2002; Marks et al. 2008). An example of these larger scale features is shown 

in Figure 2.1 from Hurricane Isabel (2003). It is not clear what relationship these features 

have with low-level wind maxima. Montgomery et al. (2002) has shown in numerical 

simulations that the peak tangential wind speed found in mesovorticies can be 50% 

higher than the flow associated with the hurricane vortex that supports the instabilities.  

  

  
FIG 2.1. Visible satellite image of Hurricane Isabel (2003) on 12 September 2003 at 1315 UTC. 
Note the wavenumber five asymmetry within the low cloud field associated with mesoscale 
vorticies within the inner edge of the eyewall. Image source: Defense Meteorological Satellite 
Program. 
 

  

 The documentation of coherent turbulent features over water or at landfall is 

extremely difficult due to the hazards of flying reconnaissance aircraft at such low 

altitudes (Powell and Black 1989). Obtaining quality surface wind records has also 

proven difficult to obtain as most conventional surface observing stations fail well before 

the arrival of peak winds (Blessings and Masters 2005). Since 1998, university programs 

have deployed ruggedized observing systems into landfalling tropical cyclones in order to 
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obtain high quality wind time series data (Schroeder and Smith 1998; Reinhold et al. 

2000).  

 Initial studies of turbulence in the HBL focused on collecting high-resolution 

wind speed records from landfalling systems. Powell et al. (1992) examined wind speed 

records from Hurricane Bob in the frequency domain and found that both convective 

scales and turbulent motions were large contributors to the energy in the spectrum. 

Schroeder and Smith (2003) found similar results from Hurricane Bonnie with high 

energy contained within relatively low frequencies. Schroeder and Smith (2003) also 

compared the observed HBL spectra to universal spectral models, which are calculated 

for varying terrain in high wind conditions (Geurts 1997). The spectra obtained from 

Hurricane Bonnie exhibited an excess of energy for frequencies smaller than 0.01 Hz. 

This difference was a significant departure from the universal spectra. The authors 

suggested that this result was due to the “storm environment” or from non-stationarities 

in the time histories.  

Although these observational studies documented the turbulent spectra of the 

HBL over land, they did not provide evidence of a specific phenomenon responsible for 

the excess energy. Several numerical studies provided insight into coherent features that 

were likely present in the HBL. Results presented by Foster (2005) indicated that a 

typical HBL was conducive to the development of rolls or streaks. Nolan (2005) found 

turbulent instabilities in simulations of a boundary layer that was similar in structure to 

the HBL. Radial wavelengths of 2.8 to 3.8 km were found. It is noted however that Nolan 

(2005) used a constant vertical wind profile. The instabilities found by Nolan resembled 

spiral banding features that were identified observationally by Gall et al. (1998). The 

features translated with the tangential wind component and typically had a horizontal 

wavelength of 10 km; however the maximum wavelength was found to be 100 km. Gall 

et al. (1998) also noted that the features were well-defined over water but lost definition 

once onshore.  Foster (2005) presented a numerical study focusing on boundary layer 

rolls in a hurricane environment. Sub-kilometer scale roll features were identified in the 

simulation near the RMW however wavelengths increased radially outward. The features 

were also oriented 10-20˚ to the right of the mean tangential wind above the boundary 

layer and approximately 10˚ to the right of the surface wind vector. Foster (2005) 
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suggested that the roll features were due to mechanical turbulence rather than buoyant 

forcing but could be altered by even smaller scale features.  

Wurman and Winslow (1998) used research radar data to characterize boundary 

layer roll features at very high spatial resolution. Turbulent feature were easily identified 

within the Doppler velocity data and wavelengths were found to be near 600 m and 

extended to a depth of nearly 1 km. The schematic of the roll features identified by 

Wurman and Winslow is shown in Figure 2.2. Features were identified using subjective 

criteria to identify bands of alternating strong and weak radial velocity. Wurman and 

Winslow (1998) also hypothesized that the downdraft portion of roll structures may 

transport higher momentum downward while the updraft portion of the feature 

transported lower momentum upward. The conclusion was arrived at by comparing the 

wind speed at 100 m to 1 km. Since the two values were similar, it was assumed that the 

downward transport of momentum resulted in higher low-level wind speeds. Wurman 

and Winslow (1998) also stated that even smaller scales were noted in the Doppler 

velocity data with approximate wavelengths less than 100 m.    

 

 
 
FIG 2.2. Conceptual model of boundary layer rolls observed during Hurricane Fran (Wurman and 
Winslow 1998). 
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 Morrison et al. (2005) conducted a study which examined boundary layer 

turbulent structures observed within WSR-88D data. In an effort to remove the turbulent 

structures from the mean flow, Morrison et al. (2005) used VAD wind retrievals and 

subtracted the VAD wind mean wind from the radial velocity data, which yielded 

perturbation fields. The wavelengths of the identified structures varied substantially from 

500 m to 3 km, with a dominant length scale of 1400 m. The features identified by 

Morrison et al. (2005) are substantially larger than those found by Wurman and Winslow 

(1998). It is noted that characteristics of the WSR-88D scanning strategies and analysis 

technique did not allow wavelengths smaller than 320 m to be resolved.  The depth scale 

also exhibited large variability with depths noted between 300 m to 1 km in height.

 A recent study by Lorsolo et al. (2008) used the Shared Mobile Research and 

Teaching Radar (SMART-R; Biggerstaff et al. 2005) to examine boundary layer turbulent 

structures during the landfalls of Hurricane Isabel and Hurricane Frances. The study 

elaborated on the methodology used by Morrison et al. (2005) and also coupled mobile 

instrument tower data in an effort to describe the effect of coherent turbulent features on 

the wind spectra. The structures were observed in both onshore and offshore flow 

regimes and were present in all of the collected data. In both cases the features exhibited 

a cellular appearance in the vertical dimension with a depth scale of nearly 600 m. Also 

the features were oriented, on average, 7˚ to the left of the mean surface wind vector; 

however no information was provided on the orientation of the structures to the mean 

tangential wind component. Horizontal wavelengths were found to be between 200 to 

650 m (Lorsolo et al. 2008). The authors concluded that different scales were present and 

superimposed upon one another, making subjective wavelength analyses extremely 

difficult. The observed features within the radar velocity fields were compared to 

instrumented tower data and showed a definite correlation between the radial velocity 

perturbations observed by the radar and the derived tower radial wind component. 

Ground-relative frequencies of the observed turbulent structures were calculated and 

found to lie within high energy regions (10-2 Hz to 10-3 Hz) of the spectra obtained from 

tower measurements. The tower spectra also contained additional energy in the low 

frequency bands similar to that presented by Schroeder and Smith (2003). Lorsolo et al. 

(2008) suggested that coherent turbulent features in the HBL do contribute to the near-
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surface wind field and that the structures represent a characteristic of the HBL flow. Also 

of note, perturbations from the mean flow were not found to be very large in magnitude 

and it was deemed unlikely that they could result in enhanced damage (Lorsolo et al. 

2008).    

The effect of roll structures on open ocean turbulent fluxes was examined by 

Zhang et al. (2008), which used coupled C-BLAST turbulent flux measurements and data 

from synthetic aperture radar (SAR). Aircraft data was collected during the SAR 

overpass of Hurricane Isabel on 23 September 2003. The SAR imagery of the ocean 

surface was used to identify roll features and was coupled with cotemporous aircraft flux 

measurements. The dominant horizontal wavelength of the identified features was found 

to be 900 m which was similar to those identified by Morrison et al (2005). The features 

also were typically aligned with the surface wind vector. Within the identified frequency 

band which contained the features (0.1 – 0.16 Hz), a strong downward transport of 

sensible heat was noted with an upward flux in moisture. Zhang et al. (2008) stated that 

the effect of roll features on the heat fluxes acted more to redistribute quantities rather 

than as an enhancement.  It is also noted that the data presented by Zhang et al. (2008) 

was collected in open ocean conditions whereas previous turbulent studies focused 

primarily on coherent features at landfall.  

 

2.2. Observations of the vertical structure of the HBL 
The warm core nature of a hurricane and the weakening of the pressure gradient 

with increasing height, suggest that the strongest winds are likely to be found near the top 

of the boundary layer which is absent of convective motions (Shaw 1992; Haurwitz 

1935). Ekman (1905) has shown the presence of a maximum in the tangential flow at the 

top of the boundary layer for a rotating fluid. Storm-scale rotation has also been shown to 

reduce the depth of the boundary layer (Eliassen and Lystad 1977; Anthes and Chang 

1978; Frank 1984). The Ekman spiral, although a simplistic representation of the HBL, 

exhibits a low-level tangential flow maximum which has been observed in tropical 

cyclones (Franklin et al. 2003; Powell et al. 2003; Kepert 2006a, b; Schwendike and 

Kepert 2008). The flow in the boundary layer of a translating hurricane vortex however, 

is much more complex.  One must also consider the presence of individual thunderstorm 
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updrafts and downdrafts which may enhance kinematic and thermodynamic fluxes in the 

HBL. The downward transport of momentum from the upper-portions of the HBL or the 

atmosphere above suggests that the transported air will not have similar turbulent 

properties to that in the lower HBL (Powell et al. 1996a). This contribution allows for 

additional scales of motion to be present in the HBL which are often larger than those 

anticipated when mechanical turbulence alone is considered.   

Early rawindsonde observations provided a first look at the structure of the HBL. 

Jordan (1952) and Izawa (1964) compiled vertical profiles from tropical cyclones in order 

to develop a composite vertical wind profile. The strongest change in wind speed with 

height was located within the lowest kilometer and above 1 km the profile was relatively 

constant (Izawa 1964). Miller (1958) also analyzed rawindsonde at a slightly higher 

vertical resolution and found the mean tangential wind component from the 1-3 km layer 

was greater than that found for the 0-1 km layer.  Case studies from military and research 

aircraft suggested that the magnitude of the winds at 460 m were representative of the 

potential magnitude of surface wind gusts (Hawkins 1962; Hawkins and Rubsam 1968; 

Hawkins and Imbembo 1976). 

While early studies lacked high-resolution vertical wind profiles and failed to 

include observations from the surface layer (vertical profiles below 200 m), they did 

provide a baseline for future work. Bates (1977) generated a composite vertical wind 

profile from multiple cyclones using aircraft observations, tower measurements, and 

calculations of upper-level shear. The composite profile result indicated that the altitude 

of the maximum wind speed was near 1 km AGL, with a magnitude approximately 7 % 

greater than the 150-350 m layer mean.   

 The development and implementation of the GPS sonde provided a more accurate 

and higher resolution view of the vertical structure of the HBL (Hock and Franklin 1999). 

In general, observational studies prior to the implementation of GPS sondes focused on 

evaluating the differences between observed flight level wind data from reconnaissance 

aircraft and surface 10 m wind speeds. Franklin et al. (2003) analyzed 630 GPS sonde 

profiles with an emphasis on developing and validating adjustment factors to reduce 

flight-level wind data to a surface 10 m estimate. Profiles were stratified subjectively into 

two groups: eyewall, outer vortex, with all profiles located within 300 km of the center 
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(Franklin et al. 2003). Composite wind profiles were calculated for each grouping. Wind 

speeds were normalized by the wind speed at several reference levels: 700, 850, 925 hPa 

and 305 m (1000 ft). A limitation to the dataset used by Franklin et al. (2003) was that 

only 172 eyewall sondes released transmitted data to 10 m height. This limited dataset 

suggested a larger transmission failure rate with higher wind speeds. Franklin et al. 

(2003) computed another composite profile for the 10-30 m layer using only the GPS 

sondes which transmitted data through 10 m. GPS sonde data were also stratified by the 

distance between the location of the sonde release and the flight-level radius of maximum 

winds as observed by reconnaissance aircraft.  

The mean wind profiles, for eyewall and outer-vortex GPS sonde releases, were 

computed by Franklin et al. (2003) and are shown in Figure 2.3. The wind speed data 

were normalized by the wind speed at the 700 hPa level.  Eyewall and outer-vortex sonde 

classifications were determined subjectively and represented the position of the sonde 

release and did not account for azimuthal or radial translation over the depth of the 

profile. The eyewall sonde profile exhibited a clear wind speed maximum near 500 m 

similar in structure to a classic nocturnal low-level jet described by Blackadar (1957); 

however the outer vortex profile revealed a less pronounced feature, with a maximum just 

below 1 km. A logarithmic increase in wind speed was also seen in the lowest 300 m of 

the mean profiles for both the eyewall and outer vortex GPS sondes. The wind speed 

maximum was found to be 20% higher than the flight level 700 hPa wind speed in the 

eyewall. The jet feature in the outer vortex was 10% greater than the 700 hPa wind speed 

(Franklin et al. 2003).  

The sonde profiles were also stratified by their radial distance from their release 

to the flight-level radius of maximum wind (RMW). Figure 2.4 shows the mean profiles 

for the three sonde groupings. The most apparent jet feature was located radially inward 

from the RMW and was less pronounced for the two groups centered near and radially 

outward of the RMW. Franklin et al. (2003) hypothesized that the outward tilt of the 

eyewall with height (Jorgensen 1984b) resulted in the sonde falling from inside the RMW 

into the sloping peak wind speed, which enhanced the appearance of the jet feature. There 

also is another similar influence due to the flight-level winds selected by Franklin et al. 

(2003) to normalize the composite profiles. The flight-level wind speed at 700 hPa would 
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likely be substantially lower than wind speeds in the boundary layer due to the outward 

slope of momentum surfaces with height in the hurricane inner-core, assuming a purely 

vertical profile (Jorgensen 1984b). For sondes launched at the flight-level RMW, the 

700hPa wind speed would likely have been much higher; thus leading to a less peaked 

profile. This procedure likely contributed some to the differences in the composite 

profiles shown in Figure 2.4.   

 
FIG 2.3. Mean wind profiles for eyewall (solid) and outer vortex (dashed) GPS sonde groups. 
Wind speeds are normalized by 700 hPa wind speed (Franklin et al. 2003). 
 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 16

       
FIG 2.4. Mean wind profiles for eyewall sondes released within 5.6 km of the flight- level RMW 
(solid), for eyewall sondes released at least 7.4 km radially outward of the flight-level RMW 
(long dashed), and for eyewall sondes released at least 7.4 km radially inward of the flight-level 
RMW (short dashed). Wind speeds are normalized by the 700 hPa wind speed (Franklin et al. 
2003). 
 
 
 Franklin et al (2003) also discussed operational concerns regarding the ability to 

obtain a one-minute, 10 m wind speed estimate from GPS sonde data. Evaluating the 

averaging time a GPS sonde observation is a difficult task as the observing platform is 

moving in both time and space. Layer mean wind speeds are calculated from the GPS 

sonde data. The first layer average wind speed considered is a mean of all wind speeds 

collected below 500 m. The layer average was referred to as the mean boundary layer 

wind (MBL). The MBL wind speed was multiplied by 0.8 for sondes released in the 

eyewall of a hurricane to operationally estimate a one-minute, 10 m wind speed estimate. 

The 0.8 adjustment factor was determined from the ratio of the 10 m wind speed and 

MBL wind speed from a selected group of eyewall sondes. A second layer average was 

also considered and computed from the lowest 150 m of sonde data (WL150). The 

computed value was then adjusted to 10 m height using the composite eyewall and outer 

vortex profile shown in Figure 2.3. 
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 Powell et al. (2003) examined a group of 331 GPS sondes from hurricane eyewall 

regions and placed emphasis on evaluating air-sea interaction. Drag coefficient (Cd) 

values for high winds conditions were obtained in an effort to improve numerical model 

parameterizations and evaluate sea-surface roughness characteristics. The group of 

profiles was examined as a normalized composite wind profile as well as stratified by 

MBL. Profiles were grouped into five 10 ms-1 bins for all profiles with an MBL greater 

than 30 ms-1 using an assumption that each individual profile was representative of a 

perturbation from a mean state (Powell et al. 2003). The technique removed the effects of 

mesoscale, convective, and under sampled turbulent scales. The presented study will also 

employ this assumption in a similar manner.  

The normalized mean wind profile computed by Powell et al. (2003), shown in 

Figure 2.5, indicated a clear wind maximum located near 500 m along with a logarithmic 

increase in wind speed in the lowest 200 m of the profile. The height of the wind 

maximum was in good agreement with the results of Franklin et al. (2003) although the 

shape of the profiles was somewhat different.  Also noted in Figure 2.5 were the large 

standard deviations associated with the flow above the wind maximum, in which Powell 

et al. (2003) suggested that the variance observed above the wind maximum contradicted 

the concept of a “free” flowing atmosphere above the hurricane boundary layer. The 

effect of convective scale motions is likely contained within the large standard 

deviations. Mean profiles for each MBL wind group were constructed and are shown in 

Figure 2.6. The mean wind profiles for the individual MBL wind grouping revealed a 

wind speed maximum below 1 km, and a logarithmic profile for the lowest 200 m of the 

profile. The wind maximum decreased in height for the higher MBL wind groups, which 

suggested a decrease in boundary layer depth with increasing layer mean wind speed 

(Powell et al. 2003).  
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FIG 2.5. GPS sonde wind speed measurements normalized by MBL. Individual measurements 
(open circles), mean (open triangles), and standard deviation (horizontal bars) are shown for each 
height bin. Scale of U/U10 is shown as a surface gust factor (Powell et al. 2003).  
 
 

 
FIG 2.6. GPS sonde mean profiles by MBL wind groups 30-39, 50-59, and 70-85 ms-1 (left) and 
40-49 and 60-69 ms-1 (right). Symbols and horizontal bars represent mean and standard deviation 
for each height bin (Powell et al. 2003).   
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Powell et al. (2003) used a least-squares fit to evaluate the shape of the wind 

profile in the lowest 200 m. As expected, the mean surface layer profile exhibited a 

logarithmic shape which agreed with Monin-Obukhov similarity theory. Estimates of 

surface roughness (zo) and Cd , were determined from the y-intercept and slope 

respectively of the least-squares fits for four estimates of surface layer depth. It was 

found that zo and Cd increased as the surface wind speed approached 40 ms-1, followed by 

a decrease for winds greater. A laboratory study presented by Donelan et al. (2004) found 

similar results, however Black et al. (2007) who found that the reduction in Cd occurred 

at a lower wind speed. Preliminary results from Powell (2007) also indicate a storm-

relative azimuthal dependence. While the conditions at the immediate coastline are not 

well documented, a recent study by Zachry (2009) indicated that the reduction in both zo 

and Cd may occur in the near-shore environment as well. The decrease in zo and Cd above 

40 ms-1 was not supported by the Charnock (1955) or Large and Pond (1981) 

relationships, which are typically used in model flux parameterizations.   

Vertical wind profile observations of the HBL from the coastal region during 

hurricane landfalls are scarce relative to those found in open ocean conditions. The 

coastal transition of the wind field as flow moves from deep water to shallow water to 

land surface complicates the vertical structure of the HBL. Within the onshore and 

offshore flow regimes, it is known that an internal boundary layer (IBL) will develop 

downwind of the land/sea interface. The IBL represents a flow regime which is 

transitioning to the new underlying surface. This will often produce a discontinuity or 

“kink” in the vertical wind profile. The IBL can substantially contribute to the low-level 

shear; however it is unclear how enhanced shear contributes to the observed low-level 

wind maxima present in GPS sonde data (Hock and Franklin 1999; Franklin et al. 2003; 

Powell et al. 2003; Kepert 2006a, b; Schwendike and Kepert 2008).  Powell (1982) was 

the first to document the rapid deceleration in the wind field at the coastal interface. The 

reduction in wind speed near the surface acts to enhance the vertical shear as the flow 

only a few hundred meters above is left unaffected. Additionally, there is evidence that 

the deceleration in the surface flow may take place a few kilometers offshore, as wave 

characteristics influence the surface roughness in the shoaling wave region, closer to the 

immediate shoreline (Powell et al 2003; Knupp et al. 2006). 
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A few studies have focused on documenting the vertical wind profiles in 

landfalling tropical cyclones.  Blackwell (2000) identified a low-level maximum within 

Doppler velocity data during the landfall of Hurricane Danny. The maximum occurred 

near 600 m height with much weaker flow at 1 km. Amano et al (1999) examined 

Doppler SODAR data for three landfalling typhoons. Power law fits were compared to 

the observed wind profiles beneath 500 m and were found to perform well. Knupp et al. 

(2006) presented a study using the Shared Mobile Atmospheric Research and Teaching 

Radar (SMART-R; see Biggerstaff et al. 2005) and the Mobile Integrated Profiling 

System (MIPS) to evaluate the HBL evolution of Tropical Storm Gabrielle at landfall.  

Vertical profiles were synthesized at varying locations spatially using SMART-

Radar Doppler velocities and the observed vertical profile from the 915 MHz profiler 

onboard MIPS. The offshore flow regime exhibited a jet-like appearance similar to the 

mean profiles shown by Franklin et al. (2003) with an increase in the height of the wind 

maximum as the underlying exposure transitioned from marine to land surface (west to 

east), shown in Figure 2.7. The jet-feature was less pronounced 10 km from the coastline 

however it descended with decreasing distance toward the shoreline, beginning at 

approximately 5 km from the water, shown in Figure 2.7 (Knupp et al. 2006). The 

authors suggested an internal boundary layer developed near the land/sea interface within 

the offshore flow regime and influenced the evolution of the observed jet-feature. It was 

hypothesized by Knupp et al (2006) that the jet height scaled with the height of the HBL 

and that surface roughness changes may dominate the effects of surface momentum 

fluxes over water in determining boundary layer depth. The HBL transition was noted 

over land prior to the immediate shoreline (Knupp et al. 2006). Measurements were also 

obtained from the onshore flow regime with a similar transitional effect noted as the flow 

decelerated within 5 km upwind of the shoreline. The jet-feature was again noticeable 

and descended from 800 m to 500 m as the flow moved onshore as shown in Figure 2.8. 

The result contradicted the perceived deepening of the HBL over land due to enhanced 

surface friction. It is noted that the mesoscale structure of Tropical Storm Danielle was 

quite complex and maximum wind speeds in the study never exceeded 40 ms-1. The 

dependence of the vertical wind structure on radial distance from the RMW was not 

evaluated as well. 
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FIG 2.7.  Isotach analysis of the horizontal velocity component within the vertical plan that 
passes over the SMART-R and MIPS for the direction 265°–85°, roughly parallel to the wind 
direction at 400 m AGL (top). Wind speed data (contours) are presented in ms-1. W10, W5, E5, 
and E10 represented locations of vertical profiles of this wind component. 915 represented the 
location of the wind component within this plane derived from the MIPS 915-MHz profiler. (b) 
Vertical profiles of the wind component analyzed in the top figure (bottom). The 915-MHz wind 
profile represented a 10-min average (Knupp et al 2006).  
 

 
FIG 2.8. As in Figure 2.7 except for 1355 UTC. The vertical plane was oriented along 320° - 125º 
to follow the mean wind direction as it changed cyclonically from water to land (Knupp et al. 
2006). 
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2.3. Theoretical studies of hurricane vertical wind profiles 
 

The presence of a well defined low-level wind speed maximum has been recently 

observed and documented but little is known regarding the forcing mechanisms which 

contribute to the development and maintenance of the flow. Often the maximum 

tangential wind component exceeds what would be expected given a cyclone in gradient 

balance and the flow near the top of the boundary layer is super-gradient. Rosenthal 

(1962) and Eliassen and Lystad (1977) both presented linear models for an Ekman-like 

boundary layer. Both studies utilized a stationary vortex and were successful in 

producing weak super-gradient flow near the top of the boundary layer and a boundary 

layer that decreased in height toward the center of the cyclone. A similar result was also 

arrived at by Montgomery et al. (2001) which used similar methodology to Eliassen and 

Lystad (1977). However, the vortex simulated by Eliassen and Lystad (1977) was only 

tropical storm strength and used the approach of weakening the storm via surface 

frictional effects. Shapiro (1983) calculated a depth averaged wind field using a slab 

representation of the boundary layer. The study focused on the wind field asymmetry 

often seen in a translating hurricane as a result of frictional drag. The results noted a 

small region of super-gradient flow, located radially inward of the RMW at the gradient 

wind height. The modeled feature was similar in appearance and height to that found in 

the composite profiles of Franklin et al. (2003) and Powell et al. (2003). The super-

gradient flow simulated by Shapiro (1983) was located in the front-left storm relative 

sector. Shapiro (1983) speculated that substantial asymmetries in the wind field located 

near the center of a hurricane cannot be explained by the local effects of frictional drag. 

The forcing mechanisms are much more complex; the effects of momentum advection of 

the radial component of the wind, along with large scale environmental conditions, 

convective motions, and the flow above the boundary layer all contributed to 

asymmetries in the wind field. A series of studies by Kepert (2001) and Kepert and Wang 

(2001) expanded on the hypotheses presented by Shapiro (1983) in an attempt to identify 

mechanisms to produce and maintain super-gradient flow.     

Kepert (2001) was the first modeling effort to attempt to specifically evaluate 

forcing mechanisms which lead to a jet-like wind profile whose maximum exceeds the 
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gradient wind. The study expanded on the efforts of Shapiro (1983) with the development 

of a linear model for a translating tropical cyclone in order to isolate the mechanisms 

which generate super-gradient flow. The boundary layer was treated as the frictional 

response to a steady-state tropical cyclone wind field. Effects of structural changes within 

the boundary layer, such as the distribution of convergence, moisture variability and 

static stability were ignored. Thus, the influence of convective processes was effectively 

removed from the simulation. The primary difference between the linear model presented 

by Kepert (2001) and a similar model developed by Eliassen and Lystad (1977) was the 

inclusion of an asymmetric contribution to the wind field to represent the effects of a 

translating storm.   

Kepert (2001) described plausible mechanisms to generate a low-level jet feature 

by exploring the angular momentum budget, shown in Equations 2.3 and 2.4,  
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where, u is the radial wind component, v is the azimuthal wind component,  is 

geopotential, f is the Coriolis parameter,  is the Laplacian operator for cylindrical 

coordinates, K is the turbulent diffusivity and was held constant, D/Dt is the rate of 

change following the air parcel (Kepert 2001). Ma can only change through horizontal 

advection, azimuthal pressure gradients, and frictional effects. Given a steady-state, 

symmetric and stationary storm, with little effects from the ambient environment, a 

balance is achieved at all height levels between radial advection, vertical advection, and 

turbulent diffusion of absolute angular momentum. For a vortex in this balance the radial 

gradient of Ma is zero which results in the radial advection also being zero. The vortex 

prescribed is considered inertially neutral or neutral with regards to radial perturbations. 

For an inertially stable cyclone, radial perturbations will be damped and Ma increases 

radially outward. The square of inertial stability is defined in Equation 2.5, 
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where  f is the Coriolis parameter, V is the gradient wind speed, r is radius (Kepert 2001). 

With an estimate of the gradient wind speed, I2 can be evaluated from observations near 

the radius of maximum wind as the radial gradient of V, in the second term, will be zero. 

It was suggested by Kepert (2001) that for large inertial stability and strong radial inflow, 

super-gradient flow can be generated in the boundary layer. Kepert (2001) also suggested 

that the depth of the boundary layer scaled inversely by I2 such that the depth was 

dependent on radius, the gradient wind, and the radial profile of the gradient wind. It was 

noted by Kepert (2001) for super-gradient tangential flow, an imbalance must exist 

between the pressure gradient force, Coriolis, and centripetal accelerations. The result 

would be a net force radially outward, thus effectively diminishing the strength of the 

tangential wind maximum or jet feature by reducing the effect of the inward advection of 

the radial wind component.  Kepert (2001) identified the first possible mechanism for the 

maintenance of the jet feature against gradient imbalance was stronger radial inflow over 

a larger annulus. The flow could be maintained via the radial advection of angular 

momentum, as previously described. The second mechanism was a maximum in the 

radial inflow optimally located beneath the tangential maximum. This maximum would 

allow for the upward transport of momentum through convective updrafts or vertical 

diffusion (Kepert 2001).  

Kepert conducted several simulations using a linear model in order to evaluate the 

low-level jet forcing mechanisms described above. The first simulation conducted by 

Kepert (2001) used a stationary vortex. The result of the simulation was a jet feature 

which was between 2% - 4% greater than the gradient wind. Kepert (2001) argued that 

the limited super-gradient flow was due to the exclusion of any convective effects. For 

the initial case inertial stability was parameterized by the variable x which is defined as 

δV / δr = x V / r. The jet height and strength was examined as a function of x, Cd, 

Gradient wind (V), turbulent diffusivity (K), and radius (r), shown in Figure 2.9. 

Increasing Cd increased the magnitude of the jet, defined as the ratio of the wind speed 

maximum to the gradient wind. The increased frictional effects enhanced the inflow 
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through a large portion of the modeled boundary layer, which allowed for increased 

inward advection of momentum and a subsequent increase in the “strength” of the jet. It 

is noted that the strength of the jet, as defined by Kepert (2001), was dependent only on 

the gradient wind. The estimate did not aid in evaluating the slope or “sharpness” of the 

wind profile beneath the jet feature. The result showed, for a simplified vortex, that 

increased surface friction due to land surface interaction would perhaps yield stronger 

super-gradient flow than that found in open-ocean conditions. However it is known that 

in a transitional roughness regime an internal boundary layer will develop as the flow in 

the surface layer adjusts to a new underlying surface. It is unclear what effects the 

presence of a super-gradient jet feature has on this process or conversely how the internal 

boundary layer influences the jet feature. By increasing the gradient wind, Kepert found 

that the jet feature would be stronger yet occur at a lower height, supporting the notion 

that boundary layer depth decreases with increasing mean wind speeds. Variations in the 

radial wind profile impacted the inertial stability of the modeled vortex and resulted in a 

lower but weaker jet feature for a cyclone with a peaked radial wind profile (Kepert 

2001). Kepert also computed the ratio of the gradient wind to the tangential component of 

the surface wind in an effort to validate operational flight-level wind adjustment practices 

(Franklin et al. 2003). The mean ratio was found to be 0.81 for a gradient wind speed of 

40 ms-1 and typical values of turbulent diffusivity (K = 50 m2 s-1) and drag coefficient (Cd 

= 0.002) for the regions near the eyewall. Surface total wind values were not examined.  
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FIG 2.9. Variation of jet strength (top) and height (bottom) with various parameters from the 
linear model presented in Kepert (2001). For each pair of plots, the parameters not varying have 
values of C (C=Cd) = 0.002, V=40 ms-1, K = 50 m2s-1, r = 40 km, and  
x = -0.5 (Kepert 2001). 
 

 

Kepert (2001) expanded on the initial simulation and introduced the effects of a 

translating tropical cyclone, in order to evaluate the effects of asymmetries induced by 

frictional drag. The model solution contained three components: one symmetric and two 

asymmetric as a result of the influence of the underlying surface. The jet was found to be 

stronger in the left-front storm relative quadrant; however the height differed little from 

the stationary case. The location of the strongest jet was opposite the location of the 

strongest surface winds in the right-front quadrant.   

Kepert’s (2001) linear model was able to simulate super-gradient flow and 

provided some insight into the forcing mechanisms which could produce the jet-like 

features observed by GPS sondes and in composite profiles (Franklin et al. 2003; Powell 

et al. 2003; Kepert 2006a, b; Schwendike and Kepert 2008). The model was not able to 

generate a jet feature with strong super-gradient flow because the jet was simply super-

gradient flow at the top of an Ekman-like boundary layer. Jet heights observed from the 

simulations of Kepert (2001) compared well with the composite profiles of Powell et al. 

(2003) and Franklin et al. (2003). It is noted that within the model, a linear increase in Cd 

with wind speed as described by Large and Pond (1981), was used. The results from 
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Powell et al. (2003), described previously, argued that Cd decreases with increasing wind 

speed for surface wind speeds values greater than 40 ms-1. One would hypothesize that 

the reduction in Cd for high wind conditions (U10 > 40 ms-1) would yield a weaker super-

gradient flow as well as weaker inflow due to less frictional drag. The reduction in radial 

inflow would reduce the inward advection of angular momentum; therefore reducing the 

strength of the jet feature. 

 The Kepert (2001) linear model suggested that the inward advection of angular 

momentum was required to produce a wind maximum that exceeded the gradient wind 

near the top of the HBL. In the simulations, the radial inflow was maintained through 

vertical diffusion, as vertical advection was ignored. The result was a wind maximum 

which was 2% - 4% greater than the maximum gradient wind. Kepert (2001) speculated 

that the vertical advection term was comparable in magnitude and would aid in the 

production of a much stronger jet-like feature. The impact of convective processes was 

addressed by Kepert and Wang (2001) in a full numerical simulation.  

Three simulations of a stationary hurricane and one simulation of a translating 

storm were conducted by Kepert and Wang (2001) using a full numerical model. The 

model depth was 2.1 km with 15 vertical layers. The model consisted of the three-

dimensional nonlinear primitive equations, for a dry hydrostatic atmosphere. The lower 

boundary was considered to be a smooth sea surface. The surface fluxes are 

parameterized through Monin-Obukhov similarity theory, with drag coefficients 

determined by Charnock’s relationship (Charnock 1955). Once again, evidence exists that 

this is not representative of roughness characteristics in high wind and open-ocean 

conditions (Powell et al. 2003; Donelan et al. 2004; Black et al. 2007; Zachry 2009). 

However, the prescribed vortex used in several cases only had a maximum gradient wind 

of 39.3 ms-1. The first numerical simulation presented by Kepert and Wang (2001) (storm 

I) was a stationary, symmetric, and inertially stable storm. The maximum gradient wind 

for this case was 39.3 ms-1 with a RMW of 40 km which was similar to the stationary 

cyclone presented in Kepert (2001). The simulation produced super-gradient flow outside 

the RMW. The jet feature also decreased in height as radius decreased, similar to that 

found in Kepert (2001) and shown in Figure 2.9. Interestingly, two wind profiles from 

opposite sides of the RMW from the simulation revealed differences in jet heights by a 
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factor of 2, as well as in the surface wind adjustment factor. Below the tangential wind 

maximum, inward advection of angular momentum was balanced by vertical diffusion 

with a small contribution from vertical advection. Above the jet feature, the upward 

transport of momentum via the eyewall updraft was balanced by weak outflow above 1 

km. The contribution of vertical diffusion was found to be negligible above 700 m 

(Kepert and Wang 2001).       

Kepert and Wang (2001) also compared the simulation to the classic nocturnal 

low-level jet described by Blackadar (1957) in order to differentiate the phenomenon. 

Profiles of Richardson number, turbulent kinetic energy, and turbulent diffusivity were 

examined, and are shown in Figure 2.10 for a single point in the eyewall. As expected the 

Richardson number was very near zero or slightly below throughout the depth of the 

boundary layer, as the mechanical generation of turbulence overcame buoyancy effects. 

Keppert and Wang (2001) speculated that this was completely contradictory to the classic 

low –level jet case which requires high static stability to suppress convection motions, 

effectively decoupling the boundary layer from surface effects. However, established 

nocturnal jets have exhibited trends toward weak static stability in which the bulk 

Richardson number was very close to zero (Banta et al. 2002). The primary difference 

between the two types of jets can be seen from the vertical profile of turbulent kinetic 

energy (TKE). The model results shown by Kepert and Wang (2001) exhibited a TKE 

profile which decreased with height, whereas often nocturnal low-level jets exhibit an 

“upside down” boundary layer with TKE increasing with height below the jet maximum 

(Mahrt and Vickers 2002). The TKE profile presented by Kepert and Wang (2001) 

showed no evidence of frictional decoupling and the jet feature was located within the 

region of substantial TKE.  It is noted that Black and Holland (1995) have shown 

evidence of a jet-like feature within a tropical cyclone that developed as a result of 

significant ocean surface cooling. The authors suggested that low-level frictional 

decoupling was responsible for the increase in flow above the surface layer.  
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FIG 2.10. Vertical profiles of Richardson number (Ri), turbulent kinetic energy (TKE) and 
turbulent diffusivity for momentum (Km) for a point in the eyewall from the simulation described 
above (Kepert and Wang 2001). 
 

 

The second tropical cyclone simulated by Kepert and Wang (2001), storm II, was 

similar to the initial but with a more peaked radial wind profile. As observed in storm I, 

the jet feature was most pronounced near the RMW and the tangential wind maximum 

was found to be 11% greater than the gradient wind. The vertical profiles of angular 

radial momentum and radial wind were similar in shape, but larger in magnitude for 

storm II. The radial outflow above 1 km also increased dramatically in response to an 

increased magnitude of the eyewall updraft. The model results argued for the RMW to be 

a preferred location for jet development and maintenance, due to the increase in inertial 

stability and the presence of a strong updraft. Powell (1990a) has shown that rainband 

structures also contain strong updrafts associated with low-level convergence, with an 

increase in radial inflow along the outer side. Therefore it would appear plausible that 

rainband structures also could be a preferred location for jet features. Powell (1990a) 

showed evidence of a jet-like feature at 500 m height along the inside of a rainband but 

found no evidence of one along the outside of the band in the region of enhanced radial 

inflow.  

The third simulation (storm III) expanded on the storm II simulation and 

considered an inertially neutral storm with a larger gradient wind maximum, of 59.2 ms-1. 

Given inertial neutrality, the radial advection of angular momentum was zero outside the 

RMW. Therefore, the jet feature was found co-located with the radius of maximum 

winds. The jet was found to be 22% larger than the gradient wind. A substantial increase 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 30

in the contribution of vertical advection was noted and was comparable in magnitude to 

vertical diffusion, when balancing the inward advection of momentum beneath the jet 

feature. The frictional dissipation of angular momentum outside the RMW resulted in 

enhanced radial inflow.  Kepert and Wang (2001) noted that a strong radial acceleration 

developed outward of the RMW. The inflow accelerated which led to low-level 

divergence and subsidence outside the RMW. The air parcels which advanced toward the 

core encountered the inertially stable core of the cyclone.  The individual air parcels 

however continued inward against the outward net force due to inertial stability. Parcels 

effectively “overshot” the RMW, resulting in a strong jet feature than those found in the 

previous simulations. The gradient adjustment inward of the RMW stopped the inflow 

and resulted in a strong updraft as parcels of air were forced upward (Kepert and Wang 

2001). A similar effect was noted in Willoughby’s (1979) balanced vortex model (Kepert 

and Wang 2001).   

The final simulation conducted by Kepert and Wang (2001), storm IV, was a 

translating cyclone with the intensity of storm I. The storm was assigned a translation 

speed of 5 ms-1 embedded within a 5 ms-1uniform easterly flow. The movement of the 

cyclone generated an asymmetry in the surface wind field with the surface tangential 

maximum located in the storm-relative left-front quadrant. Contradictory to the previous 

simulations, the location of the strongest jet feature was found in the left-front storm-

relative sector, as opposed to the rear of the cyclone. It was noted that there was little 

evidence of a jet feature in the right-rear sector, with broad super-gradient flow above 

400 m with no pronounced tangential wind maximum. The location however of the 

strongest jet feature was in agreement with Shapiro (1983). The tangential wind 

maximum associated with the jet feature was 29% greater than the gradient wind 

maximum and occurred at 450 m. The average tangential wind around the RMW of the 

cyclone was 10% super-gradient at a mean height of 450 m. The height and vertical 

profiles of momentum and radial wind were found to be similar to storm I, with a key 

difference in the depth of the super-gradient flow. For the translating vortex, super-

gradient flow extended through 1 km height. The depth was similar to that of the flow 

greater than the MBL in the composite profiles of Powell et al. (2003). The strongest 

surface winds were located radially inward of the gradient wind maximum (Kepert and 
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Wang 2001). For this case, the super-gradient flow was maintained through horizontal 

and vertical advection, with little contribution from vertical diffusion; which differed 

from the stationary cyclone simulation.  

Kepert (2001) and Kepert and Wang (2001) both presented mechanisms for which 

super-gradient flow could be generated and maintained near the top of the HBL. The 

inward advection of angular momentum and contributions from vertical diffusion and 

advection maintained the strong radial inflow against gradient balance. The tangential 

wind maximum was found to be located near the RMW for more intense storms and 

typically 25% greater than the gradient wind. Surface wind adjustment factors were 

calculated and exhibited azimuthal variability. It is noted also that there was no inclusion 

of the effects of static stability and there is some evidence to suggest that this might play 

a role in the height and strength of the jet feature (Black and Holland 1995).  

Kepert (2006a, b) and Schwendike and Kepert (2008) have also conducted a 

series of coupled observational and modeling studies in an effort to validate the approach 

used in Kepert and Wang (2001). The three studies focus on observations collected from 

Hurricane Georges (1998), Hurricane Mitch (1998), Hurricane Danielle (1998) and 

Hurricane Isabel (2003). Model simulations were conducted for both events using 

observed radial pressure profiles and the observed flight-level radius of maximum winds. 

The simulated boundary layer was compared to GPS sonde observations from each event. 

Kepert’s (2006a) initial study simulated Hurricane Georges at its peak intensity. Thirty-

one GPS sondes were released during a three aircraft reconnaissance mission, which were 

used for the analysis and comparison. For a group of 16 sondes released near the eyewall 

of the storm substantial variability was noted in individual profiles with larger scale 

difference being attributed to storm-relative location. Figure 2.11 shows the individual 

sonde azimuthal wind profiles as well as their storm-relative locations, and the simulated 

profile for each individual location. In each observed profile there was a low-level 

tangential wind maximum which appeared to be strongest in the south and east portions 

of the cyclone. Kepert (2006a) generalized that the inflow layer became more established 

and deeper toward the front of the storm. It was also noted that the outflow layer was 

generally above the tangential wind maximum. Small scale variability within individual 

GPS sonde profiles was attributed to turbulence and profiles were averaged using a fixed 
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vertical window of 100 m, which corresponds to a time window of approximately 10-

seconds given typical fall speeds. The radial component was averaged around the eyewall 

and revealed a mean inflow layer depth of 1.1 km. The mean tangential wind around the 

eyewall exhibited a broad maximum between 500 – 1200, similar to the broad total wind 

maximum shown by Powell et al. (2003). Kepert (2006a) also stratified the sonde data by 

radius and examined the inner core using a radial grouping of 15-25 km. The composite 

profile calculated for this grouping exhibited a well defined and lower tangential wind 

maximum than a grouping of sondes using a 25-40 km annulus. The result agreed with 

numerical studies mentioned previously that boundary layer depth will decrease toward 

the storm center and that jet features become more pronounced in the inner core. A 

composite profile was also computed for outer-core sondes with an annulus of 40-100 

km. The tangential wind maximum was located near 800 m height with a radial inflow 

layer near 1 km deep. The composite profiles for the tangential and radial wind are shown 

in Figure 2.12.  

 
FIG 2.11. Profiles of the storm-relative tangential wind component observed by GPS sondes 
(curves with small-scale fluctuations) and profiles simulated by the Kepert and Wang (2001) 
model (smooth curves) in and near the eyewall of Hurricane Georges. The model values were 
interpolated from the model grid to the observed dropsonde trajectory.  The storm-relative 
position of each sonde as it fell through a height of 1 km and the storm motion are shown in the 
center (Kepert 2006a). 
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FIG 2.12. Mean profiles of (top two rows) tangential and (bottom two rows) radial storm-relative 
wind, from sondes between 15 and 40 km radius. Each group of six panels contains averages over 
the four quadrants and the whole annulus as labeled. The panel labeled STD shows the standard 
deviation for the whole annulus (Kepert 2006a). 
 

  

 Kepert (2006a) also attempted to diagnose the gradient balance of Hurricane 

Georges using the radial distribution of pressure from aircraft and GPS sonde data. An 

estimate of the gradient wind was obtained and compared to the observed vertical wind 

structure. It was concluded that the tangential flow was slightly below the estimated 

gradient wind speed which was contradictory to the simulations presented in Kepert 

(2001) and Kepert and Wang (2001). Kepert (2006a) speculated that the gradient wind 

estimate may contain inherent error due to the evaluation of the radial pressure 

distribution from the various observing platforms (e.g. aircraft data, GPS sondes).  

 The companion study presented in Kepert (2006b) used a similar analysis 

technique for Hurricane Mitch (1998) and a similar number of GPS sondes. It is noted 

that Hurricane Mitch at the time of the analysis was within 80 km of the coast of 
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Honduras and had begun a weakening trend at the time of the analysis. As conducted in 

Kepert (2006a) mean profiles were computed for different radial groupings of sondes and 

are shown in Figure 2.13. A strong tangential wind maximum was noted for the 15-25 km 

annulus which occurred near 250 m height and maximum was located radially inward 

from the RMW as determined from aircraft observations. The tangential wind maximum 

increased and became more apparent with decreasing radius and was always within the 

radial inflow layer. The result was in good agreement with the theoretical studies 

presented in Kepert (2001) and Kepert and Wang (2001).  Individual sonde profiles were 

also compared to the model simulation of Hurricane Mitch and are shown in Figure 2.14. 

Similar to Kepert (2006a), the model results were able to obtain a somewhat similar mean 

structure; however, a large amount of variability between the observational and model 

data was still present. The most pronounced low-level wind maxima was observed in the 

rear portion of the hurricane and the depth of the wind maxima often exceeded that 

predicted by the Kepert and Wang (2001) model. The tangential wind maximum 

observed from Hurricane Mitch was found to be nearly 20% super-gradient which differs 

from the analysis performed on Hurricane Georges by Kepert (2006a), with super-

gradient flow located between 300 m and 2 km height. The most pronounced departure 

from gradient balance was found between 500 – 700 m.  
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FIG 2.13. (a) Mean profiles of storm-relative tangential wind over radius ranges 0–15 km (heavy) 
and 40–100 km (light). (b) As for (a), over radius ranges 15–25 km (heavy) and 25–40 km (light). 
(c), (d) As for (a), (b), but for the storm-relative radial wind (Kepert 2006b).  
 
 

 
FIG 2.14. Profiles of observed storm-relative tangential wind in Hurricane Mitch for the 20 near-
eyewall  GPS sondes (curves with small-scale fluctuations) and represented in the model (smooth 
curves). The position of each sonde at 1-km height and the storm motion are shown in the central 
panel. The Honduras coast was approximately 80 km south of the storm center at this time 
(Kepert 2006b).  
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 The work presented in Kepert (2006a, b) examined two separate tropical cyclones 

and the vertical wind profiles observed by GPS sondes. Numerical simulations were used 

in an effort to replicate the GPS sonde observations. In both cases prominent low-level 

tangential wind maxima were observed and the model simulations did a reasonable job of 

producing profiles which resembled the mean state. However, the model underestimated 

the depth of the jet-feature. Kepert (2006b) attributed this to sensitivity to turbulent 

diffusivity, inertial stability and vertical motion parameterizations contained within the 

Kepert and Wang (2001) model. The wind maximum for both Hurricane Georges and 

Hurricane Mitch was most pronounced slightly inward of the RMW. Kepert (2006b) 

suggested that although there is a contribution to the maximum from the outward slope of 

momentum surfaces with height above the boundary layer, the effect could not 

completely account for the wind maxima.  The composite tangential wind profiles 

presented by Kepert (2006a, b) exhibited a radial dependence with the maximum 

becoming lower and more pronounced as radius decreased. The radial gradient in the 

height of the wind maximum was attributed to the mechanisms described in Kepert 

(2001) and Kepert and Wang (2001) where radial advection of momentum led to super-

gradient flow. Frictionally forced inflow would be expected to govern the height and 

strength of the jet features. Kepert (2001) and Kepert and Wang (2001) arrived at the 

conclusion that cyclones with a very sharp or peaked radial wind profile should posses a 

strongly super-gradient jet feature which is confined to the region near the RMW; 

whereas, cyclones with a smaller radial gradient in wind speed will only produce weak 

super-gradient flow but over a much larger annulus.   

 The third study in the series, took a similar approach as the previous two and 

evaluated the boundary layer structure for Hurricane Isabel (2003) and Hurricane 

Danielle (1998) and how it compared to simulations using the Kepert and Wang (2001) 

model (Schwendike and Kepert 2008).  It is noted at the time of analysis Hurricane 

Danielle was beginning to intensify after a substantial weakening trend. Annulus-mean 

wind profiles were computed for GPS sonde groupings. For Hurricane Danielle, similar 

to the previous studies, the maximum tangential wind decreased with height as radius 

decreased and the inflow layer depth decreased with decreasing radius as well, shown in 

Figure 2.15. It was noted also that the observed low-level wind maximum was within but 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 37

near the top of the radial inflow layer. The low-level tangential wind maximum was 

found to be most established in the left side of the cyclone as shown in Figure 2.16. Once 

again the modeled wind profiles were able to reproduce the general shape of the observed 

GPS sonde profiles with some showing large differences due to the limitations of the 

Kepert and Wang (2001) model previously described. Hurricane Danielle’s mean 

boundary layer flow was found to be sub-gradient below 300 m height and only weakly 

super-gradient between 300 – 800 m.   

 

 
FIG 2.15. The mean observed profiles (solid lines) and ±1 standard deviation bounds (dashed) for 
(top) the tangential and (bottom) the radial storm-relative wind components, for (left to right) the 
0–15-, 15–45-, 80–130-, and 130–200-km radii groupings (Schwendike and Kepert 2008). 
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FIG 2.16. Profiles of observed storm-relative tangential wind in Hurricane Mitch for the 12 near-
eyewall GPS sondes (curves with small-scale fluctuations) and represented in the model (smooth 
curves). The position of each sonde at 1-km height and the storm motion are shown in the central 
panel (Schwendike and Kepert 2008).  
 

 

The second tropical cyclone evaluated by Schwendike and Kepert (2008) was 

Hurricane Isabel (2003) while the hurricane was near peak intensity. Isabel, at the time of 

analysis, exhibited a very symmetrical annular shape with no substantial rainbands 

outside the eyewall region. A low-level tangential wind maximum in the annular-mean 

profiles was noted at 400 m height with a magnitude of 60 ms-1 inside the RMW, moving 

radially outward, the mean profile exhibited a tangential maximum of 80 ms-1 at a height 

of 800 m, shown in Figure 2.17. This was in good agreement with the previous studies all 

of which suggested that the jet-feature increased in altitude with increasing radius. The 

deepening of the boundary layer with increasing radius was also supported by the 

increase in inflow layer depth.  Schwendike and Kepert (2008) also found that the jet 

feature in each of the three annulus-mean profiles was located near the top of the inflow 

layer. The jet-feature exhibited little storm-relative azimuthal dependence. Near and 
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outside the RMW, the tangential wind maximum was more evident in the right side of the 

storm which was co-located with the strongest radial outflow above the boundary layer. 

  

 
FIG 2.17.  The observed profiles for the storm-relative mean wind speed. (top) The azimuthal and 
(bottom) the radial storm-relative wind components (solid lines), and the standard deviation 
(dashed lines) for the (left to right) 10–23-, 23–32-, and 32–48-km radial bands for Hurricane 
Isabel on 12 Sep 2003 (Schwendike and Kepert 2008). 

  

 

 The studies presented by Kepert (2001) and Kepert and Wang (2001) have 

provided the theoretical basis to determine the forcing mechanisms for the wind 

maximum often observed in GPS sonde profiles (Franklin et al 2003; Powell et al. 2003). 

Kepert (2006a, b) and Schwendike and Kepert (2008) expanded on the theoretical results 

and succeeded in reproducing somewhat similar wind profiles to those observed by GPS 

sondes for two tropical cyclone events. However, GPS sondes wind profiles exhibit a 

more complex structure than the modeled profiles presented by Kepert (2006a, b) and 

Schwendike and Kepert (2008). It is also noted that the observations and simulations 
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presented in Kepert (2006a, b) and Schwendike and Kepert (2008) represent only a 

snapshot of each tropical cyclone.  

 

2.4. Summary and hypotheses 

 The presence of a low-level jet feature in mean wind profiles has been observed 

as well as variability within individual GPS sonde profiles. Powell et al. (2003) has 

shown that the wind profile beneath the low-level jet feature remained logarithmic. 

Mechanisms were identified by Kepert (2001) and Kepert and Wang (2001) which could 

produce and maintain flow that exceeds gradient balance, leading to a jet-like wind 

profile. The horizontal advection of angular momentum through the radial wind 

component was found to be the dominant source for producing and maintaining the flow 

with a contribution from vertical advection through convective updrafts (Kepert  2001; 

Kepert and Wang 2001). The advection via the radial wind component would be expected 

to increase in regions where radial inflow was maximized such as in the vicinity of 

convective updrafts or at landfall where an increase in surface friction occurs due to land 

interaction. The eyewall region was found by Kepert (2001) and Kepert and Wang (2001) 

to be a favored location for low-level jet features given the persistent updraft in this 

region. Features were noted near the front of the cyclone, extending toward the left of 

track and rear sectors of the cyclone.  

  Unfortunately the difficulty in observationally assessing the gradient wind does 

not allow for quantitative comparisons to the features identified by Kepert (2001) and 

Kepert and Wang (2001). However, it is a goal of the current study to show that the 

characteristics of observed low-level jet features are similar to that identified within 

simulations (Kepert 2001; Kepert and Wang 2001). Limited observational comparisons 

have shown some evidence of similar features to those found in simulations (Kepert 

2006a, b; Schwendike and Kepert 2008). The current study seeks to identify jet features 

over a large number of cyclones and a large dataset of GPS sondes in order to identify 

their mean and variance. 

 Additionally, Powell et al. (2003) and Powell (2007) have shown the open ocean 

surface roughness to be dependent on mean wind speed and storm-relative azimuth. The 

change in surface roughness conditions across the cyclone would also likely influence the 
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development and maintenance of the jet feature. The storm-relative azimuthal 

dependence has been hypothesized to be a result of characteristics of the underlying wave 

field. Given the jet feature’s dependence on drag coefficient shown by Kepert (2001) it is 

expected that the azimuthal changes in drag noted by Powell (2007) will likely influence 

the structure of the vertical wind profile.  It is a goal of the current study to evaluate the 

azimuthal asymmetry in the vertical wind profile and it is hypothesized that the mean 

vertical profile as well as the height and strength of low-level jet features vary 

azimuthally. 

 The height of the jet maximum was also found to be dependent on the radial wind 

profile through the inertial stability of the cyclone which is also dependent on radial 

distance. Therefore the height of the jet feature is likely dependent on both radius and the 

shape of the radial gradient wind profile. For a more “peaked” radial wind profile a 

stronger and lower jet feature would be expected (Kepert 2006a, b).  The strong inertial 

stability near the radius of maximum winds suggested that the eyewall region is a favored 

location for jet development. The influence of inertial stability and the size of the cyclone 

suggested a storm by storm variability which has been documented by Franklin et al. 

(2003), Kepert (2006a, b) and Schwendike and Kepert (2008). The current study seeks to 

evaluate the radial change in the vertical wind profile both over open ocean conditions 

and at landfall.  

 The influence of mesoscale and turbulent features on the vertical profile cannot be 

ignored; however little is known regarding their effects on the vertical wind profile. The 

presence of mesoscale vorticies has been documented to enhance the local wind field. 

Boundary layer coherent structures have also been shown to contribute to the wind 

spectra and influence turbulent fluxes. It is likely that these transient features are 

superimposed upon the profile governed by the mechanisms described by Kepert (2001) 

and Kepert and Wang (2001). They may act to locally enhance or reduce the magnitude 

of the jet feature. Additional work is needed to asses the impact of transient features on 

jet development and maintenance; however this falls outside the scope of the current 

study.  

 At landfall, the transition from open-ocean to shoaling wave to land surface 

allows for the development of an internal boundary layer as the flow responds to the 
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roughness changes. The wind profile often exhibits a discontinuity or “kink” as the flow 

above effectively does not “see” the new surface below. Current IBL growth models 

suggest a continuous increase in the depth of the IBL until equilibrium with the flow is 

established. It is unclear what impact the abrupt roughness changes will have on the jet 

feature produced through the mechanisms previously described. However, one would 

hypothesize that the flow in equilibrium contains a jet feature near the top of the 

boundary layer, thus IBL influences would be contained within the layer beneath the jet 

maximum. Limited observations of vertical profiles at landfall suggest a pronounced jet 

feature to the left of track (Knupp et al. 2006). The jet feature is likely driven by strong 

radial inflow due to larger surface roughness values overland and the acceleration of the 

tangential wind in response to the decrease in roughness as air parcels approach the 

immediate coastline (Kepert 2006b). The current study will evaluate the presence and 

characteristics of low-level jet features at landfall through the use of WSR-88D radar data 

and the velocity azimuth display wind retrieval technique (Browning and Wexler 1968).  

  The current understanding of the characteristics of tropical cyclone vertical wind 

profiles led to the development of several hypotheses. The hypotheses are tested in the 

current study are: 

• The height and magnitude of low-level wind maxima and low-level jet features 

varies radially and azimuthally. 

• The height of low-level wind maxima and low-level jet features exhibits a radial 

and azimuthal dependence. 

• Wind profiles beneath low-level jet features adhere to a logarithmic shape. 

• Quasi-steady low-level jet features can be identified within individual GPS sonde 

profiles. 

• Low-level jet features are a quasi-steady phenomenon in specific storm-relative 

locations. 

• Low-level jet features are common at landfall and follow similar characteristics to 

those found in open ocean conditions. 

 

 

 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 43

CHAPTER III 

GPS DROPWINDSONDE AND DATA 

 

3.1. GPS Dropwindsonde 
 The implementation of the GPS sonde marked a substantial improvement in sonde 

technology and HBL observational capability. The instrument has been operational since 

1997 and has proven quite useful in documenting the vertical structure of the HBL (Hock 

and Franklin 2003; Franklin et al. 2003; Powell et al. 2003; Kepert 2006a, b; Schwendike 

and Kepert 2008; Zhang et al. 2009). 

 The need for high resolution boundary layer observations and the dismantling of 

the Omega radio navigation network in 1997 helped force the development of the next 

generation of sonde. Although GPS technology had been available, NCAR did not begin 

development of a GPS-based dropwindsonde until the mid 1990’s. The new platform was 

designated the Airborne Vertical Atmospheric Profiling System (AVAPS) and was 

designed to be adaptable to a variety of different aircraft including the NOAA WP-3D 

Orion, NOAA Gulfstream IV, and United States Air Force C-130J.  The AVAPS system 

was completed in 1996 with field testing shortly thereafter (Hock and Franklin 1999). 

The 1997 hurricane season marked the first operational season for the GPS sondes. The 

1997 season also marked the first in which the NOAA GIV aircraft flew synoptic 

surveillance missions. Sonde data were ingested into operational forecast models. The 

additional synoptic data produced a 30% improvement in the 24-36 hour hurricane track 

forecast during the GPS sonde’s first operational season (Aberson and Franklin 1999).    

 Performance specifications were put forth during the development of the GPS 

sonde including: 1) global operation at altitudes up to 24 km 2) deployment at airspeeds 

up to 130 ms-1 3) operation of up to 4 sondes at one time 4) radio frequency bandwidth of 

less than 20 kHz 5) telemetry range of 325 km 6) descent time of ~ 12 minutes when 

released from 12 km altitude 7) 2 Hz sampling rate 8) shelf life of at least 3 years (Hock 

and Franklin 1999). Although the GPS sonde is quite similar to the earlier L2D2 it offers 

improved electronic components and updated instrumentation within a smaller package. 

The GPS sonde is 7 cm in diameter and 41 cm in length.  The most significant 
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improvement is the use of high-resolution GPS tracking, allowing for substantial 

improvement in the derived wind data. The weight of the sonde was also reduced to only 

400 g. The lighter weight coupled with the square-cone parachute results in a fall speed at 

sea-level of 12 ms-1. Figure 3.1 provides typical fall speeds for various altitudes and 

pressure levels.  

 

 
FIG 3.1. GPS sonde fall speed as a function of pressure level. Adapted from Hock and Franklin 
(1999). 
 

 

3.1.1. GPS sonde instrumentation 

 The primary instrumentation components onboard the sonde include:  a 

barometric pressure sensor, humidity sensor, temperature sensor, digital microprocessor, 

GPS receiver, and 400 MHz radio transmitter, as shown in Figure 3.2. The 

thermodynamic sensors are contained within a single Vaisala RSS903, which enlists a 

Barocap for fast response pressure, the Thermocap for temperature, and the H-Humicap 

for humidity measurements. The individual sensor specifications are provided in Table 

3.1. All three components of the module are capacitive sensors.  Condensation and icing 

are mitigated by a programmed heating cycle (Hock and Franklin 1999; Paukkunen 
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1995). The Motorola digital microprocessor is responsible for measurement and control 

of the thermodynamic data as well as providing a RS-232 serial data interface with the 

aircraft data acquisition (DAQ) system. The GPS receiver is manufactured by Vaisala. 

The receiver tracks the Doppler frequency shift from the carrier frequencies of the GPS 

satellite signals. The frequency shift represents the total motion between sonde and 

satellite. Frequency data are converted to wind speed and direction by the aircraft DAQ 

system. The individual sonde does not transmit true wind speed and direction data. The 

radio transmitter operates at 20 kHz increments within a frequency band of 400-406 

MHz. The narrow bandwidth used by the transmitter aids in mitigating any effects from 

radio frequency interference. Thermodynamic data is transmitted following each 0.5 s 

window. A small amount of data is lost during transmission and within 10 m of the 

surface (Hock and Franklin 1999). The instrumentation and electronic components are 

powered by an internal lithium battery. It provides continuous operation for up to 1 hour. 

A complete diagram of a GPS sonde is provided in Figure 3.2 and the manufacturer 

specifications for each instrumentation component is given in Table 3.1.  

 

Table 3.1. Manufacturers specifications for GPS sonde sensors. Accuracy represents ± 1 standard 
deviation of two successive calibration tests. It is noted that the values presented in table 3.1 
represent calibration chamber results. Adapted from Hock and Franklin (1999). 
 

 Range Accuracy Resolution Time Constant 
 

Pressure 
 

20-1060 hPa 
 

0.5 hPa 
 

0.1 hPa 
 

< 0.01 s 

Temperature -90˚ - 40˚C 0.2˚C 0.1˚C 2.5 s at 20˚C 
3.7 at -40˚C 

 
Humidity 

 
0%-100% 

 
2% 

 
0.1% 

 
0.1 s at 20˚C 
10 s at -40˚C 

 
Wind Speed 

 
0-150 ms-1 

 
0.5 ms-1 

 
0.1 ms-1 

 
N/A 
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FIG 3.2. Diagram of a GPS sonde. Adapted from: 
http://www.eol.ucar.edu/isf/images/img_drop/dropsonde2.gif 
 

 

3.1.2 Aircraft data acquisition system 

 GPS sonde data is transmitted during descent to the aircraft’s AVAPS platform. 

An ultra high frequency (UHF) antenna is mounted to the bottom of the aircraft and a 

GPS antenna mounted on the top of the fuselage. The system uses a National Instruments 

LabView-based program to initialize all hardware prior to the sonde launch as well as for 

data acquisition.  The system can accommodate up to 4 sonde descents simultaneously. 

The Vaisala MG201 GPS processing card is used to convert acquired Doppler 

frequencies from the sonde to wind data. The sonde and local frequencies are compared 

which allows the system to identify which satellite the sonde frequencies originated from. 

The processor removes the satellite and aircraft components of motion to determine the 

true motion of the descending sonde (Saarnimo 1998; Hock and Franklin 1999). The 

sonde positioning is subject to error from the artificial degradation of GPS signals by the 

United States military.  The sonde wind finding technique is discussed in detail in Section 

3.1.3. 

http://www.eol.ucar.edu/isf/images/img_drop/dropsonde2.gif
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3.1.3. GPS Sonde data performance and validation 

 Validation of GPS sonde data has proven to be somewhat difficult given the 

typical absence of conventional observing systems within the environments in which 

GPS sondes are often launched. However, comparisons were made to the previous 

Omega sondes prior to the complete implementation of the GPS sonde platform. 

Thermodynamic comparisons between the two platforms revealed a lag in the 

temperature data, particularly at high altitudes. The temperature sensor was unable to 

respond to the rapid fall speed of the GPS sonde. The lag error is correctable by using 

equation 4, 

t
z

z
TTT m ∂
∂

∂
∂

+=                                    (3.1) 

Where Tm is the measured temperature, δT/δz is the measured lapse rate, δz/δt is the sonde 

fall velocity, and τ is the sensor’s time constant. The correction given in equation 4 is 

applied to sonde data during data post-processing (Hock and Franklin 1999).   

 Pressure data was evaluated against surface pressures from buoy observations as 

well as a small number of launches over precision barometers operated by NOAA 

personnel. Sonde pressure data were also compared with cotemporous rawindsonde 

geopotential height values. A low bias of 1-2 hPa was found during these tests (Hock and 

Franklin 1999). Wind tunnel tests were also conducted by NCAR to examine the dynamic 

pressures generated by significant fall velocities. An effect was noted due to velocities of 

1.27 times greater than the true fall speed. A correction factor of 0.4 hPa was found to 

correct for the dynamic pressure bias for relatively constant fall speeds. The correction 

factor is applied by the AVAPS system and is used for all GPS sonde pressure data (Hock 

and Franklin 1999).  

 Unfortunately little work has been done validating the relative humidity data from 

GPS sondes. Simple observations were made in order to examine if a sonde indicated 

saturation when falling through a cloud beneath the aircraft. The substantial time constant 

at cold temperatures shown in Table 3.1 may result in a low bias in humidity 

measurements within high thin cloud cover (Hock and Franklin 1999). 

 The primary advantage of the GPS sonde over its predecessors is the ability to 

measure winds at high temporal and spatial resolutions.  The precision tracking of GPS 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 48

systems and the 2 Hz sampling rate of the sonde processor resulted in approximately a 5 

m vertical resolution given typical sonde fall speeds. Simultaneous releases of sondes 

were conducted in low wind environments. The data comparisons revealed an instrument 

precision of approximately 0.2 ms-1 (Hock and Franklin 1999). Accuracy tests were 

conducted in zero wind conditions using a stationary GPS sonde. The mean error from 

these tests was found to be 0.17 ms-1 with 90% of the values falling below 0.30 ms-1. 

Hock and Franklin (1999) stated that errors may increase to approximately 2 ms-1, given 

poor GPS satellite geometry (Kaisti 1995; Hock and Franklin 1999). Table 3.2 provides 

the typical error estimates of each instrument component within a GPS sonde as 

presented by Hock and Franklin (1999). 

 
Table 3.2. Estimated typical GPS sonde measurement error. Adapted from Hock and Franklin 
(1999). 
 

Parameter Typical measurement error 
Pressure 1.0 hPa 

Temperature 0.2˚C 
Humidity < 5 % 

Wind speed 0.5 – 2.0 ms-1 
 
  

The HBL is a region which is influenced by a variety of scales of motion. The 

high resolution sampling of GPS sondes allows for effective sampling of a large 

percentage of the motions in the HBL. However, a limiting factor is the difficulty in 

which a falling object (e.g. GPS sonde) can respond to rapid wind speed and direction 

changes over small horizontal and vertical distances. Lally and Leviton (1958) have 

shown that a rapidly falling object will lag the true wind field. However, with the 

assumption that the fall speed of the object is large compared to the both the vertical wind 

and relative horizontal flow, the true wind components can be estimated using,  

g
zyyv

g
zxxu

&&&
&

&&&
& −=−= ,                        (3.2) 

where, zyx &&& ,,  are the zonal, meridional, and vertical sonde velocity components; x&&  and 

y&& are the horizontal acceleration components of the sonde; and g is the gravitational 

constant (Lally and Leviton 1958). The complete derivation of u and v can be found in 
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Appendix A. The remaining error computed from equation 5 is attributed to horizontal 

velocity errors, measured fall velocity errors, and measured acceleration error (Hock and 

Franklin 1999). The acceleration error can be quite large due to substantial shear, 

especially in the lowest few meters of the HBL. The rapid wind speed decrease near the 

surface occurs over relatively small vertical distances such that the 2 Hz sampling rate is 

unable to resolve these changes. An example is shown in Figure 3.3 of the error 

associated with GPS sonde measurements in the lower portion of the HBL. The GPS 

sonde was assumed to have a constant fall speed of 10 ms-1. The corrected wind speed 

was found by applying equation 5. The resulting error at 10 m was minimized to 0.2 ms-1.  

Given large horizontal accelerations, it would be expected that even the corrected sonde 

wind would still exhibit a positive (high) bias error. The error does increase to a 

maximum of 2 ms-1 below 10 m AGL.  

 

 
FIG 3.3. GPS sonde response to a hypothetical logarithmic wind profile. The sonde velocity is 
shown in red and the true wind profile is shown in black. The dashed line represents the corrected 
profile using Equation 5. The example assumes a logarithmic wind profile below 50 m with a zo 
of 0.03 m. The mean wind above 50 m is 50 ms-1. The coordinate system is aligned with the mean 
flow, as in Hock and Franklin (1999). 
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3.1.4. GPS Sonde data post-processing 

  GPS sonde data are collected onboard the aircraft and processed prior to being 

transmitted for operational purposes. The thermodynamic lag correction is applied as well 

as a 5-second filter to the raw sonde profile. The filter is applied to eliminate scales of 

motion which cannot be resolved by the 2 Hz sampling as well as errors due to GPS 

satellite geometry and switching. The filtering yields an effective vertical wavelength of 

approximately 50 m given typical GPS sonde fall speeds.  

 The post-processing of GPS sonde data is conducted by the Hurricane Research 

Division (HRD) of NOAA’s Atlantic Oceanographic and Meteorological Laboratory 

(AOML). Sondes which did not transmit data below a given height or exhibit substantial 

data gaps are often excluded. Wind data quality flags are subjectively assigned to each 

profile during the review process. Sondes which exceed 3 flags are removed and no 

longer considered for post-processing. Between 1997 and 2005, 6148 sondes were 

released and only 2343 were post-processed by HRD (Powell 2007).  For each post-

processed GPS sonde a storm track file is assigned. A cubic spline is fit to the observed 

storm position estimates according to the method described by Willoughby and Chelmow 

(1982). A high resolution track is used to compute storm-relative quantities such as: 

azimuth, latitude, longitude, radial wind component, and tangential wind component. A 

similar method will be applied in the current study with regard to the radar derived wind 

profiles. The thermodynamic lag described in equation 4 is corrected in post-processing 

and the acceleration bias due to significant shear is corrected as well. However, below 10 

m AGL sonde error still approaches 2 ms-1. The remaining error cannot be corrected for 

within individual sondes, as the wind profile often has substantial variability and is 

difficult to obtain a quality fit of the log profile as turbulent gusts are superimposed over 

the mean wind profile.  However, it can be used to adjust composite profiles (Powell 

2006; Powell et al. 2009). Additionally, sonde observations are stratified by height and 

observations are assigned height bins according to Powell et al. (2003). Bins were 

selected as such to provide higher resolution from the HBL and increase with height, as 

shown in Table 3.3. 

 The HRD sonde database and its java-based query system produce summary 

statistics for each sonde.  Individual profiles are assigned a summary statistics file in 
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addition to the post-processed 2 Hz data. GPS sonde data used in the presented study 

were stratified by splash radius. Only sondes which fell within 2-200 km of the storm 

center were selected, in order to remove those which were released near the exact storm 

center.  

 

Table 3.3. Height bins assigned to GPS sonde data according to Powell et al. (2003). 

Height range (m) Bin size (m) 

< 10 m 4-7 m 

10 – 300 m 10 m 

300 – 500 m 20 m 

500 – 1000 m 50 m 

> 1000 m 100 m 

 

3.2. GPS sonde dataset 
 From the over 2000 GPS sondes released between 1997 and 2005, 1131 were 

initially selected for use in the current study. Sonde profiles were grouped according to 

their MBL wind speed using 5 ms-1 bins, which was smaller than those used by Powell et 

al. (2003).  91% of sondes selected transmitted data below 200 m AGL however the 

transmission failure rate at low altitudes increased with wind speed, as shown in Figure 

3.4. Given the emphasis placed on identifying and characterizing low-level wind speed 

maxima, sondes that did not collect data below 200 m were excluded from the current 

study.  
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FIG 3.4. GPS sonde final data transmission height presented as a function of MBL wind speed. 

 

3.2.1. Quality control  

 Although post-processed sonde data undergo rigorous scrutiny, data were 

examined subjectively to determine if errors were present in the assigned storm track file. 

Each sonde’s splash radius was compared to the MBL wind speed to determine if 

egregious errors were present, such as a high MBL at a very large radius. Two sondes 

were removed which were considered outliers. The error was likely due to identifying the 

sonde with a different storm which was also ongoing at that specific date and time. 

Several other GPS sondes were removed from the dataset due to errors or missing 

summary statistics.  

     

3.2.2. Analysis dataset 

 The data reduction procedures described in section 3.2.1 resulted in a total of 

1080 sondes included in the current study. The total is significantly higher than previous 

studies included in the literature (Franklin et al. 2003; Powell et al. 2003). Given the 

greater number of sondes, smaller MBL groupings were used than that of Powell et al. 

(2003). At least 30 sondes were contained within each MBL group except for the 75-
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79.999 ms-1 and greater than 80 ms-1 groups, as shown in table 3.4. 76% of the GPS 

sondes transmitted data below 20 m AGL and 90% below 50 m.  

 

Table 3.4. Total number of GPS sonde profiles for each MBL wind speed grouping. 

MBL Group (ms-1) Total number of GPS 

sonde profiles 

10 – 14.999 49 

15 – 19.999 51 

20 – 24.999 72 

25 – 29.999 108 

30 – 34.999 146 

35 – 39.999 143 

40 – 44.999 124 

45 – 49.999 106 

50 – 54.999 82 

55 – 59.999 63 

60 – 64.999 34 

65 – 69.999 40 

70 – 74.999 38 

75 – 79.999 10 

> 80.000 13 

 

3.3. Data filtering 
 Fluctuations within GPS sonde wind observations presented a challenge to 

distinguish between a turbulent gust, transient feature, and/or a quasi-steady 

phenomenon. The observed wind speed obtained from a GPS sonde is a function of the 

feature in which it is falling through at any given time. Although the motion of the 

instrument is well understood (Lally and Leviton 1957; Hock and Franklin 1999), the 

wind measurement characteristics of the instrument are not.  Sonde observations are 

difficult to assign an appropriate temporal scale which makes evaluating scales of motion 

quite difficult. Wind engineering applications focus on the use of a 3-second gust wind 
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speed to determine the minimum design standard however it is unclear how a GPS sonde 

observation relates to this value. 

In order to separate the mean jet structure of the wind profile, turbulent motions 

must be removed. The original 5-s low pass filter applied during sonde processes 

effectively removes features less than 50 m deep given typical sonde fall speeds (10-12 

ms-1). Kepert (2006a, b) and Schwendike and Kepert (2008) used a depth of 100 m to 

additionally smooth the GPS sonde data and the Kepert and Wang (2001) model to 

simulate the HBL for comparison. The three studies also examined data over a snapshot 

in the lifetime of a particular hurricane. The large number sondes used rendered the 

technique of Kepert (2006 a,b) impractical.  

 

3.3.1. Separation of scales 

 Local maxima and minima were identified within GPS sonde profiles with 

emphasis placed on identifying the depth between each consecutive minimum and each 

consecutive maximum. The identified depths were considered representative of a 

turbulent “gust”.  The methodology did not bias the results toward fluctuations in the 

lower portion of the profile; however it was subject to acceleration bias errors near the 

surface due to rapid horizontal acceleration and GPS sonde sampling rate. The 5-second 

filtering of the processed sonde also likely reduced the magnitude of local maxima and 

minima resulting in the smoothing of smaller vertical scales (< 50 m). Given that scales 

of motion less than 50 m deep are not effectively sampled by GPS sondes the effect of 

the initial 5-s filter was ignored. The depth from local minima to the next highest local 

minima was assumed to be representative of a specific feature or scale Figure 3.5 shows 

an example of a sonde profile with local maxima and minima identified.  Maxima and 

minima were identified using a Matlab function which employs the first and second 

derivative tests to identify the inflection points. 
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FIG 3.5. GPS sonde profile from Hurricane Dennis, launched at 2005 UTC 18 July 2005. Local 
maxima (red) and minima (blue) are identified in the profile. GPS sonde was launched 
approximately 5 km from the center of Hurricane Dennis. 
 

 

The distribution of observed layer depths is provided in Figure 3.6. The 

distribution yielded a mean layer depth of 157 m. The typical GPS sonde fall speed is 

approximately 10-12 ms-1 below 1 km. It would on average take a sonde approximately 

9-13 s to traverse a depth of 157 m. Angell et al. (1971) speculated that LaGrangian 

averaging times were typically 3-4 times longer than an Eulerian measurement for an 

equivalent temporal scale. The layer mean depth and the corresponding temporal scale 

fall very close to the range specified by Angell et al. (1971) for a three-second gust 

measured with a conventional fixed-point measurement system. However, a GPS sonde is 

not purely LaGrangian as the sonde does not follow the exact motion of the individual air 

parcels (Lally and Leviton 1957). The time scales would likely be somewhat shorter. The 

result did suggest that the WL150 layer average may not necessarily be representative of 

a mean wind speed. Convective and mesoscale phenomena likely contribute to the 

structure observed or may simply alter the mean profile over a given depth. The data 

were reduced to those minima layers which exhibited a median height below 500 m to 

evaluate any differences between a typical boundary layer depth and the total depth of the 

profile. The mean minima depth was 135 m which was slightly less than the complete 
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group but easily within one standard deviation. The distribution of depths was also 

similar to the complete group.  

 

 
 

FIG 3.6. Probability distribution of the layer depth of local minima to the next highest local 
minima for all GPS sondes.  

 

 

The depth between local maxima was also considered to evaluate if the local 

maxima behaved in a different manner. Different results were found as the mean depth of 

the layer was only 46 m which is substantially less than that found for the local minima 

depth (157 m). The distributions also varied significantly with 85% of the maxima depths 

less than 100 m, as shown in Figure 3.7. A large amount of variability was noted within 

the maxima depths, which was likely due to the failure of sondes to transmit data below 

100 m, such that the final observation was identified as a local maximum. Such a small 

depth provided evidence of smaller features that may have been smoothed by the initial 

processing filter.  The mean depths for both maxima and minima showed little 

dependence on MBL wind speed. The lack of wind speed dependence was unexpected 

given the observed trend in zo with wind speed. Azimuthal differences however were 

removed through the method.  
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FIG 3.7.Probability distributions for the depth of local minima to the next highest minima (red) 
and local maxima to the next highest maxima (black) for all GPS sondes.  
 

 

 The azimuthal variation in roughness conditions shown by Powell (2007) 

provided cause to investigate the azimuthal variation in local minima depth as well as the 

mean eddy length scales using storm-relative azimuthal sectors. GPS sonde data were 

grouped by their splash storm-relative azimuth into the three azimuthal sectors described 

previously, while MBL wind groups were maintained. Although the stratification 

technique greatly reduced the number of GPS sondes per MBL wind group, multiple 

minima were commonly identified within a single sonde which helped maintain large 

sample sizes. The smallest group of minima was the 10-15 MBL wind group from the 

rear sector which contained 180 minima.  

 In order to estimate the dominant length scales, GPS sonde measurements over 

the mean minima depth were assumed to be more representative of an Eulerian 

measurement rather than LaGrangian. Although this assumption is not completely valid, 

it can provide an estimate of mean eddy lengths of features encountered by GPS sondes. 

Individual eddies were assumed to propagate with the median MBL wind speed value for 

each group. The reduction in wind speed above the boundary layer may contribute to a 

bias for convective features above the boundary layer and result in smaller estimated 

lengths. It was assumed that mechanical turbulence generated by frictional effects 
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dominated the distribution of eddy sizes. The method provided a means to estimate the 

mean eddy length encountered by GPS sondes. The result was similar to an integral 

length scale. The nature of GPS sonde observations does not allow wind speed data to be 

broken into along-wind and cross-wind components. Therefore the use of the GPS sonde 

total wind speed was likely similar to the along-wind component.  

A slight decrease in the average minima depth was observed in the right sector as 

MBL increased, as shown in Figure 3.8. The trend was identified by a linear fit. The 

slope was non-zero and the linear fit explained 89% of the variance. The resulting mean 

eddy length values, shown in Figure 3.9, only exhibited a modest increase before leveling 

off near 900 m. The rear sector exhibited more variability as the average depth scale 

varied between 100 and 200 m with no identified trend. The representative lengths scales 

for the rear sector generally increased with the median MBL wind speed with variability 

associated with the average minima depths. There was some evidence of a similar 

leveling off of the length scale. The maximum length scale was larger than the right 

sector with a value near 1200 m for the highest MBL wind speed. The length scales 

remained relatively constant near 500 m between 20 and 40 ms-1 before increasing above 

1000 m. The left-front sector was characterized by a slight decrease in the length scales 

with MBL wind speed; however the decrease was only 25 m. The nearly constant average 

minima depths resulted in a linear increase in the mean length scale with wind speed. The 

range of mean lengths correlated well with the scales determined by turbulence probe 

measurements from NOAA WP-3D research aircraft (French et al. 2006; Zhang et al. 

2008). However, it is noted that the aircraft measurements were taken in low surface 

wind conditions between convective rainbands. The increasing trend in length scale with 

MBL wind speed generally agreed with studies of along-wind integral scales over land 

(Schroeder and Smith 2003; Schroeder et al. 2009) but average lengths were larger. The 

longer length scales would be expected given the much smoother roughness regimes 

associated with open ocean conditions. Schroeder et al. (1999) have shown evidence of 

larger integral scales of 400 m within the onshore flow regime during the landfall of 

Hurricane Bob. The along-wind integral scale values were found in surface winds 

between 10-20 ms-1. Given that GPS sonde measurements over small vertical depths are 

not an Eulerian measurement, one would expect that the pseudo-integral scale values may 
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contain a negative bias. Mean length scales over the identified depths may be slightly 

larger as the sonde will move horizontally with the feature. The larger the eddy and the 

stronger the perturbation from the mean flow would induce a larger response from the 

falling sonde. These concerns suggest that the identified scales are likely biased toward 

larger features. However, the agreement with the limited fixed platform observations is 

encouraging and suggested that the mean depth of consecutive local minima can be used 

as an estimate of the depth of the features. The differences between the storm-relative 

sectors can be attributed to the underlying wave field characteristics and their likely 

influence on roughness characteristics (Wright et al. 2001; Moon et al. 2004). Schroeder 

and Smith (2003) have documented changes in along-wind integral scales during the 

landfall of Hurricane Bonnie and speculated that perhaps the increase in length scale was 

due to convective effects. Schroeder et al. (2009) have provided additional evidence to 

support a slight increase in integral scales with increasing wind speed and decreasing 

radius, which are inherently tied to the dynamics associated with a tropical cyclone. It 

was speculated that convective influences may increase the mean gust sizes (Schroeder et 

al. 2009). The modest increase in mean eddy lengths compared to the rear or left-front 

sectors may be a reflection of this mechanism. 

 
FIG 3.8. Mean depths for local minima for the right (top), rear (middle), and left-front (bottom) 
storm-relative sectors shown as a function of MBL group. Errorbars represent ± 1 standard 
deviation. 
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FIG 3.9. Mean eddy length scales for GPS sonde fall speeds of 10 (blue) and 12 ms-1 (green) for 
the  right (top), rear (middle) and left-front (bottom) storm-relative sectors shown as a function of 
the median wind speed for MBL wind groups. 
 
 
 
 The general agreement with the limited historical information provided some 

evidence to suggest that the identified scales were representative of eddy scales observed 

in tropical cyclones by other instrument platforms. The mean length scales were used to 

determine appropriate filter depths in order to separate the influence of turbulent motions 

from low-level jet features described theoretically by Kepert (2001) and Kepert and 

Wang (2001). The filter depths for each storm relative sector and MBL wind group are 

provided in Table 3.5. 
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Table 3.5. Filter depths for GPS sonde data according to MBL group. 

MBL group 

(ms-1) 

Filter depth  

right sector (m) 

Filter depth  

rear sector (m) 

Filter depth  

left-front sector (m) 

10-14.999 180 170 170 

15-19.999 190 200 170 

20-24.999 160 210 170 

25-29.999 150 160 170 

30-34.999 170 160 170 

35-39.999 180 140 160 

40-44.999 160 150 160 

45-49.999 150 140 160 

50-54.999 150 170 160 

55-59.999 130 190 170 

60-64.999 140 160 160 

65-69.999 140 170 160 

70-74.999 120 160 160 

 

3.3.2. Locally weighted scatter plot filter technique 

  In order to remove the average small scale fluctuations from individual sonde 

profiles, the kinematic and thermodynamic data were filtered using a locally weighted 

scatter plot (LOESS) method (Cleveland and Devlin 1988). The method uses a locally 

weighted second degree polynomial function to describe data over short segments. The 

polynomial is fitted using a weighted least-squares regression over a window of data. The 

segments of data used for the local regression for each MBL wind group and storm-

relative sector are shown in Table 3.5.  The technique uses a fully segmented moving 

window of data beginning at the lowest GPS sonde observation within the individual 

profile. The subsets of data used for each weighted least squares fit are determined by a 

nearest neighbors algorithm. A smoothing parameter determines how much of the data is 

used to fit each local polynomial and is obtained by: 

n
1+

=
λα                     (3.3) 

where λ denotes the degree of polynomial and n is the number of observations within the 

segment of data.  The weighting function used in the regression applies the most weight 
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to data in close proximity to the estimated value. The weighting method does not 

introduce as significant a bias error as a moving average. The use of a non-weighted 

moving average produces a non-symmetric filter and introduces large bias errors similar 

to acceleration errors inherent to GPS sonde wind observations. The tri-cube weighting 

function is given by: 

( ) ( )
10

11
33

≥=

−=

xfor
xforxxw p                    (3.4) 

where, x is the index of data within the segment (for the point of estimation x = 0). The 

method was selected due to its advantages over a simple moving average. The use of a 

moving average results in an asymmetric filter at low altitudes, which results in a 

significant positive bias below 200 m.  The LOESS method uses the weighting function 

to assist in mitigating the positive bias associated with the non-symmetric data segment. 

An example of a forward moving average filter and the LOESS method are provided in 

Figure 3.10. All quality controlled GPS sonde profiles were filtered using this technique 

for use in identifying low-level jet features.  

 

 
FIG 3.10. GPS sonde released 4 September 2003 during Hurricane Isabel. The original GPS 
sonde wind profile is shown in red. The LOESS filtered profile is shown in black. The un-
weighted moving average is shown in blue. 
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CHAPTER IV 

WSR-88D RADAR DATA AND VELOCITY-AZIMUTH DISPLAY 

METHODOLOGY 

 

4.1. WSR 88-D Data 
 The lack of GPS sonde data during tropical cyclone landfalls facilitated the need 

to explore an alternative method to investigate the vertical structure of the HBL. The 

National Weather Service (NWS) network of Doppler radar systems provided operational 

coverage of tropical cyclone landfall events (Crum and Alberty 1993). The archived data 

allowed for information regarding the vertical wind profile to be derived (Klazura and 

Imy 1993). The velocity azimuth display (VAD) method was employed to produce 

vertical wind profiles from the HBL (Lhermitte and Atlas 1961; Browning and Wexler 

1968).  

The WSR-88D is an S-band (10 cm) pulse-Doppler radar system. Radars are 

located at 159 sites across the United States. The antenna scans 360˚ in azimuth for 14 

possible elevation angles from 0.5˚ to 19˚ as illustrated in Figure 4.1. Reflectivity, radial 

velocity, and spectrum width are output for each elevation angle from the radar signal 

processor and archived as Level II data (Klazura and Imy 1993). The Level II data is used 

in the current study. The radar characteristics are provided in Table 4.1. The antenna 

control and data processing are automated through the use of different scanning strategies 

or velocity coverage patterns (VCP). The VCP governs the antenna rotation rate, pulse 

width, pulse repetition frequency (PRF), and elevation angles. Two of the VCPs feature 

dual-PRF operations which can help reduce the effect of velocity aliasing. Seven 

different VCPs are currently in use by the National Weather Service. The VCP is 

selectable by the local National Weather Service Forecast Office (NWSFO).  
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Table 4.1. WSR-88D parameters 

Parameter WSR-88D 

Frequency 2700 – 3000 MHz 

Wavelength 10.0 – 11.1 cm 

Beam width 0.18˚ 

Pulse width 1.57μs and 4.7μs 

Gate spacing 250 m for velocity, 1 km for reflectivity 

Velocity resolution 0.5 ms-1 

Nyquist velocity Varies by PRF (VCP) 

Reflectivity resolution 0.5 dBZ 

 

 

 
FIG. 4.1. Radar scanning geometry for a given elevation angle. Vr is the observed radial velocity 
component. Vt is the azimuthal velocity component.  
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Since the deployment of the WSR-88D, there have been numerous tropical 

cyclone landfalls along the United States coastlines. The radar system has provided a 

substantial quantity of archived observational data. Tropical cyclone landfalls that were 

located within 150 km of a WSR-88D site along the Atlantic and Gulf coasts were 

identified. Radar sites were limited to those within 15 km of the immediate coastline, a 

coastal bay, or tidal lake in an effort to obtain data near the shoreline or marine exposure 

regimes. The Key West WSR-88D (KBYX) also provided an opportunity to examine the 

HBL in conditions which were more representative of open ocean conditions. 

Fifteen events were selected from 1996 – 2008. Storms included were of strong 

tropical storm strength or greater in an effort to obtain data in an environment capable of 

producing wind damage. Figure 4.2 provides the best-fit track for each storm included in 

the dataset as well as the locations of the selected WSR-88D radars. Table 4.2 lists the 

landfall events, radar sites, and the Saffir-Simpson category at the time of analysis, and 

the VCP. Level II data were obtained from the National Climatic Data Center (NCDC) 

for each event. The time window of acquired data was subjectively determined and 

typically began at the onset of outer rainband features and continued through the storm’s 

closest approach to the radar site as identified using the Plan Position Indicator (PPI) 

reflectivity display. In order to reduce the time required to process the Level II data, 

individual volumes of data were obtained at approximately 15 minute intervals within the 

domain. However, periods of time were selected in which all volumes were acquired and 

processed. These time windows were confined to periods within the eyewall or well-

defined rainband features. The higher temporal resolution allowed for the evaluation of 

the variability of low-level jet features on small time scales. Given that inland decay 

dynamics fall outside the scope of the presented research, data were limited to only a few 

hours following the center of circulation moving onshore; or in the case of the KBYX 

until significant rainband features had passed the radar site.  The NCDC java-based 

Weather and Climate Toolkit software was used to visualize and export the raw radar 

data. The Gibson Ridge GR-Level2 software package was also used for data visualization 

and subjective analysis. Radial velocity data was exported from the Weather and Climate 

toolkit in dBF IV file format. Individual dBF IV files were exported for each elevation 
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angle within a volume and covered 0-360˚ in azimuth. A Matlab script was developed to 

read the dBF IV files for processing and analysis.  

 

Table 4.2. List of radar sites and events.   

Storm 

  

WSR-88D Latitude/Longitude Date Time 

(UTC) 

Saffir-

Simpson  

VCP 

Bertha KLTX 33.9893˚ N 

78.4126˚ W 

6/12/96 1403 – 

 1754 

Category 2 21, 11 

Fran KLTX 33.9893˚ N 

78.4126˚ W 

9/5/96 – 

9/6/96 

1908 – 

0354 

Category 3 11 

Bonnie KLTX 33.9893˚ N 

78.4126˚ W 

8/26/98 1604 – 

1609 

Category 3 11 

Georges KBYX 24.5847˚ N 

81.6892˚ W 

9/25/98 0426 – 

2250  

Category 2 11 

Dennis KMHX 34.9308˚ N 

76.8696˚ W 

9/4/99 1704 – 

1823  

Tropical 

Storm 

11 

Floyd KLTX 33.9893˚ N 

78.4126˚ W 

9/16/99 0031 – 

0733  

Category 2 11 

Isabel KMHX 34.9308˚ N 

76.8696˚ W 

9/18/03 0919 – 

1913 

Category 2 11 

Frances KMLB 28.1131˚ N 

80.6541˚ W 

9/4/04 – 

9/5/04 

1729 – 

0624  

Category 2 121 

Jeanne KMLB 28.1131˚ N 

80.6541˚ W 

9/26/04 0005 – 

0843  

Category 3 11, 121 

Katrina KLIX 30.3367˚ N 

89.8256˚ W 

8/29/05 0729 – 

0854  

Category 3  121 

Ophelia KMHX  34.9308˚ N 

76.8696˚ W 

9/14/05 2025 – 

2355  

Category 1 12 

Rita KBYX 24.5847˚ N 

81.6892˚ W 

9/20/05 1659 – 

2114  

Category 2 121 

Wilma KBYX 24.5847˚ N 

81.6892˚ W 

10/24/05 0405 – 

1111  

Category 3 121 

Wilma KAMX 25.6111˚ N 

80.4127˚ W 

10/24/05 0829 – 

1456        

Category 3 121 

Ike KHGX 29.4719˚ N 

95.0788˚  W 

9/13/08 0420 – 

0718  

Category 2 212 
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FIG. 4.2. Best-fit track for included events and WSR-88D sites. 

 

4.2. VAD processing and methodology 
4.2.1 Dealisasing 

 Given the high-wind environment of a tropical cyclone, Doppler velocity data was 

often subjected to aliasing, as shown in Figure 4.3. The maximum unambiguous velocity 

is a function of the wavelength of the radar as well as the pulse repetition frequency and 

can be computed according to Equation 4.1 

4max
PRFV λ

±=           (4.1) 

where λ is the wavelength of the radar. The PRF is controlled by the automated VCP. The 

actual velocity detected from the sampled Doppler shift is either the true value or any 

number of aliases or folds separated by 2Vmax where, 

                                                     max2nVVV indicated +=                                (4.2) 

n represents the number of folds. The typical Nyquist velocity for WSR-88D radars 

operating in single PRF common scan modes is approximately 26 ms-1. The use of dual-

PRF processing for VCP 121 and VCP 212 has increased the effective Nyquist velocity. 
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The technique involves completing multiple sweeps at a single elevation angle using a 

different PRF for each sweep. The VCPs used in the current research are provided in 

Table 4.2 and the distributions of PRF for each sweep and elevation angle for the each 

VCP included in the dataset is provided in Appendix B.  The maximum Nyquist velocity 

for the VCPs included using dual-PRF processing was 32.8 ms-1. Tropical cyclones can 

generate wind speeds well above this value; however, it is noted that no more than 1 fold 

was encountered within the radial domain. The Doppler velocity data used in the current 

study were examined using the velocity azimuth display (VAD) using a radial domain of 

3-5 km from the radar site. Each volume of data at each elevation angle were dealiased 

using a Matlab script and Matlab display tools by the methodology described by Zhang 

and Wang (2006).  Data were also subjectively de-cluttered, as ground clutter resulted in 

erroneous reflectivity and velocity values at small radial distances. The edited data was 

exported into ASCII text files for each sweep. A sample of a raw and quality controlled 

VAD is provided in Figure 4.4. 

 

 
FIG. 4.3. PPI display of the 0.5˚ Doppler velocities from KHGX on 13 September 2008 at 0618 
UTC. The black circles denote regions of aliased velocities. Radial velocities are given in knots. 
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FIG. 4.4. Raw (top) and edited (bottom) velocity azimuth display of the 2.4˚ KLTX Doppler 
velocities from a 3-5 km radial domain.  Radial velocity is presented in ms-1.  
 

 

4.2.2. VAD method and theory 

 The VAD method has become a widely accepted technique for obtaining 

estimates of the mean horizontal wind from single Doppler velocity data. First introduced 

by Lhermitte and Atlas (1961), it was hypothesized that the horizontal mean wind 

components could be obtained from radial velocity measurements. The assumptions 

required for the analysis were that the horizontal wind and the particle or target fall speed 

were uniform across the domain. It was shown by Lhermitte and Atlas (1961) that for a 

0-360° in azimuth VAD, the radial velocity varied as a sinusoid with azimuth. The phase 

and amplitude of the sine wave provided the measure of speed and direction, 

respectively. Browning and Wexler (1968) expanded on the method and suggested that 

the VAD could be decomposed into a Fourier series. The coefficients could then be used 

to compute divergence and deformation as well as wind speed and direction. The method 

has also been used with success for individual sector scans (Lorsolo et al. 2008).  

 With the assumption that the Doppler velocity is a function of azimuth, the radial 

velocity is expressed by: 
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                                  αβαββ sin)(coscos)( fxr VVV +=                                 (4.3) 

where Vr is the dealiased radial velocity, β is the azimuth angle, α is the elevation angle, 

and Vx and Vy are the horizontal wind components. The horizontal wind components can 

be written as the sum of their value at the center of the domain and using the assumption 

that velocity varies linearly across the radial domain.  The horizontal wind components:  

Vx and Vy are written as, 
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The assumption that the fall velocity of the target (Vf) is horizontally uniform and equal 

to its value at the center of the domain is applied such that x = r cos β and  

y = r sin β are written as:  
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where r is the horizontal range from the radar. Equation 4.5 can now be expressed in the 

form of a Fourier series shown in Equation 4.6. 
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The wind speed can now be derived using the Fourier coefficients a1 and b1 using: 

         
( )

αcos
2
1

2
1

2
1 baWs +

−=                                                (4.8) 

Wind direction is obtained using: 
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The fields of divergence, resultant deformation, and the orientation of the axis of dilation 

can also be computed but are not used in the current study.  

 There are limitations to the VAD technique described by Browning and Wexler 

(1968). The first involves the presence of inhomogeneous hydrometeor fall speeds. In 

order to minimize the error in the calculation of the horizontal wind speed, the tilt angle 

radar was kept below 9º for liquid precipitation. The second limitation of the VAD 

technique is errors induced by fluctuations in the tilt angle during each sweep. The small-

scale deviation in tilt angle can induce errors when strong vertical shear is present.  Also 

variability in the reflectivity field can result in height estimate error. However, the last 

effect can be mitigated when analyzing data within 20 km of the radar. Additionally 

errors in the VAD retrieved winds have been caused by radar returns due to migratory 

birds (O’Bannon 1995). However in a hurricane environment, VAD contamination due to 

birds is likely not an issue.   

 The VAD derived winds can be used to construct a vertical wind. Although VAD 

wind profiles (VWP) are provided as part of the National Weather Service’s Level III 

data package, the vertical resolution is less than desirable for studying the HBL.  Typical 

operational VAD retrievals focus on obtaining data through the depth of the troposphere 

(Klazura and Imy 1993). In order to maximize the resolution within the HBL, the raw 

Doppler velocity data was reduced. Radial velocity data were included in the VAD which 

fell within a radial domain of 3-5 km and a maximum tilt angle of 14.9º. A diagram of the 

volume of data used in the VAD analysis is provided in Figure 4.5. Data falling within 

the complete volume were binned by height. The assigned heights were assumed to be 

above ground level which was flat homogeneous terrain. Given the proximity to the 

coastline of each radar site, the assumption was quite reasonable. For VCP 11, profiles 

typically contained 11 bins between 35-1050 m using all tilt angles below 14.5˚. The size 

of data contained within each bin was a function of the VCP tilt angle increments. The 

least-squares Fourier fit was assumed to be representative of the radial velocity field for 

the corresponding height bin. The relatively small radial domain helped ensure the 

assumption of a linear wind field was valid as well as limit errors in height estimates as 

previously described. The domain also would potentially limit the effect of small-scale 

transient features, which could influence the VAD processing for a single ring of data. 
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The volume of data is larger horizontally than coherent features described in the available 

literature (Wurman and Winslow, 1999; Morrison et al. 2005; Lorsolo et al. 2008). VCP 

11 used approximately a 1º elevation angle resolution. The vertical resolution of the 

derived wind profile was typically 60 – 70 m. For VCP 121 and 212, a more coarse 

elevation angle resolution was used for larger angles. Although Browning and Wexler 

(1968) suggested limiting data above 9º elevation, tilt angles up to 14.9º were used in 

order to fully document the lowest 1 km. 

 

 
FIG. 4.5. Diagram of 3-5 km volume of data used in the VAD analysis.  
 

 

 In order to calculate the horizontal wind for the ring of data at each height bin a 

Matlab script was developed. The script used a least-squares fit of a first order Fourier 

series as specified in the VAD method (Browning and Wexler 1968; Testud et al. 1980). 

An example of a fitted curve is provided in Figure 4.6. Data were compared to the initial 

fit and outliers were identified as data which fell outside of twice the mean of the 

residuals from the Fourier series fit. The outliers were removed and the fit was conducted 

again. Up to 5 iterations were performed until the correlation coefficient (R2) was greater 

than 0.9. If the R2 value after 5 iterations was less than 0.9, the wind estimate at that 

elevation angle or height was removed from the profile.  An example of a derived wind 

profile is shown in Figure 4.7.  The VAD method yielded 383 wind profiles which were 
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comparable to the number of eyewall GPS sondes used by Powell et al. (2003). Summary 

statistics were computed for each individual VAD profile.  

 

 
FIG. 4.6. VAD from KLTX 2.4º elevation and least-squares Fourier series fit (red). Radial 
velocities are presented in ms-1. 
 

 
FIG. 4.7. VAD wind profile from KMLB at 0350 UTC 9 September 2004. Wind speed is given in 
ms-1. Error bars represent ± mean of the residuals from the VAD least-squares Fourier series fit.  
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4.2.3. VAD error analysis 

In order to evaluate the error in the derived wind speed the residuals from the 

Fourier series fit were examined. The distribution of the residuals exhibited a log-normal 

shape as shown in Figure 4.8, with a mean and standard deviation value of 3.6 ms-1 and 

1.3 ms-1 respectively. The root mean squared error was slightly large with a value of 3.9 

ms-1.  90% of the residuals fell below 5 ms-1 with a 75% quartile of 3.8 ms-1. The use of a 

constant diameter radial domain resulted in an increase in the volume of data for 

increasing tilt angles.  The depth of the volume of data increased to nearly 350 m at an 

elevation angle of 10˚. The residuals were examined as a function of height. As expected, 

the larger volume of data resulted in a slightly larger spread in the residuals from the sine 

wave fit as height increased, as shown in Figure 4.9. The mean of the residuals for each 

height bin was found and are shown in Figure 4.10. Little relationship was evident 

between the mean residuals and height but the standard deviation exhibited height 

dependence. The result was expected given the larger data volume at larger elevation 

angles. Therefore, a reasonable error estimate associated with a VAD derived wind was 

assumed to be 3.6 ms-1 for each observation height. The error estimate included the effect 

of using a volume of data through the use of height bins instead of a single ring. The 

precision of the derived winds was limited by the precision of the WSR-88D velocity 

measurements which is 0.5 ms-1.  
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FIG. 4.8. Probability density function of the residuals from the VAD least-squares Fourier fits. 
The fitted log-normal probability density function is shown in red.  

             
FIG. 4.9. Distribution of residual radial velocity from VAD least-squares Fourier series fit with 
log of height. Residual radial velocities are given in ms-1. 
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FIG. 4.10. Mean residuals binned by height from the VAD least-squares Fourier series fit. Error 
bars represent ± 1 standard deviation from the mean for each height bin.   
 
 
 

 

Effort was also made to evaluate the wind speed profile differences caused by 

varying the radial data domain. Comparisons were made for 25 volumes of data between 

the original VAD profile, 3-4 km radial domain, 4-5 km radial domain, 3 km annulus, 4 

km annulus, and 5 km annulus. Below 500 m the 3 km ring exhibited the smallest bias 

from the original VAD of 0.9 ms-1 whereas the remaining methods yielded positive bias 

errors of up to 1.9 ms-1. The result was expected for the 4-5 km and 5 km domains; 

however the 4 km ring also exhibited a positive bias above 1 ms-1. Above 500 m, all 

domains exhibited a negative bias except for the 5 km ring. Once again the 3 km ring 

performed the best with a negative bias of only 0.23 ms-1. Interestingly the 4 km ring also 

exhibited a substantial positive bias. The effect may be due to the increase in bin size 

with radial distance. The original 3-5 km domain may possess a bias toward the smaller 

radial distance due to smaller bin sizes and more data included from the smaller radii. 

The amplitude of the sine wave is also influenced more by transient features passing 

through a single ring rather than a larger volume of data. The variability still fell within 

the mean of the residuals using the 3-5 km radial domain, described previously.  Less 
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variability was observed in the wind direction below 500 m with all biases below 2˚. 

More significant variability existed above 500 m. The 3 km ring performed well again 

and exhibited the smallest wind direction bias. A sample VAD comparison is provided in 

Figure 4.11. The agreement in wind direction in the HBL suggested that the variability 

amongst data domains was primarily due to changes in the amplitude of the sine wave 

and not the phase.  As shown in Figure 4.10, each domain represented the general of the 

structure of the wind profile quite well. Some variability in the height of the wind 

maximum was noted but was due to the change in vertical resolution for the different 

radii with differences of approximately 50 m.   

 

 

 
FIG 4.11. VAD profile comparisons for wind speed (top) and direction (bottom) using a 3-5 km 
(solid line), 3 km (+ dotted), 4 km (* dashed), 3-4 km (circle dashed), 4-5 km (x light solid), and 
5 km (triangle dashed) radial domains. VAD profile is from KLTX at 0148 UTC 6 September 
1996. Wind speed is given in ms-1 and wind direction is given in degrees. 
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Assigning an error estimate to the VAD derived wind direction is much more 

difficult. Errors in the derived wind direction arise from changes in the phase of the 

assumed sine wave. Michelson and Seaman (1998) evaluated VAD wind profiles with 

nearby radiosonde soundings and found wind direction errors below 2 km to be 

approximately 5˚. Larger errors were found above 2 km but were attributed to the lack of 

scatterers. Additionally large errors of up to 45˚ were found below 2 km but were in light 

wind conditions (< 7 ms-1).  Given the high wind environment and plethora of scatterers 

available during a landfalling tropical cyclone the VAD wind direction errors should 

remain near 5˚ or less.  

 
4.2.4 VAD spline fits 

 A cubic spline was fitted to the VAD profile to provide a smoothed vertical 

profile for visualization and to generate vertical profiles comparable in resolution to GPS 

sondes (~ 5m). Although polynomial fits have been applied to radar profiler data (Storm 

et al. 2008), the spline interpolant was selected because it preserves the original structure 

as well as local minima and maxima of the underlying data and limits error associated 

with polynomial interpolation. Spline functions are defined piecewise by polynomials 

whose individual curves meet at the underlying data points. The spline fit provided a 

smooth curve through the points of the profile. The fitted curve passes through each data 

point. The first and second derivatives of the spline function are also continuous across 

the domain. The general form of the cubic spline is shown by, 

( ) ( ) ( ) ( )
11

23

−≤≤
+−+−+−=

niwhere
dxxcxxbxxaxS iiiiiiii                (4.10) 

The cubic spline used in the current study degrades to a cubic curve past the endpoints of 

the data. However, the spline profiles were limited to the height domain of the original 

VAD profile to eliminate the erroneous features. An example of a fitted spline is shown 

in Figure 4.12.  
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FIG. 4.12. Fitted spline profiles for wind speed (right) and direction (left) from KMLB at 0525 
UTC 5 September 2004. The original VAD profile is represented by triangles. Error bars in wind 
speed are ± mean of residuals from VAD Fourier series fit. Wind speed is given in ms-1 and 
direction in degrees. 
 

 

Summary statistics were generated for the spline profiles as well. The calculated 

MBL wind speed for the spline profiles were compared to the MBL values from the 

original VADs. The spline MBL values were typically higher than the VAD MBL with a 

mean difference of 1.2 ms-1. The maximum wind speed was also slightly higher for the 

spline profiles with a mean difference of 0.5 ms-1; however the standard deviation was 

larger with a value of 2.5 ms-1. The spline profiles will be used for the bulk of the landfall 

profile analysis as they maintain the shape of the original VAD quite well while 

providing more resolute synthesized data for both wind speed and direction.  
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4.3. VAD wind measurement comparisons 
 Derived VAD vertical wind profiles were compared to nearby filtered GPS sonde 

profiles when available. The comparison between the two profiles provided support for 

the VAD method to ensure it was resolving the mean vertical profile. The comparisons 

also illustrate differences between the exposure characteristics sampled by the volumetric 

averaging technique that is inherent to the VAD method. Additionally, 10 m wind speed 

estimates were obtained using a least-squares fit to the lowest 300 m of the VAD profile. 

The time history of 10 m winds were compared to nearby research tower measurements. 

The tower measurements were broken into 10-minute segments centered on the time of 

each VAD profile within the observation period. 

 

4.3.1. Vertical wind profile comparisons 

The analysis period from Hurricane Floyd also coincided with a landfall mission 

conducted by a NOAA WP-3D research aircraft (N42RF). Several GPS sondes were 

launched during the mission. Fortunately, a sonde release at 0514 was closely spaced in 

time with a VAD wind profile computed at 0518 UTC. The sonde landed approximately 

60 km to the east of the KLTX radar site, as shown in Figure 4.13. The VAD profile, raw 

sonde profile, and filtered sonde profile are provided in Figure 4.14. The magnitude of 

the profiles differed significantly but relative shape of the VAD and the filtered sonde 

were quite similar qualitatively. The normalized profiles also exhibited a similar 

structure, as shown in Figure 4.14. The difference in magnitude was expected given the 

VAD profile is representative of a volumetric and temporal mean whereas it is unclear 

what the true averaging time the filtered sonde represents. The differences in exposure 

characteristics between the two platforms also argued for significant difference. The GPS 

sonde also was located 16 km offshore and likely experience open ocean roughness 

conditions rather than those found in the shoaling wave region or at the land-sea 

interface.  
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FIG 4.13. KLTX 0.5˚ reflectivity at 0513 UTC 16 September 1999. The splash location of GPS 
sonde 991435107 is indicated by the blue dot. 

 

 
FIG 4.14. Raw (left) and normalized (right) KLTX VAD wind speed profile from 0513 UTC 16 
September 1999 (solid black), GPS sonde 991435107 wind profile (red) launched 60 km east of 
KLTX at 0514 UTC, and filtered GPS sonde profile (black-dotted). 
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 Several GPS sondes were released during a research mission conducted by a 

NOAA WP-3D aircraft during the landfall of Hurricane Katrina (2005) . Two GPS 

sondes landed within 30 km of the WSR-88D radar site during the VAD analysis period. 

The first sonde used for comparison was launched at 1117 UTC, approximately 23 km to 

the southwest of the radar site. The horizontal traverse of the sonde is provided in Figure 

4.15 along with the location of the KLIX radar site and the 0.5˚ reflectivity. The sonde 

descended through a well defined rainband feature moving azimuthally approximately 18 

km and slightly radially inward across the axis of the band. The nearest VAD profile in 

time was taken at 1116 UTC. Another sonde was released at 1340 UTC which landed 

approximately 18 km to the south-southeast of the radar site, as shown in Figure 4.16. 

The closest VAD profile in time was taken at 1338 UTC.  

 

 
FIG 4.15. KLIX 0.5˚ reflectivity at 1116 UTC 29 August 2005. The horizontal path of the GPS 
sonde is shown in blue. Hurricane Katrina’s best-track is shown in red.  
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FIG 4.16. KLIX 0.5˚ reflectivity at 1338 UTC 29 August 2005. The horizontal path of the GPS 
sonde is shown in blue. Hurricane Katrina’s best-track is shown in red.  
 

 

 The sonde and VAD profiles were significantly different in magnitude with the 

GPS sonde filtered and unfiltered wind speeds nearly 25 ms-1 greater than the VAD for 

the majority of the profile shown in Figure 4.17; however when normalized by their 

respective MBL the VAD profile exhibited a more substantial increase in wind speed 

with height in the lowest 500 m. The result was expected given the different underlying 

exposures between the GPS sonde, which was located over water, and the VAD data 

domain located over land. A local maximum was also observed in the sonde profile near 

250 m which was slightly below the kink in the VAD wind profile at 350 m. The second 

GPS sonde included in the comparison was closer in magnitude to the VAD wind profile 

and is shown in Figure 4.18. The sonde was typically only 15 ms-1 greater than the VAD 

derived wind speed values. It is also noted that the sonde was released within the 

reflectivity maxima associated with the eyewall whereas the VAD profile was taken 

radially outward from the GPS sonde. The local maxima and minima associated with the 

kink in the VAD wind profile were somewhat evident in the filtered sonde wind profile at 

altitudes within 100 m.  
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FIG 4.17. Raw (left) and normalized wind speed (right) profiles for KLIX VAD wind profile 
(triangles) at 1116 UTC and GPS sonde 51946036 raw wind speed (red) and filtered (dashed-
black) wind speed profiles.  

 

 
FIG 4.18. Raw (left) and normalized wind speed (right) profiles for KLIX VAD wind profile 
(triangles) at 1338 UTC and GPS sonde 51926022 raw wind speed (red) and filtered (dashed-
black) wind speed profiles. 
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 As Hurricane Rita passed Key West, Florida, NOAA Hurricane Research 

Division conducted a research flight into the system. Only one sonde was launched near 

the KBYX radar site within the VAD observation period, shown in Figure 4.19. The 

sonde landed 38.2 km to the south of the KBYX radar site within the developing northern 

eyewall of Hurricane Rita. The comparison, shown in Figure 4.20 revealed a similar 

structure to the wind profile for each observing platform. The magnitudes between the 

VAD and GPS sonde wind profiles differed. The VAD profile was typically 15 ms-1 

below the filtered GPS sonde profile. The slope of the profile below 300 m was also 

correlated well which suggested the surface roughness characteristics were somewhat 

similar. The difference in magnitude was expected given the difficulties in determining a 

proper averaging time for sonde measurements as well as the proximity of the GPS sonde 

to the radius of maximum winds. The VAD domain was located radially outward from 

the RMW. 

 
FIG 4.19. KBYX 0.5˚ reflectivity at 1821 UTC UTC 20 September 2005. Horizontal path of GPS 
sonde is shown in blue.  
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FIG 4.20. Raw (left) and normalized wind speed (right) profiles for KBYX VAD wind profile 
(triangles) at 1821 UTC 20 September 2005 and GPS sonde 12625026 raw wind speed (red) and 
filtered (dashed-black) wind speed profiles. 
 
 

4.3.2. VAD 10 m wind speed comparisons 

 The proximity of instrumented towers to employed WSR-88D sites offered a 

unique opportunity to examine the effectiveness of the VAD method to estimate a 10 m 

winds speed as well as the logarithmic profile assumption often used to represent the 

vertical wind profile in the surface layer. As previously described a least squares fit was 

applied to the lowest 300 m of the VAD profile and extrapolated to determine the wind 

speed at 10 m. Tower measurements were deconstructed into 10-minute segments 

centered on the time of each VAD profile (when measurements overlapped). 

 The Texas Tech University (TTU) Hurricane Research Team (HRT) deployed 

two mobile instrumented towers for the landfall of Hurricane Floyd during the Wind 

Engineering Mobile Instrument Tower Experiment (WEMITE; Schroeder and Smith 

2003). One tower was located at Brunswick County Municipal Airport, approximately 33 

km east-southeast of the KLTX WSR-88D as shown in Figure 4.21. As shown in Figure 

4.22, the VAD 10 m wind speed estimate maintained an approximate 3.5 ms-1 low bias 

for the first half of the record. However, the approach of the surface RMW to the tower 
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deployment site 20 minutes prior to the radar data domain caused the two time histories 

to diverge. Examining the observations in a storm-relative framework resulted in a 

similar 3-4 ms-1 low bias for the VAD 10 m wind estimate at the time of the peak winds. 

The tower deployment site also experienced a decrease in wind speed as it entered the 

eye of Hurricane Floyd at approximately 0600 UTC. The KLTX radar site remained 

outside the reflectivity gradient during the entire period. It is unclear what equivalent 

Eulerian averaging time the VAD estimate actually represents when compared to tower 

measurements. The consistent low bias suggested that the mean exposure sampled by the 

radar data domain was likely higher than that experienced by WEMITE 1.  It is noted that 

WEMITE 1 experienced an exposure less than open with a predominant fetch between 

25˚ and 45˚ through the passage of the radius of maximum winds. Roughness estimates 

using the methodology of Beljaars (1987) resulted in zo values between 0.05 near the 

beginning of the observation period and increased to 0.1 m at the time of the maximum 

winds. The result was in agreement to a roughness estimate of 0.08 m using aerial 

photographs (Wieringa 1993). The KLTX radar site however, was surrounded by a 

forested area within a large portion of the VAD data domain which resulted in surface 

roughness values over 0.1 (Davenport 1960). The wind observations may have also been 

influenced by a displacement height associated with the forest canopy.  
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FIG 4.21. Aerial photograph of the KLTX WSR-88D radar site and the location of WEMITE #1. 
The shaded yellow circle indicates the approximate 5 km extent of the VAD data domain. Aerial 
photograph courtesy of Google Earth. 
 
 

 
FIG 4.22. KLTX VAD estimated 10 m wind speed (top-black) and 10-minute mean 10 m wind 
speeds from WEMITE #1 (top-red) from 0031 UTC through 0733 UTC 16 September 1999 and 
residuals (bottom). Error bars represent ± 3 ms-1, estimated standard VAD wind speed error. 
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 Hurricane Frances (2004) provided a similar opportunity using the KMLB WSR-

88D and TTU’s WEMITE 2 instrumented tower located at Melbourne Beach, Florida 

(Schroeder and Smith 2003). The tower was located approximately 12 km to the 

southeast of the KMLB WSR-88D, as shown in Figure 4.23, and in marine exposure 

conditions. The same comparison technique was used that was employed for Hurricane 

Floyd; however both 10- minute and 5-minute data segments were used centered on the 

time of the VAD wind profile. Additionally, tower data were also standardized to open, 

open to rough, and rough exposure conditions using an observed roughness value 

computed from each segment of data (Davenport 1960). Roughness lengths were 

calculated using the turbulence intensity method described by Beljaars (1987). Initially 

the VAD wind profile over estimated the 10 m wind speed compared to all non-

standardized tower-based measurements. However, as tower observed mean wind speeds 

increased above 16 ms-1, a significant bias was observed, as shown in Figure 4.24. The 

VAD profile significantly underestimated the 10 m wind speed by more than 3 ms-1. The 

effect may simply be due to the significant roughness difference between the point 

measurement and the volumetric average used by the VAD technique. As shown in 

Figure 4.17, the roughness elements surrounding the KMLB radar site within the VAD 

domain would likely contribute to a surface roughness near the rough regime (Wieringa 

1993; Davenport 1960). Also the general fetch was northeasterly allowing the flow to 

pass across the barrier island and the Indian River before reaching the mainland. The 

complex terrain likely contributed to internal boundary layer development, further 

complicating the structure of the wind profile.  Additional bias was also likely induced 

due to small changes in the slope of the wind profile in the lowest 300 m. The decrease in 

the height of the wind speed contours above the lowest bin induced a slight steepening of 

the profile which altered the least-squares fit estimate of the 10 m wind. The wind speed 

in the lowest height bin exhibited a 3.7 ms-1 range over the observation period. 

Unfortunately a power regulator failure onboard WEMITE 2 resulted in an incomplete 

data record for much of the second VAD observation period. 
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FIG 4.23. Aerial photograph of the KMLB WSR-88D location and the location of WEMITE #2. 
The approximate 5 km extent of the VAD data domain is depicted by the yellow shaded area. 
Aerial photograph courtesy of Google Earth. 
 

 
 
FIG 4.24. Comparison of VAD estimated 10 m wind speed (black) and observed and standardized 
wind speed measurements (red) from WEMITE #2 between 1729 UTC and 2050 UTC 4 
September 2004. 
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 The deployment of a TTU portable meteorological tower at the Slidell Louisiana 

Municipal airport offered a good opportunity to evaluate the use of the VAD method to 

produce a 10 m wind speed estimate. The PMT was located very close to the WSR-88D 

radar site and well within the VAD data domain as shown in Figure 4.25. The least-

squares fit was once again used to estimate the 10 m wind speed based upon the lowest 

300 m of the VAD wind profile. 10-minute data segments from the PMT were centered 

on the time of the VAD profile. Remarkable correlation was found between the two time 

histories, shown in Figure 4.26. The VAD estimated 10 m wind was typically slightly 

less than the observed 10-minute wind speed from the PMT but the difference remained 

less than 4 ms-1. The correlation coefficient for the two 10 m wind speeds was 0.68.  For 

several observation segments the PMT observation fell within the VAD estimated error 

bars. The VAD derived wind direction at the lowest height bin remained within ±5˚ of the 

observed 10-minute mean wind direction during the time history. The fluctuations in the 

observed wind speed time history were also captured by the VAD estimate. Generally the 

area upstream from the tower site was airport exposure followed by forested area. The zo 

values estimated using the methodology described by Beljaars (1987) yielded roughness 

lengths near 0.1 m during the VAD observation period. The result was in good agreement 

with aerial photograph estimates according to Wieringa (1993) of 0.1 m as well. Given 

the slight negative bias for the VAD 10 m estimates it appeared likely that the VAD 

profiles were representative of a slightly rougher exposure than the PMT.  
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FIG 4.25. Aerial photograph of the KLIX WSR-88D location and location of the Texas Tech 
University PMT. The 5 km extent of the VAD data domain is indicated by the yellow shaded 
area. 

 
 

FIG 4.26. KLIX VAD estimated 10 m wind speed (top-black) and 10-minute mean 10 m wind 
speeds from PMT-Clear (top-red) from 0720 UTC through 1354 UTC 29 August 2005 and 
residuals (bottom). Error bars represent ± 3 ms-1, estimated standard VAD wind speed error.  
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CHAPTER V 

ADDITIONAL DATA 

 
 Additional data were acquired to supplement the GPS sonde and VAD wind 

profile observations. These data provided information regarding storm track, structure, 

and intensity; as well as environmental information. Data were assimilated into the GPS 

sonde and VAD profile datasets.  

 

5.1. Best-track data 
The National Hurricane Center (NHC) maintains a database of storm track and 

intensity information, known as HURDAT. Within the database, track information is 

contained on each storm. The data provides subjective post-event estimate of the storm’s 

center, central pressure, and maximum 1-minute mean winds at six hour intervals. The 

individual storm-track files are referred to as the NHC best-track. The best-track data 

were acquired for each storm contained in the GPS sonde and VAD profile datasets.  

The minimum central pressure information from the best-track data was used to 

assign a numeric intensification trend for each GPS sonde and VAD profile. For GPS 

sonde data, the pressure trend for a 24 hour time window was computed. The window of 

data was centered on the sonde launch time. Given the anticipated weakening trend 

shortly after landfall, the time window was altered for the VAD profile dataset. A 

window of 24 hours prior to landfall was used when assigning an intensification trend to 

each VAD wind profile.  However, for Hurricane Georges and Hurricane Rita, the 24 

hour time window was centered on the closest approach to KBYX. Four categories were 

developed, with the maximum based on the rapid intensification criteria used by DeMaria 

and Kaplan (1999); which was a 28 hPa decrease within a 24 hour period. The rapid 

intensification criterion was based on Atlantic basin tropical cyclones only (DeMaria and 

Kaplan 1999). Table 5.1 provides the categories, along with the number of sondes and 

VAD profiles which fell in each. The inclusion of an intensification trend aided in 

determining if cyclone intensification or weakening phases influence the characteristics 

of low-level wind speed maxima and low-level jet features. The intensifying category 
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contained the most VAD profiles, however the group was dominated by a large number 

of profiles taken from KBYX during Hurricane Rita and Wilma as well as from KAMX 

during Hurricane Wilma. 

 

Table 5.1. Cyclone intensification trend categories. Rapidly intensifying category based on 
DeMaria and Kaplan (1999). 
 

Intensity trend 
category 

Numeric 
intensity trend 

category 

24 hour 
pressure trend 

Number 
of sondes 
profiles 

Number 
of VAD 
profiles 

 
Weakening 

 
0 

 
Increase > 6 

hPa 

 
289 

 
89 

 
Steady-state 

 
1 

 
Change ± 5 hPa 

 
691 

 
141 

 
Intensifying 

 
2 

 
Decrease 6 – 

27 hPa 

 
200 

 
153 

 
Rapidly 

Intensifying 

 
3 

 
Decrease > 28 

hPa 

 
89 

 
0 

 

 

The HRD GPS sonde database employs the best-track data to generate a high 

temporal resolution storm track according to Willoughby and Chelmow (1982). The high-

resolution position and motion estimates are required to compute storm-relative 

parameters. The methodology was applied to the best-track data acquired for storms used 

in the VAD analysis. Radial distance and storm-relative azimuth angle was assigned to 

each VAD profile using the storm center position and the latitude longitude of the radar 

site.  The storm-relative azimuth was also used to compute the radial and tangential wind 

components from the VAD derived winds using the following equations: 

                                     
αα
αα

cossin
sincos
vuV

vuV

t

r

+−=
+=

                                    (5.1) 

where Vr and Vt are the radial and tangential wind components respectively, u is the east-

west wind component, v is the north-south wind component, and α is the storm-relative 

azimuth angle.  
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5.2. Environmental data 
Environmental influences have been documented by Powell (1982) and Burpee et 

al. (1994) to produce asymmetries in the mean wind field. Vertical shear in the 

environmental flow can result in significant asymmetries in the cyclone structure which 

dominate the effects of storm translation. Increased shear can also lead to enhanced 

convective activity on one side of the storm, therefore further enhancing structural 

changes. It is an objective of the current study to evaluate the effects of environmental 

shear on the height, strength, and location of identified low-level wind maxima and jet 

features. Environmental data have been archived by NOAA HRD in conjunction with the 

development and refinement of the Statistical Hurricane Intensity Prediction System 

(SHIPS) intensity model. The SHIPS model uses a substantial number of statistical 

predictors including several measures of vertical shear. Environmental data input into the 

SHIPS model is obtained from the Global Forecast System (GFS) numerical model 

(DeMaria and Kaplan 1994). Both analysis and prognostic fields are used by SHIPS and 

are archived by HRD. The shear vector is calculated using the GFS analysis field. The 

shear vector used in the current study was defined as the difference between the 200 hPa 

and 850 hPa wind vector averaged over a 24 hour period (DeMaria and Kaplan 1994).  

Magnitude and direction of the vertical shear was assigned to each GPS sonde and VAD 

wind profile for the time nearest to the launch of each GPS sonde or VAD profile.   

Although ocean temperatures likely play a role in determining the static stability 

of the HBL, it is a difficult quantity to measure under a tropical cyclone. Airborne 

Expendable Bathy-Thermographs (AXBTs) have been released by research aircraft to 

collect ocean thermodynamic measurements; however there are a limited number of 

events in which AXBTs have been used. Remotely sensed sea surface temperature 

measurements do not provide information regarding the local oceanic conditions beneath 

a hurricane. Given the limited amount of data, the effects of sea-surface temperatures will 

not be included in the current study, although it is acknowledged that they may play an 

important role in HBL structure.  
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5.3. H*Wind 
The surface wind analysis model H*Wind, developed by NOAA HRD, was used 

to determine the radius of maximum winds for landfall events included in the VAD 

profile dataset (Powell et al. 1998). The H*Wind model was developed to analyze the 

surface wind field of tropical cyclones using all available observations (Powell and 

Houston 1996; Powell et al. 1998). The model was designed to provide a detailed surface 

wind field in near-real time to operational forecasters. The system has also been used 

extensively for post-storm investigations (Powell et al. 1996; Powell and Houston 1996; 

Powell et al. 1998; Powell et al. 2006).  

Surface wind analyses were available for all events used in the VAD profile 

dataset which allowed for the determination of the radius of maximum winds through the 

use of the H*Wind framework. An example of a wind field analysis is provided in Figure 

5.1. From 2000-2008 observations were available for analysis using the H*Wind 

framework. Observations were used to determine the radius of maximum winds in the 

storm-relative quadrant in which the radar site was located quadrants.  Analyses were 

conducted at 3 hour intervals beginning 3 hours prior to the start of the VAD time 

domain. For events prior to 2000, the original operational H*Wind analysis fields were 

used to determine the surface RMW. A cubic spline was fit to the analyzed RMW 

locations in order to provide a smooth curve describing the RMW change with time. It is 

noted that eyewall replacement cycles may lead to substantial variability in the RMW 

over relatively small time scales. Each profile was assigned a surface RMW, which 

allowed for the normalization of radius (R) by the surface RMW. Given the large number 

of GPS sonde profiles, this method of evaluating the surface RMW is somewhat 

impractical. Flight-level wind data has been assimilated into the GPS sonde database by 

HRD in an effort to evaluate the flight-level RMW along the radial leg in which each 

sonde was launched. However this has been a slow and difficult process and the database 

is not complete at this time (Powell personal communication).    
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FIG 5.1. H*Wind analysis wind field for Hurricane Ike at 0300 UTC 13 September 2008. Wind 
speed is given in knots. Source: NOAA Hurricane Research Division 
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CHAPTER VI 

GPS DROPWINDSONDE OBSERVATIONS 
 

 The implementation of the GPS dropwindsonde in 1997 provided a wealth of 

information regarding the vertical structure of the HBL. Over 1000 sondes were available 

for analysis. This chapter focuses on the information gained using GPS sondes to 

characterize low-level wind maxima as well as identified low-level jet features. Mean 

profiles were developed to determine the average state of the HBL wind profile. The 

characteristics of both low-level wind maxima and low-level jet features were 

qualitatively compared to numerical studies of Kepert (2001) and Kepert and Wang 

(2001). 

 

6.1. Composite vertical profiles 
 The significant amount of GPS sonde data available for analysis allowed for 

composite mean profiles to be generated. GPS sondes were stratified using a variety of 

variables in order to gain information regarding the storm-relative characteristics of 

tropical cyclone low-level wind maxima.  Understanding the mean vertical structure of 

the wind profile was a vital component to understanding how low-level jet features 

influence the mean vertical profile.  The primary assumption employed to justify the use 

a composite profile was that individual GPS sonde profiles represented an ensemble 

member within a specified group.  The methodology follows that used by Powell et al. 

(2003) and Powell (2007) which assumes that for homogeneous and stationary 

turbulence, temporal, spatial, and ensemble averages are equal.   

 

6.1.1. Total composite profile 

A composite profile was generated from all 1080 profiles. Nearly 430,000 

observations were used to produce the composite. The MBL wind speed was selected to 

normalize the wind observations according to Powell et al. (2003). The layer average 

typically includes HBL observations and the wind speed maximum near the top of the 

HBL. The use of the MBL to normalize wind measurements also mitigates influences on 
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the profile from the outward tilt of the radius of maximum winds with height. The MBL 

value was a more robust scaling parameter than the flight-level wind measurement used 

by Franklin et al. (2003) given the concerns regarding the outward slope of momentum 

surfaces above the boundary layer and the slope of the RMW with height (Powell et al. 

2009).  

As discussed in Chapter III, GPS sonde wind measurements are subject to bias 

errors due to strong vertical shear below 10 m. The error within a composite profile was 

mitigated by applying a least-squares logarithmic fit to height bins within 20-160 m 

AGL. The layer was assumed to be representative of the surface layer within the HBL 

(Powell et al. 2003; Powell 2007). The observations contained in height bins below 20 m 

were substantially less than those above due to the failure of GPS sondes to transmit data 

very near the surface. The fitted wind speed values were used to adjust the original 

composite profile below 20 m.  

As shown in Figure 6.1, the composite profile contained a broad wind speed 

maximum near 625 m, with a logarithmic increase in wind speed from the surface to the 

wind maximum. The height of the maximum was slightly higher than the mean profiles 

of Powell et al. (2003) and Franklin et al. (2003) which was due to the inclusion of a 

larger number of GPS sondes from lower MBL wind speed groups (< 35 ms-1). The wind 

speed profile exceeded the MBL wind between 200-1500 m, similar to the composite 

profile of Powell et al. (2003). Information regarding the general turbulence structure 

beneath the wind maximum can also be gleaned through the mean and variance of the 

distribution of observations within each height bin.  The standard deviation of normalized 

wind speed for each height bin decreased with height up to the scaled wind maximum but 

increased above. Assuming that the standard deviation of each height bin represents the 

mean fluctuating wind component for each height bin, the decrease in the variance with 

height was typical of a neutrally stratified boundary layer. For a well mixed boundary 

layer in which mechanical production of turbulence dominates, the turbulence intensity 

(σu / Ū) decreases with height (Stull 1988). The increase in standard deviation above the 

wind maximum can be attributed to a variety of mechanisms. The height of the warm 

core of each cyclone may vary over the lifetime of the system. The influence of  

mesoscale features can also influence the vertical wind profile as well as the boundary 
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layer depth.  Franklin et al. (2003) has shown evidence of significant variability in mean 

wind speed profiles between cyclones. Kepert (2001) and Kepert and Wang (2001) have 

shown that the wind profile is likely dependent on inertial stability and the radial wind 

profile. Each varies over the lifetime of a hurricane and varies from storm to storm as 

well. Other sources of variability include convective updrafts and downdrafts as well as 

the relation of the sonde release to the RMW (Powell et al. 2003).  

 

 
FIG 6.1. Composite wind speed profile for all GPS sondes. Wind speed is normalized by MBL. 
Data are presented on a log-height scale. Error bars represent ± 1 standard deviation of the mean 
for each height bin. 

 

 

The scaled wind maximum was 6% larger than the MBL wind and was in 

agreement with Powell et al. (2003).  The influence of convective motions was reduced 

due to the ensemble averaging technique used to create the composite profiles. The radial 

and tangential wind components were also examined. The radial maximum was located 

approximately 400 m beneath the tangential wind maximum, as shown in Figure 6.2. The 

radial inflow layer extended above 1 km but approached zero by 2 km height. It is noted 

that the standard deviations for the radial wind component were quite large and showed 

little height dependence. The location of the radial wind maximum provided the 
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opportunity for momentum transport vertically through convective updrafts which would 

contribute to the maintenance of the jet structure (Kepert and Wang  2001).  

 

 
 
FIG 6.2. Composite tangential (left) and radial (right) wind profiles for all GPS sondes. Data are 
presented on a log-height scale. Error bars represent ± 1 standard deviation from the mean for 
each height bin. 
 
 

6.1.2. MBL wind group composite profiles 

 The composite profile for the GPS sonde dataset provided a simple mean 

representation of a tropical cyclone wind profile. The broad wind speed maximum was 

expected and likely representative of the wind maximum at the top of an Ekman-like 

boundary layer. However, the vertical wind profile can be influenced by many different 

factors previously described. GPS sonde profiles were grouped by MBL wind speed in 

order to evaluate the changes in the vertical profile as mean wind speeds increased. Wind 

observations were not normalized by the MBL as each sonde was assumed to represent a 

perturbation under identical conditions. The use of smaller MBL bin sizes strengthened 

the application of the Ergodic assumption. The smaller bin sizes increased the probability 

that each profile was found under identical conditions.  

 Profiles for MBL groups greater than 35 ms-1 are discussed in this section since 

the observations are more likely representative of the conditions simulated by Kepert 
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(2001) and Kepert and Wang (2001). As shown in Figure 6.3, each profile exhibited a 

broad wind speed maximum similar to the composite profile for all GPS sondes, with a 

logarithmic increase in wind speed up to the height of the wind maximum. The height of 

the wind maximum generally decreased as the MBL increased, shown in Figure 6.4. 

However a large amount of variability was present as a result of the decreasing sample 

size with increasing MBL wind speed. The decrease in the height of the mean wind speed 

maximum was related to a reduction in HBL depth as the mean flow regime increases in 

magnitude. A decrease in the height of the radial inflow layer was also noted and is 

shown in Figure 6.5. The reduction in inflow layer depth also supports the decrease in 

boundary layer depth which was likely a result due to decreasing surface roughness 

conditions at high wind speeds shown by Powell et al. (2003). However the depth of the 

inflow layer is significantly larger than the height of the wind maximum. The result 

highlights the difficulty in assigning a true boundary layer depth. The depth of the radial 

inflow layer can also be influenced by local convective effects which are buried within 

the mean profile. The wind maximum was found to be typically only 3-6% greater than 

the MBL except for the 35-39.999 ms-1 MBL group which was 10% greater.  The 

relatively weak nature of the maximum suggested that the mean profiles were generally 

representative of the wind maximum at the top of the boundary layer absent of convective 

scale influences. 
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FIG. 6.3. Composite wind speed profiles for MBL groups greater than 35 ms-1. Error bars 
represent ± 1 standard deviation from the mean for each height bin. 
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FIG 6.4. Height of the mean wind speed maximum as a function of MBL group. Least-squares 
linear fit is shown in red. 
 

              
FIG 6.5. Height of the mean inflow layer depth as a function of MBL group. Least-squares linear 
fit is shown in red.  
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The mean radial wind profile was nearly constant over a layer from the surface to 

200 m as shown in Figure 6.6. The layer was noted in all MBL wind groups above 35 ms-

1. Although not shown, the standard deviations for the radial wind component were quite 

large but exhibited height dependence. The largest variance was found beneath 100 m 

and decreased with height. In agreement with numerical results, the mean radial wind 

maximum was oriented beneath the total wind maximum. A maximum in the radial wind 

beneath the jet-feature would allow for vertical advection through enhanced updrafts 

either near the radius of maximum winds or in the vicinity of convective rainbands to 

maintain the jet-like profile. The mean orientation of the two component’s wind maxima 

would allow for the process to occur. Although the orientation was in agreement with the 

theoretical mechanisms for jet maintenance, the mean jet profile is not representative of 

one in which convective motions are present. The agreement amongst groups however 

argued that the mechanisms are likely at work. 

 

 

 
FIG 6.6. Composite radial wind profiles for MBL groups greater than 35 ms-1.  Data are presented 
on a log-height scale. 
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While logarithmic and power laws apply to the mean vertical wind profile; 

individual GPS sonde observations have shown a significant departure from mean 

profiles. Sea-surface temperatures also can influence the stability characteristics of the 

HBL. Several studies have also documented the increase in static stability due to cooling 

of the air near the sea surface (Korolev et al. 2000; Black et al. 1993; Cione et al. 2000). 

Black and Holland (1995) observed a tropical cyclone jet feature which they speculated 

was generated through frictional decoupling similar to the classic nocturnal low-level jets 

(Blackadar 1957). The lack of comprehensive high-resolution ocean thermodynamic data 

did not allow for the change in stability with sea-surface temperatures to be quantified. 

The impact of the vertical change in stability can be evaluated through the use of the bulk 

Richardson number. The parameter only requires the estimation of the vertical gradient in 

virtual potential temperature (θv) eliminating the need for a scaling variable for the GPS 

sonde thermodynamic profile. The parameter provided an estimate of the impact of static 

stability changes within the vertical profile. In the case of a classic nocturnal jet, one 

would expect relatively large Richardson numbers (> 0.25) indicating high static stability 

and thus resultant frictional decoupling. Large negative values indicate that buoyant 

generation of turbulence overwhelms mechanical production as the buoyancy term in the 

enumerator of Equation 6.1 becomes strongly negative in an environment where potential 

temperature decreases with height.. These values are associated with a statically unstable 

environment. In the HBL, mechanical generation of turbulence near the surface should 

dominate the production of turbulence with little contribution from buoyancy given 

neutral stability. Therefore, Richardson numbers should fall between 0.25 and -1 for an 

environment in which mechanical turbulence can overcome any influences of buoyant 

damping. However the use of the bulk Richardson number cannot be directly compared 

to the gradient Richardson whose critical values are based on theoretical and laboratory 

findings.  

The high temporal and spatial resolution of GPS sonde kinematic and 

thermodynamic measurements provided an opportunity to calculate composite 

Richardson number profiles. The bulk Richardson number (RI) was used as it only 

requires an approximation of the kinematic and thermodynamic vertical gradients through 

the following according to Stull (1988): 
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where θv is virtual potential temperature calculated by Wallace and Hobbs (1984) : 

( )lvv qq −+= 61.01θθ                  (6.2) 

and θ is calculated during GPS sonde post-processing,  qv is water vapor mixing ratio and 

ql is the liquid water mixing ratio. For the purposes of this study neglects the effects of 

liquid-water mixing ratio (ql) are neglected. The presence of liquid water acts to lower the 

virtual potential temperature and its mixing ratio can be quantified using radar reflectivity 

(Rutledge and Hobbs 1984). The large number of GPS sondes and the inconsistency in 

the availability of aircraft radar data precludes using this method. It should be noted that 

GPS sondes are likely collected in heavy precipitation which would yield a meaningful 

positive bias in θv. The vertical gradients of wind speed (U) and θv were estimated using a 

centered difference scheme. Observations were omitted which contained missing 

kinematic or thermodynamic measurements.  Richardson number values were binned by 

height according to Powell et al. (2003). 

Kepert and Wang (2001) found a Richardson number profile which was nearly 

zero through a depth of 500 m. The profile increased to a maximum value near 0.1 at a 

height of 1 km before decreasing rapidly above.  Kepert and Wang (2001) were able to 

compute the partial derivatives shown in equation 6.1 whereas the composite method 

presented estimated gradients through a centered difference scheme. Additionally, the 

results of Kepert and Wang (2001) were for a single cyclone simulation, but the 

composite RI represents an average over a variety of cyclones, as shown in Figure 6.7. 

The shape of the profile was in relative agreement with result of Kepert and Wang (2001) 

although the absolute value of the Richardson number was much larger in the lower 

height bins but was always greater than -1. The magnitude difference may simply be due 

to the bias error in the θv calculation. Richardson number values increased above 100 m 

but did not exceed zero. Although not shown, standard deviations for the height bins were 

quite large and approached 1 in some cases. Local convective effects as well as small-
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scale turbulence likely contributed to the significant variance observed. RI profiles for 

MBL groups exhibited a similar structure with little difference noted amongst the groups.  

 

 
 FIG 6.7. Composite bulk Richardson Number profile for all GPS sondes. Data are presented on a 
log-height scale. 

 

 

 In order to evaluate the average vertical structure of turbulence, equation 6.3 was 

used to estimate the turbulence intensity from the composite vertical wind profiles.  

U
TI uσ=                                 (6.3) 

where σu is the standard deviation for each height bin (Beljaars 1987). The use of the 

Ergodic assumption allowed for this method to be used as temporal, spatial, and 

ensemble averages are assumed to be equal.  

As expected, turbulence intensity decreased with height up to the level of the 

wind speed maximum, as shown in Figure 6.8. The result was expected for a typical HBL 

which is often assumed to be neutrally stratified. The result also agreed with the 

assessment of Kepert and Wang (2001) that the turbulence profile decreases with height 
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and that the low-level jet feature was not a response to frictional decoupling of the HBL 

and that the mean jet feature resided in an environment of decreasing turbulence with 

height. Turbulence intensity estimates were also computed by 

   

oz
zTI

ln

1
=                                                                  (6.4) 

where zo is estimated through similarity theory using the y-intercept of a least-squares 

logarithmic fit for a 20-160 m surface layer for each MBL wind group (Powell et al. 

2003; Powell 2007). The values of zo where in good agreement with those found by 

Powell (2007). The log fits are provided in Figure 6.9.  It is noted that Equation 6.4 

assumes the ratio of friction velocity to σu is 2.5 and the wind profile is logarithmic 

(Beljaars 1987).  Interestingly, both methods compared reasonably well for the low MBL 

groups below 100 m height, shown in Figure 6.8. However, as the MBL increased the 

computed turbulence intensity from the 10 m height bin increased above the expected TI. 

The result may be due to the high bias in individual observations at low-levels, as 

standard deviations were increased by the error. The turbulence intensity method 

produced values well below the expected TI using the estimated zo near the wind speed 

maximum for all MBL groups. The decrease in TI below the expected values occurred 

between 50 and 100 m for all MBL groups.  The decrease in TI between 50-100 m may 

indicate a more significant decrease in turbulence with height. Also the result suggested 

that there was little contribution from shear underneath the wind maximum to turbulence 

intensity. The values of turbulence intensity in the lowest height bin were slightly lower 

than those typically found over land (Schroeder et al. 2009).  The TI values did not 

exhibit a well defined relationship with MBL wind speed which differed from open 

terrain exposure values which typically decrease slightly with increasing surface winds. 

The smoother ocean surface was the likely culprit. The lack of a decrease with wind 

speed is somewhat confusing given the observed trend in surface roughness as wind 

speed increases.  
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FIG 6.8. Turbulence intensity profiles for all MBL groups. Turbulence intensity using the 10 m 
height bin are shown in black. Expected turbulence intensity values using zo values for a 20-160 
m surface layer shown in red. Data are presented on a log-height scale. 
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FIG 6.9. Composite profiles and least-squares fit for MBL groups less than 55 ms-1 (top) and 
MBL groups greater than 55 ms-1 (bottom) for a surface layer of 20 – 160 m.   
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6.1.3. Power and Log law comparisons 

The use of logarithmic and power law wind profiles within the minimum design 

standards (ASCE-07) provided motivation to evaluate the mean vertical profiles with 

respect to the assumed vertical profiles for a neutrally stratified surface layer. It was 

hypothesized that the wind profile beneath tropical cyclone low-level jet features will 

remain logarithmic due to the static stability and turbulent characteristics of the HBL. 

Logarithmic and power law least-square fits were performed on the composite profiles in 

order to test the validity of each technique in estimating the surface layer wind profile. 

Both the power and logarithmic fits performed quite well for a surface layer of 20 – 160 

m AGL. Correlation coefficient values for both methods exceeded 0.9 for all MBL 

groups. The log-law performed slightly better, with an average R2 value 3% higher than 

the power-law least-squares fit. The results of the two fits are provided in Table 6.1. The 

power law shear exponent α was computed and was also provided for comparison with 

the ASCE-07 standard of 0.1429 (1/7). The power law shear exponent (α) values were 

found to be less than 1/7, which is assumed for a well-mixed boundary layer over open 

terrain exposure (Stull 1988). The smaller α was due to the decrease in surface roughness 

in open ocean conditions relative to that found in typical open terrain conditions. 

Additionally the 1/7 value was determined by overland observations in open terrain 

exposure. The general decrease in α with increasing MBL wind speed suggested a 

decrease in roughness, in accordance with the results of Powell et al. (2003) and Powell 

(2007). The performance of the least-squares fits for each method validated their use in 

representing the surface layer wind speed profile in open ocean conditions.  

The upper bound of the surface layer estimate was incrementally increased by 10 

m up to the height of the maximum in order to show the depth of the profile beneath the 

wind maximum remained logarithmic. Both the power and log law performed quite well 

below the wind maximum as R2 values never fell below 0.9 for any MBL group. The log 

law fits exhibited the least variability of the two, especially for MBL groups below 55 

ms-1, as shown in Figure 6.10. Also present was a slight decrease in R2 values for heights 

above 350 m. However, the relationship was not observed in all MBL groups. It was the 

most pronounced for the 35-39.999 and 55-59.999 ms-1 MBL groups. The result provided 

evidence that the use of power or log law profiles beneath the mean wind maximum is an 
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adequate estimate of the profile provided appropriate estimates of roughness length or α. 

The typically well mixed nature of the HBL below the wind maximum allowed similarity 

theory to be applied over a much larger depth than often used.  

 

Table 6.1. Results of log and power law least-squares fits for a 20 – 160 m surface layer. 
 

MBL group 
(ms-1) 

Surface 
layer 

depth (m) 

25 m bin 
sample size 

 
α 

 
R2  - Log  

 

 
R2 -Power 

35-39.999 20-160 236 0.086 0.996 0.993 

40-44.999 20-160 210 0.093 0.994 0.991 

45-49.999 20-160 166 0.083 0.993 0.992 

50-54.999 20-160 103 0.098 0.989 0.952 

54-59.999 20-160 105 0.081 0.989 0.968 

60-64.999 20-160 54 0.058 0.992 0.975 

65-69.999 20-160 64 0.089 0.992 0.991 

70-74.999 20-160 53 0.061 0.962 0.941 
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FIG. 6.10. R2 values for logarithmic (dot) and power (x) law least-squares fits for varying surface 
layer depths.  
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6.1.4. Storm-relative composite profiles 

Recent studies have supported the hypothesis that there is azimuthal variability in 

the vertical wind profile as well as the underlying surface characteristics in open ocean 

conditions (Kepert 2006a ,b; Moon et al. 2004; Powell 2007; Schwendike and Kepert 

2008; Powell et al. 2009).  The azimuthal variability in roughness has been hypothesized 

to be a result of the relative age of the underlying wave field. Moon et al. (2004) has 

provided evidence that taller more developed waves located in the right sector lead to 

higher roughness values. The rear and left-front sectors were characterized by smaller 

and younger wave fields. Kepert (2001) and Kepert and Wang (2001) have also observed 

an azimuthal dependency in simulated low-level jet features. The results of these studies 

provided motivation to stratify GPS sondes by storm-relative azimuthal sectors. Storms 

were divided into three azimuthal sectors: Rear sector (151-240˚); Right sector (21-150˚); 

Left-front (241-20˚) according to wave characteristics summarized by Black et al. (2007) 

and based on Wright et al. (2001).  

According to Wright et al. (2001), the wave characteristics differ for each sector. 

The rear sector was characterized by relatively small wavelength waves (150-200 m) 

propagating with the mean wind flow. Within the right sector, waves were typically 

observed to move outward at up to 45˚ from the mean flow and were 200 – 300 m long. 

The left-front sector was characterized by long waves which typically moved outward at 

nearly 90˚ to the mean flow. Powell (2007) indicated that the surface roughness and 

subsequent aerodynamic drag within the right sector are nearly constant with the 10 m 

wind while the rear and left-front sectors exhibited a decrease in Cd and zo. It was noted 

by Powell (2007) that observational coverage of the left-front sector was limited for 10 m 

wind speeds of 36-50 ms-1.  

The decrease in the height of the wind maximum as the mean flow increased can 

be explained by the decrease in surface roughness. Above the wind maximum near the 

top of the boundary layer the wind speed decreased as the pressure gradient decreased 

due to the warm core of the tropical cyclone aloft. Stratification by storm-relative 

azimuthal sector provided a more detailed investigation of the impact of surface 

roughness changes on the mean vertical profile.  
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The azimuthal stratification required the normalization of wind measurements by 

MBL wind speed as data were too sparse to stratify using multiple wind speed groups. 

Normalized mean profiles were computed for each storm-relative sector and are shown in 

Figure 6.11.  The jet-like structure of the wind profile was evident. The height of the 

wind speed maximum was near 600 m for the right and left-front sectors while the rear 

sector exhibited a maximum at 400 m. The left-front wind maximum also contained the 

strongest deviation from the MBL at 7%; however the right sector was 5.5% greater. The 

lower wind maximum height noted in the rear sector correlated well with the smoother 

roughness regime at higher wind speeds noted by Powell (2007). The decrease in zo 

allowed the flow to increase to its equilibrium at a lower altitude. The left-front sector 

contained a higher wind maximum which suggested a larger roughness controlled the 

profile, similar to the right sector. The dataset used in the current study was similar to that 

used by Powell (2007), which noted a lack of observations within MBL groups between 

40-60 ms-1 which corresponded to 10 m neutral stability winds between 36-52 ms-1. The 

WL150 was used to diagnose this potential issue within the current dataset. The 

distribution was found to be somewhat bimodal and dominated by WL150 values 

between 20-25 ms-1 and 40-45 ms-1. Nearly 50% of the distribution was found below a 

WL150 of 36 ms-1with 60% of the group was found to have a WL150 below 40 ms-1. 

However, the distribution of MBL wind speeds within the group was found to be 

normally distributed around a mean value of 39 ms-1. However it is noted that 75% of the 

profiles contained within the left-front sector had an MBL wind speed less than 50 ms-1. 

Given the sparseness of data within this sector, the composite profiles were more likely 

representative of larger roughness lengths associated with lower wind speeds. This 

provided evidence to support the higher altitude of the wind maximum. 
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FIG. 6.11. Normalized composite wind speed profiles by storm-relative azimuthal sector. Data 
are presented on a log-height scale. 
 

 

An interesting kink was noted in the rear-sector profile near 300 m which maybe 

indicative of a more transitional flow regime due to the changes in wave characteristics 

from the rear to the right-sector, as the wave field begins to move more outward from the 

mean wind flow. The lower portion of the profile (< 300 m) would respond to the 

roughness changes while above the profile is essentially representative of the smoother 

regime. It is noted that the deviation in the wind profile still remained below ± 1 standard 

deviation for the surrounding height bins. The distribution of sondes within the sector 

was slightly biased for azimuth angles less than 190˚. The mean of the group was 193˚ 

with 50 % of the distribution containing a storm-relative azimuth angle of less than 193˚. 

However, if the feature was due to changes in the underlying roughness one would expect 

it to be reflected in the radial wind component as well. The normalized radial profiles for 

the three sectors are shown in Figure 6.12. There was little evidence to support IBL 

influences within the radial profile near 300 m. A change in the slope of the profile was 

observed near 800 m. Another difference in the radial wind profiles was noted with 

regards to a constant inflow layer. The layer was slightly deeper for the left-front sector 

with an approximate depth of 200, whereas the remaining two had a depth of only 100 m. 
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The normalized radial component was also weaker in the left-front sector but was the 

only profile to exhibit radial outflow above 1 km.  

 

 
            
FIG 6.12. Normalized radial wind component composite profiles for storm-relative sectors. Data 
are presented on a log-height scale. 
  

 

Theoretical studies have shown that the height of tropical cyclone-low level jet 

features should also exhibit a radial dependence and the jet height was found to scale 

with inertial stability shown by Equation 2.5 (Kepert 2001). Additionally, GPS sondes 

are often released inward of the flight-level RMW in an attempt to sample the RMW at 

the surface, due to the outward slope of the RMW with height above the boundary layer 

(Jorgensen 1983). Within the boundary layer, surface friction results in the inward 

displacement of the surface RMW compared to that aloft. In order to evaluate changes to 

the mean wind profile and to identify the mean jet structure as a function of radius, 

composite profiles were created for radial groupings.  

The distribution of splash radii was examined to determine the radial groupings. 

The distribution exhibited a log-normal shape and the quartiles of the distribution were 

used to stratify the GPS sonde data. The four groups were: 1) < 30 km 2) 30-60 km 3) 60-

112 km 4) > 112 km. Splash radii were not normalized by the RMW due to the difficulty 
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in assigning this value to an individual GPS sonde profile as well as the large size of the 

dataset. Recent work by Kepert (2006ab) and Schwendike and Kepert (2008) have shown 

that changes in the curvature of flow near the RMW influenced inertial stability. 

Examining profiles through an un-scaled radius does not remove the influence of storm 

size on the composite profiles. The composite radial profiles shown in Figure 6.13 

provided evidence of the descent of the wind maximum toward the cyclone center. For 

small radii (<30 km) the wind speed maximum was located near 300 m, but was only a 

few percent higher than the MBL. GPS sondes at these radii were likely released inside 

the flight-level RMW and the effect of sampling strategy for this group would result in 

the influence of the vertical slope of the RMW. Although the RMW within the boundary 

layer slopes outward with height due to surface frictional effects, Powell et al. (2009) has 

shown a increase to this tilt near the top of the HBL. The kink in the RMW was also 

associated with a smaller displacement of constant momentum surfaces. It is unclear how 

this may affect the composite profiles but Powell et al (2009) indicated that observations 

likely do not capture this feature.  

A steady increase in the height of the wind maximum was observed with 

increasing radius, reaching a maximum altitude of 1 km for radii larger than 112 km. The 

trend indicated a decreasing boundary layer depth with radius which was in good 

agreement with the decrease in depth with MBL wind speed. The two variables are 

correlated as the high MBL groups were likely representative of conditions near the 

RMW. The result was also in good agreement with individual storm analyses by Kepert 

(2006ab) and Schwendike and Kepert (2008), which found a general decrease in the 

height of the wind maximum both observationally and within the numerical simulations. 

The small radii grouping (< 30 km) exhibited the most shallow inflow layer, which was 

only 700 m deep; whereas the remaining groups were above 1 km as shown in Figure 

6.14. The normalized radial maximum, in agreement with previous results and theory, 

was located a few hundred meters below the wind maximum. The radial component was 

weaker for radii less than 30 km with the flow becoming more tangential within the 

inner-core region near the RMW. The decrease in the radial wind and therefore horizontal 

momentum advection  provided an explanation for the relatively weak jet compared to 

the other groups. 
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FIG 6.13. Normalized composite mean wind profiles by radius group. Data are presented on a 
log-height scale.  
 

                
 
FIG 6.14. Normalized radial wind profiles by radius group. Data are presented on a log-height 
scale.  
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 Composite RI profiles are shown in Figure 6.15 for the radial groups. For the two 

groups less than 60 km radius, values of RI exceeded zero above 200 m with the group 

less than 30 km radius increasing above the critical value of 0.25. The slightly higher RI 

found above the wind maximum for small radii (< 30 km), shown in Figure 6.15, 

indicated that perhaps an increase in static stability was present at the height of the 

maximum and above. A sonde launched slightly within the eye may not effectively 

sample the thermodynamic characteristics associated with the eyewall. The weak 

subsidence inside the eye may have contributed to a slightly more stable thermodynamic 

profile which was reflected in the increase in RI. The increase in stability would 

contribute turbulent damping of mechanical turbulence near the wind maximum. 

However, the 30-60 km group contained a similar shape and values of RI exceeded zero 

near the top of the profile. The use of normalized composite profiles may mitigate the 

influence of a GPS sonde’s slant-wise descent. 

 

 
FIG 6.15. Composite RI profiles for GPS sondes grouped by splash radius. 
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6.2. Observed characteristics of GPS sonde low-level wind maxima 
Individual GPS sonde profiles are characterized by several local maxima and 

minima with absolute maxima commonly found below 500 m. Although it is difficult to 

assign an appropriate Eulerian averaging time to a GPS sonde wind observation, it is 

important to diagnose the characteristics of wind maxima within individual profiles to 

determine if a relationship with existing theoretical studies exists (Kepert 2001; Kepert 

and Wang 2001).  Additional emphasis was placed on documenting wind maxima below 

200 m since these features and their accompanying wind profile may have a bearing on 

minimum design standards for hurricane prone coastlines.  

Summary statistics were generated for MBL wind groups and are provided in 

Table 6.2. It is noted that 91% of sondes included in the dataset transmitted data below 

100 m. The summary statistics were in agreement with composited profiles as the mean 

structure is contained within the statistical measures. The mean height of the absolute 

wind maximum decreased with increasing MBL wind speed in a similar manner to the 

height of the wind speed maximum within composite profiles. Standard deviations were 

quite large due to the variability in the scales of motion sampled by GPS sondes. The 

extremely large standard deviations for the low wind speed MBL groups (<35 ms-1) may 

also be attributed to the storm-relative launch positions of the GPS sondes contained 

within the groups, as they include sondes released inside the eye, as well as in rainband 

regions well outside the inner core. The general trend of a decreasing wind maximum 

height with increasing MBL was contained within the statistics and was found to 

statistically significant using the Spearman correlation, with a p-value of 3.3 x10-6. The 

Spearman correlation was selected as it provides a measure of correlation beyond first-

order linear. Whereas the typically used Pearson correlation coefficient only produces a 

perfect fit for a linear trend. The log-normal probability distribution of absolute wind 

speed maxima height is provided in Figure 6.16. The robust fit may lend itself to future 

statistical modeling of low-level wind maxima. Absolute wind speed maxima below 200 

m height were observed in 10% of the dataset and in all MBL wind groups.  
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Table 6.2. Low-level wind maxima summary statistics for all MBL groups. 

MBL Group 
(ms-1) 

Mean height 
Umax (m) 

σ Umax height 
(m) 

Percentage of 
sondes with 

Umax 
below 500 m 

Percentage  of 
sondes with 

Umax 
below 200 m 

 

Total number 
of sondes 

10-14.999 1854.1 3006.0 22% 14% 49 
15-19.999 1605.8 1459.6 27% 7% 51 
20-24.999 1592.6 1929.0 19% 11% 72 
25-29.999 1253.0 1198.5 31% 6% 108 
30-34.999 984.6 885.0 33% 12% 146 
35-39.999 756.8 645.2 43% 11% 143 
40-44.999 721.2 552.4 40% 10% 124 
45-49.999 775.3 546.5 39% 4% 106 
50-54.999 567.8 467.6 54% 11% 82 
55-59.999 535.2 411.2 64% 14% 63 
60-64.999 509.9 377.6 59% 12% 34 
65-69.999 609.2 492.1 50% 10% 40 
70-74.999 608.7 309.6 40% 5% 38 
75-79.999 407.2 302.9 70% 20% 10 

>80 428.4 259.6 69% 15% 13 
Total 923.4 1139.2 40% 10% 1080 

 

 

 
FIG 6.16. Probability distribution of the height of the absolute wind speed maximum for all GPS 
sondes. Log-normal probability density function is shown in red. 
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GPS sondes were distributed relatively evenly throughout the range of storm-

relative azimuths. Wind maxima below 500 m were observed in all storm-relative sectors, 

as shown in Figure 6.17, but were favored within the rear sector. This location exhibited 

the highest percentage of sondes within the group that contained a wind speed maximum 

below 500 m. The result followed that shown by the mean composite wind profiles. 

Profiles with a maximum below 200 m were also found in all three sectors with a 

preference also for the rear storm-relative sector. GPS sondes with an MBL greater than 

35 ms-1 were examined independently in order to asses the impact of sondes released 

within the eye and those from a weaker wind regime. The results differed, as the right 

sector exhibited the largest percentage of sondes with a maximum below 200 m. GPS 

sondes from MBL wind groups below 35 ms-1 comprised a large number maxima below 

200 m. These maxima were typically observed in the rear sector (40% of the GPS sondes 

< 35 ms-1). Following the removal of GPS sonde profiles with a MBL < 35 ms-1, the 

statistics supported the right sector as a preferred location for maxima below 200 m 

height. However, the failure rate of data transmission increases in the lowest 100 m as 

well as with increasing wind speed. Thus the high MBL wind groups contain sondes in 

which the maximum wind speed was the lowest observation which may have biased the 

results. The result may also be influenced by GPS sonde sampling strategies which often 

target the region of maximum surface winds within the right storm-relative sector. 

Wind speed maxima below 500 m were also found at a range of radii. Profiles 

with a maximum below 200 m exhibited a preference for radii less than 60 km. The radial 

dependence suggested that wind maxima below 200 m were a feature confined to the 

eyewall or inner-core region, shown in Figure 6.17. The result was in good agreement 

with that found within composite profiles. Theoretical studies also indicated that the 

mean wind maximum was dependent on radius (Kepert 2001; Kepert and Wang 2001). 

The scaling height of the wind maximum presented by Kepert (2001) suggested a mean 

wind maximum at 200 m height would be found at radii less than 60 km near the RMW. 

The mean statistics of absolute wind maxima are tied to the mean wind structure. The 

results supported Kepert’s (2001) wind maximum height.  
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FIG 6.17. Storm-relative locations of all GPS sondes. Sondes with an absolute wind speed 
maximum below 200 m are shown in blue; between 200-500m in red; above 500 m in black. 
  

 

The MBL and the WL150 layer averaged winds were used to quantify the 

strength of the absolute wind speed maximum. The WL150 was used strictly as a layer 

mean and no adjustment for eyewall or outer-vortex was applied as was carried out by 

Franklin et al. (2003) as well as in operational practice; the large number of sondes did 

not allow for a subjective eyewall or outer vortex distinction. The ratio of Umax  to the 

layer averages was used as a metric to quantify the strength of the maximum wind speed. 

The mean of absolute wind maxima was found to be 19% higher than the MBL with 92% 

of the population below 25%. Outliers approached values 50% greater than the MBL. 

The ratios increased with increasing wind maximum height, as larger deviations from the 

MBL wind speed were found at higher altitudes shown in Figure 6.18. The general 

relationship was expected given that observations above 500 m were not included in the 

layer average. The general decrease in wind speed with height shown in composite 

profiles argued that additional scales maybe present above 500 m which contribute to 

larger perturbations from the low-level layer average. It also provided support for the 

hypothesis that GPS sonde measurements are not representative of a mean state. 
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FIG 6.18. Height of the absolute wind maximum plotted as a function of the ratio of Umax to the 
MBL wind speed. A linear least-squares fit is shown in red. Data are presented on a log-height 
scale. 
 

 

The ratio between the wind speed maximum and the MBL wind also typically 

increased for larger radii as depicted in Figure 6.19. A similar radial and height 

dependence was found for when maxima were scaled by WL150. Although the 

dependence was found to be statistically significant at the 0.1% level, the relationship 

was not linear. The large scaled maxima at larger radii could be a result of sondes falling 

through convective updrafts and downdrafts associated with outer rainbands (Barnes et 

al. 1983; Willoughby 1984; Powell 1990a, b; Hence and Houze 2008). The convective 

elements within the band likely influence the local wind speed profile. Rainband 

convection also exhibits a cellular structure (Willoughby et al. 1984). The convective 

updrafts and downdrafts provide vertical momentum transport within a relatively low 

mean wind speed regime (Powell 1990a, b). Within the eyewall, convection is typically 

less cellular in nature and contains vertical motions typically less than 5 ms-1 

(Willoughby 1982; Jorgensen et al. 1985; Eastin et al. 2002). Therefore it is likely that a 

sonde samples a more homogeneous convective environment. The departure of the wind 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 127

maximum from the MBL also decreased somewhat with MBL wind speed, with a similar 

result when using the WL150. Additionally, the spread in the values decreased with 

increasing MBL. The same relation was noted when the scaled wind maximum was 

viewed as a function of the tangential wind component of the final sonde observation 

shown in Figure 6.20. Schroeder et al. (2009) examined the influence of radius on surface 

gust factors and noted a similar relationship. Perturbations from mean wind speeds 

generally increased as radius increased. The inner core region at smaller radii was 

characterized by smaller gust factors.  

 

 
FIG 6.19. Ratio of Umax to the MBL wind speed presented as a function of splash radius. Linear 
least-squares fit is shown in red. 
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FIG 6.20. Ratio of Umax to the MBL wind speed presented as a function of the tangential wind 
component of the lowest GPS sonde observation. Linear least-squares fit is shown in red.  
 

 

 In an effort to determine if the absolute wind maximum exhibited any relationship 

with the vertical wind speed (w) sampled by GPS sondes, the distribution of the w-

component at the height of the wind maximum is provided in Figure 6.21. Using the Chi-

square test the distribution was found to be normally distributed at the 0.05 significance 

level. A positive skewness of 0.28 ms-1 and a large kurtosis of 6.3 were found. The 

distribution contained a bias toward weak updrafts but the random distribution contained 

a significant amount of outliers. It is noted that 90% of the distribution was found 

between the estimated w-component error (± 4 ms-1; Hock and Franklin 1999).  The bias 

toward positive vertical wind speeds may be due to the large percentage of sondes likely 

released within the eyewall. The large scale ascent associated with this region may have 

contributed to the positive skewness. Subsets of the data were created for wind speed 

maxima below 500 and 200 m and were found to have similar normal distributions with a 

slight bias toward positive w values. The absolute value of w at the height of the wind 

maximum was examined with respect to the scaled wind maxima. No relationship was 
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found between the two variables as shown in Figure 6.22. The vertical component 

associated with the largest normalized maxima was less than 2 ms-1. 

 

 
FIG 6.21. Probability distribution of the vertical wind component associated with Umax for all 
GPS sondes. Normal distribution probability density function is shown in red. 
 

 
FIG 6.22. Scaled absolute wind speed maxima shown as a function of their absolute value vertical 
velocity (w). Linear fit is shown in red. 
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6.3. GPS sonde low-level jet features 
 
  Mean jet-like wind profiles associated with a boundary layer wind speed 

maximum have been observed in numerical simulations with some support provided by 

recent observational studies (Kepert 2001; Kepert and Wang 2001; Kepert 2006a, b; 

Schwendike and Kepert 2008). The jet feature was identified as the region where the 

tangential wind speed exceeded the gradient wind. The theoretical studies provided 

mechanisms for the production and maintenance of the jet features through the inward 

advection of momentum as well as the vertical advection of the radial wind component 

through enhanced updrafts (Kepert 2001; Kepert and Wang 2001). The theory suggested 

that tropical cyclone jet features should be a quasi-steady feature with a height and 

strength dependence on inertial stability and surface roughness effects. Kepert (2006ab) 

and Schwendike and Kepert (2008) used a linear model to simulate a snap shot of 

individual storms in which GPS sonde data were available. The model results were 

qualitatively and quantitatively compared to individual sonde observations in order to 

identify jet features as well as the strengths and weaknesses of the model. The large 

number of GPS sondes used in the current study prevented the use of this method to 

identify jet features and their characteristics. Therefore, objective criteria were developed 

to identify low-level jet features while separating the effects of small-scale turbulence. 

Features cannot be quantitatively compared to the theoretical results of Kepert (2001) and 

Kepert and Wang (2001) given the difficulty in calculating a gradient wind speed 

estimate for each individual GPS sonde. The characteristics of jet features were only 

qualitatively compared to the characteristics of jet features provided by numerical results 

(Kepert 2001; Kepert and Wang 2001). It is possible that the identified jet features were 

not the same as those simulated by Kepert (2001) and Kepert and Wang (2001). 

 

6.3.1. Low-level jet criteria  

 The identification of consecutive local minima within an individual profile was 

found to be effective in representing typical depths of turbulent features encountered by a 

GPS sonde. It also provided justification for filtering GPS sonde measurements in order 

to separate transient turbulence from the low-level jet features. The separation of 
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turbulence from a quasi-steady feature is vital in determining if low-level jet features can 

be identified within GPS sonde profiles as well as to determine their characteristics. 

  In order to maintain consistency with the classic definition of a low-level jet, 

identified jet maxima were confined to the lowest 1.5 km (Blackadar 1957; Bonner 

1968).  The lower bound of the jet was constrained to the lowest local wind speed 

minima contained in the filtered profile. The upper bound was determined by the first 

local minima encountered above the point in which the wind speed was found to be less 

than the MBL wind. If no minima were identified above the wind maximum, the wind 

speed at 1500 m was compared to the wind maximum. The upper bound was considered 

to be 1500 m if the wind speed was found to be 2 ms-1 (typical GPS sonde wind speed 

error; Hock and Franklin 1999) less than the filtered wind maximum. If the 1500 m wind 

speed did not meet the condition, it was not classified a low-level jet feature.  GPS sondes 

in which the lowest observed wind speed was the maximum were excluded. An example 

of an identified jet feature and filtered GPS sonde profile are provided in Figure 6.23. 

Following the application of the filter the MBL was re-calculated and assigned to the 

GPS sonde profile. The new MBL was used to evaluate the jet strength.  

 

 
FIG 6.23. Example of an identified low-level jet feature from a filtered GPS sonde launched 
during Hurricane Isabel at 1943 UTC on 3 September 2003. The shaded region represents the 
identified jet layer by upper and lower minima bounds (red).  
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6.3.2. Observed characteristics of GPS sonde low-level jet features 

 Low-level jet features were identified in 58% of the dataset (628 GPS sondes) and 

in all MBL wind groups. The jet height was identified as the filtered wind speed 

maximum within the determined layer. The mean height of the features was 567 m which 

was in agreement with previous studies (Franklin et al. 2003; Powell et al. 2003; Kepert 

2001; Kepert and Wang 2001). A large percentage of jet features were identified below 

500 m (47%) with the jet maxima below 200 m typically confined to small radii, as 

shown in Figure 6.24. There were a few outliers that contained a jet maximum at low 

altitudes outside 60 km radius. Table 6.3 provides summary statistics for the jet features 

identified within each MBL wind group. The result was in agreement with the analysis of 

the sonde absolute wind maxima as the mean height of the jet generally decreased with 

increasing MBL wind speed. The probability distribution of the jet height is provided in 

Figure 6.25, which was found to be a normal distribution through the Chi-square 

goodness-of-fit test. As expected the mean statistics did not differ substantially from the 

absolute wind maxima contained within the original un-filtered GPS sonde data. 

However, not all GPS sondes contained an indentified low-level jet feature, but the GPS 

sonde summary statistics performed reasonably in estimating the mean jet characteristics. 

The left-front sector was a predominant location for low-level jet features within the 

largest sample sizes. At high MBL wind speeds the right sector become a favored 

location, however this was likely due to the sampling strategy employed by 

reconnaissance aircraft. For the largest groups, the left-front sector was found to be a 

favored location for low-level jet features. 
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Table 6.3. Summary statistics for low-level jet features identified within each MBL wind group. 

MBL 

Group 

n jets / n 

sondes 

Mean 

Height 

(m) 

 σ Jet height 

(m) 

Mean 

Ujet / 

MBL 

% Right 

sector 

% Rear 

sector 

% Left-

front 

sector 

10-14.999 0.49 503 362 1.07 41% 25% 34% 

15-19.999 0.45 406 255 1.08 31% 39% 30% 

20-24.999 0.35 540 426 1.12 28% 20% 52% 

25-29.999 0.32 491 391 1.08 26% 26% 48% 

30-34.999 0.48 507 328 1.09 36% 21% 43% 

35-39.999 0.67 608 327 1.11 28% 8% 64% 

40-44.999 0.73 608 326 1.11 27% 12% 61% 

45-49.999 0.70 634 301 1.09 35% 24% 41% 

50-54.999 0.88 554 341 1.08 50% 10% 40% 

55-59.999 0.73 503 297 1.07 46% 20% 34% 

60-64.999 0.74 550 293 1.06 44% 20% 36% 

65-69.999 0.95 587 280 1.06 63% 13% 24% 

70-74.999 0.74 594 320 1.06 43% 21% 34% 

 

 
FIG 6.24. Storm-relative azimuthal distribution of identified low-level jet features. Range rings 
are provided at 50 km intervals. Azimuth angles are provided in degrees. 
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FIG 6.25. Probability distribution of observed low-level jet heights. A fitted Log-normal 
probability density function is shown in red.  
 
 

 The storm-relative mean characteristics did not depart from the 

normalized composite profiles. The difference between the height of the tangential 

maximum and the radial inflow maximum remained relatively constant for radii greater 

than 40 km, as shown in Figure 6.26. The decrease in the vertical location at small radii 

indicated a decrease in boundary layer height and as the tangential wind speed maximum 

was located just above the radial maximum. At larger radii the tangential maximum was 

located well above the radial maximum, likely as a result of a deeper boundary layer; 

however the radial inflow maximum did not deviate in height.  The height of the jet 

maximum also displayed a similar relationship, as shown in Figure 6.27. The radial 

dependence of the jet height and the depth between the maximum radial inflow and the 

tangential wind maximum were both found to be statistically significant at the 0.05 level 

using the Spearman correlation coefficient; however, only 13 and 19% of the variance 

was explained through their respective linear fits. The ratio of the jet maximum to the 

MBL also displayed a radial dependence, with larger values found at larger radii. The 

higher altitude of the jet maximum at larger radii resulted in it not being captured by the 
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layer average. The relationship between the normalized jet wind maximum and radius 

supported the result with a radial dependence shown in Figure 6.28. The radial 

dependence was supported by Kepert’s (2001) scaling height which was dependent on 

radius, as well as the radial gradient wind profile.  

The identified jet features also replicated the storm-relative azimuthal 

dependencies. The rear sector exhibited the lowest mean jet height (459 m) and the left-

front sector contained the strongest jet when compared to the MBL and WL150 winds. It 

was observed that the mean jet height for the right and left-front sectors was 568 and 619 

m respectively. The left-front exhibited the strongest mean jet features with a scaled 

maximum of 1.09 compared to 1.08 and 1.07 for the right and rear sectors respectively.  

 

 

 
FIG 6.26. Difference between the height of the radial inflow maximum and tangential wind 
maximum plotted as a function of splash radius. Data are presented on a log-height scale. Linear 
fit is shown in red. 
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FIG 6.27. Height of the jet maximum plotted as a function of splash radius. Data are presented on 
a log-height scale. Linear fit is shown in red. 
 

 
FIG 6.28. Jet wind speed maximum normalized by MBL plotted as a function of splash radius. 
The linear fit is shown in red.  
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The mechanisms for producing and maintaining low-level jet features were described in 

detail in Chapter II. Kepert (2001) also indicated that the height of the jet feature should 

scale as a function of inertial stability and turbulent diffusivity, as shown in Equation 2.5. 

The inertial stability parameter is dependent on the radial wind profile. Given the large 

number of GPS sonde used in the current study it is impractical to determine a radial 

wind profile for each flight leg in which sondes were launched. However, several 

assumptions can be applied to a subset of GPS sondes which contained a low-level jet in 

order to test the theory of Kepert (2001). GPS sonde which contained a low-level jet 

feature between 10-40 km radii and exhibited an MBL wind speed greater than 40 ms-1 

were assumed to be located near the RMW. By assuming this storm-relative location the 

partial derivative on the right-hand side of Equation 2.5 becomes zero. The equation is 

simplified to: 

⎟
⎠
⎞

⎜
⎝
⎛ +⎟
⎠
⎞

⎜
⎝
⎛ +=

r
Vf

r
VfI 22                         (6.7) 

where inertial stability is dependent on Coriolis (f), radius, and the horizontal velocity  

(V) represented by the MBL. Inertial stability was calculated for the subset of sondes 

which allowed for the estimated jet height to be computed by, 

I
KZ jet

2
=                                                        (6.8) 

where K is turbulent diffusivity and assumed to be 50 m2 s-1 (Kepert 2001). 

 The expected jet height according to Equation 6.8 performed best for jet heights between 

200-500 m, as shown in Figure 6.29. As the height of the observed jet increased the 

difference became quite large. The significant variability at low jet heights was likely due 

to the influence of smaller scales of motion that were still contained within the filtered 

sonde data as well as the assumption that all sondes within the group were located near 

the RMW and the constant value of K. Additionally the location of the jet height was 

determined by the maximum filtered wind speed within the identified layer which may 

have introduced errors as well.   
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FIG 6.29. Jet scaling height from Kepert (2001) shown as a function of observed jet height. 
Linear fit is shown in red. 
 

 

6.3.3. Observed coherent low-level jet features 

 The forcing mechanisms for low-level jet features argue that their presence is 

likely common (Kepert 2001; Kepert and Wang 2001). It was hypothesized that jet 

features are a quasi-steady and coherent phenomenon. The GPS sonde dataset contained a 

relatively small number of GPS sondes which were launched closely spaced in time along 

radial flight-legs. Other GPS sondes were available that were released at different storm-

relative locations by separate aircraft, but were found closely spaced in time. Although 

limited by the number of available GPS sonde coherent jet features were observed within 

a few groups. While the identified jet heights were often different, filtered profiles 

captured similar structures within multiple GPS sondes. Figure 6.30 illustrates a number 

of GPS sondes released over a five minute period during Hurricane Fabian (1997). The 

sequence of three sondes (sondes D,E, and F) in the rear sector exhibited a jet structure 

which decreased slightly toward the storm center. Although not shown, the radial inflow 

layer also decreased in depth with a decrease in radius from sonde F to sonde D.  Sondes 

A and B also exhibited a somewhat coherent structure from the right sector toward the 
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rear sector. Sonde A contained the strongest jet feature, with a scaled maximum of 1.09. 

Sonde B contained a weaker jet with a scaled magnitude of 1.01 at a slightly lower 

altitude. The result was in agreement with the azimuthal composites which contained a 

lower wind speed maximum within the rear sector.  Two cotemporous GPS sondes 

released 1 hour later by two separate aircraft, shown in Figure 6.31. The GPS sondes 

landed in the right sector (A) and left-front sector (B). Each exhibited a remarkably 

similar jet feature; the height of the maximum was 638 m for sonde B and 596 m for 

sonde A. The magnitude of the maximum differed as sonde A contained the highest wind 

speed values. Interestingly, both sondes exhibited very weak radial inflow throughout the 

layer beneath the total and tangential wind maximum.  

 

 
FIG 6.30. Group of GPS sondes launched during Hurricane Fabian on 2 September 2003 between 
2015 and 2019 UTC. Sonde storm-relative trajectories (top) are shaded according to wind speed 
normalized by MBL. The storm center is located at coordinate (0,0). The filtered wind speed 
profile is shown on the bottom. 
 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 140

 
 
FIG 6.31. Two GPS sondes launched during Hurricane Fabian on 2 September 2003 at 21:18:25 
(A) and 21:18:40 (B) UTC. Sonde storm-relative trajectories (top) are shaded according to wind 
speed normalized by MBL. The storm center is located at coordinate (0,0). The filtered wind 
speed profile is shown on the bottom. 
 
 
 

A very coherent low-level jet feature was observed in three sequential sondes 

from the right sector of Hurricane Erika (1997), shown in Figure 6.32. The feature was 

identified in the three sondes which were released over a one minute time span and an 

approximate radial distance of 7 km. The magnitude and the height of the jet decreased 

radially inward as theory would suggest. Sondes B and C landed only 2 km from each 

other while sondes A and B landed approximately 7 km apart. The height of the jet 

descended from 650 m (sonde A) to 350 m (sonde C). Sonde C also contained the highest 

peak wind speed of the group, but sonde A possessed the strongest scaled maxima of 

1.19. Although not shown in Figure 6.32, both sondes contained a shallow radial inflow 

layer which was only 350 m deep.  
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FIG 6.32. Group of GPS sondes launched during Hurricane Erika on 7 September 1997 between 
1915 and 1916 UTC. Sonde storm-relative trajectories (top) are shaded according to wind speed 
normalized by MBL. The storm center is located at coordinate (0,0). The filtered wind speed 
profile is shown on the bottom. 
 
 

Although evidence exists to support a quasi-steady jet feature during some 

tropical cyclones, significant variability was also observed in consecutive sondes. Figure 

6.33 provides an example as a sequence of 3 sondes were released within the rear sector 

of Hurricane Isidore (2002). Sonde B was released within 10 second of Sonde A as the 

aircraft continued along a radial leg toward the center of Hurricane Isidore. The two 

sondes landed within 2 km of one another. Each sonde exhibited a markedly different 

profile. The lowest jet feature occurred in sonde B with a significant difference between 

sonde A. The profile observed by sonde B indicted the possibility of a jet feature at an 

altitude near 200 m. However, sonde B did not transmit data below 95 m. Sonde C 

contained a low-level jet feature at a height of 500 m and was located approximately 30 

km radially outward from sondes A and B. 
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FIG 6.33. Group of GPS sondes launched during Hurricane Isidore on 22 September 2002 
between 2142 and 2143 UTC. Sonde storm-relative trajectories (top) are shaded according to 
wind speed normalized by MBL. The storm center is located at coordinate (0,0). The filtered 
wind speed profile is shown on the bottom. 
 
 
 The limited number of consecutive sonde releases prohibited any significant 

conclusions to be made, but spatially similar low-level jet features were identified over 

relatively small temporal and spatial scales (< 10 km) in specific storm-relative locations. 

Kepert (2006a, b) and Schwendike and Kepert (2008) have provided observational 

support for jet features in specific quadrants within a relatively short time domain for 

several individual hurricanes. Given the reasonable qualitative agreement between the 

numerical and observed characteristics of tropical cyclone low-level jets it would seem 

likely that in specific azimuthal and radial locations jet features are a quasi-steady 

feature. The presence of local maxima within filtered profiles indicated the possibility of 

additional scales which were not smoothed through the filter technique.  

Groups of sondes launched over a larger time window were considered in order to 

provide an overview of the azimuthal variability associated with identified jet features. 

An example of azimuthal variability between sondes is provided in Figure 6.34 from 

Hurricane Frances. GPS sondes C and D were likely located within the eyewall of 

Frances and exhibited a jet feature located near 300 m. The filtered wind speed profile 
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from the two sondes were nearly identical as each splashed within 5 km of each other. 

The two sondes were also likely radially inward from the surface RMW as measured by 

the SFMR onboard a NOAA WP-3D aircraft (Uhlhorn et al. 2006). The radial SFMR 

wind speed profile for the two radial legs in which the GPS sondes were released is 

shown in Figure 6.35. Jet features were also identified within sondes A and B at larger 

radii. Sonde A was located toward the front of the right sector and sonde B was located in 

left-front sector. Sonde E was within the rear sector. Sonde A contained the strongest jet 

in magnitude as well as the largest normalized wind speed of any sonde within the group. 

Interestingly, the wind speed maximum associated with sonde A exceeded that of the 

group of sondes launched within the eyewall by approximately 3 ms-1. The sonde A jet 

maximum was also 9% greater than the MBL wind speed. The perturbation at 400 m was 

an interesting feature, but the true wind maximum was located much higher near 1 km. 

Sonde E, in the rear, sector contained a low-level jet feature  at 490 m and was the lowest 

of the observed low-level jet features outside the surface RMW.   

 
FIG 6.34. GPS sondes launched during Hurricane Frances on 3 September 2004 between 1600 
UTC and 1700 UTC. Sonde storm-relative trajectories (top) are shaded according to wind speed 
normalized by MBL. The storm center is located at (0,0). The filtered wind speed profiles are 
provided on the bottom. 
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FIG 6.35. Radial SFMR wind speed profile for two radial flight legs conducted by NOAA N43RF 
between 1600 UTC and 1700 UTC 3 September 2004. Wind speed observations represent a 30-
second average. 
 

 

A relatively large group of GPS sondes launched during a six hour time window 

during Hurricane Bonnie (1998) contained a remarkably similar jet feature. The features 

exhibited remarkable symmetry across the range of azimuths, shown in Figure 6.36. The 

coherent jet is noted in the right sector at a height between 500 and 1000 m in sondes 

B,C,D, and E. Sonde F also contained a similar low-level jet feature within the left-front 

sector. The lowest jet was found in sonde A at an altitude of 500 m, located in the right 

sector at the smallest radii of the group. Sonde D contained the strongest scaled 

maximum of 1.21 with sondes B, C, E, and F possessing a scaled maximum between 1.15 

and 1.2. At this time Hurricane Bonnie was also moving slowly (< 10 kts) which would 

suggest a weaker jet feature. The slow forward motion may have also contributed to the 

very symmetric appearance to the jet feature from the right sector through the left-front. 
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FIG 6.36. GPS sondes launched during Hurricane Bonnie on 24 August 1998 between 1100 UTC 
and 1700 UTC. Sonde storm-relative trajectories (top) are shaded according to wind speed 
normalized by MBL.  The storm center is located at (0,0). The filtered wind speed profiles are 
provided on the bottom. 
 

The lack of larger groupings of sondes launched closely spaced in time precluded 

a more detailed analysis of the quasi-steady nature of tropical cyclone low-level jet 

features. Structures were identified, but a large amount of variability between individual 

sondes was also observed. The results suggested that evaluating snapshots of a cyclone 

over relatively small time windows may be the more appropriate way to evaluate the 

presence and coherent nature of jet features. There is also a need for more effective 

sampling of individual cyclones with a larger number of sondes deployed along radial 

flight legs at various radii in order to identify the presence and coherent nature of jet 

features.  

  

6.4. Landfall GPS sondes 
 Only 65 sondes were contained within the dataset which splashed within 5 km of 

the immediate shoreline. The splash location of the landfall GPS sondes is provided in 

Figure 6.37. A composite wind profile was obtained from these data, but stratifications by 

any storm-relative or MBL wind groups could be made. The composite profile is shown 

in Figure 6.38. The wind maximum was located near 500 m which was in agreement with 
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the total composite. A noticeable kink or discontinuity was observed near 150 m with a 

logarithmic decrease in wind speed below. The discontinuity may be an artifact of the 

internal boundary layer that develops due to changes in upstream surface roughness. 

However, the magnitude of the fluctuation was easily within ± 1 standard deviation of the 

surrounding height bins. It cannot be said with any certainty that the feature was due to 

IBL processes. Theory implies that IBL height increases with distance inland given a 

“simple” roughness change. It is noted that 80% of the landfall sondes fell over water, 

thus the composite profile was more representative of near-shore conditions with a bias 

toward roughness characteristics of the shoaling wave region. The standard deviation for 

each height bin decreased with height beneath the wind maximum similar to the other 

composite profiles presented in this study. Little difference was observed between the 

landfall radial and tangential profiles and those previously presented. As shown in Figure 

6.39, the depth of the radial inflow layer was found to be nearly 1 km similar to the depth 

found in the composite profiles grouped by MBL. The radial component was nearly 

constant with height in the lowest 200 m of the profile with the tangential maximum 

located above. One would have expected a deeper radial inflow layer given the increase 

in roughness over land and Powell (2007) has also shown preliminary evidence that 

roughness values in the shoaling wave region near the shoreline exhibit values near the 

open or marine exposure categories (Davenport 1960). However, recent work by Zachry 

(2009) does not necessarily support roughness lengths of 0.03 m, which are typically 

representative of open terrain exposure (Davenport 1960).  
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FIG 6.37. Map of the splash locations for landfall sondes.  

 

 
FIG 6.38. Composite wind profiles for 65 GPS sondes found within 5 km of the immediate 
shoreline during a tropical cyclone landfall. Error bars represent ± 1 standard deviation from the 
mean for each height bin. Data are presented on a log-height scale. 
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FIG 6.39. Composite tangential (left) and radial (right) wind profiles for 65 GPS sondes found 
within 5 km of the immediate shoreline during a tropical cyclone landfall. Error bars represent ± 
1 standard deviation from the mean for each height bin. Data are presented on a log-height scale. 
 
 

6.4.1. Log-wind profile comparisons 

 The filtered landfall sonde data were compared to a logarithmic wind profile for a 

surface layer of 20-160 m with marine exposure characteristics (zo = 0.01 m; Davenport 

1960). The open exposure classification is currently used for immediate shoreline areas in 

hurricane prone regions (ASCE-07), however there is considerable debate between the 

use of Exposure C or Exposure D in these regions. Information is scarce regarding 

roughness changes over the shoaling wave region and at the land/sea interface. The 

assumption of marine exposure allowed the vertical wind profile associated with 

minimum design standards to be tested against landfall filtered GPS sonde observations. 

Two comparisons were conducted using different initial conditions for the marine 

exposure profile. The first used the original WL150 for each GPS sonde as a 10 m mean 

wind estimate; whereas the second used the mean wind speed of the 25 m bin as the 

lower bound for the logarithmic profile. The marine profile was compared to the filtered 

sonde wind speed data for each height within the surface layer for an individual sonde 

profile.   

 The marine profile (zo=0.01 m) for each boundary condition typically over 

estimated the wind speed. The mean bias error for the WL150 condition was +6.1 ms-1 
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and the mean error for the 25 m bin mean wind speed was +3.5 ms-1. The distribution of 

the errors for each boundary condition is shown in Figures 6.40 and 6.41. The errors were 

found to be randomly distributed using the Chi-square goodness-of-fit test. The standard 

deviations were 4.6 and 2.1 ms-1 respectively. Assuming a logarithmic profile with height 

using a zo of 0.01 m would typically overestimate the wind speed change with height 

within a tropical cyclone. As anticipated, error values increased with height. In an effort 

to estimate an appropriate roughness regime, zo values were varied in order to minimize 

the mean error. The technique converged on a mean error of -1.3 ms-1 for a zo of 0.005 m.  

The mean error only deviated by 0.3 ms-1 between 0.005 and 0.0001 m. The result 

suggested that the regions in which the sondes were launched may have been more 

representative of open-ocean conditions. The wave conditions within the shoaling region 

as well as at the shoreline are subject to variations due to coastal bathymetry and likely 

also wind speed dependence. These results were somewhat contradictory to recent 

observations by Powell (2007), which has documented higher roughness lengths through 

the use of composite profiles.  It is noted that it is possible that the filtered sonde data was 

representative of a mean wind profile. The Powell (2007) study used composite profiles 

to estimate roughness conditions, which is likely a more appropriate approach. 
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FIG 6.40. Probability distribution of bias error for a logarithmic wind profile for zo=0.01 using the 
original WL150 as a 10 m mean wind estimate boundary condition. Normal distribution 
probability density function is shown in red.  
 
 

 
FIG 6.41. Probability distribution of bias error for a logarithmic wind profile for zo=0.01 using the 
25 m bin mean wind speed as the boundary condition. Normal distribution probability density 
function is shown in red. 
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6.4.2. Landfall low-level jet features 

Twenty-six sondes within the landfall group were found to contain low-level jet 

features. The left-front sector contained 13, right sector contained 9, and 4 were identified 

in the rear storm-relative sector. The relatively small number of sondes and indentified jet 

features did not allow for an evaluation of the characteristics of identified features. 

However, coherent jet features were identified. An example is provided in Figure 6.42 

from Hurricane Katrina (2005) and Figure 6.43 from Hurricane Dennis. The current study 

employed the use of VAD wind profiles to fill in the significant data void at landfall.  

 

 

 
FIG 6.42. GPS Sondes launched during the landfall of Hurricane Katrina between 1030-1230 
UTC on 29 August 2005. GPS sondes are contoured by wind speed normalized by MBL (top). 
GPS sonde vertical wind profiles are provided (bottom).  
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FIG 6.43. GPS sondes launched during the landfall of Hurricane Dennis between 1600-1900 UTC 
on 10 July 2005.  GPS sonde trajectories are contoured by wind speed and normalized by MBL 
(top) and GPS sonde wind profiles (bottom).  
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CHAPTER VII 

VAD DERIVED WIND PROFILES 
 

 The coastal network of WSR-88D radar systems provided a source of data which 

was leveraged to derived vertical wind profiles of several landfalling tropical cyclones. 

Over 500 volumes of radar data for 14 events from seven different WSR-88D radars were 

subjectively reviewed. The review process was used to determine which volumes the 

assumptions associated with the VAD technique were most valid. Height bins in which 

the mean reflectivity values fell below 2 dBZ were removed from the VAD analysis. The 

reflectivity gradient associated with the inner edge of the eyewall was also avoided. VAD 

data domains which included this region were removed from the dataset. The quality 

control methods yielded 383 individual wind profiles from the initial volumes of data. 

 

7.1. Composite vertical wind profiles 
 A large number of wind profiles were derived in order to leverage the technique 

applied to the GPS sonde dataset. Similar to the GPS sonde profiles, wind observations 

were normalized by the MBL layer average wind. However, VAD wind profiles were not 

grouped by MBL wind speed bins. Typically, 7 height bins were used in the layer 

average for the velocity coverage patterns encountered. The MBL wind was calculated 

for each VAD wind profile as it represents observations from the HBL. However, 

typically the MBL statistic did not contain the absolute wind speed maximum. VAD 

observations represent a different type of measurement as they are both a volumetric and 

temporal average. The temporal average is governed by the time required for a 360˚ 

azimuthal scan for each individual tilt angle. The completed profile represents the volume 

of atmosphere above the radar site over the time required for a complete conical scanning 

strategy to be completed (~ 5-9 minutes for most VCP). The composite profiles were not 

grouped by MBL wind group however as the assumption that each VAD was 

representative of a ensemble member from identical mean conditions could not be met. 

The changes in surface roughness from radar site to radar site prohibited the use of this 

assumption. However, profiles were scaled by the MBL in order to remove the influence 
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of varying surface roughness conditions. Surface roughness controls the slope of the wind 

profile within the surface layer which is included in the layer average. The scaling of the 

profile by the MBL allowed for composite profiles to be created for a variety of 

stratification variables.  

 

Table 7.1. VAD mean wind profile height bins 

Assigned height  Height bin 

50 m < 75 m 

115 m  75 – 150 m 

190 m  151 – 225 m 

260 m 226 – 300 m 

335 m 301 – 375 m 

415 m 376 – 450 m 

550 m 451 – 600 m   

700 m 601 – 800 m  

900 m 801 – 1000 m 

1250 m > 1000 m 

  

As shown in Figure 7.1, the complete mean profile exhibited a logarithmic 

increase in wind speed with height through the lowest 300 m. The absolute wind 

maximum was located at the top of the profile and was 16% greater than the MBL. 

Variability was observed above 400 m similar to the mean landfall GPS sonde profile. 

The more rapid increase in wind speed with height within the lowest 400 m was 

indicative of a larger effective roughness length when compared to that of the GPS sonde 

landfall profile. The variability and large standard deviations above 300 m were likely a 

result of internal boundary layer characteristics, varying surface roughness effects, as 

well as general cyclone characteristics discussed previously. The decrease in the standard 

deviations with height up to 200 m was in good agreement with the results of the GPS 

sonde analysis presented in Chapter 6. A significant difference between the VAD 

composite and the GPS sonde composite was the height at which the standard deviations 

increased. The GPS sonde profiles exhibited a decrease below the height of the wind 

maximum (~ 600 m) whereas the VAD composite exhibited a similar decrease but over a 
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smaller depth. The maximum radial wind was found in the lowest height bin which was 

expected given the significant increase in surface roughness for land-based observations. 

The radial profile was nearly constant with height above 400 m and remained near zero. 

The radial inflow layer was found to be less deep than that found for the GPS sonde 

composite profiles which exhibited a layer depth of approximately 1 km. The smaller 

depth was unexpected given the typical increase in surface friction at landfall. The 

increasing drag would be expected to increase the depth of the frictionally forced inflow 

layer. Static stability influences may be the cause for the smaller inflow layer depth. A 

more weakly stable HBL would yield a smaller layer influenced by surface frictional 

effects. The result would be a weak frictional decoupling allowing the flow above to 

accelerate and contribute to the production of the jet feature. The composite tangential 

profile exhibited a weak maximum near 600 m which was nearly equal to the MBL and 

in good agreement with the GPS sonde composite tangential profile.  

 

 
FIG 7.1. Composite wind speed profile for all VAD wind profiles (black) and landfall GPS 
sondes (red). Wind data are normalized by MBL. Error bars represent ± 1 standard deviation for 
each height bin. 
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FIG 7.2. Composite radial (left) and tangential (right) wind profiles for all VAD wind profiles 
(black) and landfall GPS sondes (red). Data are normalized by MBL. Error bars represent ± 1 
standard deviation for each height bin.  
 

 

The VAD profiles were stratified according to a radius scaled by the estimate 

surface RMW at the time of the profile. The 25% and 75% quartiles (1.53, 2.65) of the 

scaled radii distribution were used to stratify the profiles. As shown in Figure 7.3, the 

wind maximum was located at 400 m for profiles located within the RMW. The height of 

the maximum increased to 700 m for the next radially outward group. The remaining two 

groups exhibited an increase in wind speed through the depth with some variability noted 

above 400 m. The general shape of the profile did not change significantly and the inward 

RMW group was the only to exhibit a weak jet feature. The normalized profiles also 

increased in magnitude above 300 with scaled radius. The result indicated that the wind 

maximum was typically captured within the MBL layer average for profiles near and 

within the surface RMW. The lowest 300 m of all four groups again exhibited a 

logarithmic increase in wind speed with height which suggested that surface roughness 

effects controlled the shape of the profile up to 300 m. The result was expected given a 

neutrally stratified surface layer. The radial and tangential mean wind profiles are 

provided in Figure 7.4.  
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FIG 7.3. Composite wind speed profiles for VAD observations stratified by radius normalized by 
radius of maximum winds. Number of profiles included in each group is provided in the figure 
legend. Errorbars represent ± 1 standard deviation for each height bin.  
 

 
 
FIG 7.4. Composite radial (right) and tangential (left) wind profiles for VAD observations 
stratified by radius normalized by radius of maximum winds. Number of profiles included in each 
group is provided in the figure legend.  
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The profiles were also stratified by their un-scaled radius in order for comparison 

with the GPS sonde composite profiles. Kepert (2006a, b) and Schwendike and Kepert 

(2008) have provided limited observational evidence that radial wind distribution plays 

an important role in jet development and maintenance. Slightly different groups were 

used for the VAD profiles with radii less than 60 km but the remaining groups were 

identical to those used for the GPS sonde composite profiles. The comparison composites 

are shown in Figure 7.5. The primary difference was the slope of the profiles beneath 500 

m. The composite VAD profiles contained a much steeper increase in wind speed with 

altitude due to the larger surface roughness values associated with land-based profiles. 

The composite profile for radii under 40 km exhibited a the only jet-like feature of the 

four groups and was quite similar to the corresponding GPS sonde profile for radii less 

than 30 km. The primary difference was the slope of the profiles in the lowest 250 m.  

The 40 km group also had the highest normalized wind speed at the lowest height bin 

which was expected given that profiles within the group were likely near the surface 

RMW. The remainder of the groups appeared similar to a typical well mixed boundary 

layer with a wind speed increase through the depth of the profile. In general the 

accompanying GPS sonde composite profiles were similar in structure to their VAD 

counterparts. It is noted that the GPS sonde groups contained many more observations 

than the VAD wind profile groups, which is likely the cause for variability noted in the 

VAD composite profiles. Also, the standard deviations, although not shown, were quite 

large for each height bin for the VAD composite profiles.  
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FIG 7.5. Composite normalized wind speed profiles for VAD wind observations (black) and GPS 
sonde observations (red) stratified by radius. Errorbars for VAD mean profiles represent ± 1 
standard deviation for each height bin.  
 

 

 The VAD wind profiles were also stratified according to onshore or offshore flow 

regime based upon the wind direction in the lowest height bin and the storm-relative 

azimuth. Profiles in which the wind direction in the lowest height bin was oriented along 

the coastline were omitted from the analysis.  For VAD profiles from KBYX, the flow 

regime was determined by storm-relative azimuth only. The onshore flow regime 

contained 166 profiles while the offshore flow regime contained 194. The distribution of 

scaled radius was randomly distributed; however the mean for the offshore group was 

1.13 and the mean for the onshore group was 1.60. The means of the respective 

distributions identified a bias toward the characteristics of smaller radii within the 

offshore flow regime. The offshore group also did not contain any profiles within the 

radius of maximum winds. VAD profiles were also separated into eyewall and outer-

vortex categories through a subjective analysis. The regime-stratified composite profiles 

did not differ substantially as shown Figure 7.6. However, when stratified by eyewall or 

outer vortex a weak jet feature was evident. Although not shown, standard deviations 

were quite high for each height bin within the two groups (~0.3). The outer-vortex profile 

exceeded the MBL above 200 m similar to the eyewall profile. However, given the steady 
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increase above 200 m through the depth of the profile, the outer-vortex group produced 

larger deviations from the MBL. This could provide some evidence for the stronger gust 

factors typically observed at large radii in surface wind measurements. The momentum 

available for transport within the eyewall is not significantly greater than the mean flow.  

 

 
FIG 7.6. Composite normalized wind speed profiles for VAD wind profiles stratified by onshore 
/offshore flow regimes (black) and eyewall/outer vortex (blue).  
 

 

7.2. VAD wind profile low-level wind maxima 
 Summary statistics were generated for the 384 VAD wind profiles and individual 

wind maxima were examined to determine their characteristics. The dataset exhibited a 

mean wind maximum height of 722 m with a standard deviation of 301 m. Only a small 

number of profiles contained a maximum wind speed below 200 m (5), which was 1% of 

the dataset. Of the 5 profiles, 4 of which were found at radii larger than 150 km and all 

were observed from the KBYX radar. The result indicated that extreme low-level wind 

speed maxima (< 200 m) are quite rare at landfall. However, the VAD dataset was 

limited to hurricanes of Saffir-Simpson category 3 or below and the maximum wind 

speed within all VAD observations was only 56 ms-1. It is noted that VAD wind profiles 
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are representative of a volumetric and temporal mean. GPS sonde profiles are also much 

higher in vertical and temporal resolution. However, 30% of VAD wind profiles 

contained a wind maximum below 500 m. The distribution was somewhat bi-modal with 

two dominant groups. The first, which contained 33% of the data, contained a wind speed 

maximum at the top of the VAD profile. The second was dominated by maxima 

occurring between 200 and 600 m. The first group was representative of mean profiles at 

large radii whereas the second was composed of VAD profiles taken near the surface 

RMW.  

 The height of the wind maximum exhibited a slight radial dependence, as shown 

in Figure 7.7 but the linear fit could only explain 10% of the variance. However, when 

data from Hurricane Frances (2004) and Hurricane Jeanne (2004) were removed the 

linear fit improved to 23 %. The radar observations were taken at large radii from the 

center of each hurricane for the duration of their respective observation periods. A similar 

result was observed when the data were viewed as a function of the scaled radius. As 

shown in Figure 7.8, a more notable relationship was found when the wind maximum 

was normalized by the MBL and viewed as a function of radius. The ratio of wind 

maximum to MBL increased somewhat linearly as radius increased. The R2 value for the 

linear fit was found to be 0.59. Significant deviations from the MBL wind speed were 

confined to very large radii. The result was in very good agreement with the GPS sonde 

wind maxima analysis. The VAD wind profile maxima showed little azimuthal variation. 

There was little evidence of a preferred location for a given wind maximum height as 

well. However, the rear storm-relative sector was not efficiently sampled by the VAD 

profiles in order to remove influences from inland decay. The majority of the VAD 

profiles (341) came from the right or left-front sectors.  
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FIG 7.7. Height of the VAD wind profile maximum wind speed shown as a function of radius. 
Linear fit is provided in red.  
 

 
 
FIG 7.8. Wind speed maximum normalized by MBL shown as a function of radius. Linear fit is 
shown in red.  
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A subset of VAD wind profiles was taken to evaluate the height of the wind 

maximum with respect to distance from the immediate shoreline. Current risk models do 

not account for any change in the height of the boundary layer with distance inland 

(Powell personal communication). In addition, internal boundary layer models indicate a 

nearly continuous growth process with distance inland for neutral stability (Peterson 

1969; Wood 1982; Arya 1988; Powell et al 1996; Simiu and Scanlan 1996). The 

discontinuity in surface roughness at the land-sea interface is responsible for the 

development of an internal boundary layer (IBL) downwind from the immediate 

shoreline within onshore and offshore flow regimes. The result is a kink or discontinuity 

in the vertical wind profile as the flow above essential remains in equilibrium with the 

original roughness regime; whereas the flow beneath is now retarded due to the increase 

in roughness. Current theory indicated that the IBL will continue to grow until it occupies 

the entire boundary layer and the flow has reached an equilibrium state (Peterson 1969; 

Wood 1982; Arya 1988; Powell et al. 1996; Simiu and Scanlan 1996). Powell (1982) 

described the IBL effect during the landfall of Hurricane Fredrick. The decrease in 

variability with increasing distance from the shoreline may be a result of the IBL 

reaching an equilibrium state. Although it is well known that IBL development and 

growth can alter the vertical wind profile it is unclear how it along with the features 

identified by Kepert (2006ab), Schwendike and Kepert (2008), as well as the current 

study impact IBL growth. It is likely that the two mechanisms are blended together. Also 

additional phenomena such as coherent turbulent structures, mesovorticies, and 

convective asymmetries may alter the vertical wind profile (Marks and Black 1990; 

Black and Marks 1991; Willoughby and Black 1996; Stewart and Lyons 1996; Stewart et 

al. 1997; Hasler et al. 1997; Wurman and Winslow 1998; Kossin and Schubert 2001; 

Braun 2002; Kossin et al. 2002; Morrison et al. 2005; Lorsolo et al. 2008; Marks et al. 

2007).  

VAD wind profiles were selected from area near the radius of maximum winds, 

specifically those with a radius / RMW value between 0.8 and 1.2. The group contained 

69 profiles which were primarily located to the left of the cyclone track or at storm 

relative azimuths of 0-10˚. The distance from the radar site to the immediate shoreline 

was assigned to each profile. Inland bodies of water such as bays and tidal lakes were not 
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considered. The KBYX radar site was assigned a distance of 0 km given that a portion of 

the VAD data domain was over water. As shown in Figure 7.9, wind maxima observed 

by radar sites near the shoreline exhibited a larger amount of variability than those 

located further inland but sample sizes were small. The lower bound of the distribution 

for each distance increased with increased distance inland. The result provided some 

evidence that extreme low-level wind maxima (< 200 m) are not likely to be found well 

inland from the immediate coastline. The small sample sizes did not allow for a more 

substantial conclusion to be made but the result highlighted a need for additional and 

more comprehensive investigations of the inland vertical wind profiles. 

 

 
FIG 7.9. Wind speed maximum height for VAD profiles with radius / radius of maximum winds 
value between 0.8 – 1.2, shown as a function of distance from the immediate shoreline. 
 
   

 

 

 

 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 165

7.2.1 Log and power law performance 

  The performance of log and power law wind profiles was also quantified for the 

VAD wind profiles over a depth of 50 – 400 m or through the height of the wind speed 

maximum if it was found below 400 m. The large depth was selected in order to increase 

the number of observations included in the least-squares fit which typically contained 5-7 

observations for most radar VCP. The mean R2 values for the log and power law least-

squares fit were 0.93 and 0.86 respectively. The residuals of both are shown in Figure 

7.10. The log law performed the best with a mean error of 0.013 ms-1 whereas the power 

law exhibited a mean error of 0.35 ms-1. Both residual distributions were normally 

distributed according to the Chi-square goodness-of-fit test. The residual distributions for 

each height bin were considered. The log law generally underestimated the wind speed in 

the lowest height bin, with a large left tail to the distribution. For the remaining bins, the 

mean was very near zero with a slightly larger spread above 200 m. The power law least-

squares fit underestimated the wind speed profile for all height bins on average; although 

the individual distributions had a large right tail. The power law exponent (α) was found 

to have a mean value of 0.18 which is slightly larger than the 1/7 value. Values of α also 

decreased as the MBL increased as shown in Figure 7.11. The shear exponent was also 

greater than that found when the GPS sondes were examined. The average value ranged 

from 0.056 – 0.093. The difference was most likely due to the reduction in surface 

roughness associated with open ocean conditions. The shear exponent value governs the 

slope of the profile and provides some measure of the roughness conditions.   
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FIG 7.10. Residuals of the log law least-squares fit binned by height (top) Residuals of the power 
law least-squares fit binned by height (bottom). 
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FIG 7.11. Power law exponent (α) from the least-squares fit shown as a function of MBL wind 
speed. Linear fit is shown in red. The 1/7 value is shown by the solid black line. 
 
 

7.3. VAD observed low-level jet features 
The relative coarse vertical resolution of VAD wind profiles compared to GPS 

sonde measurements did not allow for the low-level jet criteria described in Chapter 6 to 

be employed. The VAD profiles were subjectively reviewed. Jet features were identified 

as a clear wind speed maximum within the vertical depth of the wind profile with a wind 

speed decrease of at least 3 ms-1 (estimated VAD error) from the wind maximum to the 

lowest height bin and from the wind maximum to the top of the profile similar to Bonner 

(1968). Similar to GPS sondes, features were only qualitatively compared to the 

theoretical studies of jet features due to difficulties in observationally obtaining a gradient 

wind estimate. Convective and stratiform regions within the data domain were 

subjectively determined similar to method used by Schroeder et al. (2009).  

Within the VAD wind profile dataset, 235 jet features (61% of the VAD wind 

profiles contained a jet feature) were identified. A summary of the identified jet features 

is provided in Table 7.2.The average low-level jet height was 507 m with features 

primarily identified in the left-front sector. The most persistent jet features were confined 
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to the left-front sector. Jet features found in the right sector were often short-lived and at 

large radii. Jet features were identified at varying radii; however 74% of the features were 

found within 100 km radius. All eyewall profiles contained an identified jet feature. 70% 

of the remaining jet features were found within convective regions; although 28 profiles 

were found within stratiform precipitation. The mean height of the jet maximum for VAD 

wind profiles found within the radius of maximum winds was 467 m; whereas the mean 

jet height was 558 m for jet features found outside the radius of maximum winds. The 

small variability likely indicated that surface roughness effects dominate the lower 

portion of the wind profile. Little difference was observed between the height for 

stratiform or convective regions with means of 510 m and 489 m respectively. The 

differences fall within the estimated height error associated with the employed VAD 

technique.  

The height of the jet maximum was also compared to the scaling height specified 

by Kepert (2001) and presented in Equations 6.5 and 6.6. The theoretical results indicated 

that the jet height was a function of inertial stability. Equations 6.5 and 6.6 can be 

approximated for profiles taken near the radius of maximum winds. VAD profiles with a 

Radius / RMW value between 0.9 and 1.1 were assumed to be representative of the 

RMW. The larger range was selected to include possible error in estimating the RMW. 

Similar to the results of the GPS sondes, the predicted jet height performed well for wind 

maxima between 200 – 500 m; however the error grew for maxima above, as shown in 

Figure 7.12. The error exhibited a linear increase similar to the results from the GPS 

sondes. Generally, the scaling height estimate resulted in a jet feature lower than 

observed in the VAD wind profiles. It is unclear how the development of an internal 

boundary layer at landfall has on the dynamically produced jet feature.  

 

 

 

 

 

 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 169

Table. 7.2. Summary of all VAD identified jet features. It is noted that all VAD profile from 
Hurricane Bertha and Hurricane Ophelia contained a jet feature. No jet features were identified 
within the Hurricane Katrina VAD observation domain. 
 

Storm Radar  Time 

(UTC) 

Mean 

Height 

(m) 

Mean  

Umax / 

MBL 

Storm-

relative 

sector 

Radius 

domain 

(km) 

R/Rmax domain 

Bertha KLTX 1406-1754 594 1.25 Left-front 74-45 1.68-0.54 

Fran KLTX 0108-0349 434 1.18 Left-front - 

Rear 

103-25 1.79 – 1.11 

Bonnie KLTX 1604-1609 442 1.09,1.10 Left-front 143 2.86 

Dennis KMHX 1704-1808 743 1.45 Left-front 107-100 2.62-2.44 

Georges KBYX  1249, 1359-

1524, 1644-

1840 

238, 

517, 

303 

1.06, 1.20, 

1.04 

Left-front, 

Left-front, 

Right 

104, 58-

22, 53-

75 

1.56, 0.86-0.33, 

0.79-1.09 

Floyd KLTX 0558-0733 309 1.09 Left-front 62-50 1.10-0.79 

Isabel KMHX 1059, 1639-

1913 

612, 

479 

1.23, 1.08 Left-front- 

Rear 

128, 93-

13 

1.36, 1.09-0.15 

Frances KMLB 0422-0634 583 1.16 Right 127-122 2.15-2.07 

Jeanne KMLB 0026, 0822-

0843 

416, 

696 

1.10, 1.06 Right 162, 79-

75 

3.52, 1.41-1.36 

Katrina KLIX NA NA NA NA NA NA 

Ophelia KMHX 2025-2355 627 1.20 Left-front 93-69 1.83-1.34 

Rita KBYX 1904 420 1.25 Right 83 3.77 

Wilma KBYX 0846 371 1.27 Left-front 106 1.07 

Wilma KAMX 1316-1354 705 1.18 Right 83-107 1.32-1.14 

Ike KHGX 0607-0718 437 1.15 Left-front 60-39 2.39-1.56 
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FIG 7.12. Difference between observed and expected jet height according to Kepert (2001) 
shown as a function of observed jet height. Linear fit is shown in red. 
  

7.4. Landfall events 
 The use of WSR-88D data provided an opportunity to document the evolution of 

the vertical wind profile with time and radius during landfall. Landfall events were 

evaluated individually and VAD wind profiles were reviewed along with WSR-88D 

reflectivity data in order to understand the influence of convective features on the vertical 

wind profile and its evolution.  

 

7.4.1. KLTX observations of Hurricane Bertha (1996) 

 Hurricane Bertha made landfall on 12 July 1996 at approximately 20 UTC 

between Wrightsville and Topsail beaches along the southern coast of North Carolina as 

a Saffir-Simpson category 2 hurricane (Lawrence 1996). The official intensity at landfall 

was based upon a peak flight-level wind speed observation of 110 kts near 18 UTC prior 

to landfall. Bertha made its closest approach to KLTX at approximately 1940 UTC. The 

site was located within the offshore flow regime for the duration of the time domain. 

VAD wind profiles were taken from 1403 – 1754 UTC at approximately15 minute 

intervals except for two selected periods in which all radar volumes were utilized. Bertha 

began a brief strengthening phase 12 hours prior to landfall and met the criteria for a 
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strengthening system described in Chapter V using the start time of the VAD domain. 

Bertha weakened over the 48 hours prior to the burst of intensification. The system 

exhibited a convective asymmetry with the bulk of the strong convection (>40 dBZ) 

located in the northern semi-circle. Radar reflectivity data indicated one primary 

convective band which spiraled inward toward the center. The structure deviated from the 

classic eyewall/rainband structure described by Willoughby et al. (1984) for a mature 

hurricane.  

The VAD analysis domain was broken into two segments. The first period, from 

1403 – 1526 UTC, occurred prior to the surface RMW passing the radar site. The second, 

1613 – 1723 UTC, included the passage of the surface RMW. During the two segments, 

all radar volumes were used to derive the VAD wind profiles which yielded a temporal 

resolution of approximately ten minutes for VCP 11. For the purposes of analyses, the 

time interval between profiles was assumed to be consistent through the observation 

period.  

Figure 7.13 provides the evolution of the wind profile during the first time period. 

The most notable feature was the development of a stronger wind speed maximum after 

1433 UTC but the height of the maximum changed very little during the period. The wind 

direction during the period veered with height, which was anticipated and little 

significant changes were observed through the period. The radial inflow approached zero 

above 600 m with a maximum in the lowest height bin. The 0.5˚ reflectivity data revealed 

the approach of a weak convective band at 1433 UTC and the VAD wind profile at this 

time was classified within the convective regime. The profile became more established 

with the development of the low-level jet feature. The wind speed maximum by 1526 

UTC was nearly 50% greater than the MBL. By the end of the period the radar site was 

located very near the surface RMW and radially outward from the primary convective 

band as shown in Figure 7.14. A large portion of the VAD domain sampled the region of 

enhanced reflectivity associated with the dominant convective band. The surface RMW 

was displaced radially outward from the inner edge of the reflectivity gradient associated 

with the eye. It is noted that the wind speed in the lowest height bin did not change 

significantly over the duration of the observation period.  
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FIG 7.13. Time history of the KLTX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 1403 – 1526 UTC from 12 July 1996. VAD wind vectors are 
scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed  
maximum. 
 

 
FIG 7.14. KLTX 0.5˚ reflectivity image at 1526 UTC 12 July 1996. 
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 The second observation period occurred inside the surface RMW and contained a 

wind speed maximum which descended from the previous observation period. The radial 

inflow increased in magnitude through the depth of the profile moving inward from the 

axis of the feature. A jet feature developed at 1638 UTC at a height of 442 m, as shown 

in Figure 7.15. Additionally the height of the 40 ms-1 contour but was not reflected in the 

observations from the lowest height bin which continued to remain relatively constant. 

The jet feature dissipated from the VAD height domain by 1658 UTC and exhibited a 

shape typical of a well mixed boundary layer as the radar site was located radially inward 

from the principle convective band. It appeared vertical motion associated with the 

principle band contributed to the development of a jet feature. The feature persisted over 

a 30 minute period.  

 

 
 
FIG 7.15. Time history of the KLTX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 1613 – 1723 UTC from 12 July 1996. VAD wind vectors are 
scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
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FIG 7.16. KLTX 0.5˚ reflectivity at 1638 UTC 12 July 1996. 

 

 

7.4.2. KLTX observations of Hurricane Fran (1996) 

 Hurricane Fran was the second hurricane to impact coastal North Carolina during 

the 1996 Atlantic Hurricane Season. The system made landfall near Cape Fear, North 

Carolina at approximately 0300 UTC on 6 September 1996. The official intensity at 

landfall was given at 100 kts (Mayfield 1996). Hurricane Fran made its closest approach 

to the KLTX WSR-88D at approximately 0130 UTC, passing only 3 km to the east of the 

radar site. Similar to Hurricane Bertha, the KLTX radar was located within the offshore 

flow regime to the left of the center of Fran. The time window for the VAD analysis 

began at 1908 UTC on 5 September 1996 prior to a rainband crossing the data domain, 

shown in Figure 7.17. The final VAD profile was taken at 0349 UTC after Hurricane 

Fran had moved well inland.  
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FIG 7.17. KLTX 0.5˚ reflectivity at 1908 UTC 5 September 1996. 

 

  

 The first period of observation focused on the passage of the rainband feature 

shown in Figure 7.17. A series of four VAD wind profiles were taken between 1908 UTC 

and 2146 UTC. The profiles exhibited little response to the passage of the rainband and 

maintained a logarithmic well mixed shape through the depth, shown in Figure 7.18. A 

distinct kink in the wind profile was observed at 1940 UTC. It appeared similar to the 

signature associated with internal boundary layer processes.  However, later profiles did 

not contain the feature. There was also no significant change in fetch during the time 

period. Similar to Hurricane Bertha, the RMW was displaced radially outward from the 

inner edge of the eye.   
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FIG 7.18. KLTX VAD wind speed (left) and direction (right) profiles between 1908 UTC and 
2146 UTC on 5 September 1996. 
 
 

 The period inside the surface RMW used VAD profiles at approximately twenty 

minute intervals between 2146 and 0108 UTC, as shown in Figure 7.19. The wind 

maximum at the top of the domain increased between 2232 and 0023 UTC. The profiles 

however were not identified as containing a jet feature. It is possible that the wind 

maximum was present above the VAD domain. Through the passage of the surface RMW 

the lowest height bin wind speed only increased slightly (< 2 ms-1) between 2146 and 

2232 UTC. A jet feature had developed by 0108 UTC as shown in Figure 7.20. At this 

time, KLTX was oriented south of the maximum in convective activity, shown in Figure 

7.21. The site transitioned from the left-front to the rear storm relative sector as the jet 

maximum decreased in magnitude. The height of the jet was maintained at 300 m after 

0143 UTC. At this time the site was within a region of stratiform precipitation. The wind 

speed maximum through the period remained approximately 10% greater than the MBL.  
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FIG 7.19. Time history of the KLTX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 2146 – 0108 UTC from 12-13 July 1996.  VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 

 
FIG 7.20. Time history of the KLTX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 0113 – 0203 UTC from 13 July 1996. VAD wind vectors are 
scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
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FIG 7.21. KLTX 0.5˚ reflectivity at 0113 UTC 6 September 1996. 

 

 

7.4.3. KBYX observations of Hurricane Georges (1998) 

 The KBYX radar located on Key West provided a unique platform to retrieve 

VAD wind profiles from marine exposure conditions. It is the only radar site in which 

nearly the entire VAD data domain was over water. Thus the wind profiles derived from 

this radar were likely representative of marine exposure characteristics.  

 The center of Hurricane Georges nearly passed over the KBYX radar site at 1504 

UTC on 25 September 1998 after crossing a large portion of the Island of Hispaniola and 

the northern coast of Cuba. Georges re-emerged over water as a minimal category 1 

hurricane with estimated maximum 10m, 1-minute wind speeds of 65 kts. Hurricane 

Georges began a re-intensification phase prior to crossing Key West, Florida and met the 

criteria at the start of the VAD period for an intensifying system (Guiney 1999). The 

radar appearance of Hurricane Georges during its approach to Key West was quite 

asymmetric with one primary convective band located in the eastern semi-circle. The 

KBYX reflectivity image of Hurricane Georges over Key West is shown in Figure 7.22. 

The radar site began in the left-front storm-relative sector and transitioned through the 

right sector and to the rear sector by the end of the VAD analysis period.  
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FIG 7.22. KBYX 0.5˚ reflectivity at 1504 UTC 25 September 1998. 

 

 The VAD analysis time domain spanned from 0426 UTC to 2224 UTC on 25 

September 1998. A smaller time window was examined during the approach of the RMW 

and the primary convective band, shown in Figure 7.23. VAD profiles were taken at 

approximately 10 minute intervals during the period. The predominant feature of note 

was a jet feature which developed at 1359 UTC and persisted through 1524 UTC. The 

peak wind speed occurred at 1424 UTC and was 6% greater than the MBL wind speed. 

Although not shown, the radial inflow also decreased in magnitude in association with 

the development of the jet. At that time the radar site was located very near the surface  

RMW and along the western extent of the primary band feature. The observation was 

also supported by a wind direction profile which was nearly constant with height between 

1349 and 1414 UTC. A group of wind profiles from across the time domain of Figure 

7.23 is provided in Figure 7.24. The series of profiles indicated a descent of the wind 

maximum with time as the surface RMW approached. A short-lived jet feature was 

observed at 1249 UTC but reflectivity data did not provide any clues as to why the 
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feature developed. It was short lived and was not visible in the profile from the next 

consecutive radar volume. An increase in the wind speed in the lowest height bin was 

also induced by the feature. Interestingly, the peak surface mean wind speed at the Key 

West automated surface observing station (ASOS) occurred at 1353 UTC with a 2-minute 

mean value of 25 ms-1(Guiney 1999).  Least-squares fits of the lowest 400 m for VAD 

wind profiles from 1349 and 1359 UTC yielded a 10 m wind speed estimate of 28 and 31 

ms-1 respectively. The 10 m estimate was in remarkable agreement with the peak 2-

minute mean wind speed observed by the Key West ASOS station between the two 

profiles. The gust wind speed reported at that time was 39 ms-1 was 6 ms-1 lower than the 

wind speed maximum observed in the two VAD profiles. The station ceased to report 

data shortly thereafter due to power failure. The result provided a small piece of evidence 

which agreed with the hypothesis of Powell et al. (2003) that the wind maximum was 

likely an upper-bound for expected gust wind speeds at 10 m.  

 

 
FIG 7.23. Time history of the KBYX spline fitted VAD wind profiles (top) and KBYX VAD 
derived wind vectors (bottom) from 1204 – 1434 UTC from 25 September 1998. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
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FIG 7.24. KBYX VAD wind speed (left) and direction (right) profiles between 1224 UTC and 
1434 UTC 25 September 1998. 
 
 
 
 Following the passage of the center of Hurricane Georges, the time period from 

1619-1720 UTC was examined. The KBYX radar remained in the right storm-relative 

sector during the period. The structure of Georges had also evolved, with evidence of a 

developing eyewall feature to the south of KBYX by 1634 UTC, as shown in Figure 7.25. 

Weak convection was observed to the north of the radar site at this time. As the structure 

of Georges continued to change, a secondary convective band developed to the north of 

KBYX by 1700 UTC, which placed the radar site between two areas of enhanced 

reflectivity as shown in Figure 7.26. The outer-most feature moved over the radar site at 

approximately 1715 UTC. As shown in Figure 7.27, the VAD wind profile time history 

exhibited a relatively periodic fluctuation in the wind speed maximum. The perturbations 

extended to the lowest height bin. The convective features at this time began to 

deteriorate and eventually evolved into a broad area of 35 dBZ echoes. The oscillation of 

the wind profile may likely be due to the passage of weak convective elements through 

the VAD data domain. The fluctuations were not very intense with the maxima only 2 % 

larger than the MBL; however they did alter the shape of the wind profile from volume to 

volume.   
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FIG 7.25. KBYX 0.5˚ reflectivity at 1624 UTC 25 September 1998. 

 
FIG 7.26. KBYX 0.5˚ reflectivity at 1700 UTC 25 September 1998. 
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FIG 7.27. Time history of the KBYX spline fitted VAD wind profiles (top) and KBYX VAD 
derived wind vectors (bottom) from 1619 – 1720 UTC from 25 September 1998. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
 

 

7.4.4. KMHX observations of Tropical Storm Dennis (1999) 

 Dennis was the only tropical storm included in the VAD wind profile analysis. 

The system made landfall near Cape Lookout at approximately 2100 UTC on 4 

September 1999 (Beven 2000). Dennis made its closest approach to the KMHX radar site 

at 2122 UTC. The center passed approximately 37 km to the east of the radar site. The 

KMHX radar was located within the offshore flow regime for the duration of the VAD 

observation period. Profiles were computed over a 1.5 hour period from 1704 UTC to 

1835 UTC at approximately five minute intervals. 

 The structure of Tropical Storm Dennis during the observation period was 

characterized by a well defined primary convective band located in the western 

semicircle as seen in Figure 7.28. The band moved across the VAD domain from 1748 

through 1823 UTC. The VAD profiles during this period exhibited a relatively constant 

wind maximum height between 400 and 600 m, as seen in Figure 7.29. A stronger 

maximum developed at 1753 UTC as the convective band began to pass the radar site but 
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it was still located well outside the surface RMW. The wind speed maximum decreased 

in height over the next 4 volumes of data but decreased in magnitude. The passage of the 

convective band was likely responsible for the increase in the magnitude of the wind 

maximum but it had little impact on the height. The result was in agreement with the 

hypotheses presented by Kepert and Wang (2001) which argued that regions of strong 

vertical motion were favored from low-level jet development.  

 

 

 
  FIG 7.28. KMHX 0.5˚ reflectivity at 1704 UTC 4 September 1999. 
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FIG 7.29. Time history of the KMHX spline fitted VAD wind profiles (top) and KMHX VAD 
derived wind vectors (bottom) from 1704 – 1823 UTC from 4 September 1999. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
 

 

7.4.5. KLTX observations of Hurricane Floyd (1999) 

 Hurricane Floyd was another landfall event sampled by the KLTX WSR-88D. 

The system made landfall near Cape Fear, North Carolina at approximately 0630 UTC on 

16 September 1999. Floyd was officially a Saffir-Simpson category 2 hurricane at 

landfall but the structure of the hurricane was rapidly deteriorating. The hurricane was in 

the process of interacting with an upper trough and surface frontal zone approaching from 

the west. The upper-trough induced 27 kts of south-southwesterly shear over the cyclone 

which resulted in a weakening trend prior to landfall (Pasch et al. 1999). At the time of 

landfall Floyd was moving northward at approximately 25 knots.  

 The VAD analysis period began at 0031 UTC on September 16 at the onset of a 

well defined outer rainband feature and concluded at 0733 UTC approximately 1 hour 

after landfall. The structure of the system degraded through the period with a marked 

asymmetric appearance as the bulk of the convection was displaced to the north of the 

center of circulation as shown in Figure 7.30. Due to the shape of the southern coastline 
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of North Carolina, the KLTX radar site was located in an along-shore flow regime which 

transitioned to offshore as Hurricane Floyd moved inland east of the radar site.  

 

 

 
FIG 7.30. KLTX 0.5 reflectivity at 0031 (top) and 0227 UTC (bottom) 16 September 1999.  
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The VAD analysis period was broken into two segments. The first was from 

0031-0521 UTC and used profiles at approximately 30 minute intervals. The second was 

from 0558-0733 UTC with a profile interval of 5 minutes. The radar site was located near 

and radially inward from the RMW during the second observation period. The rapid 

forward motion of Hurricane Floyd likely contributed to the development of a well 

defined jet feature. The theoretical work suggested that increased drag associated with a 

more quickly moving system produces a more marked jet. The feature in this case often 

favored the left-front and rear sectors of simulated cyclones (Kepert 2001; Kepert and 

Wang 2001). During the first period of observation, the wind speed maximum was 

relatively constant with height, as shown in Figure 7.31. An IBL signature was observed 

in several VAD profiles between 400-500 m, as shown in Figure 7.32, which provided 

four profiles from across the observation period. The discontinuity in the profile may 

likely be the result of an internal boundary layer which developed as the flow transitioned 

from marine conditions to a rougher land surface. Looking upstream, the flow would 

have traversed the immediate shoreline associated with Cape Fear and moved across a 

region of suburban and forested terrain prior to reaching the VAD data volume. The 

feature was not present in the 0131 UTC wind profile and there was no significant change 

in fetch over the course of the period. The radial wind component, shown in Figure 7.32, 

reflected the kink in the profile with a noticeable reduction in the component above the 

feature. The observed kink in the radial wind profile suggested that the discontinuity was 

likely the result of IBL development and growth. The radial wind profile was nearly 

constant above the level. The reflection in the radial wind component suggested that the 

discontinuity was a result of internal boundary processes as essentially the flow below 

400 m had adjusted to the new underlying exposure while the flow above was effectively 

representative of marine conditions.  
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FIG 7.31. Time history of the KLTX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 0031 – 0521 UTC from 16 September 1999. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
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FIG 7.32. KLTX VAD derived wind speed (top-left), direction (top-right), radial wind component 
(bottom-left), and tangential wind component (bottom-right) for selected profiles between 0131 
UTC and 0458 UTC 16 September 1999.  
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 The second observational period corresponded to the passage of the surface RMW 

at approximately 0550 UTC. The evolution of the wind speed profile was characterized 

by the development of a low-level jet very near the RMW at an altitude near 200 m, as 

shown in Figure 7.33. The jet feature was also persistent through the remainder of the 

observation period but increased in height to near 400 m by 0628 UTC. The radar site 

remained at, or slightly inward, of the RMW through the period and was now positioned 

within the offshore flow regime. The radar site also was located within a broad region of 

35-40 dBZ reflectivity values associated with the waning convection of Hurricane Floyd. 

The radial wind profile during the observed jet feature was quite similar to that observed 

in GPS sonde data with a maximum above the surface but below the total wind speed 

maximum. The total wind speed and radial wind profiles are provided for four 

representative VAD profiles while the jet feature was observed. The result also suggested 

the possibility of weak frictional decoupling as the peak in the radial wind was not 

located in the lowest height bin but slightly higher. Unfortunately no thermodynamic 

profiles were available to evaluate the proposed effect. Above the jet feature, the 

discontinuity associated with an IBL signature continued to be observed near 400 m. The 

wind profile above this level was nearly constant with height through 1 km. Although the 

radial wind profile exhibited a slight response, deviation was small and was within the 

estimated error for the radial wind component retrieval.  
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FIG 7.33. Time history of the KLTX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 0538 – 0628 UTC from 16 September 1999. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
 

 
FIG 7.34. KLTX VAD derived wind speed (left) and radial wind component (right) profiles 
between 0558 UTC and 0658 UTC 16 September 1999. 
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The low-level jet feature during the second observation period exhibited similar 

characteristics to GPS sonde features as well as the theoretical studies of Kepert (2001) 

and Kepert and Wang (2001). Hurricane Floyd was moving very quickly at the time of 

the VAD analysis, which corresponded to Kepert (2001) results which indicated that for a 

translating storm the jet feature will be most pronounced to the left of track. The onset of 

the feature corresponded with the transition to the offshore flow regime as well as the 

approach of the surface RMW. The feature was classified to be within a convective 

environment but analysis of the 35 dBZ isosurface revealed the structure to be relatively 

shallow (< 4500 m). Additionally, H*Wind surface analysis of Hurricane Floyd’s surface 

wind field revealed a rather broad wind maximum located near in the rear portion of the 

right storm-relative sector.  

The persistent kink in the wind profile indicated that internal boundary layer 

processes were likely influencing the vertical profile. The discontinuity was reflected in 

the radial wind component but became less evident with time. It appeared that the 

development of the jet feature dominated the IBL processes in producing a jet feature at a 

low altitude (~ 300 m). The profile beneath the jet maximum remained logarithmic but 

the slope increased substantially.  

 

7.4.6. KMHX observations of Hurricane Isabel (2003) 

 Hurricane Isabel made landfall on 18 September 2003 at approximately 1700 

UTC  as Saffir-Simpson category 2 hurricane. Hurricane Isabel at one point in its lifetime 

reached category 5 status over the central Atlantic Ocean. A GPS sonde during Isabel’s 

peak intensity recorded a peak wind speed measurement in excess of 90 ms-1.  The 

hurricane weakened significantly prior to landfall due to increasing vertical shear over the 

72 hour period prior to landfall (Beven et al. 2003). The cyclone was well sampled by the 

KMHX WSR-88D radar located near Havelock, North Carolina. The radar site was 

located to the left of Isabel’s track and remained in the offshore flow regime for the 

duration of the VAD analysis time period. The analysis period was from 0919 UTC to 

1913 UTC. The hurricane’s closest approach to the radar site was at 1714 UTC as the 

center passed approximately 66 km to the east of the radar.  
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 The time history of VAD wind profiles between 0919 UTC and 1552 indicated a 

relatively consistent wind maximum between 800 m and 1000 m height, shown in Figure 

7.35. Near the end of the time history the wind profile exhibited a decrease in the height 

of the wind maximum as well as the 35 ms-1 wind speed contour. Three perturbations 

within the profile were observed at 1059 UTC, 1231 UTC and between 1359 UTC and 

1527 UTC. The feature observed at 1059 UTC resulted in a decrease in height of the 

wind speed maximum to near 600 m. The feature developed as a disorganized area of 40 

dBZ echoes passed the radar site. The reflectivity field did not suggest the passage of a 

coherent rainband feature. The increase in the magnitude of the wind maximum at 1231 

UTC to 43.7 ms-1 was likely a result of a convective band passing over the radar site as 

shown in Figure 7.36. The third observed perturbation occurred later in the time history 

and was also likely a result of a convective band passing the radar site, as shown in 

Figure 7.36. Interestingly, the enhancement to the wind profile occurred after the local 

peak in the 0.5˚ reflectivity had exited the VAD data domain. The volume was located 

radially inward from the local reflectivity maximum. Conceptual models of rainband 

features suggested that the rainband updraft is typically located radially inward from the 

axis of the band (Barnes et al 1983; Powell 1990a). Volumetric analysis of the 35 dBZ 

isosurface indicated a significant outward tilt to the surface whereas the first two features 

exhibited a nearly vertical structure. Conversely recent work by Hence and Houze (2008) 

has provided evidence of intense downdrafts along the inside edge of rainbands. The 

study however also mentioned that strong updrafts along the inner edge of rainbands 

were more common. The current study does not have the means to evaluate the vertical 

velocity field.  During this time period the radar site was located outside the surface 

RMW. As has been observed and discussed previously, the passage of convective 

elements often increased the magnitude of the wind speed maximum but typically had 

little impact on the observations below 200 m. The result agreed with the theory of 

Kepert and Wang (2001) which indicated that any region with an enhanced updraft would 

be a relatively favorable location for the development of jet features due to the 

contribution from vertical advection. 
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FIG 7.35. Time history of the KMHX spline fitted VAD wind profiles (top) and KMHX VAD 
derived wind vectors (bottom) from 0919 – 1552 UTC from 18 September 2003. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
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FIG 7.36.  KMHX 0.5˚ reflectivity at 1231 UTC (top) and 1359 UTC (bottom) 18 September 
2003.  
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The second subset of observations from the KMHX radar during the landfall of 

Hurricane Isabel focused on an hour of data in which the radar site was very near or 

radially inward from the surface RMW. The observation time period was from 1704 UTC 

through 1750 UTC. All radar volumes were used to construct the time history, with 

profiles at an approximate 5 minute interval. The evolution of the vertical wind profile 

was characterized by a decrease in the height of the broad wind speed maximum from 

near 600 m to near 300 m near 1730 UTC, as shown in Figure 7.37. However, it did not 

meet the low-level jet criteria. A low-level jet feature gradually developed by 1639 UTC, 

as shown in Figure 7.38, and persisted through the remainder of the VAD analysis period. 

The development of the feature coincided with the transition from the left-front to the 

rear storm-relative sector. The jet was also quite sharp with a significant decrease in wind 

speed above the maximum. During the presence of the jet feature, an increase in radial 

inflow was noted below the wind speed maximum although the magnitude of the total 

wind in the lowest height bin did not change significantly. The increase in the radial wind 

argued that the jet perhaps was maintained through processes described by Kepert and 

Wang (2001). The lack of strong reflectivity values near the radar site during the period 

suggested otherwise. The feature may be a result of the increase in inertial stability within 

the radius of maximum winds. The jet feature was relatively weak in magnitude 

compared to the wind speed maximum observed in the time period from 0919 UTC 

through 1552 UTC. As was the case with previously described features, the offshore flow 

regime associated with the left-front and rear sectors were a favored location for jet 

development.  
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FIG 7.37. Time history of the KMHX spline fitted VAD wind profiles (top) and KLTX VAD 
derived wind vectors (bottom) from 1704 – 1750 UTC from 18 September 2003. VAD wind 
vectors are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind 
speed maximum. 
 
 

 
 

FIG 7.38. KMHX VAD wind speed profiles at selected times from 1552 UTC through the end of 
the VAD analysis period at 1913 UTC 18 September 2003.  
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7.4.7. KMLB observations of Hurricane Frances (2003) and Hurricane Jeanne 

(2003) 

 The prolific 2004 Atlantic Hurricane Season saw three hurricane landfalls in the 

state of Florida. The landfalls of Hurricane Frances and Hurricane Jeanne provided a 

unique comparison using the KMLB WSR-88D radar. Both hurricanes made landfall near 

the same location and both were similar in size, as shown in Figure 7.39. The general 

fetch was also similar and indicated that the effective roughness conditions were similar 

for the VAD data domain. Hurricane Jeanne officially at landfall was assigned category 3 

intensity while Hurricane Frances was a category 2 according to the Safir-Simpson wind 

scale (Beven 2004; Lawrence et al. 2005). The KMLB WSR-88D was located well north 

of the radius of maximum winds for both events but was within the onshore flow regime.  

 

 
FIG 7.39. H*Wind (Powell and Houston 1998) surface wind speed analysis from Hurricane 
Frances (left) at 0300 UTC 5 September 2004 and surface wind speed analysis from Hurricane 
Jeanne (right) at 0300 UTC 26 September 2004. Wind data are presented in knots. The star 
symbol represents the approximate location of the KMLB WSR-88D radar. 
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Hurricane Frances also provided an opportunity to add to the robust dataset 

collected by the Texas Tech Hurricane Research Team (Lorsolo et al. 2008). The VAD 

analysis period for Hurricane Frances was selected to coincide with the execution of 

dual-Doppler sampling by the two SMART-Radars (see Biggerstaff et al. 2005) deployed 

at Titusville, FL and Merritt Island FL (Lorsolo et al. 2008; Hirth personal 

communication). The first period of analysis was from 1729 UTC through 2050 UTC on 

4 September 2004 and began with the onset of outer rainband features. The first 

observation period concluded with the passage of a well defined rainband. During the 

first observation period all volumes of radar data was used to derive VAD wind profiles 

at approximately 10 minute intervals. The second observation period began at 0105 UTC 

and ended at 0634 UTC on 5 September 2004. By the conclusion of the second analysis 

period, Hurricane Frances had moved inland. VAD wind profiles were derived at 

approximately 30 minute intervals.  

The first observation period was characterized by a slow decrease in the height of 

the wind maximum. The individual profiles exhibited an increase in wind speed through 

the depth of the profiles until approximately 1936 UTC when a weak maximum was 

noted within the VAD profile, as shown in Figure 7.40. The 35 ms-1 contour also showed 

a steady decrease in height from near 700 m to 350 m at 2050 UTC. Also observed were 

weak perturbations in the flow prior to 1936 UTC which resulted in the slight increase in 

wind speed from 200 m through the remainder of the profile. Typically, the lowest height 

bin did not significantly respond to the undulations in the wind profile aloft with 

deviations of only 2 ms-1. The slope of the wind profile below 200 m increased slightly 

with time. Examination of the reflectivity field revealed small (< 5 km width), transient 

local reflectivity maxima (~ 30 dBZ) which passed the radar site. The features were 

located radially outward from a convective band approximately 65 km south of the radar 

and well outside the VAD data domain. The approach of a more substantial rainband, as 

shown in Figure 7.41, likely contributed to the more jet-like wind profile as Hurricane 

Frances was nearly stationary during this time. The radial inflow also decreased in 

magnitude through the period as the wind speed maximum lowered slightly, as shown in 

Figure 7.42. The depth of the radial inflow layer also became quite shallow with weak 

radial outflow noted above 300 m.  
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FIG 7.40. Time history of the KMLB spline fitted VAD wind profiles (top) and KMLB VAD 
derived wind vectors (bottom) from 1729 – 2050 UTC on 4 September 2004. VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
 
 

 
 

FIG 7.41. KMLB 0.5˚ reflectivity at 2029 UTC 4 September 2004. 
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FIG 7.42. KMLB representative VAD wind speed (left) and radial wind component (right) wind 
profiles between 1739 UTC and 2050 UTC on 4 September 2004. 
 
 
 
 The second observation period spanned from 0105 UTC through 0634 UTC 

which was near the time Hurricane Frances made landfall. The evolution of the vertical 

wind profile featured a low-level jet feature which developed prior to 0422 UTC, as 

shown in Figure 7.43. The jet resulted in a wind speed maximum of 47 ms-1 at 0422 UTC 

with an altitude near 600 m. The subsequent maxima descended in height to a minimum 

value of 375 m with a magnitude of 36.5 ms-1. The wind speed in the lowest height bin 

also reflected the development of the jet feature with an increase of 10 ms-1 from 0115 

UTC through 0525 UTC before decreasing at the end of the observation period to near 25 

ms-1. A series of representative profiles is shown Figure 7.44 which highlighted the 

changing shape of the wind speed profile as well as the evolution of the radial wind 

component. The radial wind profile exhibited a maximum in the lowest height bin for the 

VAD profiles shown in Figure 7.45. The radial inflow layer was quite shallow early in 

the period but increased in depth as time progressed from a minimum of nearly 350 m to 

a maximum depth of 800 m as the jet feature developed. At the time the jet feature 

developed a weak convective band was noted in reflectivity data and is shown in Figure 
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7.45. The peak in magnitude of the jet feature occurred while the radar site was located 

radially outward from the band. As the reflectivity feature crossed the VAD data domain 

the wind speed maximum decreased in altitude but also decreased in magnitude.  

 

 
 

FIG 7.43. Time history of the KMLB spline fitted VAD wind profiles (top) and KMLB VAD 
derived wind vectors (bottom) from 0105 – 0634 UTC on 5 September 2004. VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 

 

 
FIG 7.44. Selected KMLB VAD wind speed (left) and radial wind component (right) wind 
profiles between 0115 UTC and 0525 UTC on 5 September 2004. 
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FIG 7.45. KMLB 0.5˚ reflectivity at 0422 UTC (top) and 0520 UTC (bottom) 5 September 2004. 
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Hurricane Jeanne made landfall at approximately 0400 UTC on 26 September  

2004 at nearly the same location of Hurricane Frances’ landfall just a few weeks earlier 

(Lawrence and Cobb 2005). Although Hurricane Jeanne was slightly stronger than 

Frances, the wind field and surface RMW were quite similar as shown by the H*Wind 

analysis in Figure 7.43. A significant difference was noted between the forward motion 

of the two storms at landfall. Hurricane Jeanne was moving at 12 knots (6.2 ms-1) while 

Frances moved slowly ashore at less than 5 knots (2.6 ms-1). During the landfall of 

Hurricane Jeanne, the KMLB WSR-88D was located in the right sector well removed 

from the RMW. The radar site also experienced relative onshore flow with a predominant 

fetch from the northeast which transitioned to nearly due easterly at the time of Jeanne’s 

landfall.  

The evolution of the vertical wind profile observed by the KMLB WSR-88D was 

different than that observed during the landfall of Hurricane Frances. The magnitude of 

the profile exhibited a marked increase near 0336 UTC seen in Figures 7.46 and 7.47. A 

low-level jet feature was only observed at 0026 UTC and 0822-0843 UTC. The observed 

jet features were short-lived. Typically, the profile maintained a well mixed shape 

virtually throughout the observation period which was from 0108 UTC through 0843 

UTC. The total wind profile did not change substantially but the radial inflow layer did 

decrease in height with time. Significant variability was noted between profiles which 

may simply be due to the error caused by azimuth angle and cyclone center position 

estimates as well as the error associated with the VAD derived winds. By 0635 UTC a 

broad wind speed maximum was evident near 800 m height and maintained this height 

through the observation period. The maximum was also 12-15% larger than the MBL. 

The establishment of the wind maximum near 800 m coincided with the onset of a large 

area of greater than 40 dBZ reflectivity values as shown in Figure 7.48 associated with 

the outer edge of a principle rainband. As the higher reflectivity elements passed the 

radar site the wind maximum became more apparent as shown by the profiles presented 

in Figure 7.49. An IBL signature developed within the 0822 UTC and 0843 UTC 

profiles. The discontinuity in the profile produced a wind maximum at 300 m in the 0843 

profile, with a secondary local maxima observed at 700 m. The 0742 and 0822 UTC 

profiles, shown in Figure 7.49, exhibited an absolute wind maximum height near 700 m. 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 205

The discontinuity in the profile may once again be a signature of internal boundary layer 

development. At this time the wind direction had transitioned from northeasterly to 

nearly easterly which produced a fetch across the Indian River (see Figure 4.17). The 

predominant wind direction also coincided with the region in which the VAD data 

domain extended over the Indian River capturing the roughness transition from the Indian 

River to the mainland. Although not shown, the radial wind component did not exhibit 

any evidence of a discontinuity and the maximum was located in the lowest height bin for 

the three profiles shown in Figure 7.50.  

 

 
 

FIG 7.46. Time history of the KMLB spline fitted VAD wind profiles (top) and KMLB VAD 
derived wind vectors (bottom) from 0108 – 0843 UTC on 26 September 2004. VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
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FIG 7.47. Selected KMLB VAD wind speed (left) and radial wind component (right) profiles  
between 0211 UTC and 0728 UTC 26 September 2004. 
 

 

 
 
FIG 7.48. KMLB 0.5˚ reflectivity at 0336 UTC 26 September 2004. 
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FIG 7.49. KMLB 0.5˚ reflectivity at 0728 UTC 26 September 2004. 
 

 
FIG 7.50. KMLB VAD wind speed profiles from 0742 UTC (solid), 0822 UTC (dashed), and 
0843 UTC (dotted) on 26 September 2004. 
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The noticeable differences between the KMLB observations of Hurricane Frances 

and Hurricane Jeanne were found in the evolution of the vertical wind profile. Hurricane 

Frances exhibited a marked decrease in the height of the wind maximum as the cyclone 

made landfall. The vertical profiles obtained during Hurricane Jeanne showed a slight 

decrease in the height of the wind maximum but it did not descend below 700 m except at 

0843 UTC. The internal boundary layer signature was not observed within the Hurricane 

Frances profiles; however the wind direction was typically more northeasterly rather than 

easterly which did not allow the VAD domain to sample the roughness transition 

associated with the Indian River. In both events, the vertical profile responded to 

passages of rainband features. 

 

7.4.8. KLIX observations of Hurricane Katrina 

 Hurricane Katrina made its third and final landfall near the Mississippi/Louisiana 

border on 29 August 2005 producing catastrophic storm surge flooding along a nearly 90 

mile stretch of coastline. Hurricane Katrina officially at its final landfall was assigned as 

a Saffir-Simpson category 3 hurricane (Knabb et al. 2005). The cyclone had weakened 

significantly from its category 5 status just 24 hours prior.  

The KLIX WSR-88D radar was located approximately 8 km to the north of 

Slidell, Louisiana and 12 km to the north of Lake Ponchartrain. The radar site sampled 

the northern eyewall of Hurricane Katrina as it made landfall and was located in the left-

front sector during the VAD observation period from 0720 UTC through 1354 UTC. 

Unfortunately, data transmission from the radar to the National Climatic Data Center 

ceased at approximately 1400 UTC as the northern eyewall began to impinge on the 

VAD data domain.  

 The overall wind profile increased in magnitude with time but the shape of the 

profile did not change as shown in Figure 7.51. The profiles however contained an 

internal boundary layer signature near 350 m height which supported the interpretation. 

The feature was also noted in the radial wind component as well. The wind profile above 

the kink was nearly constant with height or increased very slightly at the highest bin. The 

profile also showed little influence from the changes in the reflectivity field other than the 

increase in magnitude of the profile as radius decreased. At 0759 UTC the radar site was 
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located radially outward from a convective rainband. Little change in the shape of the 

wind profile was observed between 0759 UTC and 1111 UTC as the band feature crossed 

the VAD data domain as shown in Figures 7.52.  As the northern eyewall approached the 

radar site by 1316 UTC, the VAD profile continued to maintain a similar shape with a 

marked kink noted near 350 m. The internal boundary layer signature was somewhat 

difficult to explain given the predominant northeasterly fetch. The KLIX radar site is 

located in a forested area with suburban terrain located upstream between 5 and 6 km. 

However, beyond 8 km the upstream flow passes over the Pearl River delta area. The 

basin is characterized by low lying marsh grasses as well as the Pearl River. Additionally 

it is possible that the area was inundated by storm surge flooding thus reducing the 

surface roughness further.   It is unclear if the change in roughness associated with the 

flow adjustment across the Pearl River delta onto a more suburban and forested terrain 

would have produced the kink in the wind speed profile. The forested region also may 

have resulted in an effective displacement height above the tree canopy. The kink was 

quite evident and persisted throughout the observation period with little change in fetch 

observed.  It is also noted that a low-level jet feature was not identified within the VAD 

height domain in any derived profile.  
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FIG 7.51. KLIX selected VAD wind speed (left) and radial wind component (right) profiles from 
0759 UTC through 1316 UTC (top) and 1316 UTC through 1354 UTC (bottom) on 29 August 
2005. 
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FIG 7.52. KLIX 0.5˚ reflectivity at 0759 UTC (top) and 1111 UTC (bottom) 29 August 2005. 
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7.4.9. KMHX observations of Hurricane Ophelia 
 
 Hurricane Ophelia made its closest approach to the outer banks of North Carolina 

on 14 and 15 September 2005 as the system paralleled the coastline. The northern portion 

of the eyewall passed over the KMHX WSR-88D near 2350 UTC on 14 September 2005. 

At this time, Ophelia had reached its peak intensity as a 75 kt hurricane (Beven and Cobb 

2006). Operational H*Wind analysis indicated that the most intense surface winds 

remained offshore. Ophelia was characterized by a relatively broad wind field and a large 

eye diameter of nearly 120 km as shown in Figure 7.53. The surface RMW in the 

northeast quadrant was found approximately 54 km. A four hour period was selected for 

VAD profile analysis from 2000 UTC through 00 Z on 15 September 2005. The KMHX 

radar site was located in the left-front sector within an along shore wind regime through 

the duration of the period.  

 
FIG 7.53. KMHX 0.5 reflectivity at 2355 UTC 14 September 2005. 
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 The VAD wind profile did not deviate significantly during the observation period 

as shown by the selected profiles in Figure 7.54 nor did it significantly respond to the 

passage of convective elements. The wind profile exhibited a broad low-level jet feature 

with a wind maximum which was only between 9 and 11% larger than the MBL for the 

duration of the period. The peak wind maximum occurred at 2254 UTC as a large area of 

> 40 dBZ echoes passed the radar site associated with portions of Ophelia’s northern 

eyewall. The radar site was still located outside the surface RMW. The broad jet feature 

was expected given the slow forward speed of Ophelia, which was moving at less than 10 

knots during the observation period. Over the VAD analysis period the jet height did not 

deviate significantly from an altitude near 600 m. It is noted that the radius of maximum 

winds did not pass the radar site during the VAD observation period as Ophelia moved in 

a general northeasterly motion away from the KMHX radar site. Also, the radius only 

decreased by 20 km during the period.  

 

 
FIG 7.54. KMHX selected VAD wind speed (left) and radial wind component (right) profiles 
from 2025 UTC through 2355 UTC (top) 14 September 2005. 
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7.4.10. KBYX observations of Hurricane Rita 

 Hurricane Rita made its closest approach to the Key West WSR-88D radar near 

1800 UTC on 20 September 2005. The hurricane had begun a phase of rapid 

intensification which saw Rita intensify from a tropical storm to a Saffir-Simpson 

category 5 hurricane in less than 36 hours. A 70 hPa decrease in central pressure was 

observed over the time period. The hurricane increased in organization during the VAD 

observation period which was from 1659 UTC through 2214 UTC. During the period the 

central pressure fell approximately 18 hPa and the 24 hour trend at the start of the VAD 

period easily met the intensifying criteria described in Chapter V. The KBYX radar site 

remained radially outward from the surface RMW and in the right storm-relative sector 

through the period. The evolution of the wind profile was characterized by a sharp wind 

speed maximum near 350 m, with a relatively constant or slow decrease in wind speed 

above, as shown in the selected profiles presented in Figure 7.55. A marked increase in 

the magnitude of the maximum was noted at within the 1816 UTC VAD profile. The 

feature was no longer evident by the end of the period as the wind speed increased 

through the depth of the VAD.   

 

 
FIG 7.55. KBYX selected VAD wind speed (left) and radial wind component (right) profiles 
from 1659 UTC through 2015 UTC 20 September 2005. 
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 The complete observation period was divided into two segments. The first utilized 

all volumes to produce wind profiles at approximately 5 minute intervals between 1800- 

1910 UTC. The time history revealed a broad wind maximum near 500 m which was 

nearly constant with height above. A noted increase in the magnitude of the maximum 

was observed within the 1816 UTC VAD wind profile, as shown in Figure 7.56. It was 

somewhat unclear what caused the deviation from a relatively consistent profile at 1816 

UTC. The radar reflectivity field indicated that a diffuse band feature passed the radar 

site near this time, shown in Figure 7.57.  Embedded within the band feature were local 

reflectivity maxima near 40 dBZ.  The current study has provided evidence that nearby 

rainbands can alter the shape of the vertical wind profile and theoretical work also 

supports the conclusion. In this case it is difficult to classify the feature as a rainband and 

the profile did not meet the criteria to be classified from a convective regime.  The 

feature also was not classified as a low-level jet due to the missing observations above, 

which were removed through quality control methods. 

 
FIG 7.56. Time history of the KBYX spline fitted VAD wind profiles (top) and KBYX VAD 
derived wind vectors (bottom) from 1800 – 1910 UTC on 20 September 2005. VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
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FIG 7.57. KBYX 0.5˚ reflectivity at 1816 UTC 20 September 2005. 

 

 

 The second segment from KBYX was from 1915 UTC through 2214 UTC. VAD 

wind profiles were taken at approximately 15 minute intervals. Several perturbations in 

wind speed and direction were observed over the time history. The first occurred early in 

the time history as the wind speed increased steadily between 1915 and 1948 UTC over 

the depth of the profile. The wind speed reached a maximum in magnitude at 1948 UTC 

followed by a decrease, as shown in Figure 7.58. The feature was not classified as a low-

level jet due to quality control flagged data above. The development of the feature was 

coincident with the approach of a well defined rainband as shown in Figure 7.59. The 

reflectivity maximum associated with the band feature passed the radar site at 1959 UTC 

with the peak in wind speed noted radially outward from the axis of the band, opposite to 

the structure observed from a rainband passage during Hurricane Floyd. Prior to the axis 

of the band crossing the radar site the wind direction backed approximately 10˚ followed 

by a veering trend over the two profiles at 1948 UTC and 1959 UTC. Following the 

passage of the band the wind direction veered slightly as the wind speed magnitude 

decreased possibly associated with low-level convergence along the inside of the band as 
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depicted by Powell (1990a). It is noted that the VAD profile taken at 1959 UTC was 

excluded from the analysis due to multiple height bins failing to meet quality control 

criteria. Two distinct perturbations to the profile were also observed at 2109 UTC and 

2141 UTC. The wind maxima associated with the second reached 41 ms-1. The maxima at 

2109 occurred as the VAD domain entered a region of relatively weak echoes to the north 

of the radar site with stratiform precipitation within the southern portion of the data 

domain as shown in Figure 7.60. Given the relatively weak nature of the reflectivity 

values (< 10 dBZ) to the immediate north of the VAD domain it is possible that the 

assumptions used in the technique were not valid at this time. However R2 values from 

the VAD Fourier series fits remained above 0.9. The noted maxima at 2141 UTC 

developed likely in response to the passage of convective elements located radially 

outward from a well defined rainband feature, shown in Figure 7.60. Throughout the 

observation period, the lowest height bin of the VAD profiles exhibited little response to 

the passage of the features as shown in Figure 7.61. The lack of response in the low-level 

wind estimates was somewhat expected. The VAD profile likely represents a mean value 

nearly equivalent to a 10-minute mean value. Schroeder et al. (2009) has provided 

evidence of higher gust factors at large radii associated with rainband convection within 

stratified roughness regimes. However, local gusts would not influence a volumetric 

average such as a VAD derived wind speed. The increase in the magnitude of the 

boundary layer wind maximum associated with the passage of rainband convective 

elements provides additional momentum available for downward transport to the surface 

as a turbulent gust. The enhancement of elevated wind maxima coupled with downward 

momentum transport maybe the underlying cause of the larger gust factors at significant 

radii. The result is also supported by the GPS sonde data. Large perturbations from the 

MBL wind speed were typically found at large radii. 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 218

 
FIG 7.58. Time history of the KBYX spline fitted VAD wind profiles (top) and KBYX VAD 
derived wind vectors (bottom) from 1915 – 2214 UTC on 20 September 2005. VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
 

 
FIG 7.59. KBYX 0.5˚ reflectivity at 1948 UTC 20 September 2005. 
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FIG 7.60. KBYX 0.5˚ reflectivity at 2109 UTC (top) and 2141 UTC (bottom) 20 September 
2005. 
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FIG 7.61. VAD derived wind speed (top) and wind direction (bottom) for the lowest height bin 
for profiles between 1915 UTC and 2214 UTC 20 September 2005. Error bars represent VAD 
estimated standard error of ± 3 ms-1. 
 

 

7.4.11 KBYX and KAMX observations of Hurricane Wilma 

 Hurricane Wilma during its lifetime exhibited the lowest surface pressure ever 

observed in an Atlantic basin tropical cyclone. Wilma passed over the Yucatan peninsula 

and entered the southern Gulf of Mexico as a Saffir-Simpson category 2 hurricane. 

Strong vertical shear (850 – 200 hPa) began to effect the system in the southern Gulf of 

Mexico as a result of an approaching upper-level trough. However the hurricane re-

intensified to a Saffir-Simpson category 3 hurricane despite the hostile environment. 

Wilma made landfall near Cape Romano Florida at approximately 1030 UTC 24 October 

2005. At landfall, Wilma was moving at nearly 25 kts and crossed the Florida peninsula 

in less than 5 hours (Pasch et al. 2006).  

 Hurricane Wilma’s Florida landfall was well observed by both the Key West 

(KBYX) and the Miami (KAMX) WSR-88D radar sites. The two radars provided a 

unique opportunity to examine vertical wind profiles from two different roughness 

regimes. The hurricane made its closest approach to the KBYX radar site at 

approximately 0800 UTC on 24 September as the center passed approximately 100 km to 
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the northwest, as shown in Figure 7.62. Wilma continued across the Florida peninsula 

and passed within 78 km of the KAMX radar site at approximately 1200 UTC, as shown 

in Figure 7.62. The flow regime sampled by the KAMX radar transitioned from onshore 

flow to offshore as Wilma passed to the north. Wilma produced significant cladding and 

glazing damage to high-rise structures along Biscayne Bay (Powell personal 

communication) which provided the initial motivation for the current study. The KBYX 

radar was located in the right storm-relative sector for the duration of the observation 

period which was from 0405 UTC through 1111 UTC. The KAMX radar site was located 

within the right sector and transitioned to the rear sector by the end of the observation 

period which was from 0829 through 1456 UTC.  
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FIG 7.62. KBYX (top) and KAMX (bottom) 0.5˚ reflectivity at 0808 UTC and 1207 UTC 
respectively on 24 October 2005. 
 
 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 223

The KBYX observation period included VAD profiles taken at approximately 15 

minute intervals. As seen in previous time histories, the passage of a convective band can 

influence the magnitude of the boundary layer wind maximum. A similar feature was 

observed by the KBYX VAD profiles beginning near 0546 UTC as shown in Figure 7.63. 

The wind speed maximum increased from 47 ms-1 at 0546 to 56 ms-1 by 0702 UTC as the 

axis of the convective band passed through the VAD data domain. The enhanced 

maximum persisted through 0902 UTC before weakening as the band exited the domain. 

The feature was not classified a low-level jet. The radial inflow also increased through 

the depth of the profile as the flow became more southerly at the onset of the band. The 

center of Wilma was also making its closest approach to the radar site. The wind 

direction veered with time as Hurricane Wilma was quickly moving west-northwest. 

Above the wind speed maximum the profile was relatively constant with height or 

decreased slightly (< 3 ms-1). Unfortunately, the velocity coverage pattern did not allow 

for greater vertical resolution above 370 m. It is unclear how the convective band 

influenced the profile when compared to the increase in the mean flow simply due to the 

radar site being located closer to the surface RMW. The identification of low-level jet 

features was also influenced by the reduction in vertical resolution associated with the 

VCP. 
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FIG 7.63. Time history of the KBYX spline fitted VAD wind profiles (top) and KBYX VAD 
derived wind vectors (bottom) from 1915 – 2214 UTC on 20 September 2005. VAD wind vectors 
are scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
 
 
 

The lowest height bin (35 m) wind speed responded to the passage of convective 

band with a nearly linear increase in wind speed shown in Figure 7.64 from 32 ms-1 at the 

onset of the convective feature to a maximum of 40 ms-1 at 0846 UTC.  The wind speed 

decreased between 0902 UTC and 0940 UTC prior to the development of the local 

maxima at 1013 UTC. The secondary maxima at 1013 UTC could not be attributed to a 

specific feature as the KBYX radar site was located in stratiform precipitation. The wind 

speed decreased below 30 ms-1 for the remained of the period. The response of the lowest 

bin differed from that observed in other convective band events where the low-level wind 

speed did not respond significantly. The convective band though persisted over the 

KBYX radar site for nearly two hours Also, the center of Wilma was at its closest point 

to KBYX during this time.  
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FIG 7.64. Time history of the lowest KBYX VAD height bin (35 m) from 0408 UTC through 
1111 UTC 24 October 2005. 
 

 

 Comparisons were made between normalized VAD profiles from KBYX and 

KAMX for several profiles taken at approximately the same point in time. As expected 

the slope of the lowest 300 m of the KAMX profiles was slightly larger. The added 

roughness due to the underlying land surface resulted in the steeper slope. The KBYX 

VAD profiles were more representative of marine exposure characteristics. The shape 

however of the profiles was quite similar, as shown in Figure 7.65. For the selected 

profiles both radar sites were located within the right storm-relative sector. The KBYX 

profiles exhibited more variability above 400 m whereas the KAMX profile contained a 

nearly linear increase in wind speed with height. The general agreement in the shape of 

the profile suggested that despite the influence of surface roughness characteristics the 

mean wind profile remained consistent within the storm-relative sector.  Both profiles 

contained a local maximum or kink in the profile near 400 m. Due to the limited 

resolution in radar tilt angle above 4.3˚, associated with VCP 121, conclusions regarding 

the impact of internal boundary layer dynamics cannot be addressed.   
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FIG 7.65. Normalized KBYX (black) and KAMX (red) VAD profiles taken at similar locations in 
time between 0846 UTC and 1113 UTC 24 October 2005. 
 

 

 The KAMX VAD observation period was broken into two segments. The first 

overlapped with the KBYX domain and the second was from 1207 UTC through 1456 

UTC. The evolution of the two time histories is shown in Figures 7.66 and 7.67. The first 

observation segment was characterized by a general increase in the magnitude of the 

flow; however the wind profile did not change in shape. A kink in the profile was 

observed near 400 m height. During the second time history, a low-level jet feature 

developed by 1316 UTC and reached a maximum wind speed of 54 ms-1. The onset of the 

jet feature was not reflected in the lowest height bin wind speed. At this time the KAMX 

radar site was located in a region of weak reflectivity between the remnants of the 

southern eyewall and a principle rainband located just to the south of the radar site. The 

reflectivity field at 1316 UTC is provided in Figure 7.68. The lack of reflectivity values 

suggested the VAD technique may not be applicable; however R2 values for the original 

Fourier series fits exceeded 0.9 for all height bins. The radar site remained along the 

inner edge of the rainband feature through 1348 UTC.  
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FIG 7.66. Time history of the KAMX spline fitted VAD wind profiles (top) and KAMX VAD 
derived wind vectors (bottom) from 0829 – 1113 UTC 24 October 2005. VAD wind vectors are 
scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 

 
FIG 7.67. Time history of the KAMX spline fitted VAD wind profiles (top) and KAMX VAD 
derived wind vectors (bottom) from 1207 – 1456 UTC 24 October 2005. VAD wind vectors are 
scaled to fit. The solid line (top) represents the height of the spline fitted VAD wind speed 
maximum. 
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FIG 7.68. KAMX 0.5˚ reflectivity at 1316 UTC 24 October 2005. 
 

 

7.4.12. KHGX observations of Hurricane Ike 

 Hurricane Ike made landfall near the eastern tip of Galveston Island near 0630 

UTC on 13 September 2008. The large and expansive wind field associated with the 

cyclone produced significant storm surge flooding across Galveston Island, the Bolivar 

peninsula, and extreme southwest Louisiana. Ike was well observed by the KHGX WSR-

88D radar as the northwestern portion of the eyewall moved over the site. Although the 

radar site is located a significant distance inland from the Gulf of Mexico, it was very 

close to the western shore of Trinity Bay (< 15 km). The predominant fetch during the 

VAD observation period was northeasterly across the bay.  

 The VAD observation period was from 0420 UTC through the passage of the 

surface RMW at 0718 UTC. Care was taken to avoid the inner edge of the reflectivity 

gradient associated with the eye. Radar volumes were completed at approximately 5 

minute intervals and each volume was used to derive a VAD wind profile. The radar site 
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was located within the left-front storm relative sector for the duration of the analysis 

period. The evolution of the wind profile was characterized by a decrease in the height of 

the wind maximum as the RMW approached the radar site. By 0600 UTC a broad low-

level jet feature had developed. The jet feature descended with time to a minimum height 

of 130 m at 0709 UTC as shown in Figure 7.69. The surface RMW in the western 

semicircle was smaller than that observed in the eastern half of the storm. The RMW was 

only 25 km as shown by SFMR data collected between 0600 and 0700 UTC shown in 

Figure 7.70 (Uhlhorn et al. 2006). It was located radially outward from the reflectivity 

maxima within the eyewall which was somewhat contradictory to most mature 

hurricanes. The 0.5˚ reflectivity field at 0621 UTC is provided in Figure 7.71. The more 

peaked radial profile in the western semicircle enhanced the inertial stability near and 

within the RMW resulting in a decrease in the height of the jet as the RMW approached.   

 

 

 
FIG 7.69. Selected KHGX VAD wind profiles between 0420 UTC and 0718 UTC 13 September 
2008. 
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FIG 7.70. Radial SFMR wind speed profiles collected by Air Force reconnaissance aircraft 
between 0600 and 0700 UTC 13 September 2008. 
 

 
FIG 7.71. KHGX 0.5˚ reflectivity at 0621 UTC 13 September 2008. 

 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 231

Interesting oscillations were noted in wind speed and direction from the lowest 

five height bins, shown in Figure 7.72. The time history was quite periodic with 

perturbations of approximately 2 ms-1 over a period of approximately 15-20 minutes. It is 

noted that the perturbations fall within the estimated measurement error associated with 

the VAD technique used. The features were more pronounced within higher height bins 

as the wind speed increased in association with the surface RMW. Fluctuations exceeded 

5 ms-1 above the 35 m height bin. The relatively long period yielded a wavelength 

estimate of 15-24 km, assuming the features were moving with the MBL wind speed. The 

periodicity was quite striking and extended at times to a height of nearly 300 m with an 

interesting shift in phase with height. The shift in phase may be a result of the time 

required by the WSR-88D to complete its conical scanning strategy. The structure 

persisted at the higher levels as the RMW passed the radar site between 0600 UTC and 

0630 UTC; however the oscillations were not as evident at the lowest height bin. The 

periodicity was also observed within the wind direction time history but was somewhat 

less pronounced. The estimated wavelengths were much larger than the coherent 

turbulent features described by Lorsolo et al. (2008) and Wurman and Winslow (1998) as 

well as the larger roll structures (Foster 2005; Morrison et al. 2005). The VAD technique 

used in the current study likely could not resolve features of wavelengths less than the 

diameter of the data domain (<10 km). It also may smooth smaller scale turbulent 

features which pass through the domain resulting in the larger temporal oscillations. The 

VAD time histories are also limited by the time required to complete the volumetric 

scanning strategy. Thus the smallest period effectively resolved by the technique was 

estimated at 10 minutes for VCP 121 used by the KHGX WSR-88D. The estimated 

wavelengths do correspond to features identified by Gall et al (1998) and to those 

simulated by Nolan (2005). The Gall et al. (1998) study noted that the large features were 

less pronounced overland.   

 

 

 

 

 



                                                           Texas Tech University, Ian M. Giammanco, August 2010 

 232

 

 
FIG 7.72. KHGX VAD wind speed (top) and direction (bottom) time histories between 0420 
UTC and 0718 UTC 13 September 2008 for height bins at 35, 65, 95, 110, and 290 m.  
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 CHAPTER VIII 

CONCLUSIONS, CONCEPTUAL MODEL, AND 

RECOMMENDATIONS 

 

8.1. Summary and Conclusions 
 Understanding the mean structure, variability, and evolution the hurricane wind 

field is a key component required to mitigate the rising losses associated landfalls. This 

study was conducted in order to characterize the vertical wind profile and its evolution 

within tropical cyclones. Low-level wind maxima have been identified within 

observational data from multiple instrumentation platforms. The structure and evolution 

of these features has only begun to be examined. Additionally it is unclear if the 

momentum associated with the features is transported to the surface. The goals of this 

study were to provide a thorough documentation of the mean and variance associated 

with low-level wind speed maxima, evaluate the influences of large and small scale 

features on the vertical wind profile, test the applicability of logarithmic and power law 

estimated wind profiles, and determine if the indentified features were present at landfall. 
 The deployment of GPS dropwindsondes into the hurricane environment has 

provided a wealth of information regarding the kinematic and thermodynamic structure 

of the HBL. Over 1000 GPS sondes were employed to examine the characteristics of 

low-level wind speed maxima and their relationship to the features simulated by Kepert 

(2001) and Kepert and Wang (2001) as well as observational studies by Kepert (2006a, b) 

and Schwendike and Kepert (2008). The GPS dataset was much larger than those used by 

Franklin et al. (2003) and Powell et al. (2003). Unfortunately, only a small number of 

sondes within the dataset were located near the shoreline during landfall events. To fill 

the data void, the VAD technique was applied to WSR-88D data to generate over 380 

VAD wind profiles to examine the vertical wind structure during hurricane landfalls.  

The generation of composite wind profiles for various MBL wind groups, radial 

stratifications, and storm-relative sectors provided information regarding the mean jet 

structure found at the top of the hurricane boundary layer. It also indicated a reduction in 
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HBL depth with increasing mean wind speed; although the inflow layer depth 

significantly exceeded the height of the mean wind maximum. The decrease in depth was 

anticipated due to the reduction in surface roughness at wind speeds above 40 ms-1 found 

by Powell et al. (2003). The associated reduction in drag may have also led to a weaker 

scaled wind maximum as the jet maximum for groups above 40 ms-1 was only 3-6% 

greater than the MBL. Kepert (2001) has shown that increased frictionally forced inflow 

will result in a stronger and lower jet feature thus a decrease in drag resulted in a weaker 

jet feature. The decrease in surface roughness will also act to reduce the slope of the 

profile as well. Although the jet was weaker, it decreased in height with increasing wind 

speed.  

 The radial groupings of sondes also exhibited a decrease in the height of the jet 

feature with decreasing radius. The result was anticipated as it its somewhat tied to the 

previous result as higher wind values would be expected at smaller radii. The strongest 

scaled maximum was found at large radii with a decrease for small radial distances. The 

strength of the jet again at large radii is likely enhanced by a stronger radial wind 

component whereas at small radii the flow is more tangential which produces a weaker 

but lower jet feature. Azimuthal variability also followed the trends in surface roughness 

identified by Powell (2007). The rear sector contained the lowest but weakest scaled wind 

maximum while the left-front and right sectors were similar in height and strength. The 

rear sector was found to exhibit a decrease in roughness which likely aided in producing 

the weaker jet. Powell (2007) also found a reduction in roughness for the left-front sector 

but the data were dominated by the low wind speed groups, which was also the case in 

the current study. The left-front sector profile was likely more representative of a higher 

roughness regime at lower mean wind speeds. 

 The analysis of bulk Richardson number and turbulence intensity confirmed that 

the mean jet maximum at the top of the HBL lies in a region of decreasing turbulence 

with height. The mean RI profiles also suggested that the mechanical generation of 

turbulence is comparable to buoyant production or dissipation within the region beneath 

the wind maximum. Interestingly, the RI profiles exhibited a trend toward a more weakly 

stable environment with decreasing radius where buoyant damping may exceed 

mechanical production of turbulence. Values of RI however were not greater than 1 
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which is often observed during the presence of a classical nocturnal low-level jet. It 

appears likely that frictional decoupling is not occurring in the HBL and does not 

contribute to jet development. 

 The characteristics of absolute low-level wind maxima mirrored those of the 

underlying mean profiles with similar relationships. Absolute maxima below 200 m 

height were confined to radii typically less than 60 km and are likely a feature confined to 

the eyewall. When scaled by the MBL wind, an interesting radial dependence was found. 

Larger perturbations from the MBL were found at larger radii with small perturbations 

common in the eyewall region. This was also supported by the analysis of local maxima 

within GPS sonde profiles. The two results suggest that perturbations from the mean flow 

are not substantial within the high wind regime of the eyewall or inner core; however in a 

weaker wind regime such as near outer rainbands the perturbations become more 

substantial. Recent work by Schroeder et al. (2009) has found that larger surface gust 

factors are more common at large radii with a decrease in gust factor as radius decreases. 

Assuming that the mean jet maximum represents momentum available for vertical 

transport, the results support the notion that a stronger jet feature at large radii can 

effectively lead to stronger perturbations from the flow at the surface or within the 

vertical profile. The inner core region contains a lower but weaker jet feature and 

therefore perturbations from the mean flow are typically weak. The wind maxima 

associated with the landfall VAD profiles exhibited a similar but less correlated 

relationship. However, the vertical extent of the VAD profiles was not high enough to 

capture wind maxima above 1 km.  

 Low-level jet features were identified within individual GPS sonde profiles. 

Features were found in 57% of all GPS sondes with a preference for the left-front sectors 

for MBL groups less than 60 ms-1. The right sector dominated the higher MBL groups 

however the result may be due to sampling strategies employed which results in a bias 

toward the right sector. The result was in agreement with the results of Kepert and Wang 

(2001) and Kepert (2006a, b). The lowest jet features were identified at small radii (< 60 

km) and again support the theory that strong inertial stability near the eyewall or radius of 

maximum winds produces a lower jet feature. There was no correlation found between 

intensification trend as approximately 55% of the weakening, steady-state, and 
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intensifying groups contained jet features. The rapidly intensifying group on contained 22 

identified feature which was 25% of the total sondes. Additionally, over half of identified 

jet features (431) occurred when the environmental shear was less than 20 kts (10.3 ms-1). 

All jet features were found in an environment of less than 35 kts (18 ms-1) of vertical 

shear.  

The landfall VAD profiles also supported this relationship with the radius of 

maximum winds a favored location for jet features. The lowest jet features (200-500 m) 

were found radially inward from the RMW and features below 200 m were only 

identified by the KBYX radar during the passage of rainbands. The result suggested at 

landfall, wind maxima below 200 m are quite rare especially overland. The off-shore 

flow regime, left of the center of the cyclone, was a predominant location for jet features 

at landfall. Although the result is in agreement with limited the limited historical studies 

it may be influenced by the lack of sampling of the RMW in the right sector. All jet 

features identified in the onshore flow regime were short-lived and often associated with 

the passage of local reflectivity maxima.  

 

8.2 Conceptual model  
 The observed characteristics of tropical cyclone vertical wind profiles allowed for 

the creation of a general model to describe the behavior of wind profiles across a mature 

tropical cyclone. Figure 8.1 provides a schematic of the general change in the vertical 

wind profile with radius in a typical tropical cyclone. Low-level jet feature however may 

alter the magnitude of the profile. Jet features were observed at times to exceed 20% of 

the MBL wind. As shown in Figure 8.1, the mean profile at radii less than 60 km is 

within the range of observed low-level jet features. However, at large radii the jet profile 

remains similar while the overall mean profile contains a maximum at a higher altitude. 

The result is likely due to the influence of convective rainbands and their ability to 

produce a jet-like profile. The analysis of VAD profiles from landfalling tropical 

cyclones provided evidence of this occurrence as often the passage of convective 

elements would lead to a short-lived jet feature. The inflow layer also typically decreases 

as one moves closer to the eyewall, indicative of a decrease in boundary layer depth. 

Although the inflow layer exceeds the height of the jet feature, the maximum in radial 
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inflow occurred below the maximum in tangential and total wind speed. The orientation 

of the radial maximum likely allowed for vertical momentum transport to increase the 

magnitude of the jet feature. The vertical wind profile also was azimuthally dependent. 

The wind maximum was found at a lower altitude within the rear sector but was weaker 

when scaled by the MBL wind speed. The remaining two quadrants were somewhat 

similar in height and magnitude. Figure 8.2 summarizes the general differences between 

the total wind and radial wind profiles of the three sectors. The profile underneath the 

maximum remains logarithmic regardless of radii. The use of the power or log law to 

estimate the profile was found to be appropriate given suitable estimates of zo or α. 

 

 
FIG 8.1. Schematic summarizing the general change in the vertical wind profile and the typical 
low-level jet envelop with respect to radial distance for a typical tropical cyclone. The eye is on 
the left with increasing radial distance to the right. The mean wind profile is scaled by MBL wind 
speed. Also denoted is the typical inflow layer depth observed by GPS sondes. The dashed 
profiles represent the common envelop of observed low-level jet features for each radial 
grouping. 
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FIG 8.2. Schematic illustrating the change in wind profile with storm-relative sector for the 
eyewall region of a typical tropical cyclone. Scaled total wind and radial wind profiles are shown 
in bold black lines. 
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8.3. Recommendations 
 The comprehensive dataset used in this study provided a characterization of low-

level wind speed maxima and tropical cyclone low-level jet features. However, some 

conclusions could not be made due to limitations with the obtained observations. The 

following are additional insights and recommendations for future work:   

1. The difficulty in evaluating the measurement characteristics of GPS 

dropwindsondes limited the effectiveness of the instrument platform from a 

wind engineering perspective. Additional work is needed to characterize a 

sonde’s response to gust features of different sizes and depths. Also 

additionally studies should be conducted on the dynamic response of the 

sonde platform in high wind environments.  

2. Variability and characteristics associated with local GPS sonde wind maxima 

argued that the observation is likely more representative of turbulence and not 

representative of momentum available for vertical transport. Therefore a 

single sonde wind maximum observation should be used with caution. 

3. The use of composite GPS sonde profiles is an effective method to gain 

information regarding features in the HBL. Additional observations are 

needed improve the dataset in order to reduce the MBL bin sizes. The smaller 

bins add more credence to the assumptions applied. Also a larger number of 

sonde releases during radial flight legs would be useful in further evaluation 

of the radial dependence of the wind maximum height and strength. 

4. Several internal boundary layer signatures were observed within VAD derived 

profiles. The use of smaller height bins to group the data would yield a higher 

resolution profile which is more suited to diagnosing the characteristics of 

internal boundary layer development and evolution.  

5. Additional VAD profiles need to be taken from inland radars in order to 

evaluate the change in the height of the wind speed maximum with distance 

from the shoreline.  

6. The effectiveness of least squares logarithmic fits to estimate the 10 m wind 

speed from a VAD derived profile provides an opportunity to evaluate the 
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magnitude of the elevated wind maximum for comparison to overland gust 

factors. It would be worth while for instrumented tower deployment teams  

      to deploy platforms near or within a WSR-88D VAD domain for additional 

comparisons. 

7.  The use of log and power law profiles was found to be very good at estimating 

the mean wind profile. However, the two are both dependent on an accurate 

assessment of surface roughness conditions. Documentation of coastal 

roughness conditions at the land/sea interface and the near-shore environment 

is sorely needed.  
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APPENDIX A 

DROPWINDSONDE RESPONSE TO WIND SHEAR 

 

Lally and Leviton (1958) described the response of a falling object to large 

changes in wind speed over relatively small vertical depths. The following quantities 

were used to describe the relationship (Lally and Leviton 1958; adapted from Hock and 

Franklin 1999): 

 

m – mass of sonde (kg) 
A – drag cross section (m2) 
g – gravitational constant (ms-2) 
ρ – density (kg m-3) 
ad – acceleration due to drag (ms-2) 
z – height of GPS sonde (m) 
z& - vertical velocity of GPS sonde (ms-1) 
z&& - vertical acceleration of GPS sonde (ms-2) 
x&  - zonal velocity of GPS sonde (ms-1) 
x&&  - zonal acceleration of GPS sonde (ms-1) 
y& - meridional velocity of GPS sonde (ms-1) 
y&& - meridional acceleration of GPS sonde (ms-2) 
CD – drag coefficient 
u - zonal wind 
v - meridional wind 
Δt – acceleration time window (s) 
 

dagz +−=&&                                                                                (A.1)  

The drag force is written as, 
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the equation of motion for a falling object can be expressed by: 
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By neglecting the vertical wind component and Coriolis. The fall velocity of the GPS 
sonde can be expressed by, 
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Following the release of the GPS sonde the vertical acceleration becomes much less than 
the gravitational force after a few seconds. Equation A.4 can be simplified to: 
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The horizontal acceleration of a falling object is given by (Jones and Bartman 1956): 
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Substituting A.5 into A.6, 
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The horizontal acceleration is broken into zonal and meridional components. The 
horizontal velocity of the GPS sonde is solved for relative to the wind. 
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and              (A.8) 
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By assuming that the fall velocity of the GPS sonde is much greater than the horizontal 
velocity of the GPS sonde relative to the true wind then A.8 becomes: 
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