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ABSTRACT 

For most regions away from hurricane-prone coastlines, thunderstorms 

produce the majority of extreme winds and wind-induced damage. While certain 

extreme wind - producing phenomena have been thoroughly investigated in numerical 

models, little full-scale data exist to validate the conclusions of these studies. Using 

instruments that collect high-resolution wind measurements, Project SCOUT (Severe 

Convective OUtflow in Thunderstorms) was designed to address this dearth in 

observations by seeking out extreme wind producing thunderstorms and collecting 

valuable wind profile and surface measurements within these events. An initial 

nomadic field campaign (Spring 2011) and continued local data collection efforts have 

yielded over 15 events, including an extreme event that produced many severe wind 

reports and substantial wind damage across West Texas. In addition to thunderstorm 

events, several datasets were collected at the National Wind Institute field site in close 

proximity to an instrumented 200 m tower to validate the novel technique used to 

retrieve dual-Doppler wind profiles. This research will include an overview of the 

validation efforts, a comparison of the wind profiles from several events collected 

during Project SCOUT and an in depth case study of data collected in the extreme 

wind event on 5 June 2013.  

The extensive validation efforts revealed good agreement between the dual-

Doppler wind speed and direction profiles above 50 m. Below this level, a lag in 

scatterer deceleration as compared to the deceleration of the wind contributed to an 

observed 2.2 m s
-1 

overestimation of the mean dual-Doppler wind speed near the 

surface in environments with liquid hydrometers. Despite wind speeds being slightly 

underestimated, radar-derived turbulence statistics also compared well with 

anemometer measurements. Using the validated methodology, dual-Doppler wind 

speed and direction profiles acquired in three thunderstorm outflow events are 

compared. These events in particular exhibited substantial variation not only among 

themselves, but also in the evolution of the instantaneous dual-Doppler wind speed 

and direction profiles of individual events. Much of the variation was attributed to the 
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different structure and maturity of each event. Dual-Doppler profiles were combined 

with TTU StickNet measurements in a case study of a damaging wind event to reveal 

a low-level wind maximum during the time of peak surface winds. As with the wind 

profiles of this event, the driving meteorology significantly affected the wind time 

histories and evolution of the surface turbulence parameters.  While the majority of 

StickNet towers experienced a peak wind gust in association with the main cold pool, 

several towers recorded a peak wind gust with the passage of a small circulation. The 

variation of the wind direction in association with these features (the gust front, the 

circulation, and the main cold pool) allowed for the separation of the outflow into 

different regions. Turbulence parameters varied between the different regions but were 

typically maximized near the gust front. The region of the outflow associated with the 

peak mean wind speed demonstrated larger scales of turbulence and reduced 

turbulence intensity.  
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CHAPTER 1 

INTRODUCTION  

Thunderstorms undoubtedly present many different hazards to both life and 

property. These hazards are often limited to lightning and flash flooding. When a 

thunderstorm is defined to be  “severe,” the list of hazards expands to include large 

hail, damaging wind and tornadoes. While the tornadic threat typically supersedes 

hazards from convective nontornadic winds, the latter have been shown to contribute 

to fatalities as well as extensive property damage (Ashley and Mote 2005; Schoen and 

Ashley 2011;). Schoen and Ashley (2011) also demonstrated that non-organized 

convection generated as many nontornadic convective wind fatalities as organized 

forms of convection (e.g. bow echoes; squall lines). When it comes to mitigating the 

threat to life and property posed by damaging winds, there are two primary 

considerations: warning the public and providing a safe place to take shelter. The 

former requires not only an understanding of the meteorological processes that 

produce damaging wind, but also the ability to communicate the hazard to the public. 

For nontornadic thunderstorms, this risk is typically communicated in the form of a 

severe thunderstorm warning. To warrant such a classification (from a wind 

perspective), a thunderstorm must be capable of producing winds in excess of 50 knots 

(58 mph, or 26 m s
-1

). 

 While the idea of a criterion for “severe” or “warnable” wind has been around 

for over sixty years, the criterion itself has experienced multiple variations largely due 

to political / organizational pressures and not necessarily advances in meteorology 

(Galway 1989). In the early 1950’s, severe weather bulletins were issued for 

thunderstorms producing 40 – 50 knot wind gusts. This range was greatly influenced 

by the Air Force, which considered 50 knot wind gusts as the lower bound of a 

“severe” wind. An official definition was introduced in March of 1954 as an 

“...instantaneous surface wind gusts greater than 75 mph, and/or 1-minute mean winds 

greater than 50 mph” (Galway 1989). This definition was not adopted by the Air Force 
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and resulted in differences in the definition and reporting of severe winds in aviation 

and public forecasts. The two definitions remained until 1967 when, at the insistence 

of the Air Force (and despite pushback from meteorologists), the severe wind 

definition was uniformly set to 25.7 m s
-1

 (or 50 knots; Galway 1989). Note that no 

measurement height or averaging time was included in this definition.  

Any refinement of this "arbitrary" (Doswell et al. 2005) definition of severe 

wind over the years has perhaps been complicated by a dearth of observations as well 

as the dubiousness of wind speeds associated with damage reports (Trapp et al. 2006). 

Many of these reported wind speeds are overestimates from human observers 

(Doswell et al. 2005; Trapp et al. 2006), while damage details or post-event surveys of 

nontornadic wind damage are seldom available. Thus it is difficult to relate storm 

characteristics as observed by operational radars and relayed by observers to the 

potential of that storm to produce damaging surface winds, often resulting in a 

“skewed” understanding of thunderstorm wind damage potential (Trapp et al. 2006).  

While the criterion for thunderstorm winds to be considered “severe” generally 

represents the lower limit at which wind speeds have the potential to become 

damaging, building codes require that structures be designed to withstand much higher 

wind speeds. These design-level wind speeds are computed via extreme value analyses 

for different return periods (e.g. 50 years) using data from stations (or superstations; 

Peterka and Shahid 1998) across the country. As such, the design level wind speed for 

a particular region will differ based on the dominant meteorological phenomena in the 

wind climate (Lombardo et al. 2009). Near the coast, damaging winds are often the 

result of tropical cyclones, whereas thunderstorms produce the majority of design-

level winds interior of the coast. The reference design wind speed for a particular 

location is given as a 3-s gust at 10 m height in open exposure (ASCE 10). For 

thunderstorm dominant regions, the design wind speed for a 50-year exceedance (for 

Risk Category I structures, where structural failure presents low risk to human life) is 

47 m s
-1

 (ASCE 10). To apply this wind speed to other heights or terrain types for 

design purposes, a logarithmically increasing wind profile is assumed. However, this 
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profile may not be representative of the thunderstorm wind profile and thus may result 

in an over or under estimation of the peak wind speed at given height (Mason et al. 

2010). As emphasized in Letchford et al. (2002), Holmes et al. (2008), and others, 

more observations of the wind profile and turbulence characteristics of extreme 

thunderstorm winds are necessary for refinement of design standards.  

1. Project Scout  

To address the need for high-resolution thunderstorm outflow observations, 

Project SCOUT (Severe Convective OUtflow in Thunderstorms) was designed. For 

this data collection effort, Texas Tech University (TTU) observational assets were 

employed to gather collocated wind profile and surface measurements in 

thunderstorms capable of producing damaging outflow winds. The TTUKa mobile 

Doppler radars not only provided meteorological context of an outflow event, but the 

combined data from both systems also allowed for the computation of dual-Doppler 

wind speed and direction profiles. While these measurements are novel and provide a 

wealth of information, near-surface dual-Doppler measurements are often difficult to 

acquire due to ground clutter and variable terrain. Thus, a fleet of 24 rapidly 

deployable measurement platforms, StickNet, obtained high resolution measurements 

at approximately 2.25 m. Deployment strategies for both platforms were uniquely 

designed to take into account different thunderstorm types (e.g. supercell 

thunderstorms, mesoscale convective systems, etc.) as well as focus data collection 

efforts on obtaining information relevant to wind engineering. Wind profiles and 

integral length scales of thunderstorm outflow winds have been particularly under-

observed despite their importance to wind engineering and many design codes and 

standards (Letchford et al. 2002; Holmes et al. 2008). Thus, deployment strategies 

were tailored to meet these needs as well as conform to available roads and variable 

terrain.  

A major factor in the quality of a given deployment was the road network. 

When available, a road intersection was selected to accommodate two StickNet arrays 

perpendicular to each other (to provide simultaneous measurements of the length scale 
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of two wind components) as well as facilitate intersecting range height indicator (RHI) 

scans for dual-Doppler profiles (Figure 1.1). The type of thunderstorm targeted also 

factored in the deployment strategy. Large mesoscale convective complexes (MCSs) 

were ideal in that they often provided adequate lead-time as well as the greatest 

probability of intercepting severe winds with minimal threat to SCOUT participants 

and TTU property. For such a system, fine-scale StickNet arrays were deployed in 

perpendicular directions about a road intersection (if available) with individual probe 

separations on the order of 25 m. From the fine-scale array, the probe separation was 

increased until the entire array spanned approximately 1 km. The TTUKa radars 

targeted the road intersection as the location of the dual-Doppler profile. Ideally, both 

radars deployed 3.2 km (2 miles) from the intersection to achieve a baseline of 

approximately 4.5 km. Emphasis was also placed on aligning one radar with the 

outflow (as best as possible) in order to document the structure of the outflow along 

the radial of the RHI. Modifications to this general strategy were also developed to 

accommodate a one-road deployment or only a partial StickNet fleet.     
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Figure 1.1 Project SCOUT deployment schematic for a linear thunderstorm complex, 

with a road intersection and a full complement of measurement assets.  

 

Supercell thunderstorms, on the other hand, often provided the opposite 

experience. Lead times were short, storm evolution was complex, and there was 

significant risk for the low probability of intercepting a narrow corridor of severe 

winds within the rear flank downdraft (RFD). To account for these factors, a large-

scale StickNet array with 483 m (0.3 mile) probe spacing was distributed 

perpendicular to the expected motion of the RFD. After allowing more time for storm 

evolution, the location mostly likely to experience severe wind was identified, and a 

fine-scale array was distributed about that probe. With the increased risk for large hail 

and/or tornadoes associated with supercells, great care had to be taken in the 

placement of the TTUKa radars such that intersecting RHIs could still be performed 

with adequate look angle separation while limiting signal attenuation as well as 
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providing an adequate escape route. The logistical difficulties and safety 

considerations involved in supercell thunderstorms resulted in few successful supercell 

deployments.  

During the spring of 2011, the nomadic phase of project SCOUT targeted 

thunderstorm events deemed capable of producing severe wind throughout the Great 

Plains. While multiple datasets were collected from a variety of thunderstorms, few 

exhibited the extreme winds that were the impetus of the project. Regardless, many of 

these datasets included coupled observations from all StickNet platforms and both 

radars. The nomadic phase of Project SCOUT ended in late June 2011, but local data 

collection efforts continued through fall 2014. These efforts were more successful in 

collecting data relevant for design. Overall, data were collected in 17 thunderstorm 

outflow events during Project SCOUT and beyond. Cases with quality StickNet and 

radar observations along with complete, clean records of the passage of the gust front 

were the focus of the analysis. Unfortunately, few deployments recorded thunderstorm 

outflow events in their entirety as second-trip echoes and signal incoherencies often 

precluded clean observations of the gust front. There were also several cases in which 

radar deployments were made without StickNet, or where the passage of the gust front 

occurred before the entire StickNet array was deployed. See Table 1.1 for a complete 

summary of events and their degree of completeness.    
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Table 1.1 Summary of events from Project SCOUT. Peak wind speed represents the 

peak instantaneous speed. Asterisks (*) indicate the best combined radar, StickNet, 

and high wind speed deployments.  

Project SCOUT Event Summary 

Date Event Location 

Peak 

WS 

(m/s) 

Probe Near 

RHI 

Intersection? 

# Probes/ 

Radars 

Complete 

Event in Radar 

and SN 

05/22/2011* Prosper, TX: MCS 18.0 
110, 109; 540 

m 
24 / 2 YES 

05/24/2011 
Nash, OK:  Decaying 

Supercell 
20.1 NO 24/ 2 NON-EVENT 

05/30/2011* Humboldt, SD: MCS 20.5 222,215; 300 m 22 / 2 NO (2nd trip) 

05/30/2011* 
Jackson County, MN: 

MCS 
N/A NO 0 / 2 YES 

06/01/2011* Tescott, KS: MCS 21.0 112; 1166 m 24 / 2 YES 

06/03/2011 Hoxie, KS: Multicells 17.5 NO 23 / 2 NON EVENT 

06/11/2011* Syracuse, KS: MCS 22.9 213; 457 m 22 / 2 YES 

06/16/2011 Idalia, CO: MCS 20.4 NO 24 / 2 YES 

06/17/2011 Peabody, KS: MCS 19.2 NO 24 / 2 NO (2nd TRIP) 

06/18/2011* 
Cheyenne Wells, CO: 

Decaying Supercell 
25.5 

112, 222; 1675 

m 
24 / 2 YES 

06/19/2011 
McCook, NE: 

Supercell 
25.5 NO 24 / 0 NO 

11/08/2011* Truscott, TX: MCS 18.0 101; 167 m 12 / 2 
Half of array 

late 

03/19/2012 
Reese Center, TX: 

MCS 
35.0 NO 5 / 2 YES 

05/30/2012 Coldwater, KS: MCS 28.0 NO 9 / 1 
Half of array 

late 

06/15/2012* Hart, TX: MCS 30.0 112; 2691 m 9 / 2 NO (2nd Trip) 

06/05/2013* Pep, TX: Bow echo 39.1 Yes 9 / 2 YES 

05/11/2014 St.John, KS: Supercell 25 NO 0/2 NO 

 

2. Objectives  

Through the collected datasets, the ultimate goal of this research is to attain a 

deeper understanding of the evolutionary and turbulence characteristics of 

thunderstorm outflow winds as well as provide much needed full-scale thunderstorm 

outflow measurements for comparisons with numerical modeling data or wind tunnel 

data.  The objectives of the present study include:  
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1. Validate dual-Doppler wind profiles resulting from the coordinated RHI 

technique and provide uncertainty estimates for the low-level (< 200 m) 

dual-Doppler derived wind speeds.   

 

2. Document the structure and evolution of the dual-Doppler wind profile 

within thunderstorm outflow events and relate these characteristics to the 

structure of the outflow.  

 

3. Examine the turbulence characteristics of the thunderstorm inflow and 

outflow winds and relate these differences to storm structure and/or local 

terrain.    

The following chapters summarize the exploration of the above questions in 

three separate journal articles, two of which have been accepted for publication. The 

first details the validation efforts of the coordinated RHI method through comparisons 

of dual-Doppler wind profiles with data from a 200 m tall tower. This study also 

represents one of the first in depth comparisons of dual-Doppler derived wind and 

turbulence fields with in situ anemometry. Building on the validation work, the second 

article documents the dual-Doppler wind profile structure and evolution of three 

different Project SCOUT events while also providing an overview of basic radar / 

dual-Doppler data as well as the validation efforts. The inclusion of the latter was 

necessary given the paucity of radar-based observations in the wind engineering 

literature. The third article presents near-surface thunderstorm outflow measurements 

from an extreme wind event that occurred over West Texas. Turbulence characteristics 

at 2.25 m are related to the overall outflow structure as determined by time history 

analyses and TTUKa radar data. Finally, the general conclusions and contributions of 

all three studies are summarized in the last chapter along with recommendations for 

future work.  
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CHAPTER II 

VALIDATION OF DUAL-DOPPLER WIND PROFILES WITH IN-

SITU ANEMOMETRY    

W. Scott Gunter 
a,
, John L. Schroeder

 a,b
, Brian D. Hirth

b 

a
Atmospheric Science Group, Texas Tech University, Lubbock, Texas, USA,  

b
National Wind Institute, Texas Tech University, Lubbock, Texas, USA,  

 

Abstract 

Typical methods used to acquire wind profiles from Doppler radar 

measurements rely on Plan Position Indicator (PPI) scans being performed at multiple 

elevation angles to utilize the Velocity Azimuth Display technique (Browning and 

Wexler 1968) or construct dual-Doppler synthesis from objectively analyzed grids 

(e.g. Brown et al. 1957; Kropfli and Miller 1978). These techniques, as well as those 

employed by wind profilers, often produce wind profiles that lack the spatial or 

temporal resolution to resolve fine scale features.  If two radars perform Range Height 

Indicator (RHI) scans (constant azimuth, multiple elevations) along azimuths 

separated by approximately 90°, then the intersection of the coordinated RHI planes 

represents a vertical set of points where dual-Doppler wind syntheses are possible and 

wind speed and direction profiles can be retrieved. This method also allows for the 

generation of high-resolution wind time histories that can be compared to anemometer 

time histories. This study focuses on the use of the coordinated RHI scanning strategy 

by two high-resolution mobile Doppler radars in close proximity to a 200 m 

instrumented tower. In one of the first high-resolution, long-duration comparisons of 

dual-Doppler wind synthesis with in-situ anemometry, the mean and turbulence states 

of the wind measured by each platform were compared in varying atmospheric 

conditions. Examination of mean wind speed and direction profiles in both clear air 

(non-precipitating) and precipitating environments revealed excellent agreement above 

approximately 50 m. Below this level, dual-Doppler wind speeds were still good, but 

slightly overestimated as compared to the anemometer measured wind speeds in heavy 
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precipitation. Bulk turbulence parameters were also slightly underestimated by the 

dual-Doppler syntheses.  

1. Introduction  

Instrumented towers are typically used to collect wind profile data, but their 

use is restricted by height and location. These limitations have spurred the 

development and use of remote sensing instruments in evaluating the vertical structure 

of wind. Radar wind profilers can typically acquire measurements through a greater 

depth than an instrumented tower and provide wind profiles at adequate revisit times 

to observe mean boundary layer characteristics (Martner et al. 1993). While the 

effectiveness and accuracy of Doppler wind profilers has frequently been 

demonstrated, the spatial resolutions are often coarse and the wind profile below 50 m 

is rarely sampled (Martner et al. 1993; Angevine et al. 1998). Both high temporal 

resolution and near-surface measurements are important for atmospheric phenomena 

where knowledge of the wind profile is critical to understanding the driving 

meteorology and wind-structure interaction. For example, wind profiles and 

turbulence characteristics of thunderstorms outflow winds have not been incorporated 

into design codes due in part to a lack of high-resolution observations even though 

these phenomena are responsible for the majority of wind induced damage outside of 

regions affected by tropical cyclones (Letchford et al. 2002; Holmes et al. 2008).   

Mobile Doppler radars possess a unique advantage in collecting high-

resolution data within rare, engineering design-relevant events. Methods have been 

developed to obtain a wind profile from both single-Doppler (radial velocities only; 

Browning and Wexler 1968) and dual-Doppler (full horizontal wind vector) 

synthesized grids from objectively analyzed single-Doppler data (e.g. Brown et al. 

1975; Kropfli and Miller 1976). These methods, which require assumptions of 

homogeneity in the wind field (in the case of single–Doppler wind retrievals) and are 

all based on collecting horizontal plan position indicator (PPI; constant elevation, 

multiple azimuths) scans at multiple elevation angles, also lack the temporal and 

spatial resolution necessary to resolve fine-scale features in the rapidly evolving wind 
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profile. In addition to PPIs, most radars are able to scan multiple elevation angles 

along a single azimuth, referred to as a Range-Height Indicator (RHI) scan. If two 

radars perform RHIs along azimuths separated by approximately 90°, then the 

intersection of the coordinated RHI planes represents a vertical set of points where 

dual-Doppler wind syntheses are possible and horizontal wind speed and wind 

direction profiles can be retrieved. A similar method was previously used with two 

Doppler lidars (Calhoun et al. 2006). A limited, yet successful, comparison of the 

dual-Doppler lidar profiles with other remotely sensed data was presented, but near 

surface data were not available.  Using a similar technical approach, the objective of 

this study is to validate profiles of dual-Doppler horizontal wind speed, direction, and 

turbulence parameters estimated with coordinated RHIs through comparisons with 

wind profile data from anemometers on a 200 m instrumented tower.  

While dual-Doppler techniques have been employed for years and the errors 

associated with dual-Doppler measurements are well understood to be a function of 

the angle between the beams of each radar (Miller and Strauch 1974; Doviak et al. 

1976; Davies-Jones 1979), few comparisons of radar-derived wind fields to in-situ 

point measurements have been performed historically. Dual-Doppler wind speeds 

collected in clear air (or a non-precipitating environment) were reported to be within 

0.5 m s
-1

 of in-situ tower measurements despite a coarse 150-200 m grid resolution 

and suspected ground clutter influence (Kropfli and Hildebrand 1980; Schneider and 

Lilly 1999). The inherent volumetric averaging of the radar measurements was also 

suspected to contribute to reduced magnitudes of the dual-Doppler wind components 

as compared to the point measurements of the anemometer. Using data from two fixed 

radar platforms and a 444 m tall tower, Dowell and Bluestein (1997) combined one 

volume of dual-Doppler wind fields and a time-to-space conversion of ten minutes of 

tower data in a supercell thunderstorm. The horizontal wind fields compared well in 

terms of identifiable features, but the radar wind speeds at 500 m were 6 m s
-1

 lower 

than tower wind speeds at 444 m. Dual-Doppler data below 500 m were not available. 

While Doppler velocity errors and differences in measurement height potentially 
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contributed to the observed differences, Dowell and Bluestein (1997) also noted that 

smoothing inherent in both the collection and analysis of the radar data likely 

impacted the scales resolved in the dual-Doppler analysis.   

The advent of high-resolution mobile Doppler radars has facilitated the 

collection of dual-Doppler data over in-situ anemometry (as well as very near the 

ground), yet few comparisons between the two platforms exist. Single-Doppler radar 

data have been collected near the ground in tornadoes to measure the near surface 

wind field and relate radar-derived wind speeds to observed wind damage (Wurman et 

al. 2007; Kosiba and Wurman 2013; Wurman et al. 2013). Given the complexities of 

such deployments, coordinated comparisons between single-Doppler wind speeds and 

near surface anemometers were limited and often complicated by terrain differences. 

Hurricane environments have also provided an opportunity to compare radar wind 

measurements to in-situ data (Lorsolo et al. 2008; Kosiba et al. 2013). These 

environments can support longer durations of data collection as well as better 

placement of assets to facilitate more thorough comparisons of data from different 

types of instrumentation. In a one-to-one comparison of data from Hurricane Isabel 

(2003), single-Doppler radial velocities collected at 30 m compared very well with 10 

m wind speeds. The former were slightly overestimated, but that may have been due to 

differences in measurement height (Lorsolo et al. 2008). Similarly, Kosiba et al. 

(2013) compared 10 m wind speeds with spatially averaged single-Doppler radar data 

collected ~150 m AGL over two different roughness regimes during the landfall of 

Hurricane Rita (2005). Greater differences between the 1-minute averaged single-

Doppler velocities and the 1-minute averaged 10 m wind speeds were evident over the 

rougher terrain. A correlation coefficient of approximately 0.5 was computed between 

the single-Doppler and anemometer fluctuations of the 1-minute mean wind speed 

about the 5-minute mean. After correcting for differences in measurement height and 

roughness, the ten-minute averaged wind speeds and turbulence intensities (computed 

from 10-minute independent segments of the single-Doppler and anemometer time 

histories) showed good agreement with the single-Doppler data.  
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2.  Experimental Methodology 

2.1 Instrumentation  

Radar data were collected using the TTUKa mobile Doppler radars (Weiss et 

al. 2009; Hirth et al. 2014). The TTUKa radars employ pulse compression to combine 

the sensitivity achieved using a relatively long pulse without sacrificing range 

resolution, which was 15 m for this study. The increased sensitivity afforded by pulse 

compression also allows for data collection in many clear air environments. For the 

data presented herein, a 1.22 m antenna results in a half-power beam width of 0.49°. 

RHI and PPI measurements are collected with scanning rates of 6° s
-1 

and 30° s
-1

 and 

are oversampled with 0.1° and 0.352° angular resolution, respectively. The accuracy 

of the velocity measurement is 0.03 m s
-1 

(Hirth et al. 2014). One consequence of 

transmitting within the Ka band is the tendency of the transmitted signal to attenuate 

in regions of significant precipitation. This effect was seen during data collection for 

the present study and occasionally resulted in brief data voids.  

Data collection occurred at Texas Tech University’s National Wind Institute 

(NWI) field site located at Reese Technology Center (RTC) in Lubbock, TX. This 

study will focus on data collected by anemometers mounted on a triangular, open-

lattice tower 200 m in height. The tower is surrounded by flat terrain characterized by 

roughness lengths between 0.009 and 0.01 m and populated by few obstructions.  The 

tower is instrumented at 10 different heights (0.9, 2.4, 4, 10, 17, 47, 75, 116, 158, and 

200 m) using boom arms that extend from the center of the tower at an orientation of 

300° north relative. All ten levels originally employed RM Young 81000 ultrasonic 

anemometers to measure the u, v and w wind components with an accuracy of ±1 % 

RMS, but were upgraded with Gill R3-50 ultrasonic anemometers in January 2012. 

The upgraded ultrasonic anemometers also measure all three wind components but 

with an accuracy of <1% RMS. The data acquisition sampling rate was also increased 

from 20 Hz to 50 Hz during this instrument upgrade. Gill 27005 UVW anemometers 

with carbon fiber thermoplastic (CFT) propellers are also mounted at eight of the ten 

levels (4, 10, 17, 47, 75, 116, 158, and 200 m). The UVW anemometers are 
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characterized by a distance constant of 2.1 m, and the data are cosine corrected 

according to the recommendations of the manufacturer. The sonic and UVW 

anemometers are mounted on each boom arm at 4.26 m and 3.65 m from the tower, 

which is equivalent to 3.5 and 3 tower diameters, respectively. The TTU 200 m tower 

undergoes routine maintenance and provides robust data for comparison to other 

platforms for wind directions where tower shading is not evident.  

2.2 Radar data collection  

Four validation datasets collected on 5 Dec 2011, 4 June 2012, 15 June 2012, 

and 28 June 2013 are discussed. For each dataset, the TTUKa radars were deployed to 

the NWI field site and positioned such that RHI planes intersected near the 200 m 

tower. Despite attempts to maintain consistency in the radar deployment locations, the 

distance between the 200 m tower and the RHI intersection location varied between 

datasets. However, the separation was never greater than 400 m (Figure 2.1). The data 

collection strategies employed by the TTUKa radars also varied between the events, 

but fall into one of three types: 

1. Shallow RHIs - This scanning strategy consisted of coordinated RHIs being 

performed from 0-6° in elevation. This elevation sequence was chosen to maximize 

the temporal resolution of the radar data while ensuring dual-Doppler observations 

through the depth of the 200 m tower. PPIs were not included in this scanning 

strategy. Upon quality control and temporal alignment of the data from each radar, this 

strategy resulted in dual-Doppler profile intervals of approximately 2.5 seconds.   

2. Repetitive RHIs - Coordinated RHIs were performed from 0-45° in 

elevation to provide dual-Doppler profiles well above the top of the tower. With this 

scanning strategy, dual-Doppler profiles were separated by approximately 9 seconds. 

3.  RHI/PPI Combo - RHI elevation series were performed from 0-30° in 

elevation and PPIs were interwoven at regular intervals resulting in decreased 

temporal resolution of the dual-Doppler RHI wind profiles. In addition to providing 

wind profiles, this scanning sequence was used to assess the horizontal extent and 
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structure of thunderstorm outflow gust fronts for other objectives. The RHIs resulted 

in dual-Doppler profiles that were separated by 9 seconds, but intervals of 20 RHIs 

were separated by 56 seconds, during which time two PPIs were performed.   

 

Figure 2.1 TTUKa deployment location for the various datasets. TTUKa1 locations 

are indicated by the squares. TTUKa2 locations are indicated by the circles. The north-

relative RHI from each radar is described by solid lines. Stars indicate the location of 

the RHI intersections, while the triangle at (0,0) is the location of the 200 m tower. 

The distance between each intersection point and the tower as well as the crossing 

angle () of the RHI planes are listed for each deployment.    

 

2.3 Data Processing and Quality Control  

TTUKa radial velocity fields were initially inspected for range and velocity 

folding, noise, and attenuation. Further quality control procedures included heading 

verification via alignment of clutter with known ground targets and correcting signal 

processing "jitter." The jitter is a phenomenon caused by hysteresis in the vertical 

offset of successive RHIs by approximately 0.5°. The correction of the radar jitter 

resulted in some data loss below the 0.5° elevation for alternating RHI scans. The 

latitude, longitude, and north-relative RHI azimuth angles of both radars were used to 
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geometrically determine the RHI intersection point and the distance between the RHI 

intersection point and each radar. Only data corresponding to the range bin closest to 

the intersection point (defined at 0 degrees elevation) were used. To account for slight 

differences in the RHI elevation angle sequence between the radars, a grid with a 

vertical resolution of 20 m was constructed, and the mean of the radial velocity and 

elevation angle within each 20 m increment was assigned to the grid point. 

Approximately four radial velocity samples contributed to the mean value at each grid 

point. The height of each grid point was assigned as the mean height of the 

contributing observations (Table 2.1). Though necessary, this gridding scheme 

resulted in slight height difference between the assigned grid point heights and the 200 

m tower measurement heights. To compute the horizontal dual-Doppler wind speed at 

each grid point, the radial velocities of each radar were related to the Cartesian wind 

components through,  

    (1) 

where Vr is the mean radial velocity assigned to the grid point, ϕ is the mean elevation 

angle of the radial velocities contributing to the grid point, θ is the north-relative 

azimuth angle of the RHI and Vt is the hydrometer fall speed (Ray et al. 1978; 

Markowski and Richardson 2010). In precipitating environments, the fall speed is 

typically estimated through a power law relationship with reflectivity (Miller and 

Strauch 1974; Doviak and Zrnic 1993), but was assumed to have minimal influence 

given the low (< 6°) elevation angles used in the analysis and therefore neglected. The 

impact of this assumption will be investigated in a later section. The vertical velocity 

(w) contribution was also ignored given the shallow domain (e.g. Kropfli and 

Hildebrand 1976). With these assumptions, Equation (1) and an identical equation 

incorporating the information from the second radar were used to solve a system of 

equations for the u and v wind components at each grid point for each pair of 

intersecting RHIs. Though variable, the crossing angles of the RHI azimuths for each 

cos sin cos sin ( )sinr tV u v w V       
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deployment (Figure 2.1) were within the bounds of a typical dual-Doppler lobe 

(Davies-Jones 1979).  

Table 2.1 Description of dual-Doppler (DD) analysis heights and in-situ anemometer 

heights of the 200 m tower. X indicates that sensor is present at that level.  

Center of DD 

Height Bin (m) 

Tower Boom Arm 

Height (m) 
Sonic UVW 

N/A 4.0 X  

9.8 10.1 X  

N/A 16.8 X X 

31.7 N/A   

50.0 47.3 X X 

69.9 74.7 X X 

90.0 N/A   

110.1 116.5 X X 

130.2 N/A   

150.0 158.2 X X 

170.0 N/A   

190.0 200.0 X X 

 

For comparisons with TTUKa radar data, eight of the ten tower levels were 

used when data were available. The lowest two levels, (0.9 m and 2.4 m), were 

omitted from the analysis as they are not instrumented with UVW anemometers 

(Table 2.1). Wind speed and direction data from the UVW and sonic anemometers of 

the eight identified tower levels were examined for erroneous values (spikes, dropouts, 

etc.), which were subsequently removed. The effects of direct tower shading were also 

considered such that data between 115° and 160° were removed. This quality control 

restraint resulted in a loss of only 6% of the raw data. Also considered was the 

possibility of flow stagnation for wind directions aligning with the boom arm 

orientation (300°). Wind tunnel studies with a similar tower configuration suggest less 

than ~ 5% reduction in wind speed (for wind directions within 15° of the boom arm 

orientation) due to stagnation for anemometers mounted within 1 tower diameter of 

the tower (Gill et al. 1967). While both sonic and UVW anemometers are mounted 

well outside this range (3.5 and 3 tower diameters respectively), numerical simulations 

indicate the potential for slight (less than 1.5%) wind speed reduction within 4 tower 
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diameters of the upwind side of the tower (IEC 2005). However, this reduction was 

based on minimum tower porosity and may not be representative of the NWI 200 m 

tower and was assumed negligible. For one-to-one comparisons of the 0.4 Hz dual-

Doppler wind speed and direction time histories of the shallow RHI datasets with the 

50 Hz anemometer time histories, the anemometer time histories were reduced by 

identifying and using the instantaneous tower measurement closest to the time of the 

dual-Doppler measurement. For turbulence comparisons, the raw 50 Hz tower data 

were employed.  

3. Wind Profile Comparisons  

3.1 5 December 2011 

 The TTUKa radars were deployed to the NWI field site as moderate 

snow fell across the region on 5 December 2011. Approximately 30 minutes of 

coordinated RHIs were acquired using the Repetitive RHI scanning sequence. Radial 

velocity data from TTUKa1 (Figure 2.2a) and TTUKa2 (Figure 2.2b) suggest 

substantial directional shear in the lower atmosphere with the 0 m s
-1

 isodop located at 

approximately 1.5 km in height from the perspective of TTUKa1, while the dual-

Doppler wind profiles computed at the RHI intersection point indicate veering wind 

direction with height, as well as wind speeds between 8 and 12 m s
-1

 through the depth 

of the profile. Dual-Doppler wind profiles collected over the entire 30 minute period 

were averaged and compared to available sonic and UVW wind profiles from the 200 

m tower averaged over the same time period (the 74 m tower level was not operating 

for this event). The tower was located 264 m north-northwest of the RHI intersection 

location. Despite the separation, the dual-Doppler profiles showed good qualitative 

agreement with both the sonic and UVW profiles (Figure 2.3). Mean dual-Doppler 

wind speeds were slightly greater than the mean sonic wind speeds through the depth 

of the profile with the greatest difference (7.3%) observed at the 10 m level (Figure 

2.3a). Above this level, mean wind speed differences were less than 4.5% of the dual-

Doppler wind speeds. Dual-Doppler wind speeds at 10 m were also 3.5 % greater than 

UVW mean wind speed. The difference changed with height such that the 200 m 
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UVW mean wind speeds exceed the 190 m dual-Doppler mean wind speeds by 3.5%. 

The difference between the sonic and UVW measurements is atypical (as 

demonstrated in subsequent studies) and could potentially be due to instrument error 

or icing. Trends in subsequent studies suggest that the UVW data were erroneous, but 

no definitive conclusion regarding the accuracy of the two sensors is made. The mean 

dual-Doppler wind direction also demonstrated slight deviations from that of the tower 

with the 190 m mean dual-Doppler wind direction backed 7° as compared to the mean 

200 m sonic wind direction. However, the general profile shape was well replicated by 

the dual-Doppler wind direction profile (Figure 2.3b). Profiles of root mean square 

error (RMSE) between the dual-Doppler and sonic wind speeds were also computed 

and included in Figure 2.3. For wind speed, RMSE values were greatest at the 10 m 

level with a value of 1.68 m s
-1

 and decreased to 1.09 m s
-1 

at the 200 m comparison 

level. The wind direction comparison between the sonic and dual-Doppler wind 

speeds demonstrated RMSE values between 6.8 and 8.5°.  

 

Figure 2.2 TTUKa1 RHI (a) and TTUKa2 RHI (b) from the 5 December 2011 

deployment at 17:08 UTC. Outbound radial velocities (m s
-1

) are in blue, while 

inbound radial velocities (m s
-1

) are in brown. The vertical black line between 0 and 2 

km range represents the intersection point. Dual-Doppler wind speed and direction 

profiles at the intersection point are inset (a).  
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Figure 2.3 Event mean wind speed (a) and direction (b) profiles for each platform for 

the 5 December 2011 dataset. The bias and root mean square error (RMSE) between 

the dual-Doppler and sonic data are indicated in green and gray, respectively.  

 

3.2 4 June 2012 

A thunderstorm outflow dataset was obtained on 4 June 2012 as slow-moving, 

multicellular thunderstorms moved across the NWI field site and produced a large 

swath of outflow winds and stratiform precipitation, yielding over three hours of 

coordinated radar data collection. For this deployment, the dual-Doppler intersection 

point was located 391 m southwest of the tower. The shallow RHI scanning sequence 

was employed which resulted in a dual-Doppler profile every 2.5 seconds (after 

quality control and temporal alignment). These data were then compared with the 

available 200-m tower data during this time (the 17 and 200 m levels were not 

operating during this event). Wind speeds were generally between 10 and 25 m s
-1

 

through the depth of the tower, as measured by the UVW wind sensors. The wind 

direction initially veered from west to northwest, and then backed from northwest to 

southwest near the end of data collection. Time histories of dual-Doppler and 200-m 

tower UVW wind speed (Figure 2.4a and 2.4b) and direction (Figure 2.4c and 2.4d) 
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profiles from the first hour of data collection illustrate the evolution of the wind 

profile during this time period. Due to limited data availability, dual-Doppler data 

below 30 m were not included in the time histories. From these time-height sequences, 

it is evident that many of the transient features recorded in the tower data were also 

resolved by the dual-Doppler synthesis. For instance, a wind speed lull and sharp 

veering of the wind direction to approximately 350° just after 23:58 UTC were 

similarly recorded by both platforms (Figure 2.4). There was, however, a slight offset 

in the measurement of this feature such that the lull was experienced at the tower 

between 40 and 50 s before it was measured at the RHI intersection location. This 

difference was attributed to the larger separation distance between the tower and the 

RHI intersection location. The dual-Doppler wind speeds were slightly larger than the 

sonic and UVW wind speeds. This bias was evident in the mean wind speed profiles 

for the entire event, in which the mean dual-Doppler wind speeds were consistently 

greater than both the UVW and sonic mean wind speeds through the depth of the 

profile (Figure 2.5a). The magnitude of the difference between the two platforms was 

larger below 50 m, exceeding 16% of the mean dual-Doppler wind speed at 10 m. 

Above 50 m, wind speed differences between the two platforms were less than 5%. 

The RMSE between the sonic and dual-Doppler wind speeds was greatest at the 10 m 

level with a value of 2.8 m s
-1

. Above 50 m, RMSE values were generally less than 1.3 

m s
-1

. While the mean dual-Doppler wind direction profiles demonstrated small 

deviations from the tower profiles, RMSE values exceeded 7° at the 10 m level and 

were generally above 3° through the 150 m level (Figure 2.5b).   
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Figure 2.4 Wind profile time history for the dual-Doppler wind speed (a), the UVW 

wind speed  (b), the dual-Doppler wind direction (c) and the UVW wind direction (d) 

from the 4 June 2012 thunderstorm outflow event. Time period corresponds to the first 

hour of data collection. 
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Figure 2.5  Event mean wind speed (a) and direction (b) profiles for each platform for 

the 4 June 2012 dataset. The bias and root mean square error (RMSE) between the 

dual-Doppler and sonic data are indicated in green and gray, respectively. The wind 

direction x axis is split for clarity.  

 

To investigate the impact of assuming negligible fall speed on the dual-

Doppler wind speed error, calibrated reflectivity (Z) from TTUKa1 was used in a 

power law relationship with constants recommended by Miller and Strauch (1974) and 

Doviak and Zrnic (1993):  

     (2) 

where A= 2.6, B = 0.1, and C = 0.4. To correct for air density, 0 was taken as the 

density at sea level and  as the density based on the 100 m tower level (1121 m above 

sea level). The computed fall speeds ranged from -4.7 to -1.9 m s
-1

. As expected, the 

bias profiles computed with the dual-Doppler wind data corrected for fall speed 

demonstrated a slight improvement over those in Figure 2.5a. The greatest 

improvement was above the 47 m comparison level where the bias was reduced by 

11% (Table 2). At and below the 47 m level, the correction had little impact with only 

0( )B C

tV AZ
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a 0.3 % improvement in the 10 m bias. This was also expected given the dependence 

of the fall speed correction on the sine of the elevation angle in Equation (1). There 

was also a slight improvement in the RMSE for the dual-Doppler data with the fall 

speed correction (Table 2).   

Table 2.2 Comparison of wind speed bias and RMSE between the dual-Doppler data 

with and without fall speed correction for both outflow datasets (in m s
-1

).  

 4 June 2012 Outflow Dataset 15 June 2012 Outflow Dataset 

Height 

(m) 

Bias w/ fall 

speed 

correction 

Bias w/o 

fall speed 

correction 

RMSE w/ 

fall speed 

correction 

RMSE w/o 

fall speed 

correction 

Bias w/ 

fall speed 

correction 

Bias w/o 

fall speed 

correction 

RMSE w/ 

fall speed 

correction 

RMSE 

w/o fall 

speed 

correction 

10 2.20 2.21 2.77 2.77 2.26 2.27 3.78 3.78 

47 1.19 1.23 1.71 1.74 1.36 1.40 2.81 2.83 

75 0.42 0.47 1.02 1.04 0.45 0.51 2.17 2.18 

116 0.61 0.68 1.00 1.06 0.59 0.68 1.75 1.78 

158 0.82 0.92 1.27 1.35 N/A N/A N/A N/A 

 

3.3 15 June 2012 

An additional thunderstorm outflow event was sampled at the NWI field site 

on 15 June 2012 as a mesoscale convective system formed along the higher terrain of 

New Mexico (west of Lubbock) and propagated east. Within the outflow, 10 m wind 

speeds exceed 20 m s
-1

, while a low-level jet centered at approximately 330 m 

exhibited wind speeds over 30 m s
-1

 as sampled by TTUKa1 (Figure 2.6a) and 

TTUKa2 (Figure 2.6b). The dual-Doppler profile location was 114 m south of the 

tower. The 158 m level of the tower was not operational for this event, and data from 

the 200 m level were rendered unusable due to noise. Over 1.5 hours of coordinated 

radar data were collected, but the use of the RHI/PPI scanning sequence coupled with 

the significant quality control necessary for the tower data reduced the usable dataset 

to approximately 30 minutes. Dual-Doppler and 200 m tower data within that time 

period were averaged to produce the mean profiles in Figure 2.7. As with the previous 

thunderstorm outflow dataset, the mean dual-Doppler wind speeds exceed both the 

UVW and sonic mean wind speeds through the depth of the tower measurements 

(Figure 2.7a).  The largest differences were once again noted near the surface where 
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the mean dual-Doppler wind speed at 10 m exceeded the mean sonic wind speed by 

15.2%.  RMSE values were higher for this dataset than the 4 June 2012 such that the 

10 m level demonstrated an RMSE of 3.78 m s
-1

, but decreased 47% at the 116 m 

level. The mean dual-Doppler wind direction profile showed slight backing when 

compared to the sonic and UVW mean wind direction profiles. However, differences 

between the dual-Doppler and sonic wind direction profiles were less than 5° on 

average with RMSE greater at the 10 m level (7.59°) and slowly decreasing with 

height (Figure 2.7b). 

 

Figure 2.6 TTUKa1 RHI (a) and TTUKa2 RHI (b) from the 15 June 2012 deployment 

at 02:40 UTC. Outbound radial velocities (m s
-1

) are in blue, while inbound radial 

velocities (m s
-1

) are in brown. The vertical black line between 2 and 4 km range 

represents the intersection point. Dual-Doppler wind speed and direction profiles at 

the intersection point are inset (a).  
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Figure 2.7 Event mean wind speed (a) and direction (b) profiles for each platform for 

the 15 June 2012 dataset. The bias and root mean square error between the dual-

Doppler data and the sonic data is indicated in green and gray, respectively. The wind 

direction x axis is split for clarity. 

 

Fall speeds were also computed for the 15 June 2012 dataset using Equation 

(2). Similar to the 4 June 2012 dataset, fall speeds ranged from -4.3 to -1.7 m s
-1

. 

Incorporating the fall speed improved the bias between the dual-Doppler and sonic 

wind speeds by 13% at the 116 m measurement level, but only by 0.2% at the 10 m 

level. As with the 4 June 2012 dataset, the RMSE slightly improved as well, with the 

greatest impact being at the 116 m level (Table 2).  

3.4 28 June 2013 

 A long-duration (over 8.5 hours) clear air dataset was collected on 28 June 

2013 using the shallow RHI scanning sequence. The dual-Doppler profile location was 

193 m south of the tower. All eight fully instrumented levels of the tower were 

operational. Unlike the outflow events, wind speeds through the depth of the tower 

were generally light (between 3 and 10 m s
-1

). As boundary layer convective mixing 

increased throughout the afternoon, wind speeds generally decreased and gust-lull 



Texas Tech University, William Scott Gunter, August 2015 

27 

features became more prominent (Figure 2.8a and 2.8b). The wind direction generally 

veered from north to southeast through the duration of data collection (Figure 2.8c and 

2.8d). The mean wind profiles computed over the entire period demonstrate that the 

magnitude of the difference between the dual-Doppler and UVW wind speed profiles 

at each comparable level was less than 0.5 m s
-1 

(Figure 2.9a). Whereas the mean wind 

speed profiles of the thunderstorm datasets exhibited the greatest differences below 47 

m, the differences between the clear air profiles in the same layer were relatively small 

(less than 6%). Above 47 m, the differences between the clear air wind speed profiles 

were similar to differences noted between the thunderstorm profiles such that the 

mean dual-Doppler wind speeds exceed the mean sonic wind speeds by 6.0% on 

average. Unlike the thunderstorm outflow, the RMSE wind speed profiles of the clear 

air dataset were fairly consistent with height. Values ranged from 1.53 m s
-1

 at the 10 

m level to between 1.35 and 1.45 m s
-1

 though the rest of the profile. With the 

exception of the lowest profile level (10 m), the dual-Doppler wind directions were 

slightly backed relative to the tower measurements (Figure 2.9b). It should be noted 

that a backed bias appeared to be present in the 10 m wind direction of the 200 m 

tower data. This bias was also evident in the wind direction profiles of the events 

previously discussed and is of unknown origin. The magnitude of the difference 

between the dual-Doppler and sonic wind direction at other profile levels was between 

6 and 9°. The wind direction comparison for the clear air case demonstrated 

substantially greater RMSE values than in other cases with values generally greater 

than 15°.   
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Figure 2.8 Wind profile time history for the dual-Doppler wind speed (a), the UVW 

wind speed  (b), the dual-Doppler wind direction (c) and the UVW wind direction (d) 

from the 28 June 2013 clear air dataset. Time period corresponds to one hour of data 

collection 
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Figure 2.9 . Event mean wind speed (a) and direction (b) profiles for each platform for 

the 28 June 2013 dataset. The bias and root mean square error between the dual-

Doppler data and the sonic data is indicated in green and gray, respectively. 

 

4. Turbulence Profile Comparisons  

The higher temporal resolution of the coordinated RHIs collected using the 

shallow RHI scanning sequence (used in the 4 June 2012 thunderstorm outflow 

validation experiment and the 28 June 2013 clear air validation experiment) can be 

leveraged to generate dual-Doppler wind time histories at constant heights. These time 

histories can be compared to the UVW and sonic wind time histories at corresponding 

levels of the tower. Raw (50 Hz) tower and corresponding dual-Doppler wind speed 

time histories for each level of the tower were divided into independent segments 10 

minutes in length. Data within these segments were averaged and used to investigate 

the turbulence properties of shallow RHI datasets. 
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4.1 Turbulence Intensity   

Turbulence intensity (TI) is defined as the ratio between the standard deviation 

of a given 10-minute segment and the mean wind speed of the same segment (Simiu 

and Scanlan 1986):  

      (3) 

For this dataset, only the along wind (longitudinal) turbulence was considered. 

Longitudinal TI values for each segment were averaged together to produce a mean TI 

for each platform level. The TI profiles generated from the 200 m tower data reflected 

expectations of greater TI values near the surface due to the effects of surface 

roughness. The dual-Doppler derived TI profile from the outflow dataset (computed 

using Eq. 3) displayed a similar trend (Figure 2.10a), but with reduced values of TI 

and a much less pronounced decrease in TI with height compared to the anemometer-

derived TI values. The mean 10 m dual-Doppler TI value underestimated the 10 m 

sonic (UVW) TI value by 44% (39%). Above the 74 m tower level, both the dual-

Doppler and anemometer derived TI displayed similar values between 0.045 and 0.05. 

Mean TI profiles collected by both platforms in clear air demonstrated greater values 

of turbulence than what were seen in the thunderstorm dataset (Figure 2.10b). At the 

10 m level, the dual-Doppler TI value showed little difference from the sonic and 

UVW TI values, with the platforms measuring 0.28, 0.29 and 0.29 respectively. 

Differences between the platforms increased above this level where the dual-Doppler 

TI values underestimated those of the tower by 9% on average. Turbulence intensity 

was also calculated with the reduced tower data to investigate the impact of different 

sampling rates. The tower turbulence intensities based on the reduced time histories 

differed from the raw tower turbulence intensities by less than 3% for all heights and 

in both the outflow and clear air cases.  
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U
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4.2 Gust Factor  

The gust factor (GF) estimates the gustiness of the wind by comparing the 

magnitude of a maximum gust wind speed to a mean wind speed. For this research, the 

GF at each level was defined as the ratio of the maximum 2-second wind speed 

(determined from a moving average through the 10-minute segment) and the mean 

wind speed of the 10-minute segment: 

 

 

^

2

600

s
tower

s

U
GF

U
                                               (4) 

where the circumflex indicates a peak value and the over bar indicates the mean. 

Given the lower sampling rate (approximately 2.5 s), the dual-Doppler derived gust 

factor at a constant height was defined as the maximum instantaneous wind speed of 

the 10-minute segment divided by the mean segment dual-Doppler wind speed:  

^

600

INST
radar

s

U
GF

U
       (5) 

As with the TI profiles, the GFs were also higher near the bottom of the profile where 

surface roughness effects were larger. However, the 10 m mean outflow GF computed 

with the dual-Doppler data was underestimated when compared to the 10 m sonic and 

UVW mean outflow mean GFs with values of 1.16, 1.30 and 1.31 respectively (Figure 

2.10c). The clear air GFs at 10 m also showed slight differences between the platforms 

with the sonic GF exceeding the dual-Doppler GF by 8.3% (Figure 2.10d). At and 

above the 75 m level of the tower, differences between the dual-Doppler and 

anemometer GFs were minimal for both datasets. The trends in the GF profiles echo 

those seen in the TI profiles in that greater near-surface deviations were noted in the 

data from the thunderstorm outflow event.  

4.3 Longitudinal Integral Scales  

Longitudinal integral scales (  
 ) estimate the average gust size in the along-

wind dimension and were computed for each 10-minute segment using the method and 
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equations employed in Schroeder and Smith (2003) such that a time integral scale is 

obtained by integrating an exponential curve fit to autocorrelation function. The time 

integral scale is then multiplied by the mean wind speed of the 10-minute segment to 

obtain the integral length scale. Mean dual-Doppler   
  values were greater than both 

the mean sonic and UVW   
  values through the depth of the outflow profile and at 

most levels of the clear air profile (Figure 2.10e and 2.10f). This difference indicates 

that the dual-Doppler synthesis overestimated the scales of turbulence associated with 

each environment but was still able to differentiate between the larger scales 

associated with the outflow environment and the smaller scales associated with the 

convectively mixed clear air environment. As with the TI and GF profiles, the greatest 

differences between the mean dual-Doppler and anemometer   
  profiles were found at 

the 10 m level of the outflow profiles where dual-Doppler integral scales were 

estimated to be 83.8% larger than the sonic anemometer integral scales (Figure 2.10e). 

While the magnitude of the integral scales generally increased with height, the 

differences between the dual-Doppler and tower   
  values decreased with the 150 m 

dual-Doppler level measuring a mean   
  value of the 1102.4 m and the 158 m sonic 

and UVW measuring mean   
  values of 842 and 874 m respectively. The mean clear 

air   
  profiles were consistent with the implications of the mean clear air TI and GF 

profiles, namely smaller scales of turbulence were present and produced a gustier, 

more turbulent wind field than the thunderstorm outflow (Figure 2.10f). The smaller 

scales of turbulence indicated by the tower were also reflected in the dual-Doppler 

derived   
  profiles where the mean 10 m values were 165, 112, and 119 m for the 

dual-Doppler, sonic and UVW measurements respectively.  The magnitude of the 

differences varied with height, but was generally smaller than the differences noted in 

the outflow   
  profiles, most likely owing to the smaller scales of turbulence of the 

convectively mixed boundary layer.  
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Figure 2.10 Mean turbulence intensity (TI), gust factor (GF) and longitudinal integral 

scales (Lux) profiles for the 4 June 2012 outflow in (a), (c), and (e) respectively and 

for the 28 June 2013 clear air dataset in (b), (d), and (f) respectively. 

 

4.4 Variation of Averaging Time 

The length and quality of the clear air dataset also permitted an examination of 

the effect of different averaging times on the dual-Doppler time histories.  In addition 

to the ten minute averaging time, two, five, fifteen and thirty minute averaging times 

were also used to generate mean wind speed, wind direction, and turbulence statistics 

for the Dual-Doppler and 200 m tower sonic data at each height. The same methods as 

previously described were used for the computation of each parameter; only the 

lengths of the independent segments were altered to reflect the different averaging 

intervals. A linear regression analysis comparing the dual-Doppler and tower data was 

performed for each of the averaged datasets at the 10, 47, 75, 116, 158, and 200 m 

levels (Figure 2.11). The results of the linear regression analysis demonstrate an 

improvement in the correlation coefficient (R) with longer wind speed averaging times 

(denominator of Eq. 3-5) and higher altitudes for most parameters. Wind speed values 
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exhibited relatively high correlations with the exception of the 10 m level, which 

required a 30-minute averaging time to reach a 0.9 correlation (Figure 2.11a). Wind 

direction exhibited R-values above 0.9 for all levels and averaging times except the 2-

minute averaged data at 10 and 47 m. Of the turbulence parameters, the TI correlation 

coefficients exhibited the greatest increase with averaging time. The R value between 

the 116 m dual-Doppler and sonic TI increased from 0.56 using a 2-minute average to 

0.95 using a 30-minute average (Figure 2.11d). Regardless of averaging time or 

height, all correlations between the sonic and dual-Doppler wind speed, wind 

direction, and TI were significant at the 0.05 level. Statistically significant correlations 

for GF and   
  were also noted above 47 m level. The correlation coefficients for GF 

and   
  were generally lower as compared to wind speed, wind direction, and TI. R 

values for GF did not exceed 0.8 at any level or averaging time. The lower GF values 

may be due to the differing definition of the gust wind speed between the tower and 

dual-Doppler data.   
  correlations were equally low with the exception of the 30-

minute averaging time where four of the six levels exhibited statistically significant 

correlations above 0.9. Integral scales have also been shown to be highly dependent 

upon averaging time (due to the increasing time scales with larger averaging times) 

and vary widely across datasets and segments within the same dataset (Schroeder and 

Smith 2003; Simiu and Scanlan 1986).  

Despite the correlation improvements, the use of longer averaging times had 

little effect on the wind and turbulence biases noted with the 10-minute averaging time 

(not shown). For most levels, increasing the averaging window only slightly reduced 

the wind speed and direction differences. Most of the turbulence statistics also 

benefitted little from longer averaging windows such that TI and GF were still slightly 

underestimated at most heights. In fact, the difference between the dual-Doppler and 

sonic longitudinal integral scales generally increased up to a 10-minute averaging 

time, before displaying substantial variability thereafter. However, these trends in 

integral scales may be related to the greater influence of nonstationarities at longer 

averaging times (Schroeder and Smith 2003).  
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Figure 2.11 Correlation coefficient between the dual-Doppler and sonic anemometer 

data as a function of averaging time for mean and turbulence parameters at  

comparison heights of (a) 10 m, (b) 47 m, (c) 75 m, (d) 116 m, (e) 158 m, and (f) 200 

m. The displayed parameters are wind speed (dark blue), wind direction (light blue), 

TI (light green), GF (orange) and Lux (red). 

 

5. Discussion 

The differences noted in the presented wind speed comparisons between the 

clear air, snow, and the two outflow cases suggest that scatterer type may impact the 

accuracy of the low-level dual-Doppler measurements. At and below the 47 m level, 

the differences between the dual-Doppler wind speeds and the 200 m tower wind 

speed were dependent on the dataset. For instance, the clear air dual-Doppler wind 

speeds were 7% less than the 200 m tower wind speeds at 10 m, while outflow dual-

Doppler wind speeds were, on average, 15.6 % greater than the tower wind speeds at 

the same level. Considering that a radar’s radial velocity measurement reflects the 

reflectivity-weighted average of the radial velocity of scatterers within a resolution 
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volume, scatterers with a greater terminal fall velocity may not experience the full 

deceleration of the low-level wind (due to surface roughness effects), and thus the 

radial velocity measurement may demonstrate greater deviations from air velocity. A 

similar effect was documented in Dowell et al. (2005) where particle tangential 

velocities were compared to air tangential velocities in a simulated tornado vortex. It 

was noted that in regions of strong velocity gradients, particularly in a shallow layer 

near the surface, particle velocities exceeded air velocities, as particles did not adjust 

instantaneously to the increased surface drag. Dowell et al. (2005) also observed that 

the difference between particle and air tangential velocity was greater for larger 

objects with a faster fall speed. With respect to the full horizontal wind vector in non-

rotating flow, the observations in Figure 12 suggest a similar concept. Dual-Doppler 

velocities based on scatterers with larger fall speeds (liquid hydrometers) show a 

greater deviation from sonic (Figure 2.12a) and UVW (Figure 2.12b) wind speeds than 

dual-Doppler velocities based on scatters with slower fall speeds (snow and clear air 

scatters) despite a fall speed correction being performed for the liquid hydrometer-

based data. Though this correction is well established and produced fall speeds within 

the range of previously observed values (Dvoiak and Zrnic 1993; Yuter et al. 2006), 

the accuracy of the correction is unknown in the absence of observed values in these 

precipitation regimes. Given the dependence of the fall speed correction on the sine of 

the elevation angle, little effect on the 10 m dual-Doppler wind speeds is expected for 

any fall speed correction.  
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Figure 2.12. Composite wind speed differences between the dual-Doppler and (a) 

sonic  and (b) UVW measurements for comparable levels across multiple events with 

different scatterers: snow (5 December 2011), rain (4 and 15 June 2012), clear air (28 

June 2013).  

 

The properties of dual-Doppler data based on different scatterers were further 

explored in the time histories generated from the 28 June clear air and 4 June 

thunderstorm outflow shallow RHI datasets. The time histories from the 4 June 

outflow event indeed reveal a consistent overestimation of the 10-minute mean dual-

Doppler wind speed at 10 m throughout the record (Figure 2.13a). While the mean 

profile comparisons for this event suggest a similar, yet reduced, wind speed 

overestimation at higher levels in the profile, the 150 m time histories of the 10-minute 

mean wind speed demonstrate that these differences were not consistent through the 

record. After approximately 01:00 UTC, the 10-minute mean wind speed nearly 

matched the 10-minute mean UVW and sonic wind speeds (Figure 2.13b). A similar 

convergence of the time histories was also noted at the 75 and 116 m comparison 

levels for this event. These changes could be related to a decrease in hydrometer size 

and fall speed accordingly. Both reflectivity from the 0.5° tilt (centered on the 200 m 
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tower) of the KLBB WSR-88D and calibrated reflectivity from TTUKa1 and TTUKa2 

generally decreased through 01:30 UTC (not shown). This trend in reflectivity 

suggests a general decrease in average hydrometer size over the field site through the 

course of data collection. Similar fluctuations in the differences between the dual-

Doppler, UVW, and sonic mean wind speeds were also noted in the clear air dataset. 

However, unlike the 4 June outflow dataset there were periods where the 10-minute 

mean dual-Doppler wind speeds at 10 m were aligned with the UVW and sonic wind 

speeds (Figure 2.13c). The lack of a consistent low bias in the dual-Doppler wind 

speeds at this height also provides a measure of confidence that ground clutter (high 

return power; zero radial velocity) had minimal influence on the data. Above the 10 m 

level, the dual-Doppler mean wind speeds showed little deviation from the UVW and 

sonic mean winds speeds during the first hour of data collection as exemplified by the 

150 m time histories (Figure 2.13d). Large differences occurred between the dual-

Doppler and anemometer mean wind speeds after this time period. The effects driving 

the differences between the dual-Doppler and anemometer clear air time histories 

would likely be better understood with the aid of a particulate monitor in future 

research. 
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Figure 2.13. Time histories of the 10-minute mean wind speed from the 4 June 2012 

outflow dataset for the (a) 10 m dual-Doppler and tower level and the (b) 150 m dual-

Doppler and 158 m tower level and  from the 28 June 2013 clear air dataset for the (c) 

10 m dual-Doppler and tower level and the (d) 150 m dual-Doppler and 158 m tower 

level. 

 

Turbulence intensity also showed considerable variability between datasets. 

For both the outflow and clear air shallow RHI datasets, the dual-Doppler TI values 

computed over 10 minute segments were subtracted from that of the sonic and UVW 

anemometers. At 10 m, the difference between the anemometer and dual-Doppler 

derived TI was always positive for the outflow dataset with magnitudes less than 0.1 

(Figure 2.14a). In clear air, there was substantial variability in the difference between 

the anemometer and dual-Doppler TI with periods of both under and overestimation of 

TI by the dual-Doppler data as well as periods with almost no difference in TI between 

the two platforms (Figure 2.14b). However, the range of the differences was much 

greater for the clear air dataset with values falling between ± 0.2.  While the larger 

differences in the clear air TI are likely reflective of the smaller scales of turbulence 

associated with the atmospheric conditions during data collection, the consistent 
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underestimation of the 10 m TI by the dual-Doppler data in the outflow event is likely 

due to enhanced differences between hydrometer scatterers and air motions near the 

surface. Clear air scatterers, mostly aerosols, pollen, and small insects at Ka band, 

could more readily follow the surface-induced turbulent fluctuations than could liquid 

hydrometers.  

While differences between scatterer and air motion may play a significant role 

in the positive dual-Doppler bias near the surface in precipitation, time histories of the 

TI difference at 150 m suggest that the scales of turbulence present in the boundary 

layer may also contribute to this difference. At 150 m, differences between the dual-

Doppler and anemometer TI time histories were minimal for the outflow dataset, less 

than 0.025 (Figure 2.14c). While the dominant scatterer was assumed to still be liquid 

hydrometers, the intensity of turbulence was less and the scales of turbulence were 

larger at this height as compared to 10 m (see Figures 2.10, 2.12 and 2.14). Larger 

scales of turbulence may have been more easily resolved by the spatially averaged 

dual-Doppler data relative to smaller scales. Similarly, the first hour of the clear air 

dataset was characterized by lower values of TI and larger integral scales prior to the 

mixing out of an inversion. During this period, the clear air time histories at 150 m 

revealed little difference between the dual-Doppler and anemometer TI values (Figure 

2.14d). As convective mixing increased throughout the afternoon, TI magnitudes 

increased and turbulence scales became smaller. This mixing process potentially 

contributed to the larger differences between dual-Doppler and anemometer TI values 

after approximately 15:30 UTC as smaller scales of turbulence became more prevalent 

throughout the boundary layer. Considering the volumetric averaging inherent in 

assigning a velocity value to a radar bin, the scales of turbulence smaller than the radar 

bin (approximately 15 m in range and 25 m in azimuth for both shallow RHI datasets) 

were not fully resolved. Averaging of radial velocities to generate the gridded profiles 

most likely contributed to additional smoothing. Spectrum width could be used to 

investigate turbulence scales smaller than the dimensions of the radar bin, but the 
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application of this radar moment to turbulence measurements is beyond the scope of 

this research. 

 

Figure 2.14. Time histories of the 10 m difference in TI for the (a) 4 June outflow 

2012 dataset and the (b) 28 June 2013 clear air dataset and time histories of the 

difference in TI between the 150 m dual-Doppler level and the 158 m tower level for 

the (c) 4 June 2012 outflow dataset and the (d) 28 June 2013 clear air dataset. 

 

6. Summary 

A new method was introduced in which coordinated RHIs from two high-

resolution mobile Doppler radars were used to acquire dual-Doppler horizontal wind 

speed and direction profiles. The high temporal resolution of the coordinated RHIs 

allows not only for the generation of wind profiles at intervals less than those of 

typical wind profilers, but also the creation of wind time histories that can be used to 

compute turbulence statistics. Resulting coordinated RHI datasets from mobile radars 

can be useful for a variety of interests such as assessing the kinematics of a pre-storm 

environment or measuring the inflow of a single wind turbine. This method was 

successfully verified in comparisons with data from UVW and sonic anemometers at 
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multiple levels of a 200 m meteorological tower in different atmospheric conditions. 

The coordinated RHI method employed by the high-resolution TTUKa mobile 

Doppler radars was able to produce dual-Doppler wind profiles and time histories that 

exhibited high correlations with and little bias from traditional anemometry. The 

differences between the dual-Doppler and 200 m tower wind speeds seemed to be 

driven by scatterer type, such that scatterers with larger fall speeds introduced a 

positive bias in dual-Doppler wind speeds. This effect is most pronounced near the 

surface where the wind speed gradient is larger due to surface effects. Turbulence 

parameters generated using a 10-minute averaging time were also well replicated by 

the dual-Doppler data. Turbulence intensity and gust factor were slightly 

underestimated near the surface, while longitudinal integral scales were overestimated 

suggesting that the spectrum of turbulent scales resolved by the anemometers was not 

completely resolved by the dual-Doppler data. Increasing the averaging time improved 

the comparisons between some parameters, particularly turbulence intensity. The type 

of scatterer could also affect turbulence measurements as demonstrated in 

comparisons of dual-Doppler data from clear air and precipitating environments.  

The impact of scatterer type on near-surface dual-Doppler measurements as 

suggested by this research warrants further study especially if radar measurements are 

to be used in design considerations or related to near-surface wind damage. The 

inclusion of a disdrometer and/or a particulate monitor near the RHI intersection point 

would aid in the diagnosis of scatterer size and fall speed. Additionally, data collection 

in a greater diversity of environments would also be beneficial in understanding the 

wind speed differences associated with different hydrometeors and/or clear air 

scatterers. Methods to retrieve vertical velocities from the intersecting RHI planes and 

turbulence parameters from spectrum width fields could also be investigated. 

Regardless, this study illustrates both the utility and accuracy of high-resolution dual-

Doppler wind profiles derived from coordinated RHIs.  
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Abstract 

Efforts to understand thunderstorm outflow winds have been ongoing for years 

in the wind engineering community given the design wind speed for regions away 

from the hurricane-prone coastline is governed by this phenomenon. These efforts 

have largely consisted of laboratory and numerical simulations using both impinging 

jets and thermodynamic-allowing models, while full-scale observations have remained 

fairly sparse. The limited body of research has illustrated significant differences 

between the mean characteristics of thunderstorm outflow winds and “standard” 

boundary layer winds, yet the evolution of the wind profiles remains poorly 

understood. Using high-resolution full-scale data collected with two mobile Doppler 

radars, this research provides a deeper understanding of the evolutionary 

characteristics of thunderstorm outflow winds and wind profile data. The unique 

scanning strategy that enables the collection of the dual-Doppler wind profiles also 

allows for the analysis of the vertical structure of the outflow. Three outflow events 

are investigated with particular emphasis place on the profile evolution and driving 

meteorology of each event.   

1. Introduction 

For most regions away from hurricane-prone coastlines, thunderstorms 

produce the majority of extreme winds and wind-induced damage. The dominance of 

these atmospheric phenomena has been identified in the wind climate of several 

regions in the United States (Twisdale and Vickery 1992) as well as other countries 

(Holmes 2001; Letchford et al. 2002). Thunderstorms, including the extreme winds 



Texas Tech University, William Scott Gunter, August 2015 

45 

they can produce, contribute not only to financial loss and property damage, but also 

to human casualties (Ashley and Mote 2005; Mohee and Miller 2010; Schoen and 

Ashley 2011). Insured losses from extreme wind-producing derecho events have even 

rivalled the insured losses of some of the most damaging hurricanes in the United 

States (Ashley and Mote 2005). Long span structures, such as transmission lines, are 

particularly susceptible to thunderstorm winds with a reported 65 % of transmission 

line failures being the result of either tornadoes or non-tornadic convective winds 

(Holmes 2001; Behncke and Ho 2009).   

While thunderstorm winds generally occur as a thermodynamically (or 

dynamically) induced downdraft impinges on the surface and travels away from the 

parent storm as outflow (Wakimoto 2001), a variety of thunderstorm types and 

mechanisms can produce damaging outflow winds. For example, mesoscale vertical 

vorticity maxima (or mesovorticies; Trapp and Weisman 2003; Wakimoto et al. 2006) 

associated with bow echoes have recently been implicated in accelerating outflow 

winds to the level of producing F1 damage (Wakimoto et al. 2006). While such studies 

have contributed to the broad understanding of thunderstorm outflow dynamics and 

sources of severe wind, the lack of near surface data and a focus on larger atmospheric 

scales have limited the information that can be incorporated into design considerations 

(Letchford et al. 2002). Much of the current understanding of thunderstorm wind 

characteristics relevant to design is based primarily on laboratory experiments and 

numerical simulations of an isolated downburst.  

1.1 Thunderstorm Outflow Wind Profiles   

Both impinging jet and cooling source models (among others) have shown that 

thunderstorm outflow wind profiles differ substantially from the synoptic boundary 

layer wind profile for which most structures are designed (Kim and Hangan 2007; 

Mason 2010). Not only are higher wind speeds found closer to the surface in 

thunderstorm outflows, but wind shear can also vary greatly from that of the synoptic 

boundary layer. Also, by comparing instantaneous wind profiles to storm maximum 

profiles Mason et al. (2009, 2010) showed that the wind speed does not peak 
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simultaneously through the depth of the profile. The elevation and magnitude of the 

wind speed maximum are also both time and space dependent (Kim and Hangan 2007; 

Lin et al. 2007; Mason et al. 2009; Vermeire et al. 2011a, 2011b; Orf et al. 2012). 

Spatial variation has also been investigated by examining wind profiles at various 

distances from the downdraft center. Several impinging jet laboratory experiments and 

numerical models have shown maximum wind speeds occurring near the surface 

between 1 and 1.5 downdraft diameters from the center of the downdraft (Wood et al. 

2001; Choi 2004; Kim and Hangan 2007). Maxima in the wind speed profiles were 

attributed to translation of a ring vortex and have been seen in other numerical studies 

(Lin et al. 2007; Vermeire et al. 2011a; Orf et al. 2012). Outside of this distance, the 

profile maximum was weaker in magnitude and occurred at higher elevations. In 

addition to these basic characteristics, several numerical studies also investigated 

sensitivities of the wind profiles to other parameters. Mason et al. (2009) noted that an 

increase in surface roughness resulted in a change of the wind maximum to a higher 

elevation within the profile and decreased its magnitude. Similar results were noted in 

Proctor (1989). 

Most of the field observations that are present in the literature were collected 

as part of aviation safety studies and contain little information regarding the near 

surface wind field (Wood et al. 2001). Two such studies were Project NIMROD 

(Fujita 1978; Wakimoto 1982) and JAWS (Hjelmfet 1988). One dataset from 

NIMROD yielded cross sections through the center of a downburst (Fujita 1981). The 

resulting radial velocity profiles revealed peak wind speeds only 50 m above the 

surface just over 1 km away from the downdraft center. It should be noted that 50 m 

was the lowest level at which data were available. Using radar data collected during 

the Joint Airport Weather Studies (JAWS) project, Hjelmfelt (1988) analyzed the 

radial velocity profiles of eight microbursts. It was noted that profiles matched the 

profile predicted by a wall jet. Thunderstorm outflow wind profiles have also been 

investigated using data from tall, instrumented towers where multiple parameters were 

shown to influence the shape of the wind speed profile, including the distance from the 
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parent thunderstorm at which the outflow was sampled as well as averaging times 

applied to the raw wind time histories (Choi 2004; Lombardo et al. 2014). Significant 

evolution of the envelope gust profile was noted in several events studied in Lombardo 

et al. (2014) where the peak 3 second gust was transferred downward over very short 

time scales.  

1.2 Project SCOUT  

The limited full-scale data and numerous simulations suggest the wind profile 

and turbulence characteristics of thunderstorm winds differs from those expected in 

synoptic winds, yet more full-scale measurements for validation are still needed, 

especially with respect to thunderstorm wind profiles (Letchford et al. 2002; Holmes 

et al. 2008). To address this need, Texas Tech University (TTU) designed and 

executed a field project (Project SCOUT) using mobile Doppler radars and surface 

measurement stations to collect engineering-relevant data in thunderstorms known to 

be capable of meeting the United States National Weather Service criterion for severe 

wind (wind speeds greater than 26 m s
-1

). While the majority of historical research has 

focused on the characteristics of isolated microbursts, Project SCOUT targeted 

specific types of organized thunderstorms, such as supercell thunderstorms, bow 

echoes, and other mesoscale convective systems (MCS), to increase the likelihood of 

sampling severe wind in the relatively small deployment domain as well as to provide 

enough lead-time to construct a quality deployment.    

The objective of this research is to present the initial findings of wind profile 

measurements from 3 different thunderstorm outflow events collected during Project 

SCOUT and to discuss the meteorological context of each event. In doing so, mean 

and evolutionary characteristics of the outflow wind profiles will be documented. 

Given the novelty of the dual-Doppler wind profile technique employed here, a 

secondary objective will be to provide validation of this technique as applied to non-

stationary thunderstorm outflow data.  
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2. Data Collection  

2.1 TTUKa Doppler Radars  

Wind speed and direction profiles were computed from data acquired with the 

TTUKa mobile Doppler radars. These systems are capable of collecting raw data with 

15 m range resolution and a 0.49° half-power beamwidth. While the range resolution 

is constant along the beam, the azimuthal resolution is a function of the beamwidth 

and the range from the radar. For example, at 5 km range from the radar the azimuthal 

spread is 42.8 m. Both TTUKa radars are capable of performing horizontal scans, or 

Plan-Position Indicator (PPI; constant elevation, multiple azimuths), and vertical 

scans, or Range-Height Indicator (RHI; constant azimuth, multiple elevations). The 

implementation of a pulse compression technique combines the sensitivity achieved 

using a relatively long pulse without sacrificing range resolution. One consequence of 

transmitting within the Ka band is the tendency of the emitted signal to attenuate in 

regions of higher precipitation. This effect was seen multiple times throughout the 

project and occasionally resulted in data voids within areas of heavy precipitation. 

Once received by the radar, the return signal is processed to recover the standard radar 

moments of reflectivity, radial velocity and spectrum width. While the reflectivity and 

spectrum width fields provide valuable information, only the radial velocity data will 

be considered further.  

2.2 Radial Velocity Data  

A single Doppler radar is only capable of resolving the along-beam component 

of the wind velocity. This velocity is called the radial velocity and is typically 

represented as positive and negative values for outbound and inbound radial velocities 

respectively. If the individual radar is not aligned with the wind direction, then the full 

horizontal wind vector is not measured. The radial velocity data (and those of any 

Doppler radar) are subject to spatial and temporal averaging which, for a given range, 

azimuth and elevation, occurs over the resolution volume. The size of this volume 

depends on the pulse and antenna characteristics of the radar as well as the range from 

the radar. Given the characteristics of the TTUKa radars, the size of the resolution 
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volume for typical SCOUT deployments was 15 m in range and less than 35 m in 

azimuthal spread based on the half-power beamwidth. Thus, a radial velocity 

measurement represents the mean scatterer (typically liquid hydrometeors) motion 

within the resolution volume over the sampling time. The sampling time for each 

azimuth (elevation) angle of a PPI (RHI) is on the order of 0.01 seconds for the 

TTUKa radar systems. The temporal resolution of a complete PPI or RHI depends on 

the antenna scan speed and the spatial extent of the scan. For Project SCOUT the scan 

speeds were kept constant at 30 s
-1

 for PPIs and 6 s
-1

 for RHIs. Therefore an RHI 

from 0 to 45 in elevation would take 7.5 seconds to complete.  

2.3 Dual- Doppler Velocity Data  

In order to resolve the full horizontal wind vector, radial velocities from two 

radars synchronously scanning the same region must be synthesized. In an ideal dual-

Doppler deployment, the angle separating the two radar beams (or the crossing angle) 

should be close to 90° such that orthogonal components of the wind are being 

resolved. However, Davies-Jones (1979) showed reasonable dual-Doppler estimates 

are obtained with crossing angle separations between 30° and 150°. The main 

objective of the TTUKa radars was to collect data that could be used to generate dual-

Doppler wind profiles. Previous methods used to generate wind profiles from radar 

data rely on collecting PPI scans at multiple elevation angles (e.g. Browning and 

Wexler 1968; Hirth et al. 2012a). These methods lack the temporal and spatial 

resolution necessary to resolve fine-scale features in the profile of thunderstorm 

outflow winds. Therefore to acquire wind profiles with greater temporal and spatial 

resolution, a unique scanning strategy was employed in which both radars performed 

RHI scans perpendicular to one another. The intersection of the RHIs represents a 

vertical set of points where dual-Doppler syntheses are possible and wind speed and 

direction profiles can be computed. Calhoun et al. (2006) successfully used this 

method with lidar data to estimate wind profiles in a clear air (non-precipitating) 

environment over an urban area. It was also noted in Calhoun et al. (2006) that further 

testing of the method was necessary as data were not available below 50 m. To capture 
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the evolution of the outflow wind profiles, sets of either 10 or 20 repetitive 

coordinated RHIs were typically used. Two 360° PPI scans were included between 

RHI sets to assess the horizontal extent and structure of thunderstorm outflow gust 

fronts, but the PPI scans were not the focus of data collection.  

2.4 Quality Control and Data Processing  

Radar data from each event were edited to remove erroneous data caused by 

second-trip echoes, signal incoherencies, and/or attenuation. Additional quality control 

of the radar data included heading verification via alignment of ground clutter in the 

radar data with known ground targets, unfolding radial velocities that exceeded the 

Nyquist velocity, and correcting signal processing "jitter." The latter is a phenomenon 

caused by hysteresis in the vertical offset of successive RHIs by approximately 0.5°. 

The correction of the jitter resulted in some data loss below the 0.5° elevation. The 

intersection point of the RHIs and the distance between each radar and the intersection 

point were computed using the latitude, longitude, and north-relative RHI angles 

(based on the corrected radar heading) of the radars. The radial velocity data 

corresponding to the range bin closest to the intersection point were used. To account 

for slight differences in the RHI elevation angle sequence between the radars, a grid 

with a vertical resolution of 20 m was constructed, and the mean of the radial velocity 

within each 20 m increment was assigned to the grid point. Approximately four radial 

velocity samples contributed to the mean value at each grid point. The gridded radial 

velocity profiles were then synthesized to obtain winds speed and direction at each 

height. The resulting profiles represent dual-Doppler horizontal wind speed and 

direction with 20 m vertical resolution. Traditional dual-Doppler techniques include 

using the continuity equation to compute the vertical component of the wind speed 

based on horizontal divergence and a specified boundary condition (Markowski and 

Richardson 2010), but this method requires dual-Doppler wind speeds at adjacent 

horizontal grid points. As the coordinated RHI method only provides dual-Doppler 

wind speeds at a single location, vertical wind speeds are not computed for SCOUT 

datasets.  
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3. Method Validation 

With the novelty of using coordinated RHIs to compute wind profiles in highly 

non-stationary thunderstorm outflows with radar data, two validation experiments 

were conducted near a 200 m tall, instrumented tower at the National Wind Institute 

field site at Reese Technology Center in Lubbock, Texas. Both TTUKa radars were 

deployed to the field site during non-severe thunderstorm outflow events and were 

aligned such that the intersection point of their respective RHIs was close to the 200 m 

tower. The dual-Doppler wind speed and direction profiles derived from the 

coordinated RHIs were compared to the wind profiles determined by the UVW and 

sonic anemometers.  

The two validation datasets were acquired using two different scanning 

strategies: a shallow RHI scan strategy to increase the temporal resolution of the RHIs 

(and the dual-Doppler wind profiles accordingly) and a deep RHI scan strategy to 

provide information regarding the vertical structure of outflow in addition to the dual-

Doppler wind profiles. The first strategy, used in the collection of a validation dataset 

on 4 June 2012, consisted of coordinated RHIs being performed from 0-6° in 

elevation. This shallow elevation sequence was chosen to maximize the temporal 

resolution of the radar data while ensuring dual-Doppler observations through the 

depth of the 200 m tower. PPIs were not included in this scanning strategy. Upon 

quality control and temporal alignment of the data between the two radars, this 

strategy resulted in a dual-Doppler profile approximately every 2.5 seconds. The 

separation between the tower and the dual-Doppler profile location for this event was 

391 m. The 16 and 200 m levels of the 200 m tower were not operational during this 

event. The second dataset was collected on 15 June 2012 and incorporated a scanning 

strategy typically used in SCOUT deployments. Coordinated RHIs were performed 

from 0-30° in elevation, and PPIs were interwoven at regular intervals resulting in 

decreased temporal resolution of the dual-Doppler RHI wind profiles. Using this 

scanning sequence, dual-Doppler profiles were separated by approximately 5 seconds, 

but intervals of 20 RHIs were separated by 56 seconds, during which time two PPIs 
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were performed. The tower and the dual-Doppler profile location were separated by 

114 m. The 158 m level of the tower was not operational during this event. 

3.1 4 June 2012 Profile Comparison  

For the 4 June 2012 dataset, the dual-Doppler wind direction and speed 

profiles were averaged over the entire data collection period to produce the event 

mean profiles in Figure 3.1a and 3.1b. These mean dual-Doppler profiles were 

compared with the event mean sonic and UVW profiles. The event mean dual-Doppler 

wind direction profile compared well with those of the tower considering the 390 m 

separation between the intersection point and the tower (Figure 3.1a). Differences 

between the wind direction measured by each platform were less than 5° through the 

depth of the profile. Considering the event mean wind speed profiles, the dual-Doppler 

wind speeds were overestimated compared to the sonic and UVW wind speeds (Figure 

3.1b). The degree of overestimation is also greater below approximately 50 m, where 

the mean difference between the 10 m event mean dual-Doppler wind speed and the 

10 m event mean sonic wind speed was 2.2 m s
-1

. However, the mean difference 

between the platforms was only 1 m s
-1

 at the 150 m comparison level. A time history 

of the instantaneous dual-Doppler wind speeds at this comparison level (150 m) 

demonstrates that this difference was not constant throughout the data collection 

period (Figure 3.1c), and that the dual-Doppler instantaneous wind speeds exhibited 

excellent agreement with the sonic and UVW wind speeds after 01:00 UTC.  
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Figure 3.1 Event mean wind direction (a) and speed (b) profiles for each platform for 

the 4 June 2012 dataset as well as the wind speed time history from the 150 (158) m 

dual-Doppler (200 m Tower) level (c).  

 

In addition to the event mean profiles, the high temporal resolution of the dual-

Doppler data (due to the shallow RHIs scanning strategy) allowed for various 

averaging windows to be investigated. The dual-Doppler and sonic wind speed and 

direction time histories were segmented using both averages considered appropriate 

for thunderstorm wind data (35 and 60 seconds; Holmes et al. (2008); Lombardo et al. 

2014) and averages that are more typically used in wind analyses (2, 5 and 10 

minutes). The r-square value between the averaged dual-Doppler and sonic time 

histories was then determined (Figure 3.2). The dual-Doppler and sonic wind direction 

values at different averaging times compared very well with the r-square value 

consistently above 0.95. In general, the r-square value between the dual-Doppler wind 

speed time histories and the sonic wind speed time histories increased with longer 

averaging windows. This effect was most pronounced at the 10 m comparison level 

where the r-square value for the wind speed comparison increased from just over 0.7 
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for a 35 second average to 0.95 for a 10 minute average (Figure 3.2a). The r-square 

value for most other comparison levels exceed 0.9 using a 5 minute averaging 

window. While the correlation improved with an increase in averaging time, the 

overestimation of the wind speed by the dual-Doppler measurements changed little. 

The higher wind speeds indicated by the dual-Doppler data near the surface are 

hypothesized to be a consequence of the inability of hydrometers to fully adjust to the 

wind speed gradient near the surface. A large scale validation study is underway to 

further identify these effects as well as evaluate turbulence parameters estimated by 

dual-Doppler data.  

 

Figure 3.2 R-square value as a function of averaging time for mean wind speed and 

direction from the 4 June 2012 validation dataset at the comparison heights of (a) 10 

m, (b) 47 m, (c) 75 m, (d) 116 m, and (e) 158 m. The displayed parameters are wind 

speed (dark blue) and wind direction (dark red).  

 

3.2 15 June 2012 Profile Comparison  

Despite using a scanning strategy with lower temporal resolution, the 

comparison between dual-Doppler and 200 m tower data collected 15 June 2012 

produced similar results. The dual-Doppler event mean wind speed profile 
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demonstrated a greater deviation from the event mean profiles of the tower 

instruments closer to the surface. At the 10 m level, the event mean dual-Doppler 

measured wind speed exceeded that of the sonic by 2.37 m s
-1

. As with the 4 June 

2012 dataset, the difference between the measurements of the two platforms decreased 

with height, such the difference between 190 m dual-Doppler mean wind speed and 

the 200 m sonic mean wind speed was only 1.38 m s
-1

 (Figure 3.3a). The wind 

direction comparison between the two platforms fared slightly worse for this particular 

dataset, but the event mean dual-Doppler wind direction was still within 5° of the 

sonic event mean wind direction (Figure 3.3b). 1-minute and a 10-minute averaged 

dual-Doppler profiles were also compute for this event and compared with equivalent 

profiles from the 200 m tower sonic anemometers (Figure 3.4). The inclusion of PPIs 

in the scanning strategy was considered such that only segments within sets of RHIs 

were used for the 1-minute averages. The 10-minute average dual-Doppler profiles 

included periods during which PPIs were performed. As with the 4 June 2012 dataset, 

the positive bias in the mean dual-Doppler profile was present despite the averaging 

time. The general profile shape suggested by the 200 m tower mean profiles was well 

replicated by the mean dual-Doppler profiles though significant differences in the 

magnitudes are noted. Despite the limitations of the dual-Doppler wind measurements 

below 50 m, the overall good agreement between the dual-Doppler wind profiles and 

the tower profiles across two thunderstorm outflow datasets provide a reasonable 

amount of confidence in the analysis of data collected during Project SCOUT.   
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Figure 3.3 Event mean wind speed (a) and direction (b) profiles for each platform for 

the 15 June 2012 dataset.  

 

Figure 3.4 Mean wind speed profiles computed over (a) 1 minute and (b) ten minutes 

for the 15 June 2012 dataset. 

 

4. Event Descriptions 

 To date, several cases have been examined in detail. These cases reveal 

interesting features in the overall outflow structure and wind profile evolution. Each 
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event will be referred to by a three (or four) letter identifier that is listed in the heading 

of each section describing a new event.   

4.1 Syracuse, Kansas: SYR    

On 11 June 2011, moist upslope surface winds initiated convection along the 

mountainous terrain of southeastern Colorado. The thunderstorms developed into a 

multicellular complex that propagated into southwestern Kansas. TTU teams targeted 

the region south of the town of Syracuse, Kansas for data collection. The TTUKa 

radars were deployed such that the first radar, TTUKa1, performed RHIs to the east at 

93° (north-relative), while the second radar, TTUKa2 (deployed to the northeast of 

TTUKa1), performed RHIs to the south-southwest at 199° (north-relative). The 

resulting angle between the two intersecting RHI planes was 109°, while the 

intersection point of the RHIs was 3.6 km from TTUKa1. There was a slight variation 

in the terrain elevation across the domain such that the location of TTUKa1 (TTUKa2) 

was approximately 12 m (5 m) higher than the RHI intersection location. Owing to 

these terrain differences, the lowest measurement height for the SYR dataset was 14.4 

m. Otherwise, the area was generally characterized by flat farmland or grassland with 

few obstructions and qualitatively representative of Exposure C as described in ASCE 

(2010). Both radars performed sets of 20 RHIs from 0 - 45° in elevation followed by 

two PPIs. Though valuable for documenting the horizontal structure of the outflow 

within the domain, the inclusion of PPIs resulted in a one-minute gap between sets of 

RHIs. Within the RHI sets, approximately 8 seconds separated each instantaneous 

dual-Doppler profile.  

Four snapshots of the outflow at various stages (each separated by 

approximately 2 minutes) are included in Figure 3.5. The single-Doppler RHIs from 

TTUKa1 display the outflow as outgoing (positive) radial velocities that begin as a 

shallow wedge at the leading edge of the gust front (Figure 3.5a). The instantaneous 

dual-Doppler wind speed profile after the passage of the gust front differs from that of 

the inflow profile (measured approximately 5 minutes prior) in that a pronounced nose 

is evident below 250 m, but the wind speeds are relatively weak. The inflow profile 
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included in the inset of Figure 3.5a also demonstrates the wind shear present in the 

pre-outflow environment with an 11 m s
-1

 increase in wind speed between the 50 m 

and 1 km level. The dual-Doppler outflow wind direction profile exhibits a layer of 

directional shear with over 130° of turning between the 50 and 750 m level compared 

to the relatively uniform wind direction profile of the inflow environment. As the 

outflow continues to advance, a horizontal vortex becomes apparent in the single-

Doppler radial velocity field of Figure 3.5b. This vortex appears as strong inbound 

(negative) radial velocities above outbound (positive) radial velocities and is centered 

near 5.5 km in range and at 1.75 km in height. Though the origin of the vortex cannot 

be determined conclusively in the present analysis, inspection of the single-Doppler 

RHIs of this event suggests the vortex initially forms as a result of a downdraft 

impinging upon outflow already present at the surface. Such a formation mechanism 

differs from the classic ring vortex, where the shear between the downdraft and the 

ambient environment is responsible for the generation of the vortex (Proctor 1989; 

Kim and Hangan 2007; Lin et al. 2007; Mason et al. 2009; Vermeire et al. 2011a, 

2011b). Despite these differences, the evolution of the wind field below the vortex is 

similar to numerical simulations. A region of higher outbound radial velocities is seen 

sloping from approximately 500 m AGL toward the surface between 5 and 2 km in 

range. Also evident is the beginnings of a separation region near the surface at about 6 

km in range as indicated by reduced outbound radial velocities. The wind speed 

profile at the RHI intersection reflects this structure and is similar to the impinging jet 

profiles seen in many simulations and laboratory experiments. The layer of enhanced 

directional wind shear in the wind direction profile is now found higher above the 

surface (approximately 1.5 km) and suggests that the outflow is deeper at this time 

compared to the time period immediately after the gust front passage. The vortex itself 

displays very little horizontal translation and is in approximately the same radar-

relative location in Figure 3.5c as the previous time period. However the vortex is 

much less defined and appears to have expanded in size. The region of accelerated 

outbound radial velocities now extends the length of the vortex with an even more 
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defined separation region. Modeling studies have attributed this acceleration to 

stretching between the horizontal vortex above the outflow and a counter-rotating 

vortex in the separation region (Kim and Hangan 2007). The presence of a counter-

rotating vortex in the separation region, which would include a flow reversal, is not 

supported by the single-Doppler RHIs or the dual-Doppler wind direction profiles. 

However, storm motion was not removed from the wind data and could therefore be 

masking any outflow-relative flow reversal. At this point in time, the RHI intersection 

and attendant wind profiles are located at the back of the separation region. The wind 

speed profile indicates the maximum has descended to approximately 150 m above the 

surface with wind speeds in excess of 25 m s
-1

. The wind speeds at 14 m are 

significantly less indicating strong speed shear. Two minutes later the vortex is more 

difficult to identify and appears as a broad area of enhanced inbound radial velocities 

above the outflow. Also, a well-defined separation-reattachment region is evident 

between 5.5 and 8 km from the radar (Figure 3.5d). Behind the separation region, it 

appears the accelerated flow is forced closer to the surface by the descending branch 

of the circulation aloft. Figure 3.5d marks the time period of the maximum 

instantaneous velocity recorded at the RHI intersection where the dual-Doppler wind 

speed reached 28.8 m s
-1

 at a height of 110 m. The wind speed profile also illustrates 

the shallowness of the jet as the wind speed decreases rapidly with height above the 

level of the maximum.   
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Figure 3.5 TTUKa1 RHIs from the 11 June 2011 SYR deployment at (a) 22:48:03 

UTC (b) 22:54:10 UTC (c) 22:56:17 UTC and (d) 22:58:29 UTC. Outbound radial 

velocities (m s
-1

) are in blue, while inbound radial velocities (m s
-1

) are in brown. The 

vertical black line between 2 and 4 km represents the intersection point. Dual-Doppler 

wind speed and direction profiles at the intersection point are inset. Figure 3.5a insets 

include inflow profiles (gray dashed lines), while subjectively drawn dashed circles in 

Figures 3.5b-d highlight the vortex / enhanced radial velocity shear discussed in the 

text.   

 

A storm maximum profile was computed as the maximum instantaneous dual-

Doppler wind speed at each level independent of time. This profile is conceptually 

similar to an envelope gust profile, only the peak 3-second gust is not used due to the 

limitations of radar data collection. Similar definitions of storm maximum profiles 

have been used in modeling studies (Mason et al. 2009; Mason et al. 2010). The 
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profile from Figure 3.5d (the profile containing the maximum instantaneous wind 

speed) was compared with the storm maximum profile in Figure 3.6. Both profiles 

were normalized by the maximum instantaneous wind speed of the event, which 

occurred at a higher altitude (110 m) compared to recent downburst modelling studies 

(Mason et al. 2009; Vermeire et al. 2011a and b; Orf et al. 2012). Despite this 

difference, the shape of the instantaneous maximum and the storm maximum profiles 

were both similar to those seen in Mason et al. (2009) such that the storm maximum 

profile exhibited a slower decay above the profile peak than the maximum 

instantaneous profile. This aspect of the profile is probably related to the accelerated 

flow over the separation region as seen in Figure 3.5b and 3.5c. The decay of the 

storm maximum profile is also slower below the peak, where the storm maximum 14 

m wind speed is only 80 % of the peak event wind speed and greater than that of the 

instantaneous profile.  

 

Figure 3.6 Dual-Doppler storm maximum wind speed profile (Storm Max) and the 

dual-Doppler wind speed profile containing the maximum event instantaneous wind 

speed (Max Inst.) for the SYR event.    
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The radial velocity images and the dual-Doppler profiles suggest that the 

higher momentum of the jet was experienced at higher levels first, then worked 

downward over time in this particular outflow event. To investigate this evolution, 

time histories from multiple levels of the dual-Doppler profiles are also examined. As 

the scanning strategy employed for this event included period of PPIs, gaps 

corresponding to the lack of dual-Doppler profile data must be taken into account 

when examining the time histories (Figure 3.7a). These time histories of instantaneous 

dual-Doppler wind speed demonstrate that the initial surge after the passage of the 

gust front (just after 22:47 UTC) was experienced uniformly at the levels displayed in 

Figure 3.7a. However, this peak wind speed was below 20 m s
-1

 and therefore 

probably of little consequence from a design perspective. After the initial surge, faster 

wind speeds associated with the jet above the separation region were experienced at 

the 250 m level first, then subsequently at lower levels before being fairly uniform 

once again just before 22:58 UTC. In addition to a coherent decrease with time, the 

height of the maximum dual-Doppler wind speed below 500 m (Figure 3.7b) also 

indicates that the height of the wind maximum was much lower near the gust front and 

increased with the passage of the initial surge. It should also be noted that the height of 

the wind speed maximum was briefly at the 14 m level (the lowest profile level of the 

analysis) during the initial surge, but the wind speeds were well below design levels at 

that time (Figure 3.7a and 3.7b).   
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Figure 3.7 Time histories from the 11 June 2011 SYR event of (a) multiple levels of 

the dual-Doppler wind speed profile and (b) the height of the maximum wind speed 

found between 0 and 500 m. Gaps in the time history separated by vertical black lines 

indicate times period over which PPI scans were performed and profile data were not 

available.  

 

4.2 Truscott, Texas: TRUS 

A non-severe thunderstorm dataset was collected near Truscott, Texas, on 7 

November 2011 as a large squall line associated with a cold front passed through 

central Texas. In anticipation of this event, SCOUT deployed in open farmland near 

the small town of Truscott. Though flat and open in the immediate deployment 

location, low vegetation and variable terrain were noted approximately 3 km upwind. 

While more low-level obstructions were noted in this deployment location compared 

to SYR, the exposure at the dual-Doppler profile location for an eastward propagating 

outflow would mostly likely be characteristic of Exposure C as specified by ASCE 

(2010). The TTUKa radars were deployed such that TTUKa2 captured most of the 

along-wind component of the outflow as RHIs were taken at an azimuth of 271 north-

relative. The RHI from TTUKa1 (deployed to the southwest of TTUKa1) was along 
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the 0 north-relative azimuth and intersected that of TTUKa2 approximately 2.79 km 

from TTUKa2. Due to the non-severe nature of this event, both radars continuously 

performed RHIs without the interruption of PPIs.  

The structure of the outflow from the TRUS event is remarkably different from 

that of the SYR event and displays the classic density current shape noted in earlier 

studies (Charba 1974; Goff 1976). For this deployment, the outflow appears as 

negative (inbound) radial velocities in the RHI images. The leading edge of the 

outflow is characterized by a large head extending above 2 km and a pronounced, 

elevated nose (Figure 3.8a). As the leading edge propagates through the RHI 

intersection the lower portion of the nose becomes evident in the dual-Doppler 

instantaneous wind speed profile near 500 m. Single-Doppler RHIs from TTUKa2 

indicate that this nose feature collapses and regenerates after passing through the RHI 

intersection. Unlike the SYR event, there is very little directional shear associated with 

the leading edge of this outflow event as seen in the wind direction profile of Figure 

3.8a. The remainder of the snapshots indicate very little change in outflow structure 

through the duration of the event (Figure 3.8b-d). The dual-Doppler wind speed 

profiles maintain a similar shape, but they gradually weaken. In contrast to the SYR 

event, the higher wind speeds are found near the top of the outflow and are likely 

never realized at the surface. Also, there is no evidence of a horizontal vortex 

impacting the low-level wind field as in the SYR event. Instead, the primary structure 

of the outflow and the evolution of the features on the leading edge (the collapse and 

regeneration of the nose) could be dictated by surface roughness effects and 

gravitational instabilities as inferred from previous literature (Goff 1976; Mueller and 

Carbone 1987; Lee and Wilhelmson 1997).  
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Figure 3.8 TTUKa2 RHIs from the 8 November 2011 TRUS deployment at (a) 

02:10:30 UTC (b) 02:13:12 UTC (c) 02:15:35 UTC and (d) 02:17:59 UTC. Outbound 

radial velocities (m s
-1

) are in blue, while inbound radial velocities (m s
-1

) are in 

brown. The vertical black line between 2 and 3 km represents the intersection point. 

Dual-Doppler wind speed and direction profiles at the intersection point are inset. 

 

As suggested by the RHI radial velocity images and the instantaneous dual-

Doppler profiles of Figure 3.8, the maximum instantaneous wind speed, 34.6 m s
-1

, 

occurred much higher (1930 m) in this event. The profile containing the maximum 

instantaneous wind speed is more representative of a standard logarithmic profile than 

that of the SYR event (Figure 3.9). Additionally, the wind speed at the 10 m level was 

only 31.5% of peak instantaneous wind speed for that profile. The storm maximum 

profile (computed identically as the SYR storm maximum profile) was similar in 
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shape but with slightly higher wind speeds at the 10 m level. The time histories reveal 

wind speeds generally less than 20 m s
-1 

for most levels below 250 m and no coherent 

descent of a wind maximum below 500 m (not shown). This evolution is not 

surprising given the shape of the storm maximum profile, but it does highlight the 

importance of outflow characteristics, such as the shape, age, or the existence of a 

horizontal vortex, on the wind profile.  

 

Figure 3.9 Dual-Doppler storm maximum wind speed profile (Storm Max) and the 

dual-Doppler wind speed profile containing the maximum event instantaneous wind 

speed (Max Inst.) for the TRUS event. 

 

4.3 Pep, Texas: PEP  

On the evening of 5 June 2013, a large thunderstorm complex formed in 

eastern New Mexico and travelled across west Texas producing widespread wind 

damage. Eleven West Texas Mesonet stations (Schroeder et al. 2005) in the region 

recorded 3 second gusts over 30 m s
-1

, with three of those stations recording gusts over 

35 m s
-1

 at 10 m. Damage to structures and significant tree fall were documented in 

and around Lubbock, Texas. SCOUT deployed approximately 70 km to the west-
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northwest of Lubbock, Texas, near the small town of Pep. The deployment location 

was primarily characterized by flat, open terrain in the form of recently plowed fields. 

The exceptional featurelessness in all directions except to the east of the dual-Doppler 

profile location suggests that the deployment site was characteristic of Exposure D 

(ASCE 2010) for westerly or northwesterly winds. Further analysis of surface 

observations collected in tandem will be needed to assess the roughness 

characteristics, but is beyond the scope of the present work. TTUKa1 collected the 

RHIs most aligned with the outflow using a north-relative azimuth of 306. TTUKa2 

was deployed 3.7 km to the north of TTUKa1 and performed RHIs at an azimuth of 

237 north-relative. The RHI intersection point, and thus the dual-Doppler profile 

location, was 3.195 km from TTUKa1. RHIs were performed in sets of 10 separated 

by two PPIs. Compared to the previous two events, data were only collected for a 

short duration before signal attenuation from heavy rain and hail occurred.  

The leading edge of the outflow winds, which appear as negative (or inbound) 

radial velocities from the perspective of TTUKa1 (Figure 3.10a), is similar to the 

wedge-shaped structure of the leading edge of the SYR event. With this particular 

outflow structure, outflow winds are experienced near the surface first, and then build 

upward through the profile. This evolution is in contrast to the TRUS event where 

outflow winds are experienced through the depth of the profile almost simultaneously. 

The instantaneous dual-Doppler wind speed profiles illustrate this structure. At the 

time of Figure 3.10a, the outflow is approximately 1 km deep. Above this level, the 

dual-Doppler wind speed begins to drop and the wind direction begins to shift before 

the necessary removal of noisy velocity data truncates the profiles. The radial 

velocities of Figure 3.10a also show the outflow to be much deeper upstream. By the 

time of the RHI in Figure 3.10b, the outflow has expanded to over 3 km in depth. The 

radial velocities beyond approximately 5 km range and below approximately 1.5 km in 

height appear more uniform than the surrounding radial velocities. This observation 

could indicate less turbulence associated with this portion of the outflow. The dual-

Doppler wind speed profile in Figure 3.10b demonstrates substantial variation with 
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height, with two prominent peaks at 90 m and 870 m. Little change in outflow 

structure from the previous time periods is evident in the RHI of Figure 3.10c. The 

dual-Doppler wind speed profile has evolved such that there is a broad layer of wind 

speeds exceeding 40 m s
-1

 between 70 and 830 m. The maximum wind speed of this 

particular profile (46.8 m s
-1

) is found near the bottom of this layer and just above the 

surface at 110 m. Below this maximum, the wind speeds decrease sharply to the 

surface indicating greater values of wind shear. As the outflow progresses, winds 

exceeding 40 m s
-1

 encompass nearly the entire depth of the outflow (Figure 3.10d). 

Though little structural evolution is evident in the RHI, the dual-Doppler wind speed 

profile now displays a narrow jet centered at 210 m with a maximum of 48.5 m s
-1

. 

Shortly after this time period, heavy rain and hail attenuated the radar signal 

prohibiting further data collection. It should be noted that the outflow evolution 

presented above occurred in less than 7 minutes, which is well within the standard 10-

minute averaging time used in most wind analyses.   
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Figure 3.10 TTUKa1 RHIs from the 6 June 2013 PEP deployment at (a) 02:26:16 

UTC (b) 02:28:59 UTC (c) 02:30:52 UTC and (d) 02:33:20 UTC. Outbound radial 

velocities (m s
-1

) are in blue, while inbound radial velocities (m s
-1

) are in brown. The 

vertical black line between 3 and 4 km represents the intersection point. Dual-Doppler 

wind speed and direction profiles at the intersection point are inset. 

 

The peak instantaneous dual-Doppler wind speed measured in the PEP event 

was 49.3 m s
-1 

at the 210 m profile level and is evident in both the storm maximum 

profile and the instantaneous profile containing this maximum (Figure 3.11). The 

storm maximum profile was computed as in the other events, and both profiles are 

normalized by the peak instantaneous dual-Doppler wind speed. Above the peak, the 

storm maximum profile decays relatively slowly compared to the instantaneous profile 

as the storm maximum wind speeds remained within 90% of the peak wind speed up 
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to the 1030 m level. Below the peak, the storm maximum wind speed steadily reduces 

to 80% of the peak at the 10 m level. The instantaneous profile containing the 

maximum event wind speed at 210 m also contained the maximum wind speeds 

experienced at the 10, 150, 170, and 230 m levels. The RHI from this time period 

indicates that the maxima surrounding the 210 m level are associated with the jet, but 

there is no identifiable feature directly influencing the 10 m maximum (not shown).  

 

Figure 3.11 Dual-Doppler storm maximum wind speed profile (Storm Max) and the 

dual-Doppler wind speed profile containing the maximum event instantaneous wind 

speed (Max Inst.) for the PEP event. 

 

The dual-Doppler wind speed time histories for selected levels demonstrate a 

relatively slow ramp up with the 10, 30 and 50 m wind speeds remaining below the 

severe wind criterion through the first 1.5 minutes after the gust front (or the first set 

of 10 RHIs; Figure 3.12a). After this period, faster wind speeds apparent at the 250 m 

level descend to lower levels of the profile around 02:28:59 UTC in Figure 3.12a and 

Figure 3.12b. Just after 02:28:59, the similarities of the wind speed magnitudes at the 

analyzed levels indicate that the wind speed profile has become fairly uniform through 
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250 m. This uniformity is short lived as the wind speeds generally increase after this 

time period, while the height of the maximum instantaneous dual-Doppler wind speed 

below 500 m becomes extremely variable. The height of the wind speed maximum 

stabilizes just before 02:33:21 UTC in association with the emergence of the jet 

feature in the dual-Doppler profiles (Figure 3.12b). The maximum instantaneous 

profile in Figure 11 also occurs at the onset of this regime. After this maximum, the 

wind speeds only slightly decrease through the remainder of data collection with most 

levels still above 30 m s
-1

. The variable nature of the height of the wind speed max 

around 02:37 UTC is most likely related to the loss of data due to signal attenuation 

(cf. Figure 3.10d).  

 

Figure 3.12 Time histories from the 6 June 2013 PEP event of (a) multiple levels of 

the dual-Doppler wind speed profile and (b) the height of the maximum wind speed 

found between 0 and 500 m. Gaps in the time history separated by vertical black lines 

indicate times period over which PPI scans were performed and profile data were not 

available. 
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5. Event Comparison 

The instantaneous dual-Doppler wind profiles from each event demonstrated 

considerable evolution through the course of the data collection. Additionally, the 

length of data collection varied with each of the three events studied. For SYR and 

TRUS, 28 and 27 minutes of dual-Doppler outflow measurements (including breaks 

for PPIs scans in the case of SYR) were collected respectively. For PEP, outflow 

measurements were only taken for 12.5 minutes before small hail and heavy rain 

attenuated the signal such that no usable data were available at the profile location. 

Though variable, the length of these datasets allow for mean dual-Doppler profiles of 

various averaging times to be investigated.  

5.1 Mean Profiles  

The instantaneous dual-Doppler profiles collected for each event were 

averaged over different time periods and plotted together in Figures 3.13 - 3.15. The 

different averaging regimes investigated were: the mean computed over the entire 

event (Event Mean), the mean computed over various 10-minute segments (10min 

Mean#, where # refers to the segment number), and the mean computed over 1 minute 

(1min Mean#, where # refers to the segment number). Note that the averaging time of 

the event means varies between the datasets due to differences in the duration of data 

collection. Also, dual-Doppler profile data were not collected continuously in the SYR 

and PEP events due to the inclusion of PPIs in the scanning strategy. Therefore the 10-

minute periods includes gaps in the dual-Doppler profile record due to PPI scans. 

Finally, only five 1-minute mean profiles were compared in each event for clarity.  

The resulting profiles demonstrate the evolution of the wind profile of each 

event as well as differences in the profile as the averaging time increases. While the 

event mean profile and both 10-minute mean profiles of the SYR event (Figure 3.13, 

Event Mean and 10min Mean1-2) are characteristic of impinging jet profiles seen in 

numerical models and laboratory experiments (e.g. Kim and Hangan 2007; Lin et al. 

2007; Mason et al. 2010), the 1-minute mean profiles illustrate the evolution from a 

uniform profile in the lowest 300 m at the onset of the outflow (Figure 3.13, 1min 
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Mean1), to an elevated jet within the separation region (Figure 3.13, 1min Mean2), 

and the descent of that jet behind the separation region (Figure 3.13 1min Mean3-5). 

The 1-minute mean profiles show the descent of the jet nose from 350 m in the second 

1-minute period (Figure 3.13, 1min Mean2) to approximately 150 m in the fourth 1-

minute period (Figure 3.13, 1min Mean4). The 10-minute mean profile taken behind 

the separation region (10min Mean2) was very similar in both shape and magnitude to 

the 1-minute profiles also taken behind the separation region (Figure 3.13, 1min 

Mean3-5). This similarity suggests that while the wind speed profile may undergo 

significant evolution near the gust front, the wind speed profile in the region of higher 

wind speeds behind the separation region may be steadier in both profile shape and 

magnitude.   

 

Figure 3.13 Various dual-Doppler mean wind speed profiles from the SYR event. 

Mean profiles include 1-minute means from 5 different segments (1min Avg1-5), 10-

minute means from 2 different segments (10min Avg1-2), and the mean profile over 

the entire event (Event Mean).  
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The profile evolution was radically different for the TRUS event (Figure 3.14). 

Both the event mean profile and the 10-minute mean profiles are more characteristic 

of a typical boundary layer profile than an impinging jet profile with wind speeds 

generally increasing up to the domain height of 2 km and no evidence of a jet (Figure 

3.14, Event Mean and 10min Mean1-2).  However, the 10-minute mean profiles and 

the 1-minute mean profiles demonstrate that wind speeds were generally higher closer 

to leading edge of the outflow (Figure 3.14, 10min Mean1 and 1min Mean1-2) as 

compared to those at a later time period (Figure 3.14, 10min Mean2 and 1min Mean3-

5).  

 

Figure 3.14 Various dual-Doppler mean wind speed profiles from the TRUS event. 

Mean profiles include 1-minute means from 5 different segments (1min Avg1-5), 10-

minute means from 2 different segments (10min Avg1-2), and the mean profile over 

the entire event (Event Mean).  

 

The PEP event mean profile displays a peak of 40.6 m s
-1

 at 210 m (Figure 

3.15, Event Mean), while the event mean wind speed decreases very slowly above this 

height unlike the SYR event. The 10-minute mean profile is very similar to the event 
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mean profile due to the short duration of data collection for this event. Below the peak, 

the 10-minute mean wind speeds decrease to near 30 m s
-1

 at the 10 m level. With the 

exception of the 1-minute mean profile nearest the gust front (Figure 3.15, 1min 

Mean1), the 1-minute mean profiles are relatively similar in both magnitude and 

shape. Greater profile variability near the gust front was also suggested by 1-minute 

mean SYR profiles. However, there is no coherent downward translation of the profile 

nose in the PEP event. Instead, the profile is almost uniform between 190 m and 600 

m for 1-minute mean profiles 2 and 3 (Figure 3.15, 1min Mean2-3). The greatest 1-

minute mean wind speed of those displayed is found in the 1-minute Mean4 profile 

and is marked by the emergence of a jet with a nose at the 230 m level. Though 

reduced in magnitude, this feature becomes more prominent in the 1-minute Mean5 

profile. In the lowest 100 m, the 1-minute mean profiles exhibit a consistent decrease 

toward the surface.  

 

Figure 3.15. Various dual-Doppler mean wind speed profiles from the PEP event. 

Mean profiles include 1-minute means from 5 different segments (1min Avg1-5), 10-

minute means from 1 segment (10min Avg1), and the mean profile over the entire 

event (Event Mean).  
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5.2 Storm Maximum profiles  

While the shape of the entire storm maximum profile varied considerably 

between the three events studied, the lower portions of the profiles (10-90 m) bared 

similarities to power law gust profiles of the form, 
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where the left hand side represents the ratio of the peak 3-s gust at heights z1 and z2 

respectively. The exponent, , is a parameter dependent upon both surface roughness 

and atmospheric stability (Simiu and Scanlan 1986). To assess this similarity, power 

law profiles were fit to the storm maximum profiles (found in Figures 3.6, 3.9 And 

3.11) between the 10 and 90 m measurement level for the TRUS and PEP events and 

14 and 90 m in the case of the SYR event. The alpha values that resulted in the best fit 

to a 95% confidence of the measured storm maximum profiles were: 8.96, 9.17, and 

10.31 for the SYR, TRUS and PEP events respectively. While these values varied 

slightly based on the depth of the profile used for fitting, the alpha computed for the 

PEP event was consistently larger than that of the SYR event. This difference could be 

due in part to the height of the respective peaks of each profile. The peak of the SYR 

storm maximum profile occurred at a lower height (110 m) compared to that of the 

PEP storm maximum profile (210 m). Variations in the surface roughness 

characteristics between the deployment sites will also contribute to the differences 

noted in the alpha values. The power law profiles based on the above alpha values and 

the 10 m measured storm maximum dual-Doppler wind speed for each event are 

compared to the storm maximum profiles in Figure 3.16. The best-fit power law 

profiles were similar to the 10-90 m storm maximum profile shape for each event and 

slightly conservative in the case of the SYR and PEP events (Figure 3.16a and 3.16c, 

respectively). The similarity between the measured storm maximum profile and the 

best-fit power law profile for the TRUS event (Figure 3.16b) was greater (R
2
 = 0.94) 
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than either of the SYR event (R
2
 = 0.90) or the PEP event (R

2
 = 0.83). The best-fit 

power law profile was also very similar to the gust profile for Exposure C as 

prescribed by ASCE (2010). These similarities suggest that the TRUS outflow had 

adapted to surface roughness more so than the other events.    

 

Figure 3.16 Storm Maximum profile, power law profile based on the best-fit exponent, 

and power law profiles for Exposure C and D as specified by ASCE (2010) between 

14 and 90 m for (a) the SYR event and between 10 and 90 m for the (b) TRUS event 

and (c) PEP event.  

 

In comparing the dual-Doppler storm maximum profiles to gust profiles 

defined in building codes, it should be considered that the dual-Doppler storm 

maximum wind profiles may not be entirely representative of a 3-second gust profile. 

In a limited comparison with data from the 200 m tower, an alpha value was computed 

based on the peak 3-second gust profile as measured by sonic anemometers between 

10 and 158 m. This value was compared to the dual-Doppler alpha value computed 

based on the maximum instantaneous dual-Doppler wind speeds within the same 10-

158 m layer. The alpha value based on the peak 3-second gust sonic anemometer wind 
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speeds exceeds the dual-Doppler alpha value by 2.3. This difference was reduced by 

86% upon slight smoothing of the radar time history. However more comparison 

datasets are needed to determine the best approach in comparing instantaneous dual-

Doppler data to traditional anemometer gust data. For example, the volumetric 

averaging inherent in radar data collection mostly likely reduces the magnitude of 

peak gust. In addition to the previous caveat, the inability of the dual-Doppler profile 

to fully resolve the slowing of the near-surface wind due to roughness (as 

demonstrated in the validation with the 200 m tower) could also affect the value of the 

dual-Doppler derived gust exponents such that the lower portion of the profile is more 

uniform as compared to the roughness-induced exponential decrease in the wind speed 

near the surface.  

6. Summary and Conclusions  

Obtaining high-resolution full-scale measurements of thunderstorm outflow 

wind profiles was the primary objective of Project SCOUT. These data have been 

analyzed to further the understanding of the structure and evolution of thunderstorm 

outflow wind profiles. A new method was introduced in which coordinated RHIs were 

used to acquire dual-Doppler wind speed and direction profiles in thunderstorm 

outflow events. This method was successfully verified in a comparison with data from 

a 200 m meteorological tower. The results provide confidence for the application of 

the coordinated RHI method at heights above 50 m. Three outflow events were 

discussed in which significant variation was noted not only between the different 

events themselves, but in the evolution of the instantaneous dual-Doppler wind speed 

and direction profiles of individual events. Much of the variation was attributed to the 

different structure and maturity of each event. While the events studied differed from 

the isolated downbursts that have been the focus of previous field data collection and 

numerical modelling, similarities in the wind field and mean outflow wind profiles 

were noted (especially in the SYR dataset). However, the event maximum wind speed 

in the events studied occurred much higher in altitude as compared to both previous 

field measurements and recent numerical models. This difference, which warrants 
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further investigation, is most likely related to the driving meteorology (e.g., no 

isolated stationary microburst were sampled) and pre-outflow environmental 

conditions (e.g., the existence of wind shear and/or prior outflow) of each event. Mean 

outflow profiles over the course of 1 minute demonstrated the evolution of the wind 

speed profile from uniform to an impinging jet shape, thereby highlighting the profile 

variability near the gust front in two of the events studied. Future analyses of the 

current dataset will include the computation of turbulence statistics from surface 

measurements stations deployed in tandem with the TTUKa radars. Future 

deployments will also incorporate scanning strategies with greater temporal resolution 

to enable the investigation of turbulence parameters derived from radar data.  
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Abstract 

High-resolution wind measurements at 2.25 m in height were used to 

investigate the mean and turbulence properties of an extreme thunderstorm wind event 

in West Texas. These data were combined with single and dual-Doppler scans from 

the Texas Tech University mobile Doppler Ka-band radars systems (TTUKa) to 

provide meteorological context and dual-Doppler wind profiles over the surface 

measurement stations for portions of the outflow. Several features characteristic of 

severe wind were noted in the radar data, including a bowing portion of the 

thunderstorm complex and a small circulation on the leading edge. These features 

were reflected in the surface wind time histories and provided natural separation 

between various regions of the outflow. These features also contributed to the peak 1-s 

gust at all measurement stations. The turbulence characteristics of each outflow region 

were also investigated and compared. Reduced values of running turbulence intensity 

and elevated values of longitudinal integral scales were noted during the period of 

peak wind speed. Large scales of turbulence within the outflow were also suggested 

via spectral analysis.  
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1. Introduction 

To mitigate the lack of observed extreme thunderstorm winds in the research 

record, experimental methods are typically used to generate scaled down or 

numerically derived extreme thunderstorm wind time histories. Many of these 

simulations use isolated downdrafts impinging on a surface to generate winds 

travelling away from a thunderstorm (outflow) at speeds relevant for design (e.g. 

Mason et al. 2010; Vermeire et al. 2011; Orf et al. 2013). These experiments have 

shown that the greatest near-surface horizontal wind speeds are typically associated 

with the passage of a horizontally oriented vortex traveling radially outward from the 

downdraft center. However, many of these simulations rely on a negatively buoyant 

parcel falling through a shear-less environment thereby neglecting other contributors 

to vertical momentum, such as dynamic pressure perturbations or hydrometer loading 

(Wakimoto 2001). Recent numerical and observational studies also suggest that 

thunderstorm wind damage can result from meso- and/or miso- scale vertical 

circulations along outflow gust fronts of some mesoscale convective systems (MCS; 

Wakimoto 2006). Despite differences in origin, thunderstorm outflow winds often 

maintain certain characteristics that vary with the age of the outflow and are reflected 

in both the kinematic and thermodynamic time histories.  

1.1 General Thunderstorm Outflow Characteristics   

The sequence of events associated with the passage of a gust front and 

subsequent outflow has been well understood for some time (Charba 1975; Goff 1976; 

Wakimoto 1982; Mueller and Carbone 1987). Before the arrival of the gust front, there 

is an initial rise in surface pressure. Shortly thereafter (sometimes concurrently) there 

is a wind direction shift accompanied by a minimum in wind speed. Charba (1975) 

attributed this sequence of events to a gravity wave propagating ahead of the gust 

front. Wakimoto (1982) showed that initial pressure rise was non-hydrostatic and the 

result of flow stagnation at the gust front. This observation also explained the response 

seen in the wind speed and direction. The maximum wind speed is usually found 

directly behind the gust front, but Goff (1976) noted that multiple surges were not 
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atypical in outflows. However, in both of the extreme events observed in Orwig and 

Schroeder (2007), the maximum wind speed not found in the initial surge, but in the 

core of the outflow that followed some minutes later. The surge in wind speed is then 

followed by a drop in temperature, the onset of precipitation, and a hydrostatic 

increase in pressure due to the dome of evaporatively cooled air, or the cold pool 

(Wakimoto 1982). Variation in this sequence can occur as a result of the local 

environment. For instance, outflows associated with the rear-flank downdraft (RFD) 

of a supercell thunderstorm can contain multiple surges as a result of horizontal 

pressure gradients that arise because of different dynamic drivers, such as an occlusion 

downdraft, and/or the presence of a low-level mesocyclone (Skinner et al. 2014).  

1.2 Turbulence Characteristics of Thunderstorm Outflows  

In contrast to the much-observed mean surface characteristics of thunderstorm 

outflows, very little is known of their turbulent characteristics. The near surface 

turbulence associated with two extreme wind events was analyzed and discussed in 

Orwig and Schroeder (2007) and again in Holmes et al. (2008). Though these studies 

incorporated two different methods with which to extract turbulence and account for 

non-stationarities, the results were similar. It was found that turbulence intensity (the 

ratio of the standard deviation of the wind speed to the mean wind speed) was 

maximized along the gust front, while the time period containing the maximum mean 

wind speed exhibited lower values of turbulence intensity. By reanalyzing data from 

the design-level Andrews Air Force Base microburst, Lin et al. (2007) computed 

turbulence intensity and made comparisons with results from a slot-jet laboratory 

experiment. The results from both yielded turbulence intensities ~10% greater than 

those computed for the design level event in Holmes et al. (2008).   

In addition to turbulence intensity, gust factor (the ratio of a peak wind speed 

to a mean wind speed) has also been shown to be greater in thunderstorm outflows as 

compared to non-thunderstorm winds (Choi and Hidayat 2002; Orwig and Schroeder 

2007). These studies investigated thunderstorm gust factors based on averaging times 

between 2 and 10 min. Subsequent research hypothesized that these averaging times 
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were too long for transient thunderstorm outflows and captured too much of the 

deterministic underlying mean component as opposed to the random turbulent 

component (Holmes et al. 2008). This hypothesis was further investigated in a review 

of multiple thunderstorm outflow ramp events, where Lombardo et al. (2014) found 

that outflow turbulence parameters (including turbulence intensity and gust factor) 

were within the bounds of those computed from stationary non-convective winds for 

averaging times between 15 and 60 s. A similar range of averaging times for a moving 

average was also suggested for thunderstorm outflow data by Holmes et al. (2008) and 

Orwig (2010), though time-varying techniques (such as a moving average) may result 

in reduced turbulence intensity values (Lombardo et al. 2014).  

The size of turbulent eddies is also important when considering the effects of 

wind loading. Integral length scales are commonly used to estimate the mean eddy 

size in both the alongwind (longitudinal) and crosswind (lateral) dimensions, but they 

are highly sensitive to both non-stationarities in the data and the length of the record 

used in the computation (Simiu and Scanlan 1986). Despite this, comparisons exists 

for longitudinal and lateral integral scales in both thunderstorm and non-thunderstorm 

environments. In the analysis of data from within the outflow of the rear-flank 

downdraft of a supercell, Orwig and Schroeder (2007) found that mean longitudinal 

integral scale within the downdraft was almost 58 % greater than the mean of those 

measured in non-thunderstorm environments. However, another thunderstorm outflow 

event of a similar magnitude exhibited only a 20% increase in longitudinal integral 

scales as compared to the non-thunderstorm events (Orwig and Schroeder 2007). 

Limited comparisons have also shown that lateral integral scales are much higher 

within thunderstorm outflows (Orwig 2010). Values measured during the passage of a 

convective line exceed those measured in both the synoptic boundary layer and 

Hurricane Katrina (Orwig 2010).  

As the examined literature suggests, there is a need to further define the 

turbulence characteristics of extreme thunderstorm winds. Since relatively few events 

relevant for design have been captured in the research record, Texas Tech University 
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(TTU) designed a field study to specifically target high-resolution data collection in 

extreme thunderstorm winds with two mobile Doppler radars as well as a fleet of 

portable, rapidly deployable, surface meteorological stations. The incorporation of 

both measurement platforms allows not only for a traditional analysis of wind time 

histories, but also the evaluation of storm structure from single Doppler horizontal and 

vertical scans. Additionally, dual-Doppler wind profiles (Gunter and Schroeder 2015) 

can be coupled with the surface wind and turbulence measurements to provide greater 

insight. This study uses these combined measurements to provide an overview of a 

damaging, thunderstorm outflow wind event that impacted Lubbock, Texas, and the 

surrounding region on 5 June 2013. This overview will specifically address the 

structure of the thunderstorm complex driving the high winds and the impact of this 

structure on the surface wind field. A second objective of this study is to investigate 

the turbulence characteristics of the outflow winds of this near-design level event as 

measured by the surface meteorological stations.    

2. Data Collection  

2.1 TTU Instrumentation 

Surface measurements were collected with the TTU-designed StickNet fleet 

(Weiss and Schroeder 2008). This portable network of 24 small weather stations can 

be rapidly deployed in the path of severe thunderstorms (or hurricanes) and has been 

designed to withstand harsh environments while taking quality measurements. Each 

station is equipped with instrumentation to measure standard atmospheric variables 

(including wind speed and direction) at approximately 2.25 m above ground level 

(AGL). Deploying an array of StickNet towers in the path of a severe thunderstorm is 

often complicated by short lead times as well as road network limitations. 

Additionally, StickNet tower retrievals often occur after sunset. While these factors 

typically prohibit an in depth visual assessment of site roughness characteristics, great 

care is taken to avoid large obstacles upon deployment and to note and features that 

may enhance turbulence at a particular tower location. Both single-Doppler and dual-

Doppler data from the TTUKa mobile Doppler radars were also available during this 
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event. An overview of the radar systems and data collection strategies is given in 

Gunter and Schroeder (2015).   

2.2 StickNet Anemometry and Instrument Response  

The StickNet fleet of 24 deployable towers has undergone several upgrades 

since its inception in 2008. Most notably, these upgrades include transitioning 12 

towers that employed a sonic wind sensor (Skinner et al. 2011), to the more 

ruggedized RM Young 05103V Wind Monitors, which are capable of measuring wind 

speeds up 100 m s
-1

 at a sampling interval of 10-Hz. All towers deployed for the event 

studied herein employed the propeller-vane Wind Monitors, but five of the deployed 

towers collected data at 5-Hz. The inertia associated with these wind sensors 

mechanically filters the wind, not unlike a low-pass filter. The degree to which the 

measurements are filtered depends on the distance constant, which is 2.7 m for the 

propeller. Relating the distance constant to the performance of the anemometers 

through a first-order linear differential equation (Brock and Richardson 2001; 

Schroeder and Smith 2003), the magnitude of a gust with a 30 m wavelength will be 

reduced by 13% of its true value. Additionally, the second-order response 

characteristics of the vane act to increase the variance of the lateral wind speeds as 

well as the magnitudes of lateral turbulence intensity and certain regions of the lateral 

spectra (Schroeder and Smith 2003). For the 05103V Wind Monitors, with a 7.4 m 

damped natural wavelength, this addition of energy occurs between 0.4 and 5.4 Hz for 

the range of wind speeds observed in this study (3 – 40 m s
-1

).  

2.3 Data Quality Control  

StickNet data records were initially inspected for completeness, data spikes 

and/or drops due to instrument malfunction, and instrument biases. Once identified, 

suspicious data points were removed from the record. The presence of instrument 

biases was investigated by comparing data from adjacent probes during the uniform 

inflow conditions prior to passage of the gust front in this event. 5-min mean values of 

both state and kinematic variables from each probe were examined and outliers were 

flagged for bias correction. As there were substantial differences across the relatively 
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short extent of the array, data from the West Texas Mesonet (WTM; Schroeder et al. 

2005) were used to improve the bias corrections. The closest WTM station was 

located 15.8 km to west of the StickNet array, near the town of Morton, Texas. A 15-

min period of pre-outflow conditions in the WTM and StickNet data was selected for 

wind speed and direction comparisons. Despite the approximately 8 m difference in 

measurement height, the difference in the mean wind direction at the Morton WTM 

station and StickNet 102 over the selected time period was only 3.75. Thus StickNet 

102 was used to correct wind direction biases throughout the array. State variables 

were corrected based on the 15-minute mean values from the Morton WTM station. 

Temperature and relative humidity only exhibited slight biases when compared to 1.5 

m values of the WTM station. To correct StickNet barometric pressure, WTM 

barometric pressure was hydrostatically reduced to the mean elevation across the 

StickNet array (elevation across the array only varied by approximately 5 m) before 

comparison and subsequent adjustment. Of the eleven towers deployed, eight recorded 

the event in its entirety. However, ten towers collected quality data through the peak 

of the event and were considered for analysis. The sampling rate varied between the 

ten towers, with some towers collecting at 10-Hz and others at 5-Hz. To facilitate a 

uniform analysis, data from the 10-Hz towers were reduced to 5-Hz by selecting every 

other observation within the 10-Hz records.  

2.4 The 5 June 2013 TTU Deployment  

TTU teams deployed in northwestern Hockley County near the small 

community of Pep, Texas approximately 45 min prior to the arrival of the gust front. 

This area was selected primarily for the large extent of flat, generally featureless 

terrain as well as a viable road network. To facilitate dual-Doppler data collection over 

StickNet, the array of towers was arranged along an east-west road, while the TTUKa 

Doppler radars scanned from a north-south road (Figure 4.1). Through the collection 

period, the TTUKa Doppler radars employed vertical range-height indictor (RHI) 

scans to acquire dual-Doppler profiles and horizontal plan position indicator (PPI) 

scans to document the horizontal structure of the outflow. The coordinated RHI scans 
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were conducted such that the intersection of the RHI planes (and thus the dual-

Doppler profile location) was close to first tower in the StickNet array (Figure 4.1). 

The StickNet array itself was composed of two parts: a finescale array on the eastern 

end that incorporated small spacing between towers and a coarse array on the western 

end where a larger tower spacing was used for the purpose of capturing various sizes 

of integral length scales. Using this construction, 10 towers were deployed over a total 

distance of 1.27 km (Figure 4.2).  

 

Figure 4.1 Map of the 5 June 2013 TTU deployment location just south of Pep, Texas. 

Elevation above sea level (m) is indicated by the shading. The yellow line along SR 

597 represents the total length of the StickNet array. TTUKa radar location are 

indicated by the black dots with each radar labeled. The black lines lines with '+' 

symbols describe the north-relative azimuth of each radar, while the '+' represent 1 km 

along the azimuth. 
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Figure 4.2 A zoomed in schematic of the StickNet array (not to scale). Each tower is 

represented by a black dot and is labeled below the road. The distance between each 

probe is listed above the red bracket. The approximate locations of substantial 

roughness elements are described by the scalloped black circles north of Towers 106 

and 107, while the approximate location of the dual-Doppler wind profile location is 

indicated by the 'x'.   

 

2.5 Roughness Assessment  

Local structures, terrain, and vegetation can all have a significant impact on 

wind speed magnitudes and computed turbulence parameters. As such, it is important 

to understand the potential magnitude of this impact at a given deployment site. For 

the 5 June 2013 deployment, elevation varied only slightly across the StickNet array 

with a maximum difference of 5 m, such that Tower 111 was the highest at 1117 m 

above mean sea level (AMSL) and Tower 107 was the lowest at 1112 m AMSL. 

Considering inflow conditions (with an array-wide mean wind direction of 86.4°), 

recently plowed fields on either side of the road resulted in few obstructions for most 
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towers. However, towers on the eastern end of the array were likely impacted by a 

house and some small obstructions within 100 m of the first tower along the azimuth 

of the mean inflow wind speeds. Within the outflow (with winds generally from 300), 

few obstructions existed upstream of the western end of the array. Low scrub, a few 

small bushes, and a slight depression likely contributed to increased turbulence in the 

outflow for the eastern 4 towers (106, 104, 103 and 102). Stull (1988) indicates this 

type of terrain (level plains with few trees or obstructions) reflects aerodynamic 

roughness (zo) values between 0.01 and 0.006 m. The Davenport classification 

scheme, employed by ASCE 7-10, is similar with values between 0.03 - 0.005 m for 

the open and smooth categories, respectively (ASCE 2010). 

Given the large spread in the qualitative zo values suggested above, a more 

quantitative assessment was also performed. In the absence of multiple measurement 

heights, the longitudinal turbulence intensity (Iu), can be used to numerically estimate 

an effective zo. This method, derived from the log law, requires the assumption of 

neutral stability and replacing the friction velocity ( ) with a ratio of the wind speed 

standard deviation and an empirically determined factor, f (after Barthelmie et al. 

1993),   

     (1) 

where = 0.4 (the von Karman constant) and z is the measurement height. The value 

for f has been found to be from 2.2 (Beljaars 1987; Barthelmie et al. 1993) to near 3.0 

(Yu and Gan Chowdhury 2009), but a value of 2.5, as originally suggested by Lumley 

and Panofsky (1964) has frequently been used in observational studies (Paulsen and 

Schroeder 2005; Schroeder et al. 2010; Zachery et al. 2013). Many of these studies 

have also emphasized the need for more research on the appropriate value of f 

(Barthelmie et al. 1993; Vega 2008). Consistent with previous analyses of StickNet 

data, a value of 2.5 was used for this study (Zachery et al. 2013). StickNet wind speed 

time histories were divided into 10-min segments as recommended by Bejaars (1987). 
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The segments were then tested for stationarity using a reverse arrangement test 

(Bendat and Piersol 2011), and only segments not exhibiting a significant trend (at the 

=0.05 level) in either mean or variance were used (i.e “weakly” stationary). The 10-

min mean wind speeds for the different segments ranged from 5.1 m s
-1

 (inflow 

conditions) to 22.6 m s
-1

 in the outflow. The associated wind directions ranged from 

66 - 86 for inflow and 296 - 358 for outflow. The 10-min turbulence intensity was 

then computed and used to calculate the effective roughness. The inflow data 

produced more consistent, reliable median zo estimates. Based on 47 10-min stationary 

segments, the median (mean) zo value was 0.0092 m (0.0094 m). The outflow median 

zo values, though weakly stationary, were generally much lower (0.0036 m). The 

difference between the inflow and outflow zo values is most likely a result of assuming 

that f = 2.5, but changes in stability and/or turbulence characteristics within the 

outflow may also contribute. Despite the uncertainties and assumptions associated 

with this method, the zo values for the inflow agree with a more thorough assessment 

of the surface roughness characteristics of West Texas using several years of data from 

West Texas Mesonet stations (Vega 2008).  

3. Event Overview 

The extreme surface wind speeds measured by the TTU platforms and 

documented herein originated from a large complex of thunderstorms that travelled 

southeast out of eastern New Mexico on the evening of 5 June 2013. Prior to entering 

the deployment domain of the TTU measurement systems, storm characteristics were 

documented by the Weather and Surveillance Radar (WSR-88D) operated by the 

National Weather Service and West Texas Mesonet (WTM) 10 m tall measurement 

stations. As seen in Figure 4.3a, the leading edge of the outflow (the gust front) 

initially appeared as thin line of reflectivity stretching from southwest to northeast 

through Bailey County (the east-west oriented line of reflectivity extending from 

Lamb County, through Hale County and into Floyd County was associated with a 

southward propagating, weak, cold front). Behind the outflow boundary, much higher 

reflectivity values indicated heavy rain and hail associated with the main downdraft of 
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the storm. Additionally, the WTM station in northeastern Bailey County measured a 

peak 3-s gust of 22 m s
-1 

just prior to the onset of the heavy precipitation (Figure 4.3a).  

Approximately 30 minutes later, the gust front stretched from northern 

Yoakum County, through Hockley and Lamb counties (Figure 4.3b). In addition to 

higher values of reflectivity evident behind the gust front, a bulge formed along the 

gust front in northern Hockley County. Such bulging features often signify the 

presence of a mesoscale circulation along the gust front as well the formation of strong 

surface winds (Fujita 1978). Indeed, the WTM station in Morton, Texas (northeastern 

Cochran County) measured a 3-s gust of 32 m s
-1 

during this period. WSR-88D radial 

velocity data from this period also indicated the presence of a broad circulation (not 

shown). Ahead of the gust front, 10 m winds were between 9 and 12 m s
-1

 out of the 

east-northeast near Lubbock, Texas. The cyan box in northwestern Hockley County 

(Figures 4.3) defines the deployment domain (Figures 4.1 and 4.2) of the TTU 

measurement systems.   

As the complex entered western Lubbock County 30 minutes later, the bowing 

feature was much more defined (Figure 4.3c). Along the northern edge of this feature, 

the Reese Center WTM station (west-central Lubbock County) measured a 3-s gust of 

approximately 34 m s
-1

. While the 5-min averaged wind direction was generally 

northwest behind the gust front (as indicated by the wind barbs in Figure 4.3a-4.3c) 

for most stations, the 5-min average wind direction at Reese Center was westerly. This 

difference was mostly likely due to the falling pressures associated with the circulation 

and subsequent response of the surface wind field to the pressure gradient.  

The bowing portion of the thunderstorm complex passed though the southern 

part of the city of Lubbock approximately 30 minutes later where a 3-s gust of almost 

29 m s
-1 

measured at the Lubbock WTM station (Figure 4.3d). Damage to structures as 

well as downed trees and power lines were reported. Wind speeds well behind the gust 

front remained relatively high as evidenced by the 3-s gust reported by the Reese 

(exceeding 30 m s
-1

) and Morton (exceeding 28 m s
-1

) WTM stations. 5-min mean 

wind speeds at these stations were also elevated with values of 25 and 20 m s
-1 
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respectively. This thunderstorm complex progressed eastward through the remainder 

of the evening with continued reports of high wind and wind damage.  

 

Figure 4.3 Reflectivity (dBZ) from the WRD-88D in Lubbock, Texas (shading), with 

wind barbs from selected WTM stations For (a) 02:03:54 UTC (b) 02:29:30 UTC (c) 

02:55:04 UTC and (d) 03:12:07. The wind barbs are the 5-min mean wind speed and 

direction. Longer hash marks are 10 m s
-1

, while shorter hash marks are 5 m s
-1

. The 

value below the barb is the peak 3-sec gust recorded at 10 m for the 5-min period 

closest to the radar volume time. The teal square outlines the TTU deployment 

location. County boundaries and names are given and referred to in the text.  

 

4. General Outflow Structure 

While the WSR-88D and West Texas Mesonet provided a broad perspective of 

the event as it transpired across West Texas, the TTUKa radars and StickNet array 
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similarly provided a complementary higher-resolution, local perspective of the small 

region of the thunderstorm complex that passed through the deployment domain. The 

particular region of the outflow was unique as it included the effects of the bow / 

circulation (Figure 4.3b) in addition to the features typically observed in thunderstorm 

outflows (gust front, wind ramp, etc.).  

4.1 TTUKa Observations  

Horizontal scans (collected between sequences of vertical RHI scans used for 

dual-Doppler wind profiles) of TTUKa2 reflectivity and radial velocity were 

objectively analyzed to a Cartesian grid at 60 m AGL and centered on the deployment 

domain (Figure 4.4). Unfortunately, no radar data were available prior to the passage 

of the gust front as insufficient scatterers prohibited coherent velocity return. At 

02:27:38 UTC, the gust front had already progressed though the domain, but the 

leading edge of the higher reflectivity in the outflow (heavier precipitation) was 

located approximately at the longitude of TTUKa1 (Figure 4.4a). A curl in reflectivity 

was also evident centered near -102.58° W and 33.785° N. TTUKa2 radial velocity 

(Figure 4.4d) did not display the traditional inbound / outbound couplet typically used 

to identify rotation in single-Doppler radar data at this time. While any such couplet 

was potentially masked by the effects of storm motion (which were not removed from 

the single-Doppler data), a region of enhanced radial shear corresponding with the 

reflectivity curl was evident slightly north of the StickNet array (Figure 4.4d) as 

indicated by the higher inbound radial velocities adjacent to slower inbound radial 

velocities.   

Approximately 2.5 minutes later (02:30:10 UTC), the reflectivity curl was 

qualitatively better defined and centered between the eastern end of the StickNet array 

and TTUKa1. The higher reflectivity associated with the main core of the outflow was 

located just to the west-northwest of the StickNet array (Figure 4.4b). The radial 

velocity at this time indicated region of higher velocities approaching 40 m s
-1 

to the 

northwest of the StickNet array (Figure 4.4e). Embedded within this region of higher 

velocities were numerous boundary layer features, corresponding to narrow zones of 
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enhanced velocity elongated in the approximate direction of the flow. Also evident at 

this time was a better-defined circulation with a clear radial velocity couplet 

demonstrating the inbound and outbound component of the circulation (Figure 4.4e). 

This feature most likely skirted the eastern end of the StickNet array. Toppled power 

poles and road signs were documented at the intersection of FM 303 and FM 597, but 

it is unknown if the damage was caused by the circulation or the high winds 

experienced in the core of the outflow.  

Several minutes later (02:32:23 UTC), the circulation had propagated outside 

the deployment domain, and the StickNet array and both radars were experiencing the 

heavy rain, hail, and high winds associated with the core of the outflow (Figure 4.4c 

and 4.4f). Radial velocities were measured in excess of 40 m s
-1

. In the immediate 

region of TTUKa2, the boundary layer features noted in the previous time period were 

still present and generally elongated in the direction of the flow (perpendicular to the 0 

isodop). However, the wind field appeared smoother farther to the west-northwest of 

TTUKa2, with a distant boundary between the two regimes. This more uniform flow 

was also noted in the RHIs of this event (Gunter and Schroeder 2015).  
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Figure 4.4  TTUKa2  objectively analyzed reflectivity (Panels a,b,and c) in dBZ and radial velocity (Panels d,e, amd f) in m s
-1

 

at the 60 m level. Inbound (negative) radial velocity are black and outbound (positive) radial velocity are red. The location and 

total length of the StickNet array is indicated by the red line. Time periods are 02:27:38 UTC (a and d), 02:30:10 UTC (b and 

e), and 02:32:23 UTC (c and f).   
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4.2 StickNet 102 Mean Wind Time Histories  

To highlight the StickNet representation of the structural features observed in 

the TTUKa2 radar data, a centered moving average window was applied to the wind 

direction and speed time history of StickNet 102. The use of such a window allows for 

the generation of a running mean wind direction and speed thus separating the 

deterministic storm-scale features from turbulent fluctuations (Holmes et al. 2008; 

Lomabrdo et al. 2014). Upon separation, the mean of the residual turbulence should be 

near zero. Larger mean residual turbulence values indicate contributions from the 

deterministic component. As in previous studies, multiple averaging times were 

investigated to examine the behavior of the mean residual turbulence. The values in 

Figure 4.5 echo previous observations in that the 2.25 m mean residual turbulence 

begins to diverge from zero with larger averaging times. Considering these results and 

to maintain consistency with previous work, an averaging window 40-s in length was 

used (Holmes et al. 2008).  

 

Figure 4.5. Variation of the mean residual turbulence with averaging time for all 

StickNet towers.  
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Several features were evident in the 40-s running mean wind direction time 

history: the inflow, the primary gust front (GF), an intermediate region of the outflow 

(R1), a secondary surge (GF2), and the main body/core of the outflow (R2; Figure 

4.6a). To further examine these features, the mean wind direction time history was 

segregated by the zero-derivative points on either side of the sharp changes in the 40-

second mean wind direction curve seen in Figure (4.6a). This methodology follows 

from the traditional kinematic definition of gust fronts and surges embedded in the 

outflow (Goff 1976; Wakimoto et al. 1982). Segregation of the different outflow 

regions by wind direction has the added benefit of isolating the effects of surface 

roughness, which is directionally dependent (Vega 2008). While no single-Doppler 

radar data were available during the inflow or as the GF propagated through the 

StickNet array, these regions of the mean wind time histories reflect expectations that 

the GF acted as a transition zone between the inflow and outflow with the wind 

direction veering from ~86° to ~162° across the array. Further, a minimum in wind 

speed was also evident in the GF region (Figure 4.6b) as a result of stagnation at the 

GF (Wakimoto 1982). Region 1 (R1) comprises the time period after the passage of 

the gust front and prior to the influence of circulation and corresponds to Figure 4.4a 

and 4.4d of the TTUKa radar data. Wind direction during this period was relatively 

stable, while the mean wind speed initially increased to over 15 m s
-1

. The circulation 

passed slightly north of the StickNet array during the GF2 region, which coincides 

with Figure 4.4b and 4.4e. The effect of the eastward propagation of the circulation 

was to veer the winds and increase the mean wind speed to near 25 m s
-1

. Similar 

circulations along gust fronts have been shown to generate higher winds on their 

southern flank due to the superposition of the storm motion and the circulation wind 

vectors (Wakimoto 2006). The main core of the outflow corresponds to region 2 (R2), 

where the mean wind direction stabilizes around 300° and the 40-s mean wind speed 

reaches a peak of 27.2 m s
-1

. Figures 4.4c and 4.4f correspond to this time period. 
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Figure 4.6Time histories of the 40-s mean wind direction (a) and speed (b) from 

StickNet Tower 102. The regions of the outflow discussed in the text are shaded.  

 

While a few periods of meaningful horizontal PPIs were collected, the focus of 

the TTUKa radar scanning strategy was to generate dual-Doppler profiles over the 

StickNet array. The entire profile evolution for this event (as measured by the TTUKa 

radars) as well as the dual-Doppler methodology was documented in Gunter and 

Schroeder (2015). For the present study, each region described in Figures 4.6a and 

4.6b (with the exception of the inflow) included several dual-Doppler profiles. The 

corresponding dual-Doppler profiles were averaged to produce a mean profile for each 

region (Figure 4.7a). The number of profiles contributing to each mean varied, but 

each profile took approximately 9 s to complete. The wind speed and direction profiles 

experienced substantial evolution from the GF profile, where the top of the outflow 

was evident in the wind speed and direction profile at approximately 500 m, to the R2 

profile where the wind direction was uniform with height and a low level wind 

maximum centered above 200 m was observed (Figures 4.7b and 4.7c). Interestingly, 

the mean wind directions below 150 m in the GF2 profile were backed compared to 
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the profile above 150 m and the entire R2 mean direction profile. This backing was 

likely a reflection of the influence of the circulation and suggests that the feature did 

not extend through the depth of the outflow. The highest mean wind speeds as 

recorded by StickNet 102 occurred within R2 and were coincident with the jet profile 

and highest dual-Doppler mean wind speeds below 400 m. It should also be noted that 

the dual-Doppler wind speed at the lowest level of the all four profiles (10 m) was 

substantially greater than the StickNet 2.25 m wind speed in each region. Although 

some wind speed increase is expected between 2.25 m and 10 m in height, the 

measurement characteristics of the different platforms also contributed. The StickNet 

propeller anemometers measure a mechanically filtered wind speed, but radars 

inherently measure the velocity of the scatterers present in the resolution volume. 

Furthermore, below approximately 50 m, a lag in hydrometer deceleration below 

approximately 50 m AGL results in scatterer speeds exceeding wind speeds and leads 

to an overestimation of dual-Doppler wind speeds, especially in high shear 

environments (Gunter et al. 2015).   
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Figure 4.7 StickNet Tower 102 raw wind speed time history with the different outflow 

regions indicated (a). The mean dual-Doppler wind speed (b) and direction (c) profiles 

correspond to the outflow regions as described in the legend.   

 

4.3 Mean Wind Correlations  

Many of the features observed in the mean wind time histories of StickNet 102 

were also noted in the time histories of the other nine towers deployed in this event. 

As the algorithm separating the wind direction time histories into the specific regions 

was applied to the data from each tower, some slight differences exist between the 

start and end time of the regions among the towers (Figure 4.8a). Part of this 

difference is to be expected given the array spanned 1.27 km in the east-west direction 

and the outflow approached from the west-northwest. Thus, towers on the western end 

of the array experienced the gust front prior to towers on the eastern end of the array. 

However, the difference in the gust front arrival time between the towers with the 

greatest separation (StickNets 102 and 105) was only 48 s. The mean wind speed time 

histories also demonstrate that the identified regions encapsulate similar storm features 

in the time history of each tower, such that the stagnation minimum was located in the 
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GF region for all towers and the peak attributed to the circulation feature was bounded 

by the GF2 region (Figure 4.8b). The high degree of correlation suggested by in 

Figure 4.8 was verified by computing a cross correlation (no removal of mean; 

Holmes et al. 2008) matrix for every tower combination across the array. Correlation 

coefficients of mean wind speed between StickNet 102 and the other nine towers were 

greater than 0.95. These values agree with previous research suggesting that the 

running mean wind speed is highly correlated in thunderstorm winds (Chen and 

Letchford 2006; Holmes et al. 2008). It should be noted that these correlations were 

based on the entire mean wind time histories, including the inflow region. Thus they 

do not reflect solely the correlation of the outflow (post-gust front) winds. A separate 

analysis was preformed comparing the running mean wind correlations of the separate 

regions of the time history. The mean wind speed correlation between StickNet 102 

and the other nine towers varied little between all regions, with values greater than 

0.990 for all regions, except GF1 (0.98). The 40-s mean wind direction exhibited even 

greater correlation than the mean wind speed with correlation coefficients greater than 

0.99 for all combinations of towers and regions of the time history.   



Texas Tech University, William Scott Gunter, August 2015 

102 

 

Figure 4.8 Time histories of the 40-s mean wind direction (a) and speed (b) for all the 

towers in the array. Magnitudes of wind direction and speed are indicated by the color 

bar and have been listed on the z-axis for clarity. The black dots represent the times 

used to segregated outflow in to the different regions. From left to right, the regions 

are inflow, GF, R1,GF2, and R2.  



Texas Tech University, William Scott Gunter, August 2015 

103 

4.4 Gust Characteristics  

The peak gusts measured during this event demonstrate interesting features 

regarding the structure of the outflow and the effects of nearby roughness elements. 

Gust wind speeds were computed for each tower by averaging 1 s of 5-Hz data in a 

moving window. The 1-s averaging window was chosen based on recent 

recommendations (Kwon and Kareem 2014) as well as to facilitate comparisons with 

previous results (Holmes et al. 2008; Lombardo et al. 2014). There was substantial 

variability in the peak 1-s gust magnitude and direction over the extent of the array, 

but all peak 1-s gusts across the tower array were measured in either the GF2 region 

(in association with the circulation) or the R2 region (in association with the main 

body of the outflow). The gusts measured in the GF2 region generally were similar 

between all towers and had more of a southwesterly component. Peak gusts measured 

in the main body of the outflow appeared greater in magnitude and from the 

northwest. However, several towers (102, 103, 104, and 106) were downstream of 

roughness elements along the azimuth of the R2 wind direction, which likely reduced 

the impact of the gusts in the main body of the outflow. This effect was also apparent 

in the mean wind speed of Figure 4.8b and will be demonstrated in the turbulence 

statistics.  

Gust factors were defined as in Holmes et al. (2008) and Lombardo et al. 

(2014) as the ratio between the peak 1-s gust occurring anywhere in the time history 

and the largest 40-s running mean wind speed found in the time history (non-local), 

      (2) 

Based on this definition, non-local gust factors ranged from 1.21 (Tower 107) to 1.38 

(Tower 106). The towers east of 106 also exhibited higher than average gust factor 

values (Figure 4.9a). Though the definitions are similar, the wind speed data analyzed 

in Holmes et al. (2008) were collected at 10 m AGL and thus gust factor values were 

lower than the values computed herein. Lombardo et al. (2014) similarly analyzed data 

^

1

40

U
GF

U




Texas Tech University, William Scott Gunter, August 2015 

104 

by a StickNet tower in a supercell thunderstorm. Using a running mean of 34 s, the 

non-local gust factor computed for the StickNet data was similar to the values reported 

here in. Equation (8) of Lombardo et al. (2014) was used to account for the difference 

in averaging time and resulted in a value of 1.29, which was close to the array mean of 

1.28 for the current study.  

The peak ramp time, defined as the time in seconds between the minimum at 

the gust front and the peak 1-s gust, varied depending on whether the peak gust 

occurred in association with the main body of the outflow or was measured in the GF2 

region. Regardless, peak ramp times were greater than 5 min for all towers with a 

minimum peak ramp time of 304 s and a maximum of 560 s. Most towers eclipsed the 

threshold of severe wind (at the 2.25 m measurement height), defined by the United 

States National Weather Service as 26 m s
-1

, 330 s after the gust front (Figure 4.9b). 

These time scales are similar to those documented in Orwig and Schroeder (2007) for 

a derecho-producing MCS and the bow echo discussed in Lombardo et al. (2014). 

These similarities suggest that peak gusts may be found well behind the gust front in 

organized, quasi-linear convection.  
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Figure 4.9 Spatial distribution of the (a) peak 1-s gust (GS) and non-local gust factor 

(NGF) and (b) the ramp times, where dt(severe) ramp time to the severe threshold and 

dt(peak) is the ramp time to the peak 1-s gust.  

 

5. Outflow Turbulence Characteristics  

Previous studies have focused on comparing extreme thunderstorm winds to 

those characteristic of synoptically driven boundary layers as well as determining 

appropriate averaging times and methods by which to extract turbulence from 

nonstationary thunderstorm wind records (e.g., Choi and Hidayat 2002; Orwig and 

Schroeder 2007; Lombardo et al. 2014). Given the temporary nature of the StickNet 

deployment, a comprehensive assessment of the synoptic winds at the deployment site 

is unavailable. However, most towers were deployed with enough lead-time to 

sufficiently sample the storm inflow environment. While this environment may not be 

entirely representative of synoptically driven flow (as suggested by the high lateral 

correlations of the mean inflow wind speeds), it still provides a point of comparison 

with which to investigate the turbulence characteristics of downdraft winds. Residual 

turbulence was computed by subtracting the 40-s running mean wind speed from the 
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original time history (Holmes et al. 2008; Lombardo et al. 2014). Short duration 

averaging windows have been shown to minimize the mean of the residual turbulence 

as well as limit the effects of nonstationarities without modifying the wind speed 

record (i.e. trend removal; Holmes et al. 2008; Orwig 2010).  

5.1 Turbulence Intensity  

Longitudinal turbulence intensity was determined for each time history as in 

Holmes et al. (2008) in that the longitudinal root-mean square (RMS) turbulence time 

history was divided by the 40-s running mean longitudinal wind speed time history,  

      (3) 

where,  

      (4) 

Note that this formulation of Iu is different from the formulation used to estimate zo as 

only stationary segments were incorporated in the zo analysis. The time histories of the 

longitudinal wind speed and Iu for Tower 111 are given in Figure 4.10. The five 

regions of the time history, defined previously, are also indicated. The 2.25 m Iu 

values for the inflow varied between 6 and 18.6%, began increasing several minutes 

prior to the passage of the gust front, and reached a maximum of 35% within the GF 

region. Despite using a short averaging window, this peak is likely associated with the 

nonstationary ramp in wind speed near the end of the gust front segment. Turbulence 

intensity values remained above 10% through most of R1 before increasing slightly in 

the GF2 region. Shortly after the passage of the circulation associated with the GF2 

region, Iu dropped to levels comparable to the inflow as the wind speeds increased to 

over 30 m s
-1

. The drop in Iu associated with the peak wind speeds is consistent with 

the analysis of a supercell RFD in Holmes et al. (2008), where 10 m Iu values 

decreased to 9-11% as wind speeds increased to over 25 m s
-1

. 

2

40

( ')
u

u
I

U


40'u U U 



Texas Tech University, William Scott Gunter, August 2015 

107 

 

Figure 4.10 Time history of the along wind (longitudinal) wind speed and running 

turbulence intensity (RTI) from StickNet Tower 111.  

 

Figure 4.10 is generally representative of the Iu time histories computed for all 

towers, but there was variation along the array attributable to both storm scale features 

and local roughness elements. The mean turbulence intensity values were computed 

for each region of the time histories and are displayed in Figure 4.11a as the towers 

were deployed west (Tower 105) to east (Tower 102). In Figure 4.11a, it is evident 

that most towers experienced the greatest turbulence intensity in the GF region with 

mean values between 16 and 25% mostly likely due to the nonstationary ramp in the 

wind speeds after the wind speed minimum. During the time period of maximum wind 

speeds (R2 for most towers), the mean longitudinal turbulence intensity was similar in 

magnitude to the values derived for the inflow region with mean values just above 

10%. Considering only the time periods when the 40-second mean wind speed 

exceeded 25 m s
-1 

(Holmes et al. 2008), the mean TI for all towers was 12.5%. 

Included in this value were the eastern three towers (102, 103, and 104), which most 

likely experience enhanced turbulence due to upstream roughness elements. Excluding 
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these towers, the mean TI for the same period is reduced to 11.2%. The largest mean 

turbulence intensity values for the eastern three towers were determined to be in GF2 

region (as compared to the GF region for the other towers). Similarly, most towers 

experienced the lowest lateral turbulence intensity (Iv; computed as in Eq. (3), but with 

lateral RMS turbulence) in the inflow or R2 region (Figure 4.11b) likely owing to the 

more stable wind directions during these time periods. Otherwise, the gust front 

regions (GF and GF2) had the largest mean Iv, with values between 15 and 20% for 

most towers. Despite significant quality control, noise in the wind direction data of 

Tower 104 inflated the lateral turbulence intensities. TI ratios ( ) displayed no 

consistent trend between the different regions (Figure 4.11c), but the magnitudes were 

higher than those expected from the empirically defined ratio of the standard deviation 

to the friction velocity (0.75) and those measured in neutrally stratified layers (0.67) at 

11 m AGL (Counihan 1975; Teunissen 1980). A similar overestimation of the TI ratio 

at 10 m AGL was noted in the hurricane boundary layer, where the mean ratio 

between the lateral and longitudinal turbulence intensities was 0.92 (Schroeder and 

Smith 2003). Excluding the data from Tower 104 due to the inflated Iv values, the 

mean TI ratio of all regions and all towers was 0.98. As noted in Schroeder and Smith 

(2003), some of this overestimation could be due to inflated lateral standard deviations 

related to the dynamic response of the wind vane.  

v uI I
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Figure 4.11 Spatial distribution of mean turbulence intensity for each outflow region 

along the StickNet array for the (a) longitudinal turbulence intensity (b) the lateral 

turbulence intensity and (c) the ratio of lateral to longitudinal turbulence intensity. The 

towers are arranged west (left) to east (right).   

 

5.3 Longitudinal Integral Scales  

For each tower in the array, the longitudinal integral scale, or the estimated 

mean gust size in the longitudinal dimension, was computed by performing an 

exponential fit to the autocorrelation function of a 40-s segment of residual turbulence 

(u'). The fit was truncated where the derivative equaled zero and then integrated to 

infinity (Schroeder and Smith 2003). The resulting time scale was multiplied by the 

mean wind speed of the segment to estimate the integral length scale, 

      (5) 

A 50% segment overlap was used, and each segment was assumed to be 

independent and stationary (Schroeder and Smith 2003). Further, the integral scale 

0
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time history was divided into the previously defined regions as was done with 

turbulence intensity.  

As seen from the perspective of Tower 111, the length scales of the inflow 

were generally less than those of the outflow (Figure 4.12). Integral scales increased 

quickly in association with the gust front, but mean wind speeds during these periods 

were relatively low (~ 10 m s
-1

). The peak  for Tower 111 occurred in the GF2 

region where the estimated mean gust size exceeded 100 m, before decreasing again in 

R2 as the peak wind speeds of the event were experienced. The latter observation 

suggests that larger scales of turbulence were active in the outflow, particularly GF2 

and R2, as compared to the inflow. The trends noted in the data of Tower 111 were 

fairly consistent across the array (Figure 4.13). The mean  values were uniformly 

smaller in inflow as compared to other regions of the outflow for all towers. Values 

ranged from 15 to 24 m in the inflow to between 31 and 46 m in R2 of the outflow, 

representing a near 50% increase. The highest mean integral scale values, including a 

peak of 67.4 m, were noted in the GF2 region for most probes. Excluding the data 

from Tower 104 yielded only a slight decrease in the mean inflow (outflow) integral 

scales by 0.5% (1.7%). Similar thunderstorm integral scale results were noted in 

Orwig and Schroeder (2007) where gust sizes within thunderstorm outflow winds 

were larger than those of non-thunderstorm winds, despite the use of a different 

method and a longer averaging time to compute longitudinal integral scales.  

u
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Figure 4.12 Time history of the autocorrelation longitudinal integral scale from 

StickNet Tower 111. 

 

Figure 4.13 Spatial distribution of the mean longitudinal integral scales for each 

outflow region along the array. Towers are arranged west (left) to east (right).  
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The structure of the StickNet array also allowed for the estimation of integral 

scales based on the cross correlation of towers separated by varying distances. While 

this method is dependent upon wind direction such that longitudinal integral scales are 

only captured when the wind direction is parallel to the array, it also allows for the 

computation of lateral integral scales when the wind direction is perpendicular to the 

array. Previous research has incorporated this method when the wind direction was 10 

– 30 of parallel or perpendicular to the anemometer line for longitudinal and lateral 

integral scales, respectively (Panofsky 1962; Flay and Stevenson 1988; Hui et al. 

2009). For this event, 40-s segments where the mean wind direction of the fine-scale 

array (first 5 probes) was within 20 of parallel or perpendicular to the array were used 

to compute integral length scales. A 50% segment overlap was used to maintain 

methodological consistency with the autocorrelation results. This threshold and 

methodology resulted in 24 segments of inflow time periods and five segments of 

outflow time periods for the computation of longitudinal integral scales, but only one 

segment when the winds were roughly perpendicular to the array (during the gust 

front) for the computation of lateral integral scales. As with the autocorrelation 

integral scales, an exponential curve was fit to the distance correlation curve (as a 

function of tower separation) and truncated where the derivative equaled zero. The 

resulting curve was then integrated to infinity to obtain the integral length scale. For 

comparison, autocorrelation integral scales were computed as previously described for 

the segments where the distance correlation method was used.  

The distance correlation method performed well as compared to the 

autocorrelation method. For the inflow (when the mean wind direction of the fine-

scale array was between 70 and 110), the distance correlation method yielded a mean 

value of 20.8 m. The mean autocorrelation integral scale of the fine scale array for the 

same 24 segments was computed to be 20.9 m. Investigation of the time histories 

revealed that many of the peaks and troughs were similarly represented by both 

methods (not shown). Substantially fewer segments were available for the outflow 

(when the mean wind direction of the fine-scale array was between 250 and 290), but 



Texas Tech University, William Scott Gunter, August 2015 

113 

the trends were similar. The mean integral scale computed with the distance 

correlation was 38.6 m, while the autocorrelation mean was 39.9 m. The median 

values were more divergent but are probably a better estimator of central tendency 

given the limited number of observations and non-normal distributions. Regardless, 

the distance correlation method echoes the results of the autocorrelation method in that 

integral scales, as computed herein, were larger in the outflow of this event.  

As previously mentioned, only one segment met the criteria for the 

computation of lateral integral scales in this deployment. While this segment was 

located in the GF region and the mean fine-scale array wind speeds were low (5.0 m s
-

1
), the analysis yielded a value of 36.3 m for the lateral integral scale ( y

uL
 
). This 

result, though singular, suggests a high degree of lateral correlation in the GF region. 

The mean value of the fine-scale autocorrelation longitudinal integral scale ( x

uL ) over 

this same segment was 25.3 m, producing a ratio (
xy

u u
L L ) of 1.43. Considering the 

largest autocorrelation x

uL  value measured in the fine-scale array during this segment, 

34.8 m, the ratio becomes approximately 1. Previous research has consistently 

estimated the longitudinal scales to be much greater, on the order of 4 – 5 times 

greater, than the lateral integral scales at 10 m (Teunissen 1980; Flay and Stevenson 

1988). Panofsky (1962) calculated longitudinal and lateral integral scales at 2 m (the 

approximate height of the StickNet towers) and found the results to be greatly 

dependent on stability. In stable regimes, the longitudinal scales were 8 times larger 

than the lateral scales. In unstable regimes, the scales in the two dimensions were 

more evenly matched with a ratio of 0.74 suggesting the mixing associated with 

unstable regimes induces greater symmetry in turbulent eddies (Panofsky 1962). Prior 

estimates of integral scale ratios in thunderstorm outflow winds have also been 

reported to be close to 1.0 (Orwig 2010). However, the limited data and low wind 

speeds add significant uncertainty regarding the lateral integral scales computed in this 

event.   
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5.3 Spectral Analysis  

To investigate the distribution of turbulent energy though the course of the 

event, a short time Fourier Transform (STFT; Cohen 1995) was performed for each 

40-s segment and the results compiled into a spectrogram for each tower. In 

computing the spectrogram, the individual 40-s segments (with the same 50% overlap 

as the previous section) were first filtered with a 200-point Hanning window. The 

resulting spectral densities were normalized by variance, and the different regions of 

the time history are included in Figures 4.14 and 4.15. The spectrograms for both 

Towers 102 and 111 (Figures 4.14 and 4.15, respectively) indicate an expansion of 

turbulent energy to smaller scales though the course of the event. As many of these 

changes were likely due to the nonstationary wind speed within the outflow, the 

frequency associated with the greatest spectral energy was found in each segment and 

normalized by the mean wind speed of the segment to mitigate the influence of the 

faster wind speeds (Schroeder and Smith 2003). The resulting time history of the mean 

peak frequency is shown in Figure (4.16) and demonstrates a maximum in the peak 

frequency near the gust front. This maximum was most likely related to the turbulent 

mixing present at the leading edge of the gust front as the wind speed increase and the 

wind direction begins to change. After the passage of the gust front, the frequency 

containing the peak energy actually decreased, with a minimum in the GF2 region 

(Figure 4.16). This observation agrees with the longitudinal integral scale analysis 

which saw the mean eddy size increase up to and eventually peak in the GF2 region 

and remain elevated (as compared to the inflow) through R2. Additionally, the data 

from Tower 104 was also removed to isolate the effects of the potentially erroneous 

wind direction. Several peaks within the R1 and R2 regions were directly attributable 

to the data from Tower 104.  
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Figure 4.14 Spectrogram of normalized power (shading) from StickNet Tower 102. 

Power is normalized by frequency and variance.  

 

Figure 4.15 As in Figure 4.13, but for StickNet tower 111.  
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Figure 4.16 Time history of peak normalized frequency. The total time history (solid 

black) represents the mean from all StickNet towers. The time history excluding 

Tower 104 is also shown with circular markers.    

 

The segment over which lateral integral scales were computed also allows for 

the evaluation of spectral coherence. The squared value of spectral coherence is, 
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where the numerator represents the absolute magnitude squared of cross-spectrum 

between signals x and y, and the denominator is the product of the magnitude squared 

of the individual power spectra of x and y (Bendat and Piersol 2011). Coherence 

squared provides a measure of the correlation of two signals as function of frequency.  

To investigate the correlation of different scales of turbulence across a span of 

measurements, the square root of coherence (root coherence) is typically analyzed 

since large correlations, especially at the natural frequency of a structure, have 
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implications on the loading of a long span structure (Holmes 2001). Previous studies 

have evaluated the root coherence of thunderstorm data measured at 10 m AGL, but 

with tower spacings of 263 m (Chen and Letchford 2006; Holmes et al. 2008). Despite 

different analysis techniques, root coherence values associated with these separations 

were deemed negligible (Chen and Letchford 2006; Holmes et al. 2008; Orwig 2010). 

The present dataset incorporated much smaller tower spacing (~25 m), but at a 

measurement height of 2.25 m. Root coherence was computed for the same 40-s 

segment over which the previous analysis yielded a lateral integral scale value of 36.3 

m. Given that only one segment was available for analysis, no window was applied to 

the data. Root coherence was computed between the seven easternmost towers with 

the smallest spacing (Figure 4.17), as well as between Tower 102 and the other nine 

towers to determine the root coherence at large tower spacings (Figure 4.18). No 

distinct trends were apparent, but several tower pairs measured exceptionally high root 

coherence values. For instance, the peak root coherence value between Towers 103 

and 104 (which were separated by 26 m) was 0.92 at 0.0250 Hz. Also, the correlation 

between Towers 108 and 109 at 2 Hz approached 0.80. The mean root coherence 

values across all frequencies ranged from 0.26 (Towers 8-9; 52 m separation) to 0.42 

(Towers 6-7; 23 m separation). While the root coherence between Tower 102 and the 

two closest towers (Tower 3 and Tower 4; 23 and 50 m separation respectively) was 

relatively high at lower frequencies (> 0.7), the mean values across all frequencies 

were very similar for all towers (Figure 4.18) and ranged between 0.29 and 0.37. Chen 

and Letchford (2006) noted similar mean root coherence values as those associated 

with 102, but, after a test for independence, it was noted that the values were simply 

the errors associated with the method used to derive the power spectrum. These 

uncertainties, as well as those associated with the limited data, precluded investigation 

of exponential decay coefficients used in empirical coherence models (Simiu and 

Scanlan 1986; Holmes 2001). As with the lateral integral scales, these results should 

be considered with caution given the limited data available for the lateral correlation 

analysis as well as the low wind speeds (~5 m s
-1

) that pervaded the segment.  
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Figure 4.17 Root coherence between tower pairs as a function of frequency and lateral 

separation. The tower pairs are 102-103 (white), 103-104 (orange), 104-106 (red), 

106-107, green, 107-108 (blue), and 108-109 (black).  

 

Figure 4.18 As in Figure 16, but for tower pairs of 102 with the other nine towers from 

east (102-103; white) to west (102-105; black).  
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6. Summary and Conclusions  

High-resolution measurements were collected in a severe thunderstorm 

complex that produced extensive high-wind reports and wind damage across West 

Texas. Examination of WSR-88D radar data and West Texas Mesonet data indicated 

several different features, including a bowing portion of the complex and an embedded 

circulation, that were verified in the TTUKa mobile Doppler radar data as well as data 

from a network of surface measurements stations. These different features allowed for 

the segregation of the mean wind direction time histories into different regions, such 

that the effects of features on the mean wind speed, peak 1-s gusts, and turbulence 

parameters could be analyzed. The mean wind speeds demonstrated remarkable 

correlation across the extent of the array, which has implications for the loading of 

long-span structures such as bridges or transmission lines (Chen and Letchford 2006). 

Peak 1-s gusts were observed to occur in conjunction with either the circulation or the 

main body of the outflow, while ramp times to the peak 1-s gust exceed 300 s for all 

towers. In addition to higher peak 1-s gusts, the main body of the outflow (R2) was 

characterized by a low-level wind maximum in the dual-Doppler wind speed profile. 

By separating the residual turbulence from the raw time history with a 40-s moving 

average, running turbulence intensity, integral scales and spectra were computed. 

Turbulence intensity within the main body of the outflow was comparable to inflow 

turbulence intensity values, yet reduced in magnitude as compared to other outflow 

regions. Further, larger scales of turbulence became more active within the GF2 and 

R2 regions as noted by the increase in longitudinal integral scales and the decrease in 

normalized peak frequency with time.  

While many of the features observed in the Pep, Texas, MCS were specific to 

the synoptic, mesoscale, and even microscale characteristics driving the event, the 

quality of the deployment and the magnitude of this event will support further 

analysis. The goal of this study was to provide an overview of the event while 

employing simple, yet effective techniques to examine the turbulence characteristics. 
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Future analyses could incorporate more sophisticated techniques (e.g. Chen and 

Lechford 2005; Orwig 2010) to verify the conclusions presented herein. Future data 

collection efforts will involve even closer tower spacing and refined array 

configurations to more thoroughly document the lateral scales of turbulence both in 

thunderstorm and non-thunderstorm environments.  
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CHAPTER V  

SUMMARY  

Project SCOUT was successful in collecting high-resolution measurements 

within many different types of thunderstorm outflows, including a rare, extreme 

thunderstorm wind event that produced widespread damage across West Texas. In all 

17 events were sampled, with three events exhibiting peak instantaneous surface wind 

gusts > 30 m s
-1

. These observations are novel because of the methods used to collect 

them, the resolutions they incorporated, and the inclusion of Doppler radar data. As 

such, they are valuable to the wind engineering community because they can provide 

much needed turbulence and wind profile information for the validation of numerical 

models and wind tunnel studies. To promote future analyses, these measurements will 

be made available to the community through the construction of a publically 

accessible database. The database will be populated with the events collected over the 

past few years as well as those collected over the course of the next year. The novel 

measurement techniques employed in Project SCOUT necessitated the collection and 

analysis of several validation datasets.  The analysis of the validation datasets not only 

provided confidence in the methodology used to derive the dual-Doppler profiles, but 

also represents one of the first in-depth comparisons between dual-Doppler wind 

speeds and those measured by traditional anemometry.  

The analysis of both the validation and SCOUT datasets has produced three 

articles that were included herein. The first two have been published in peer-reviewed 

journals, and the third awaits submission. While the summary and general findings 

were included at the end of each article, the more substantial findings are reiterated 

here in the context of the objectives presented in Chapter 1.  

1. Conclusions  

 The methodology used to compute wind speed and direction profiles from 

coordinated RHIs was successful in producing dual-Doppler wind profiles 
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that exhibited high correlations with and little bias from profiles derived from 

traditional anemometers.  

 The type of scatterer present during the collection of radar data influences the 

accuracy of the low-level (< 50 m) wind retrievals. Liquid hydrometers 

produced the greatest bias, but only datasets involving a low-level wind 

maximum were available for comparison.  

 Dual-Doppler derived turbulence statistics were underestimated as compared 

to those computed with the time histories of sonic and UVW anemometers.  

 Dual-Doppler wind profiles from two of the studied SCOUT outflows 

demonstrated substantial temporal evolution. Much of this evolution occurred 

within the standard 10-min averaging time employed by most standards and is 

driven by the structure of the outflow, which further correlates well to 

meteorological stages.  

 The peak of the storm maximum wind speed profile occurred much higher in 

altitude in all examined events than numerically simulated downbursts. This 

difference could be in part phenomenological as no stationary, isolated, 

microbursts were sampled during Project SCOUT. This finding emphasizes the 

need to numerically model other types of severe wind producing mechanisms 

in addition to the superabundance of microburst simulations.    

 The peak gust in the Pep, Texas extreme wind event occurred in association 

with either a circulation on the leading edge of the outflow or the main cold 

pool itself. For many towers, the cold pool surge produced a greater peak gust.  

 The local roughness elements seemed to have a significant effect on the time 

histories of several towers. This effect included altering the time the peak gust 

was experienced as well as enhancing the turbulence.  

 The running mean wind speed and direction were highly correlated over a span 

exceeding 1 km in both the inflow and outflow portions of the time history.  
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 Larger scales of turbulence were present in the Pep, Texas outflow as 

demonstrated by a drop in turbulence intensity, increase in the longitudinal 

integral scales, and a shift of the peak power to lower frequencies.  

 The two methods used to compute longitudinal integral scales, the 

autocorrelation method and the distance correlation method, produced very 

similar results as expected.  

 When compared to power-law derived peak gust profiles, outflow peak gust 

profiles were conservative in two of the three examined events. While the third 

event produced peak gusts greater than those predicted by the power law, the 

magnitude of the gusts were well below design wind speeds.  

 

2. Recommendations  

The recommendations based on the presented analyses were divided into those 

based on existing validation / SCOUT datasets and those that would require new 

datasets based on modified deployment schemes from lessons learned over the past 

few years. Additionally, several new datasets have already been acquired and will be 

discussed within the existing datasets section.  

2.1 Existing Datasets  

 While the simplistic binning scheme used for the radial velocities in the 

computation of the dual-Doppler profiles produced excellent results, more 

sophisticated objective analysis techniques, such as a 2-pass Barnes filter, 

could be performed on the RHIs prior to the dual synthesis. Further, different 

objective analysis techniques could be compared (e.g. Trapp and Doswell 

2000) with the tower data to identify strengths and weakness of each.  

 Incorporate spectrum width into the radar turbulence estimations (e.g. Istok 

and Doviak 1986; Melnikov and Doviak 2009) and compare to sonic / UVW 
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turbulence measurements with the goal of improving the near-surface dual-

Doppler turbulence estimates.  

 The outflow profiles should be assimilated into numerical models to 

investigate the discrepancy between the heights of the observed wind speed 

profile maxima and those generated in downburst simulations.  

 Characterize the coherent boundary layer features evident in the RHIs via the 

methods introduced by Lorosolo et al. (2008) and relate these features to the 

surface time histories and turbulence parameters. The evolution of these streak-

type features was particularly interesting in the SYR dataset. Several other 

SCOUT datasets will also lend themselves to this investigation.  

 Examine the spatial variability of thunderstorm outflow profiles from dual-

Doppler PPI volumes collected in an outflow event in Colorado in August 

2014. This dataset could also be included in the previous recommendation.  

 Two StickNet datasets have been collected at the NWI field site using a much 

smaller spacing between towers. This location also allowed for more flexibility 

in orienting the array perpendicular to wind direction. Currently, a synoptically 

driven high wind event (U > 20 m s
-1

) and a thunderstorm outflow (U ~= 20 m 

s
-1

) have been measured and would make for an excellent comparison.  

 The relationship of the dual-Doppler instantaneous profiles to the peak 3-s gust 

profiles needs to be established before these results can be incorporated in the 

design code. 

 

2.2 Future Datasets  

 The validation results could be substantially strengthened through the 

collection of several more datasets. These datasets should include more clear 

air measurements as well as a stratiform rain event without the influence of a 
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low-level wind maximum. These datasets should be of several hours in 

duration each.  

 The shallow RHI scanning strategy should be employed in a thunderstorm 

outflow event of higher magnitude. Though the information regarding 

structural characteristics of the outflow would be limited, the value of 

estimating the turbulence parameters through the depth of the RHI would be 

immense.  

 Future StickNet deployments aimed at targeting lateral integral scales should 

employ even smaller spacing between towers than what were used herein.  
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