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Each year hurricanes cause devastating damage along the southeast coastline of the 

United States, where the State of Florida is one of the most vulnerable. The work 

presented in this dissertation is the result of full-scale measurements conducted during the 

last six Atlantic Hurricane Seasons (1999-2005). The primary objective was to quantify 

over-land near-surface hurricane wind velocity and uplift loads on residential structures 

using full-scale experiential methods. 

The research goal is to help reduce hurricane wind damage to residential structures 

by providing “ground-truth” data about the intensity of the wind, the resultant loads on 

residential structures, and the performance of these structures in high winds. The full-

scale hurricane data measurement was conducted with two separate data collection 

systems. The first system consists of portable weather towers deployed in the path of 

landfalling hurricanes to capture the wind field behavior at a height of 5 and 10 meters, as 

well as temperature, humidity, rainfall and barometric pressure. The second system uses 

xvi 



pressure sensors to collect wind pressure data on the roofs of occupied residential 

structures along the Florida and the Carolinas coastlines. To date, 32 houses along the 

Florida coastline, 4 along South Carolina, and 2 along the North Carolina coastline have 

been outfitted with these sensors. The data collected from these houses are compared to 

wind tunnel model studies on scale models of the subject homes. 

During the hurricanes of 2004 and 2005 several data sets were collected from 

homes that experienced sustained hurricane level winds. A total of 16 homes were 

instrumented during 3 of the 2004 storms, and 6 homes were instrumented over 3 storms 

in 2005. Data were collected from 9 of these homes in sustained hurricane level winds, a 

first in experimental wind engineering. Details are provided regarding the deployment of 

the portable towers and the instrumentation of the coastal homes and analysis of this full-

scale data are presented along with comparison between wind tunnel models and the 

ASCE-7 wind load provisions. Implications regarding the current state of knowledge of 

extreme wind loading in low-rise structures are provided. Preliminary analysis of the full-

scale vs. wind tunnel homes presented in this dissertation suggests that it may potentially 

impact wind load standards. These comparison studies suggest that the peak negative 

pressure coefficient obtained from the full-scale data exceeded the ASCE-7 coefficient 

(component and cladding) for the corresponding roof zones of high suction areas. 
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CHAPTER 1 
INTRODUCTION 

Background on Hurricanes and Coastal Zone Residential Structures in Florida 

Historically hurricanes in the Atlantic basin refer to tropical cyclones that form in 

the North Atlantic Ocean, Caribbean Sea and the Gulf of Mexico, north of the equator, 

usually in the Northern Hemisphere, summer or autumn. The Atlantic hurricane season 

officially runs from June 1 to November 30. The U.S. National Hurricane Center 

monitors the basin and issues reports, watches and warnings about tropical weather 

systems for the United States, where other countries around the basin track and issue 

warnings for tropical weather in their territories. 

The State of Florida’s coastline consist of 580 miles out of the total 2,069 miles in 

the Atlantic coast portion, and 770 miles out of the 1,631 in Gulf of Mexico coast portion 

of the U.S.; this represents 28% and 47% respectively (Teachervision.com, 2006). This 

represent a 36% of the total coastline from the Texas to Maine, consequently Florida is 

the state with the largest coastline exposure to Tropical Cyclone activity in the Atlantic 

basin.  

In terms of coastal population, from the 2003 U.S. Census Bureau and Woods & 

Poole Economics (W&PE) Inc., the Southeast and the Gulf of Mexico coastal areas are 

the least populated regions in the United States with a 9% and 13% respectively, where 

the most populated coastal areas in the U.S. correspond to the Northeast with a 34% 

followed by the Pacific with a 26% and the Great Lakes with and 18%, but none of these 

regions (with the exception of Northeast) are in danger of Tropical Cyclones in the 
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Atlantic basin. The Southeast has progressively become a primary destination for retirees 

and job-seekers. Florida showed the greatest percent coastal population change of any 

coastal region by percentage between 1980 and 2003. On average in the last decade, new 

residential construction in Florida in a given year represents 2% of the total residential 

infrastructure. This growth rate is not projected to slow in the near future, thus protecting 

this increasing population from the effects of hurricanes is a growing priority. 

Historically Florida is one of the Southeast states that suffer direct impact of 

hurricanes. Figures 1-1 shows a map with the Tropical Cyclones that had made direct 

landfall in the state of Florida, where for the last two years (2004/05) the Tropical 

Cyclone activity in the Atlantic basin has been above the normal historical average, 

causing this billion of dollars in the damage.  

The research presented in this dissertation contributes to understanding and 

minimizing the effects of hurricane wind loads on residential structures. 

Synopsis of the Florida Coastal Monitoring Program  

The Florida Coastal Monitoring Program (FCMP) began as a full-scale research 

effort in 1998 in response to a need in the wind engineering community to better 

understand hurricane wind loading on low-rise structures. The program started at 

Clemson University, with the University of Florida joining the research team in 1999. At 

present the team also includes Florida International University, Florida Institute of 

Technology, and the Institute for Business and Home Safety (IBHS) in Tampa, Florida. 

Funding support has been provided by the Florida Department of Community Affairs 

(DCA), the National Oceanic and Atmospheric Administration (NOAA), the Federal 

Emergency Management Agency (FEMA), The Florida Building Commission (within the 
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DCA), Florida Sea Grant, South Carolina Sea Grant, and the Institute for Business and 

Home Safety. 

Figure 1-1 Tropical Cyclone activity in the State of Florida since 1950 - 2005 

The FCMP research activities consist of four distinctive projects. Two consist of 

separate full-scale data collection systems to collect ground level wind speeds and uplift 

pressures on the roofs of residential structures. These will be referred to as FCMP Tower 

and FCMP House. The third consists of post-hurricane damage evaluations to provide 

data relating winds speed to damage. The fourth project is a destructive testing program 

on houses, which allows researches to quantify actual construction methods and 

vulnerability reducing retrofits to their limit states.  

These four complementary projects provide information needed to develop a more 

wind resistant infrastructure by quantifying hurricane wind behavior, extreme wind 
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loading, and the vulnerability of both existing construction methods and proposed cost-

effective retrofits and code improvements. The next section will provide details about the 

first two activities in which the author has been an active participant.  

FCMP Tower Research 

A source of great uncertainty in the design of hurricane resistant structures is the 

actual winds these structures are subjected to, in terms of both sustained winds and the 

magnitude and frequency of gusts. The commonly used Saffir-Simpson storm intensity 

rating scale is based upon sustained 1-minute averaged wind speeds over open water. As 

the wind transitions from open water to land, the influence of terrain and infrastructure 

alters the behavior of the wind. For example, a Category 3 storm may only produce 

sustained winds of 100 mph over land, although the SS-scale rates Category 3 as at least 

111 mph sustained winds. Conversely, the gustiness of the wind increases over land, 

which can adversely influence the loads on structures. This disconnect between the public 

perception of hurricane intensity and the actual loads experienced by structures is an 

outstanding issue to address as researchers investigate means to mitigate wind damage. 

The FCMP Tower project is designed to quantify this wind behavior through direct 

measurements. Instrumented portable towers are placed in the path of oncoming extreme 

wind events to quantify instantaneous wind speed and direction as the hurricane 

approaches and impacts land, and moves inland. 

The FCMP full-scale wind velocity data collection system consists at present of six 

portable towers designed and built at Clemson University (Poss, 2000). The towers are 

stored in the off-season at the University of Florida where upgrades and maintenance are 

performed by the FCMP team members.  
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During deployment, each tower relays summary data every 15-minutes to a public 

access website for use by NOAA researchers, emergency managers, and risk modelers. In 

2006 this cellular communication-based real-time system is being augmented with 

satellite transmission modulators to transfer data directly via-satellite to NOAA’s 

Geostationary Operational Environmental Satellite (GOES).  

The FCMP mobile towers (Figure 1-2) are designed to meet U.S. Department of 

Transportation (DOT) requirements for transport as a conventional trailer, and withstand 

peak gust wind speed of 90 m/s (200 mph), which corresponds to a strong Saffir-Simpson 

Category 5 (Simpson and Riehl, 1981). The FCMP towers’ mobility and easy assembly, 

approximately twenty minutes by a three man crew allow deployment in almost in any 

terrain exposures condition.  

Tower instruments are located at three levels (3, 5 and 10 m). The data acquisition 

system measures 3D wind speed and direction at the top two levels and collects 

temperature, rainfall, barometric pressure, and relative humidity data at the tower’s base. 

Two RM Young anemometry systems—a wind monitor and a custom array of three gill 

propellers—collect data at the 10-m level, which the World Meteorological Organization 

deems as the standard wind speed observation height. A second array of gill propellers 

collects wind speed data at the 5-m level to measure winds at the approximate eave 

height of a single-story home. The tower power system has been upgraded from its 

original contractor-grade gasoline generator with diesel generators to provide power for a 

period up to 48 hours. A series of UPC batteries provide an extra 8-10 hours of power 

when the generator runs out of fuel. 
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The data acquisition system consists of two separate computer systems. The first 

consists of a PC that collects the data at a sampling rate of 100 Hz, and stores it digitally 

onto two separate hard drives. The second system consists of a laptop computer that 

collects the data at sampling rate of 10 Hz, and stores the data onto a single hard drive. 

This system was incorporated in the 2003 hurricane season and it is responsible to 

connect to the Internet via cellular modem and upload statistics summaries through 

various ftp sites. More details are presented by Masters (2004). 

 
(a) 

 
(b) 

Figure 1-2 Pictures of FCMP Towers (a) FCMP Tower deployed during Hurricane 
Charley (2004) (b) FCMP Convoy for Katrina (2005) 

The FCMP tower data set contains information from Tropical Cyclones Georges 

(1998), Dennis (1999), Floyd (1999), Irene (1999), Gordon (2000), Gabrielle (2001), 

Michelle (2001), Isidore (2002), Lili (2002), Isabel (2003), Bonnie (2004), Charley 

(2004), Frances (2004), Ivan (2004), Jeanne (2004), Dennis (2005), Katrina (2005), Rita 

(2005) and Wilma (2005). Facts about the FCMP deployments since 1998 to 2003 are 

presented by Masters (2004); details about the 2004/05 seasons will be presented in this 

dissertation. This database to date has provided a crucial source of information when 
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defining the vulnerability of the infrastructure. Figure 1-3 shows a map of all the tower 

deployment activity since 1999 – 2005 and the major hurricane activity of the 2004 - 05 

seasons. 

Figure 1-3 FCMP Tower Deployment Activity since 1999 – 2005 and major hurricane 
activity for the 2004 – 05 seasons. 

FCMP House Research 

Just as the knowledge of wind speeds over land is largely uncertain despite 

advances in hurricane tracking and intensity forecasting, the wind loads associated with 

extreme wind speeds are also lacking in first-hand direct quantification. ASCE-7 wind 

load provisions are based largely on small scale wind tunnel replications conducted on 

simple structural shapes. There are limits regarding the accuracy of extrapolating the 

loads measured in these experiments to full-scale, and in particular the interaction of 
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extreme wind and resultant loading on more typical complex shapes found in the existing 

housing infrastructure.   

The FCMP house project was created to bridge the gap between wind tunnel based 

wind load provisions and the actual loads experienced by full-scale structures. This 

project consists of measuring wind pressure data directly on the roof, soffit and walls of 

pre-selected residential houses along the coast of Florida during land falling hurricanes. 

The homeowners of these occupied structures agreed to collaborate with the FCMP 

researchers in exchange for retrofits to improve the home’s resistance to hurricane winds. 

Modern high wind rated shingles, wind and impact rated garage doors, and window 

shutter systems are typical of these incentives.  

The current FCMP house catalog contains a total of 32 houses in the state of 

Florida, 4 in the state of South Carolina and 2 in the state of North Carolina. Figure 1-4 

shows the distribution of the houses among these three states. The location of these 

houses had been carefully selected using the historical frequency of land-falling 

hurricanes in these regions. The homes are spaced at intervals of 16 to 24 km (10 – 15 

mi), and most are within 1.5 km (1 mi) of the coastline. Typically the houses are one or 

two stories tall have composite shingle roof covering, and the surrounding areas are 

suburban and relative free of tree cover. Aerial pictures for houses presented in this 

dissertation are available in Appendix A. 

The house instrumentation is prepared during the off season. This consists of 

installing roof brackets to attach the sensors, and exterior wiring to connect the sensors to 

the computer system. Figure 1-5 (a) shows the wires for the individual sensors, and 

Figure 1-5 (b) shows the plastic piping containing these wires, installed under the 
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overhang. All of the wires meet at a disconnect box shown in Figure 1-6 (a), to which the 

computer data collection system is attached as shown in Figure 1-6 (b). The pressure 

sensors are mounted on the roof, and the computer system is installed within days of an 

approaching hurricane and retrieved immediately after the event. 

Figure 1-4 FCMP Houses locations along: Florida, South Carolina and North Carolina 

The computer is contained in a 60” Steel Jobsite Box shown in Figure 1-6 (b). The 

inside is customized to accommodate a PC, CPU batteries (to provide up to 24-36 hours 

of power), time lapse VCR (to record images of the house during the storm) and 

miscellaneous tools. The box’s final weight is around 300 lb, heavy enough to resist high 

winds. 

The data acquisition system measures data at a sampling rate of 100 Hz. The data 

are stored digitally into two independent hard drives every 15 minutes. The field 

instrumentation per house consists of a maximum of twenty eight Microswitch 142 PC-

15 absolute pressure transducers. Reference pressure sensors are located inside the house 

attic and at ground level (yard sensor). In addition, depending to the house configuration, 
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3-cup-anemometers are installed on the roof of the house, using a 54 inch stem extension 

from the roof eave. 

 
(a) 

 
(b) 

Figure 1-5 Pictures of house work. (a) FCMP personnel prepares cable (b) PVC piping 
system 

 

 
(a) 

 
(b) 

Figure 1-6 Pictures of house components. (a) House disconnect box (b) House computer 
box 

The sensors are sheltered in a 12 in diameter aluminum pan (roof) or square plastic 

box (wall & soffit), distributed along the roof, soffit, walls and camera mounting base 
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plate (yard sensor). Detailed technical information is presented by Michot (1999). Some 

of the most relevant points are voltage signal resolution of pressures to ±0.005 psf, an 

arbitrary offset voltage that varies from sensor to sensor the transducer calibrations are 

sensitive to temperature changes. Michot reported a temperature adjustment factor of 

0.0144 Volts/°F for a sensor circuit of sensitivity of 20.6 psf/Volt. 

FCMP house sensor calibration tests have been performed in order to find the 

sensitivity for each sensor. A sealed box allows calibrating twelve sensors at a time. 

Using an electric air compressor, suction is applied to the box to provide a known 

pressure. Voltage data from the sensors are collected during a 15 minute interval at a 

sampling rate of 100 Hz. During the test, pressure inside the box is monitored using a 

Setra Digital Pressure Gage Model 370. The pressure then is varied inside the box over a 

range around 810 to 970 mbars. A linear regression is then applied to the sensor voltage 

data and known pressure measured using the RM Young pressure sensor, thus providing 

the sensitivity (calibration) factor for each sensor.  

FCMP analysis of house data collected during hurricane Ivan (2004) will be 

presented in Chapter 4. Additional data was collected during Frances and Jeanne (2004), 

and Dennis and Wilma (2005), and is the subject of ongoing analysis. This dissertation 

will focus on the development of a probabilistic approach to the analysis of the full-scale 

data, which will be employed for future analysis of these data sets. 

Companion research at Clemson University focuses on constructing scale models 

of the homes that collected data in 2004 and 2005, and conducting wind tunnel studies of 

these models. The loads observed from these tests will be compared with those loads 
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measured in full-scale in an attempt to identify shortcomings in the model testing 

procedures used to determine wind load provisions. 

The analysis of full-scale pressure data collected during actual hurricanes presents 

numerous challenges in terms of offering accurate results, reasonable uncertainty 

quantification, and a fair comparison to wind tunnel studies. This is a major topic in this 

dissertation. 

FCMP Post-Hurricane Damage Assessment 

In addition to the quantification and modeling of hurricane winds and structural 

loading, the assessment and documentation of damage to residential structures after a 

hurricane event are necessary to identify existing weaknesses and potential solutions.  

During the spring of 2005, the FCMP teams were joined by Florida A & M 

University (FAMU) students to conduct an extensive in-field evaluation of homes 

impacted by the 2004 hurricanes in Florida. The strategy was to randomly sample 

addresses located within designated peak wind bands for evaluation, thus providing an 

unbiased survey of damage to typical structures of various ages (Gurley et al., 2006). The 

random sampling strategy relied upon a database of county-wide residential house 

information. The randomization process was a rudimentary random order scheme.  

The outcomes of the study have been very revealing in terms of comparing 

structural performance as a function of construction age, and peak wind speed.  However, 

since the study was conducted months after the storms occurred, much of the data 

collection was based upon homeowner interviews rather than first hand observations of 

damage. 

Ideally such extensive damage assessments would be conducted in the days 

immediately after the storm impacts a region in order to capture perishable data that is 
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best observed first-hand. In order to capitalize on the use of a randomized sampling 

strategy, a portion of this dissertation deals with the development of a GIS-based tool to 

employ a series of sampling strategies stratified by wind speed, age, region, construction 

type, or a combination. This tool contains the database of residential housing from most 

of the counties in Florida. With such a tool in hand, the next intense hurricane to impact 

Florida will be immediately followed by a thorough damage assessment that is designed 

to provide statistically relevant samples of damage to stratifications as determined by 

researchers in the field. 

Scope of Research  

This document presents the FCMP research efforts in further detail, and highlights 

the original contributions of the author to these efforts.  

Chapter 2 provides a historical background on the quantification of wind loads, 

including wind tunnel modeling, ASCE-7, and the role of new full-scale pressure data.  

Chapter 3 will discuss full-scale data collection methods and present a summary of 

data collected since 2004.  

Chapter 4 presents the methods developed for, and results produced from the 

analysis of full-scale pressure data collected in Florida during hurricane landfall. There 

are two focuses in this chapter. The first is the identification of a suitable sampling rate 

for analysis. The second is the identification, modeling and quantification of the influence 

of uncertainty in the calculated pressure coefficient values to define confidence limits. 

Analysis of the data collected during Hurricane Ivan (2004) on a low-rise residential 

structure is presented.  

Chapter 5 presents a comparison of the full-scale results with those of wind tunnel 

studies of the FCMP houses as well as ASCE-7. The full-scale pressure coefficients will 
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be bounded by confidence intervals as determined by Monte Carlo-based methods 

developed for this research. This comparison of probabilistic full-scale pressure 

coefficients, from homes in sustained hurricane winds, with results currently used wind 

tunnel methods and ASCE load provisions, is the first such study available in the open 

literature. 

 Chapter 6 presents the GIS applications developed by the author to improve 

deployments strategies and the quality of post-hurricane damage surveys.  

Finally, Chapter 7 summaries conclusions on the FCMP data analysis of full-scale 

vs. wind tunnel vs. ASCE7-05 code parameters for low-rise structures, and presents 

comments and suggestion for future research works.  

Additional FCMP house analyses are presented in the Appendix C for data sets 

collected during the events of hurricane Frances (2004), Jeanne (2004), Ivan (2004), 

Dennis (2005) and Wilma (2005). 

Summary of Original Contributions 

The research contributions include: 

 
The development of new analysis methods for full-scale pressure data: 

• Identification of uncertainties in the collection and analysis of full-scale data 
• Development of a probabilistic pressure coefficient that incorporates these 

uncertainties 
• Development of a systematic analysis method to apply to each house data set 
• Identify the ideal down-sampling rate of full-scale data based on observed 

peak loads at individual sensors, and  correlated peaks at multiple spatially 
separate sensors 

• Analysis of the only full-scale residential pressure data sets available 
 
 
The first comparative study of full-scale, wind tunnel, and ASCE-7 wind loads on 
structures under sustained hurricane winds: 
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• Comparative study of peak pressure values from full-scale and scaled wind 
tunnel results 

• Evaluation of the accuracy of ASCE-7 for houses in hurricane prone regions 
• Evaluation of the effects of terrain on pressure coefficients 
The development of new GIS-based methodologies and functional framework for: 

• Analysis and presentation of post-damage survey data 
• Design and automated selection for damage survey studies in future storms 
 

 



 

CHAPTER 2 
QUANTIFIYING WIND LOADS ON STRUCTURES: BACKGROUND 

This chapter presents background information on quantification and modeling of 

wind pressure on low-rise structures. The estimation of pressure coefficients from wind 

tunnel studies is first discussed, followed by the application to wind load provisions. 

Finally the role of full-scale data and modern wind tunnel methods are presented.  

Background on Wind Tunnel Modeling of Pressure Coefficients  

This section provides background information concerning the modeling of wind 

pressure on low-rise structures. It presents basic concepts and the need for verification 

and improvement via the full-scale contributions presented later in the document. Some 

of the early works presented in this section had tremendous influence on the development 

of wind load provisions for low-rise structures.  

Definition of Pressure Coefficient  pC

The pressure coefficient  is a non-dimensional value which acts as a means of 

indicating the local pressure at some point of interest around a body, and which is 

independent of velocity. It is defined in equation 2-1. 

pC

 2
2

1 U
pp

C p ρ
∞−

=  (2-1)

Where: p  is the pressure at the point of interest,  is the free stream pressure or 

reference pressure, 

∞p

ρ  is the fluid density and U  is the reference or representative 

velocity near the point of interest. Positive pressure acts toward the surface and negative 

pressure acts away from the surface. The pressure coefficient can represent an average 

16 
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pressure over a prolonged period, the fluctuating pressure about the mean, or minimum / 

maximum peak values over a defined duration of constant average pressure. These 

values commonly evaluated from wind tunnel studies are referred to as mean (pC pC ), 

RMS (
p

C ), peak minimum ( ) and peak maximum ( ) values, and are calculated 

using mean, fluctuating, or peak values of

pC ( pC )

p  in Eq. 2-1. 

In practice, the pressure coefficient is applied by rearranging 2-1 such that the 

pressure differential in the numerator (the design wind load) can be determined with 

knowledge of the pressure coefficient and reference wind speed.   

pC  changes from one location to another on the same structure in the same wind 

field. Factors that influence the value of  beyond the parameters in 2-1 include size, 

roughness and orientation (relative to wind direction) of the surface at which  is being 

determined, the location on that surface (near an edge or in the middle), the turbulence 

(gustiness) of the approaching wind field, and the terrain surrounding the structure 

(related to the turbulence). 

pC

pC

Typically a model structure is subjected to a turbulent wind field with constant 

average speed and the pressure coefficients are calculated over a finely spaced grid of 

different locations over the surface of the structure. This is repeated over a series of wind 

directions, producing a surface of  values for a given wind direction. The worst case 

pressure coefficient at a given location is then selected from the many wind directions, 

enveloping the effects of wind from any direction. 

pC
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Wind Tunnel Procedure for Calculation of  pC

This section summarizes the extensive work conducted by researches to model 

wind pressure loading in low-rise structures in boundary layer wind tunnels. It also 

presents some of the details of the FCMP houses modeled at the Clemson University 

Wind Load Test Facility and some details of the work conducted at the University of 

Western Ontario (UWO).  

First a scale model is constructed, where the model size depends on the dimensions 

and velocity scales of the boundary layer wind tunnel. Normally scale models are 

constructed of Plexiglas and instrumented with pressure taps that sit flush to the surface 

in the roof and walls, which allows researchers to heavily instrument scale models in 

areas of interest like high suction zones (e.g. roof corners and edges). Clemson University 

researchers gather enough information from the full-scale experiment conducted by the 

FCMP, such as aerial pictures, topographic maps and detailed measured of the structures, 

to build a scaled geometric model of the house (shown in Figure 2-2) and other typical 

neighboring houses constructed of foam.  

The second step consists of selecting and evaluating the wind speed profile that will 

be replicated to scale in the wind tunnel. This is also referred to as matching the approach 

roughness. This roughness is quantified as a roughness length . Table 2-1 presents 

typical roughness length for common exposures types. As the roughness increases, the 

mean speed of the wind drops more rapidly from high (well above the structure) to low 

elevations (near the structure’s roof). This is often modeled as a log-law or power-law 

relationship shown in equation 2-2. 

0z
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 Where the exponent α in the equation is dependent upon the roughness and  

and  denotes heights above ground.  The level of turbulence increases with lower 

elevation more rapidly with higher roughness values. Figure 2-1 shows the wind velocity 

profiles for different values of 

1gz

2gz

α .  
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Figure 2-1 Power Law Wind velocity profiles for various α values. 

Since both mean and fluctuating wind speed effects , care must be taken to 

properly represent the roughness of the terrain in the model study. If the scale model in 

Figure 2-2 is placed in a wind tunnel that replicates smooth open terrain, and the actual 

full-scale data from that home are from suburban terrain, direct comparisons of data sets 

are less meaningful. 

pC
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The reference velocity to be used in the denominator of equation 2-1 is then 

determined by measurements in the wind tunnel. This is typically taken to represent the 

expected peak value of wind speed for a given duration of time, located at the mean roof 

height. This is typically quantified in one of two ways: 1) Measure the wind speed at the 

top of the boundary layer wind tunnel, well above the model. Then by applying the 

power-law relationship defining wind speeds as a function of elevation, the wind speed at 

mean roof height is computed. This is the methodology used by Clemson University 

Wind Tunnel Experiments. 2) Another approach to estimate the reference velocity at 

mean roof height is presented by Kopp (2005) at the University of Western Ontario. The 

peak velocity at mean roof height, is defined as VgVVh +=ˆ , where V is the mean roof 

height velocity, V is the root mean square (standard deviation) of the velocity fluctuation, 

and g is the peak factor, taken as a nominal value of 3.0. V  and V  are measured in the 

wind tunnel at the mean roof height without the model in place. 

Table 2-1 Suggested values of roughness lengths for various types of terrain 0z

Type of 
Terrain Coastala,b Openb

Sparsely 
Built-up 
Suburbsb

Towns, 
Densely 
Built-up 
Suburbsb

Centers of 
Large 
Citiesb

z 0(m) 0.005 - 0.01 0.03 - 0.10 0.20 - 0.40 0.80 - 1.20 2.00 - 3.00
a Applicable to structures directy exposed to winds blowing from open water
b Values of z 0 to be used in conjunction with the assumption z d = 0  

 
The model is then placed on a turntable in the wind tunnel and data are collected at 

different wind angles 0° to 360° by rotating the turntable between tests. This is done for 

multiple runs for a given wind direction. Finally by applying equation 2-1 the mean, 

RMS, minimum and maximum peak pressure coefficients are computed using the 

measured wind tunnel data. 
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Figure 2-2 FCMP House ID FL-27 model scale 1:50 

Important Considerations & Assumptions in Wind Tunnel vs. Full-scale Analysis 

The evaluation of peak pressure coefficients in wind tunnel and full-scale scenarios 

is related to the sampling rate duration, where higher (minimum and maximum) peaks are 

expected for faster sampling rates. This relationship eventually levels off at very fast 

sampling rates.  

Another consideration is the correlation of peaks over larger areas to represent the 

aggregate uplift over large structural components (e.g. sheathing). At faster sampling 

rates, a given peak pressure observed at one sensor may not be correlated to nearby 

sensors. in view of the fact that the pressure coefficient in load provisions are intended to 

represent aggregate loads, for example over a 4x8 piece of sheathing, identifying spurious 

peaks uncorrelated over small distances is not ultimately useful. The identification of an 

appropriate sampling rate between the model and full-scale data comparison will be 

addressed in detail in chapter 4.  

The model scale and the mean wind speed are also issues when considering the 

sampling frequency to be used when comparing full-scale and wind tunnel data. The 

dimensionless proportion in equation 2-2 describes the desired relationship between full-

scale and model scale data. 
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Where U is the roof mean wind speed, n is the sampling rate and B is a physical 

dimension (for example in a 1:50 scale model B will have a value of 1 in the model and a 

value of 50 in the full-scale). Typically the full-scale speed and dimension values are not 

controlled by the researcher, and the model scale is selected for reasons associated with 

wind tunnel test section size. Thus the full-scale sampling frequency, the model sampling 

frequency, and the mean wind speed used in the wind tunnel can be controlled to 

maintain this relationship. 

Another concern between the model and full-scale data are the issue of stationary 

data, where stationary refers to mean and fluctuating components of both the wind speed 

and direction that do not change over significant time duration. This is easily controlled 

in the wind tunnel as wind direction and speed are within user control, and the turbulence 

remains at a constant rate determined by the approach roughness in the tunnel. At full-

scale the experiment cannot be controlled in this manner. Wind speed, direction and 

turbulence can fluctuate dramatically over short periods of time. The challenge is to 

identify segments of data from the larger record that meet the stationary requirement. For 

example, full-scale data where wind direction does not vary beyond a 5 degree arc and 

the mean speed remains within 5% of its starting value is very hard to obtain in a 30 

minute period but it is possible to obtain in a short period of time. In order to take into 

account the stationary issues a duration time of 15 minute will be used. 

Background on ASCE-7 Wind Load Provisions 

The current Wind Load Provisions of ASCE-7 are based on the wind tunnel study 

work of Theodore Stathopoulos conducted in the late 1970s at the Boundary Wind 
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Tunnel Laboratory in the University of Western Ontario (UWO) (Stathopoulos, 1979). 

Stathopoulos’ work consist of two terrain models, the first a “smooth” exposure which 

produces a profile appropriate to open country conditions whereas the second “built-up” 

exposure correspond to suburban conditions. The roughness length in the wind tunnel 

was estimated to be inches [ m] for open country (smooth) and 

inches [ m] for suburban (built-up) exposures. Both of these values 

are very low compared to the currently used values for open country and sparsely built-up 

suburban in the range of (0.03 - 0.10 m) and (0.20 – 0.40 m) respectively. These values 

suggest that the wind field velocity profile used during the experiments is best described 

by today’s standards as a coastal terrain exposure, which reflect a change in thinking 

since the late 1970s (Kopp, 2005). 

0z

3104 −×≈ 4100.1 −×≈

31034 −×≈ 4106.8 −×≈

The characteristics of the boundary layer flow modeled in the wind tunnel dictate 

the appropriate length and velocity scales for a rigid pressure model. For the Stathopoulos 

study these are approximately 1:500 and 1:5 respectively. Thus the time scale is of the 

order 1:100. The frequency response of the pressure measurements system use in 

Stathopoulos’ work was capable of modeling full-scale fluctuations up to about 1 Hz and 

the sampling rate for each pressure signal exceeds and equivalent full-scale sampling rate 

of about 10 samples per second (Stathopoulos, 1979). 

The peak measurements considered thru the study were base on a single extreme 

value recorded rather than an average peak over several trials, based on the narrow 

differences for multiple trials with a coefficient of variation not exceeding 10%. Kopp 

(2005) presents that the corresponding model length scale was relaxed for the 

experiment, and models with length scales of 1:500, 1:250, and 1:100 were investigated 

 



24 

in the same flow. For example, the model-scale integral scale is effectively halved if a 

1:250 model is used in a 1:500 scale flow simulation. Stathopoulos and Surry concluded 

that the length scale relaxation to 1:250 was the largest possible without significant 

distortion of the results. The resulting database from the Stathopoulos experiments was, 

thus, largely based on the test data obtained from 1:250 scale model tests of three roof 

slopes (1:12, 4:12, and 12:12) and three eave heights (4.9, 7.3, and 9.8 m) in an open 

country exposure. However, the pressure coefficients from this work have been long used 

to describe the loading on houses in a wide variety of terrains. ASCE-7 allows a wind 

speed reduction with built up exposure, but applies the same pressure coefficients 

determined from these open country wind tunnel experiments. Analysis of both full-scale 

data and recent wind tunnel experiments suggest that pressure coefficients for 

components and cladding increase in built-up terrain, perhaps to the point of negating the 

load reduction allowed due to lower wind speed (Reinhold, 2005) 

The wind tunnel data was collected using state-of-the-art measurement techniques 

and equipment of the time at a sampling rate of 1000 Hz at 45° intervals and was then 

filtered using a low pass cut off frequency of 95 Hz. The sampling time was 30 s for the 

1:250 data, which corresponds to a full-scale time of about 25 min and full-scale 

frequency of 2 Hz. This is a point of debate since preliminary analysis of the FCMP full-

scale data show that much higher sampling rates have been found to produce well 

correlated peaks; this issue will be addressed in more details in chapter 4. 

There is a need to re-evaluate the current application of the Stathopoulos data set 

based on recent findings from both full-scale and wind tunnel experiments. It is justified 
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to evaluate the effects of using faster sampling rates and a range of exposure profiles 

beyond open country. 

Peaks as Functions of Sampling Frequency 

In order to compare Stathopoulos data with the FCMP model/full-scale data it is 

important to define an equivalent sampling frequency to match the conditions of the wind 

tunnel experiment. A full-scale sampling frequency of 2 Hz was calculated to be 

appropriate to compare with the Stathopoulos data presented on the ASCE-7. However, it 

is also important to present the results of the full-scale analysis in a format that best 

reflects the capabilities of modern instrumentation. Beyond fair comparisons of this data 

to the Stathopoulos work, the full-scale data will be down-sampled to the maximum rate 

capable of capturing correlated peaks across spatially separated sensors. This issue will 

be address in more details in chapter 4. 

The role of Full-scale and New Wind Tunnel Data to Evaluate Current Assumptions 
in ASCE-7 based on the Stathopoulos work 

Modern methods allow pressure coefficient calculations from data directly 

measured on full-scale residential structures under extreme winds. The role of full-scale 

measurements in quantifying wind pressure loadings on low-rise structures during 

landfalling hurricanes is fundamental to advancing the current state of knowledge of 

extreme wind loading. Simiu & Scanlan (1996) presents some of the early works of 

model/full-scale comparisons by Richardson (1991), in which comparisons for pressure 

on low-rise structures (gable-roof buildings) suggest that the wind tunnel does not 

accurately model the flow separation on the windward roof, so roof pressures often differ 

significantly between model and full-scale. Tieleman (1998) states that: because exact 

understanding of vortex formation and development under separated shear layers is 
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lacking, the success of any simulation technique must be based on model/full-scale 

comparison of observed surface pressures and not on some preconceived ideas of flow 

simulation alone.  

It has been found in most of the early comparison works that is fairly easy to match 

mean and rms pressure coefficients between model and full-scale, but the difficulty is 

found when comparing the extreme minimum (negative peak) pressures observed near 

roof corners and leading edges. This is attributed to inadequate simulation of the 

longitudinal and lateral turbulence intensities, their small-scale turbulence content, as 

well as Reynolds effects. Tieleman (1998) performed a comparative study of the full-

scale Texas Tech Building, and concludes that agreement between model and field roof 

pressure coefficient is only possible when duplicating the two horizontal turbulence 

intensities and their small-scale turbulence content, and the model turbulence scale 

exceeds one fifth the magnitude of the scaled-down field scale. 

Previous Full-scale Projects 

Previous research efforts in the Wind Engineering community concerning the 

quantification of wind pressure loading on low-rise building had been carried out   

extensively by wind tunnel modeling and full-scale instrumentation in the last thirty 

years.  The most relevant full-scale research in this area are: 

• Quezon City experiment in the Philippines (1970’s) 

• The structure building work in Aylesbury England (1970’s) 

• The structure building work in Silsoe England (1980’s) 

• Texas Tech Field Wind Engineering Research Field Laboratory (1980-90’s) 
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To complement these full-scale experiments, wind tunnel modeling had been 

conducted in order to evaluate and improve wind tunnel simulation techniques. At 

present ongoing research includes the full-scale measurements on the Kern P. Pitts Center 

which is being conducted by the Department of Civil and Environmental Engineering, 

University of Illinois at Urbana-Champaign, and the Department of Civil Engineering, 

Johns Hopkins University, Baltimore, MD (Porterfield and Jones 2001). The FCMP 

house program is also ongoing. Analysis of the data sets collected during the Atlantic 

Hurricane Season of 2004 and 2005 will be presented on this dissertation. Simultaneously 

wind tunnel models of the FMCP houses are being conducted at Clemson University by 

Liu (PhD Candidate of the Department and Civil Engineering) under the supervision of 

Dr. Prevatt. A summary description of each one of the previously mentioned projects is 

now presented. 

Quezon City Experiments 

In the 1970’s The National Bureau of Standards (NBS) with the collaboration of 

the Philippine Atmospheric, Geophysical and Astronomical Services Administration 

(PAGASA) performed full-scale testing on three single family dwellings in Quezon City, 

Philippines. The goal of this research was to provide new data set to improve the design 

criteria used to the design of low-rise structures and validate wind tunnel studies. 

 Wind tunnels studies where conducted at the Virginia Polytechnic Institute and 

State University. These studies provided key finding between the full-scale data and the 

wind tunnel model such as strong correlation in the mean and rms pressure coefficient 

values, which provided a high degree of confidence to the wind tunnel simulations. More 

details about the findings are presented by Marshall (1976), who reported proper intensity 

of turbulence is a key factor in generating realistic surface pressure fluctuations on the 
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wind tunnel model. The positive agreement between model and full-scale dimensionless 

pressure coefficients, probabilistic distributions, and power spectra suggests that valid 

wind data can be obtained from wind tunnel test which utilize a relatively large scale and 

suitable roughness (Marshall 1976). 

Aylesbury House 

In the early 1970’s the Building Research Establishment (BRE) of the United 

Kingdom constructed a full-scale two story house (Figure 2-3) to serve as a data 

collection site for field wind pressure studies on typical low-rise residential buildings. 

During the years of 1972/74 a large amount of data was collected. Holmes (1982) provide 

details of the experiment such as: building site location on flat open field, plan 

dimensions of 7 m x13.3 m, height to the eaves of 5 m, uniquely feature to adjust the roof 

pitch angle from 5º to 45º, pressure transducers positions and characteristics of the full-

scale runs. 

 
Figure 2-3 Aylesbury experimental building with 22.5º pitch roof 
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The Aylesbury building is consider a milestone in the wind engineering field, and 

the initiative for international wind tunnel models conducted around the world included 

the United Kingdom, the United States, Canada, Australia, and Japan among others. At 

the time this full-scale date set provided the best database on wind pressure on low-rise 

building (Holmes, 1982). 

Silsoe Structures Building 

The Silsoe Structures Building (SSB) was constructed during 1986/87 at the Silsoe 

Research Institute (SRI), specifically to undertake full-scale wind pressure 

measurements. The building was constructed with an optimal eaves geometry offering 

either traditional sharp eaves or curved eaves of 635 mm radius. The building geometry 

consists of 24 m long by 12.9 m span by 5.3 m ridge height building with a 10º duo-pitch 

roof. The surrounding flat terrain is mainly open-country site. 

 Experimental data sets presented by Hoxey (1997) consist of two independent 

data collection systems. The first conducted by SRI consist of a total of 77 pressure 

tapping points were installed on the building and measurements were made using a 

sequence controller which sampled two pressures at one time. A total of 4 records were 

collected, each one with duration of 4 minutes, which provided 4 mean values of wind 

pressure data. A complete definition of pressures over the building surface required many 

hours of recording. The second set of data was conducted by the Building Research 

Establishment (BRE) which consists of a total of 32 pressure tap points, each mounted 

locally on the inside of the building. The improvements of this second method allow 

recording simultaneous measurements with wind velocity sensed by a three-component 

sonic anemometer. Records of one hour duration were made, and these were partitioned 
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into six 10 minutes records for the analysis. The typical average reference velocity at the 

building ridge height measurement was 10 m/s. 

 Wind tunnel studies were conducted at the University of Western Ontario (UWO) 

and the Building Research Establishment (BRE), described in more detail by Hoxey 

(1997). Comparisons between the full-scale and wind tunnel models were restricted in the 

report to comparing mean pressure coefficients, since the mean values were able to be 

determined with statistical confidence. From the wind tunnel and full-scale analysis 

Hoxey suggest that wind tunneled may be used to estimate wind loads over the majority 

of the surface of a building, however regions of separated and conical-vortex flow likely 

to produce underestimations of surface pressures at model scales. 

Texas Tech Building 

In the late 1980’s Texas Tech University (TTU) researchers constructed the Wind 

Engineering Research Field Laboratory (WERFL) in Lubbock, Texas. The facility 

consists of a permanent experimental building mounted on a turntable. The main goal 

was to provide full-scale data for comparison with wind tunnel model studies. The 

building configuration consists of a rectangular flat roof with dimension of 30 ft x 45 ft x 

13 ft presented in Figure 2-4. The building location site consists of flat open terrain 

exposure. A guyed tower is located 150ft west of the building, to provide meteorological 

data such as wind speed, relative humidity, barometric pressure and temperature.  

Dearhart (2003) provide a well documented comparison of the extensive wind 

tunnel model studies that had been carried out to compare with the full-scale data sets. 

Some of these were conducted by: Colorado State University (CSU), The University of 

Western Ontario (UWO), the Building Research Institute (BRI) of Japan, and the Wind 

Load Test Facility (WLTF) at Clemson University.  
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Cope (1997), stated that several studies have been conducted to compare the full-

scale mean, peak, and rms pressure coefficients. Most comparisons match well, but 

distinct discrepancies have been found between model and full-scale rms and peak 

minimum pressure coefficients at certain locations, particularly, the areas where high 

suction occurs due to the shear layer or vortex development exhibited higher peak 

negative coefficients in full-scale testing than those measured in many wind tunnels. 

 
Figure 2-4 Texas Tech University Wind Engineering Research Field Laboratory 

 The discrepancy between the compared data was attributed to the approach flow 

characteristics (lateral turbulence intensity, small- and large-scale spectral content of 

approach flow fluctuations), Reynolds number effects, frequency response of the pressure 

measurement system, and sampling frequency of the acquired data (Bienkiewicz, 1998). 

Cope (1997) reported positive agreement on mean, rms and peak pressure coefficients by 

correctly matching the full-scale and wind tunnel time duration. 

Full-scale Measurements on the Kern P. Pitts Center 

The full-scale measurements taken on the Kern P. Pitts Center, a low-rise structure 

owned by the Town of Southern Shores (Figure 2-5) in Southern Shores, North Carolina, 
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were conducted by the University of Illinois and Johns Hopkins University. The research 

goals are to collect full-scale wind pressure data to study the wind-induced pressures on 

this particular low-rise structure.     

 The building instrumentation began in 1997. Since that time some of the most 

notable data had been obtained from the passage of frontal systems, but data have also 

been collected in several northeasters and three land-falling hurricanes (Bonnie 1998, 

Dennis and Floyd 1999), though the structure was not subjected to sustained hurricane 

force winds. The field site is located in the Town of Southern Shores, on the Outer Banks 

of North Carolina, about a quarter mile west of the Atlantic Ocean.  

 
Figure 2-5 Kern P. Pitts Center located at Southern Shores, NC. 

Meteorological data are collected at two locations in the vicinity of the structure. 

Wind speeds are measured at 10 meters above ground level: the first system consist of a 

three axes ultrasonic anemometer located on a tower 60 feet east of the structure, the 

second system consist of a propeller-vane anemometer, located on an instrumentation 

pole above the chimney. Barometric pressure, rainfall, and temperature are also 
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measured. More details about this research is provided by Porterfield, M. and Jones, N.P. 

(2001). 

FCMP Data Set 

The FCMP wind pressure full-scale data set contains hundreds of hours collected 

during landfalling tropical cyclones on 22 residential structures. The wind speed ranges 

fall into the category of hurricane and tropical storm intensities. These data sets will 

allow computing pressure coefficients from direct full-scale measurements and 

comparison with wind tunnel models and ASCE-7 wind load provisions. Limitation 

common to the other experiments above also exist on the FCMP data sets such as 

uncertainties in the calculation of the pressure coefficients, estimation of the roughness 

exposure for each house location, and variation of wind direction and wind speed. This 

will not necessary produce the worst-case loading condition for the evaluated house, but 

the FCMP house database contains valuable information for the wind engineering 

community. Since the data was collected at a sampling rate of 100 Hz, this will provide a 

better understanding of the extreme peak pressures.  

The 2004 full-scale FCMP data collection effort is the first true sustained hurricane 

wind pressure data collected on an occupied residential structure. Previous to that the 

FCMP captured wind pressure data in two houses during tropical storm Isidore (2002). 

The most current database contains wind pressure data for the following hurricanes: 

Frances (2004), Ivan (2004), Jeanne (2004), Dennis (2005) and Wilma (2005). Detailed 

information for the house and tower deployments during the events of the hurricanes of 

the 2004/05 season are presented in Chapter 3. Details concerning some of the issues 

previously presented will be discussed in details in chapter 4 along with confidence limits 

on the pressure coefficient calculations. 
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New Wind Tunnel Studies (Clemson) to Accompany the Full-scale Data  

Kopp (2005) states that current wind load provisions for low-rise buildings are 

based on ‘‘reductive plots and tables’’ that do not allow designers access to the variation 

of wind effects with time and space. For most current standards, these plots and tables 

were determined by obtaining equivalent pressure coefficients that envelope responses 

calculated from wind tunnel data for a range of assumed structural wind resisting 

systems. Structural analysis programs are now widely used in the design of structures; 

these methods can yield accurate structural effects, and can account for both static and 

dynamic loading. However, the wind loads currently available for low-rise buildings 

through code provisions do not take advantage of these refined analysis techniques. 

Preliminary model/full-scale data comparison, conducted at Clemson University, 

on two FCMP house instrumented during Tropical Storm Isidore (2002) suggest that the 

ASCE-7 wind load provision underestimate the full-scale negative peak pressure 

coefficients for components and cladding on houses in suburban terrain (Dearhart 2003). 

The goal of this dissertation is to provide pressure coefficients from the analyzed data for 

the vast FCMP house database collected in the last two hurricane seasons of 2004/05 and 

compare the full-scale pressure coefficients with the ASCE-7 wind load provisions, in 

order to corroborate the preliminary result presented by Dearhart (2003).  

Reinhold (2005) suggested from the Dearhart (2003) work that the ASCE-7 peak 

negative pressure coefficients, instead of enveloping the expected highest negative peak 

pressure, are likely to underestimate the uplift for critical wind directions. This raises 

questions about the move towards allowing component and cladding load on low-rise 

buildings to be calculated for non-open terrain building exposures using a single set of 

pressure coefficients that were developed from testing models in open terrain conditions. 
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The need to evaluate the current ASCE-7 design wind loads provision is clearly 

suggested. The FCMP model/full-scale data analysis is an important step in wind 

engineering to improve existing wind loading provision in low-rise structures.  

FCMP wind tunnel simulation can directly include terrain influence by mimicking 

actual full-scale conditions within the wind tunnel, from turbulence characteristics in the 

wind field measured at the houses and at the FCMP towers located nearby. The influence 

of surrounding structures and trees can be accounted for in the wind tunnel. The full-scale 

measurements only cover a limited range of wind direction for the maximum sustained 

wind speeds. The wind tunnel simulations (conducted in 5 degree increments over a full 

260 degree range) will provide a means to evaluate the worst-case direction for the full-

scale data.  

Chapter 4 will demonstrate that for the mean and RMS pressure coefficient there is 

a strong match between the full-scale and the wind tunnel models. This is not the case for 

the minimum and maximum peak pressure coefficients, which strongly suggests, along 

with the findings of other researchers noted above, that more work needs to be done to re-

evaluate the ASCE-7 wind load provisions for homes in non-open terrain.  

Chapter 4 will also present a method, developed for this dissertation, to directly 

quantify the effects of uncertainty in the analysis of full-scale data, resulting in a 

probabilistic format for the pressure coefficients including rationally-based confidence 

limits on peak coefficients. Thus the combined use of full-scale and wind tunnel studies 

can produce worst-case full-scale loading with some degree of confidence. 

Closing Remarks 

Modern ASCE-7 Wind Load Provision base on the wind tunnel work by 

Stathopoulos developed in the late 1970s is no longer the state-of-the-art. The equivalent 
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full-scale sampling rate of 2 Hz is to slow compared with today’s instrumentation 

standards. The modeled exposure condition is considered by today’s standard as coastal 

rather than suburban exposure. Current technology has produced full-scale pressures as 

well as updated wind tunnel techniques to update the current design methodologies.  

The work presented in this dissertation focuses largely on the analysis of the full-

scale data, incorporating new concepts for the identification of a suitable sampling rate, 

and the identification, modeling and quantification of the influence of uncertainties on 

calculated pressure coefficients ( ) values.   pC

 



 

CHAPTER 3 
FCMP DEPLOYMENT HISTORY, ORGANIZATION AND LOGISTICS FOR THE 

2004/2005 SEASONS

The last two hurricane seasons were prolific in terms of the number of hurricanes to 

impact the U.S., the damage caused, and the data collected. The FCMP research effort 

collected ground level approach wind speed velocity and wind pressure data on low-rise 

residential structures along the coast of the State of Florida. The FCMP deployment 

activities are presented in the following section; limited to the events in which house data 

was collected. Additional deployment information and a portion of the collected data can 

be accessed at the FCMP web site http://www.ce.ufl.edu/~fcmp. The synoptic history and 

track data for each cyclone was taken from the National Hurricane Center Tropical 

Cyclone Report archives, available at http://www.nhc.noaa.gov.  

This dissertation focuses in large part on the application of full-scale pressure data 

to evaluate extreme wind loading on residential structures. This chapter will provide 

details on the full-scale deployments, and discuss the specific data sets captured in the 

last two years that are currently undergoing analysis. Aerial picture of the tower 

deployment sites and house are located in Appendix A. Appendix C presents the sensor 

roof layout of the instrumented houses along with the sensitivity data of the sensors used.  

The analysis of every house instrumented in 2004 and 2005 is not presented in this 

dissertation, as much of that work relies upon wind tunnel testing still being conducted at 

Clemson University. The content of this chapter serves the purpose of documenting the 

house instrumentation-related activities of 2004 and 2005. 
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Hurricane Frances (2004) 

Synoptic History 

Frances developed of the coast of Africa on 21 August, becoming a hurricane on 

August 26, and the intensification continued until 31 August, when Frances reached a 

peak intensity estimated at 125 knots (category 4) as it passed north of the Leeward and 

Virgin Islands. It was a category 2 hurricane with winds of 85-90 knots over the 

northwestern Bahamas on 3-4 September. 

Frances weakened just before Frances made landfall over the southern end of 

Hutchinson Island, Florida near 0430 UTC 5 September as a Category 2 hurricane. 

Frances weakened as it moved slowly across the Florida Peninsula, and became a tropical 

storm just before emerging into the northeastern Gulf of Mexico near New Port Richey 

early on 6 September. It made a final landfall near the mouth of the Aucilla River in the 

Florida Big Bend region about 1800 UTC 6 September. 

House and Tower Deployment 

In Hurricane Frances FCMP personnel successfully deploy four mobile towers and 

instrumented five houses, distributed along the Florida Atlantic Coast. Figure 3-1 

presents a deployment map indicating the location of the towers and instrumented houses 

and the track of the hurricane path. The tower labels indicate the highest 3-second gust 

recorded at that location. The blue triangle icons are FCMP houses that were not 

instrumented. The purple triangle icons are FCMP houses that were instrumented and 

collected data. All houses that collected data in Frances were north of the eye on the 

strong side of the storm, and one was very close to the center of the storm. Table 3-1 

provides details of each tower location, the maximum measured 3-second and 1-minute 

gust at each tower with the corresponding time in UTC.  
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Figure 3-1 FCMP Deployment map of hurricane Frances (2004)  

 
Table 3-1 Tower Data Records in Hurricane Frances (2004) 
TOWER CITY, STATE GPS COORDINATES Maximum Wind Speed         

On Site @ 10m (1-Min Gust) Date Time (UTC) Maximum Wind Speed         
On Site @ 10m (3-Sec Gust) Date Time (UTC)

27° 08' 53.3" N
80° 12' 53.9" W
28° 08' 41.6" N
80° 35' 49.4" W
27° 41' 38.1" N
80° 24' 29.5" W
27° 26' 50.3" N
80° 19' 17.9" W

9/5/2004 02:40:22

9/5/2004 15:08:30

9/5/2004 09:58:51

9/5/2004 04:01:21T3 Fort Pierce, FL 9/5/2004 04:03:0281.00 mph @ 17° 108.32 mph @ 16°

T2 Vero Beach, FL 64.02 mph @ 76° 81.29 mph @ 96°9/5/2004 09:14:46

T1 Indian Harbor 
Beach, FL  72.21 mph @ 252° 83.02 mph @ 227°9/5/2004 16:42:47

T0 Port Salerno, FL 57.33 mph @ 358° 82.23 mph @ 5°9/5/2004 02:05:39

 
 
Table 3-2 House Data Records in Hurricane Frances (2004) 

3-Sec 1-Min 3-Sec 1-Min
FL-06 Jensen Beach, FL 142 9/5/2004 14:04:10 9/7/2004 01:39:04 7.062 91 58 106 86
FL-04 Vero Beach, FL 101 9/4/2004 21:54:10 9/5/2005 23:08:23 N.A. N.A. N.A. 105 86
FL-03 Vero Beach, FL 175 9/5/2004 14:58:23 9/7/2004 10:43:37 N.A. N.A. N.A. 105 86
FL-02 Melbourne Beach, FL 271 9/3/2004 10:50:40 9/6/2004 06:44:03 N.A. N.A. N.A. 97 79
FL-01 Melbourne, FL 317 9/3/2004 02:14:57 9/6/2004 09:59:54 N.A. N.A. N.A. 87 71

Number of 
Records Start Time (UTC) End Time (UTC)

House 
Anemometer 
Heigth (m)

Local Exposure 
Measured

Open Exposure 
Estimation*

FCMP house database contains 251.5 hrs of data for major storm deployments during 2002 - 2005
*Estimation performed by Applied Research Associates parametric hurricane wind field model (Vickery, et al, 2000) 

Max Wind Speed 
(mph) @ 

Anemometer 
Height

FCMP 
House ID City, State

Max Wind Speed 
(mph) @ 10m 

Height           
Zo = 0.03
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Table 3-2 provides details of the house city location, the total number of 15 minutes 

records collected, anemometer height with maximum 3-second and 1-minute gust (if 

available) and Applied Research Associates’ parametric Wind Field Model maximum 3-

second and 1-minute gust estimation for open exposure conditions at 10 m height 

(Vickery et al. 2000). 

Hurricane Ivan (2004) 

Synoptic History 

Ivan developed off the west coast of Africa on 31 August, becoming Tropical 

Storm Ivan at 0600 UTC 3 September. Ivan reached its first peak intensity of 115 knots at 

0000 UTC 6 September, making Ivan the southernmost major hurricane on record. Ivan 

reached its second peak intensity -- 140 knots and category 5 strength --12 hours later. As 

Ivan passed south of Jamaica it weakened to category 4 strength.  

Ivan rapidly intensified to category 5 strength a second time 11 September, 

weakened back to a category 4 hurricane on 12 September, and re-strengthened to 

category 5 for its third and final time when it was about 80 n mi west of Grand Cayman 

Island. The hurricane brought sustained winds just below category 5 strength to the 

island. This resulted in widespread wind damage, and a storm surge that completely over 

swept the island except for the extreme northeastern portions. 

On 13 September Ivan moved over the northwestern Caribbean Sea. The very 

warm water in that region helped the hurricane maintain category 5 strength for 30 hours.  

As Ivan neared the northern U.S. Gulf coast it weakened slowly and made landfall 

as a 105 knots hurricane (category 3) at approximately 0650 UTC 16 September, just 

west of Gulf Shores, Alabama. By this time, the eye diameter had increased to 40-50 n 

mi, which resulted in some of the strongest winds occurring over a narrow area near the 
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southern Alabama-western Florida panhandle border. After Ivan moved across the barrier 

islands of Alabama, the hurricane turned north-northeastward across eastern Mobile Bay 

and weakened into a tropical storm 12 hours later over central Alabama. 

House and Tower Deployment 

In Hurricane Ivan FCMP personnel successfully deploy four mobile towers and 

instrumented six houses, distributed along the Florida Panhandle and Alabama. Figure 3-

2 presents a deployment map indicating the location of the towers and instrumented 

houses and the track of the hurricane path. As-measured peak 3-second wind speeds are 

indicated on the graph where reliable data was available. All houses are on the strong side 

of the storm.  

 
Figure 3-2 FCMP Deployment map of hurricane Ivan (2004). 
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Table 3-3 Tower Data Records in Hurricane Ivan (2004) 
TOWER CITY, STATE GPS COORDINATES Maximum Wind Speed         

On Site @ 10m (1-Min Gust) Date Time (UTC) Maximum Wind Speed         
On Site @ 10m (3-Sec Gust) Date Time (UTC)

30° 38' 39.9" N
88° 03' 48.1" W
30° 28' 45.4" N
87° 11' 12.8" W
30° 28' 21.0" N
87° 52' 30.0" W
30° 23' 44.6" N
86° 27' 58.9" W

9/15/2004 08:24:26

9/16/2004 06:49:59

9/16/2004 06:44:58

N.A.

9/15/2004 08:43:30

9/16/2004 06:43:18

9/16/2004 06:44:18

N.A.T3 Destin, FL N.A. N.A.

T2 Fairhope, AL 67.96 mph @ 62° 89.23 mph @ 56°

T1 Pensacola, FL  80.29 mph @ 124° 106.26 mph @ 124°

T0 Mobile, AL 49.69 mph @ 327° 72.66 mph @ 320°

 
 
Table 3-4 House Data Records in Hurricane Ivan (2004) 

3-Sec 1-Min 3-Sec 1-Min
FL-30 Pensacola, FL 219 9/14/2004 23:19:28 9/17/2004 06:20:23 6.553 91 65 114 93
FL-28 Pensacola, FL 185 9/15/2004 01:56:23 9/17/2004 00:22:13 N.A. N.A. N.A. 105 85
FL-27 Gulf Breeze, FL 211 9/14/2004 20:04:33 9/17/2004 01:04:03 6.553 82 45 97 79
FL-26 Navarre, FL 247 9/15/2004 13:22:32 9/18/2004 03:14:05 6.096 59 32 89 73
FL-24 Destin, FL 314 9/13/2004 19:23:33 9/16/2004 18:40:54 6.096 56 31 78 63
FL-23 Destin, FL 303 9/13/2004 19:37:39 9/16/2004 23:48:49 6.096 57 32 75 61

Open Exposure 
Estimation*

Number of 
Records

House 
Anemometer 
Heigth (m)

*Estimation performed by Applied Research Associates parametric hurricane wind field model (Vickery, et al, 2000) 

Max Wind Speed 
(mph) @ 

Anemometer 
Height

FCMP 
House ID City, State

Max Wind Speed 
(mph) @ 10m 

Height           
Zo = 0.03

FCMP house database contains 154.25 hrs of data for major storm deployments during 2002 - 2005

Local Exposure 
Measured

Start Time (UTC) End Time (UTC)

 
 

Table 3-3 provides details of each tower location, the maximum measured 3-second 

and 1-minute gust at each tower with the corresponding time in UTC. Table 3-4 provides 

details of the house city location, the total number of 15 minutes records collected, 

anemometer height with  maximum 3-second and 1-minute gust (if available) and 

Vickery’s maximum 3-second and 1-minute gust estimation for open exposure conditions 

at 10 m height (Vickery et al. 2000). 

This Hurricane Ivan data set will be used extensively in later chapters to present the 

house data analysis techniques developed for this dissertation. In particular, FL-27 and 

FL-30 will be the subject of detailed analyses. 

Hurricane Jeanne (2004) 

Synoptic History 

Jeanne formed from a wave off of Africa on 7 September, strengthening to a 

tropical storm on 14 September while it moved over the Leeward Islands. It moved over 

the southeastern Puerto Rico on 15 September when maximum sustained surface winds 
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reached 60 knots. Jeanne was a hurricane with 70-knots winds during the Dominican 

Republic landfall, but then weakened over the rough terrain of Hispaniola. Jeanne's slow 

forward motion across the Caribbean caused torrential rainfall and flooding along its 

path, causing thousands to die in Haiti. While Jeanne was dumping rain over the 

Caribbean countries, Hurricane Ivan moved over the Gulf of Mexico and inland across 

the southeastern United States.  

Jeanne moved slowly northward over the southeastern Bahamas as a tropical storm 

and then moved in a loop about 500 n mi east of the northwestern Bahamas. Jeanne 

gradually strengthened to a hurricane with 85-knots winds by the time it completed this 

loop on 23 September. On 24 September, Jeanne moved over its own previous track from 

a few days earlier and encountered cooler waters caused by upwelling from the hurricane. 

This is believed to decrease the maximum winds from 85 knots to 70 knots on 24 

September. Moving away from the upwelled cooler water, the winds increased to 100 

knots (category 3) on 25 September. Jeanne made landfall on the east coast of Florida 

early on 26 September with the center of its 50-n mi diameter eye crossing the coast at 

the southern end of Hutchinson Island just east of Stuart at 0400 UTC on 26 September. 

Maximum winds at landfall are estimated at 105 knots over a very small area north of the 

center and it is not clear whether these strongest winds reached the coast or remained 

over water. 

House and Tower Deployment 

In Hurricane Jeanne FCMP personnel successfully deploy four mobile towers and 

instrumented four houses, distributed along the Florida east coast. Figure 3-3, presents a 

deployment map indicating the location of the towers and instrumented houses and the 

track of the hurricane path. Significantly, several of the same houses that collected data 
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during Frances were again employed for Jeanne, providing the opportunity to analyze the 

peak winds on the same structure during two different events. Table 3-5 provides details 

of each tower location, the maximum measured 3-second and 1-minute gust at each tower 

with the corresponding time in UTC. Table 3-6 provides details of the house city 

location, the total number of 15 minutes records collected, anemometer height with  

maximum 3-second and 1-minute gust (if available) and Vickery’s maximum 3-second 

and 1-minute gust estimation for open exposure conditions at 10 m height (Vickery et al. 

2000). 

 
Figure 3-3 FCMP Deployment map of hurricane Jeanne (2004) 

 
The lack of anemometer data measured directly at these house locations (due to hip 

roof configuration) increases the uncertainty in the analysis of pressure coefficients for 
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these homes. Nearby tower data or the wind field map data from ARA will be used 

instead. 

Table 3-5 Tower Data Records in Hurricane Jeanne (2004) 
TOWER CITY, STATE GPS COORDINATES Maximum Wind Speed         

On Site @ 10m (1-Min Gust) Date Time (UTC) Maximum Wind Speed         
On Site @ 10m (3-Sec Gust) Date Time (UTC)

28° 21' 17.0" N
81° 26' 10.0" W
27° 48' 50.7" N
80° 29' 59.5" W
28° 38' 25.7" N
80° 43' 50.0" W
27° 39' 20.2" N
80° 24' 49.0" W

9/26/2004 04:17:39

9/26/2004 15:39:17

9/26/2004 06:47:39

9/26/2004 11:32:50

9/26/2004 04:18:03

9/26/2004 10:59:58

9/26/2004 06:40:24

9/26/2004 11:32:11

T0 Orlando, FL

T1 Sebastian, FL

T2 Merritt Island, FL

T3 Vero Beach, FL

68.51 mph @ 32°

101.81 mph @ 77°

63.77 mph @ 99°

106.19 mph @ 39°

45.34 mph @ 113°

85.17 mph @ 85°

47.48 mph @ 92°

81.47 mph @ 40°  
 
Table 3-6 House Data Records in Hurricane Jeanne (2004) 

3-Sec 1-Min 3-Sec 1-Min
FL-02 Melbourne Beach, FL 200 9/26/2004 17:25:19 9/28/2004 19:38:55 N.A. N.A. N.A. 101 82
FL-01 Melbourne, FL 115 9/25/2004 03:16:57 9/26/2004 08:07:45 N.A. N.A. N.A. 92 75
FL-31 Melbourne, FL 177 9/25/2004 20:34:09 9/27/2004 16:49:35 N.A. N.A. N.A. 87 71
FL-32 Merritt Island, FL 161 9/25/2004 22:51:16 9/27/2004 15:14:02 N.A. N.A. N.A. 79 64

House 
Anemometer 
Heigth (m)

FCMP house database contains 84.5 hrs of data for major storm deployments during 2002 - 2005
*Estimation performed by Applied Research Associates parametric hurricane wind field model (Vickery, et al, 2000) 

Number of 
Records Start Time (UTC) End Time (UTC)

Max Wind Speed 
(mph) @ 

Anemometer 
Height

FCMP 
House ID City, State

Max Wind Speed 
(mph) @ 10m 

Height           
Zo = 0.03

Local Exposure 
Measured

Open Exposure 
Estimation*

 
 

Hurricane Dennis (2005) 

Synoptic History 

Dennis formed from a tropical wave that moved westward from the coast of Africa 

on 29 June. The system moved through the southern Windward Islands on 4 July and lost 

organization over the southeastern Caribbean. The system reformed, becoming tropical 

storm Dennis on 5 July.  

Dennis reached hurricane strength early on 7 July, then rapidly intensified into a 

Category 4 hurricane with winds of 120 knots before making landfall in southeastern 

Cuba on 0245 UTC 8 July. Once offshore the hurricane intensified to Category 4. 

Maximum sustained winds reached a peak of 130 knots on 8 July, then decreased to 120 

knots before Dennis made landfall in Cuba again at 1845 UTC. Dennis traversed a long 

section of western Cuba before emerging into the Gulf of Mexico 9 July. Dennis regained 
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strength over the Gulf of Mexico with maximum sustained winds reaching 125 knots on 

10 July. The maximum sustained winds decreased to 105 knots before Dennis made 

landfall on Santa Rosa Island, Florida, between Navarre Beach and Gulf Breeze, about 

1930 UTC 10 July. 

House and Tower Deployment 

In Hurricane Dennis FCMP personnel successfully deploy five mobile towers and 

instrumented four houses, distributed along the Florida Panhandle. Figure 3-4, presents a 

deployment map indicating the location of the towers and instrumented houses and the 

track of the hurricane path.  

Figure 3-4 FCMP Deployment map of hurricane Dennis (2005) 
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Like the case from Jeanne in 2004, Dennis offered the opportunity to instrument 

houses that had already collected data during a previous storm (Ivan 2004), again 

providing load data on the same structures for different events.  

Table 3-7 Tower Data Records in Hurricane Dennis (2005) 
TOWER CITY, STATE GPS COORDINATES Maximum Wind Speed         

On Site @ 10m (1-Min Gust) Date Time (UTC) Maximum Wind Speed         
On Site @ 10m (3-Sec Gust) Date Time (UTC)

30° 24' 01.0" N
86° 51' 49.0" W
30° 17' 00.0" N
86° 01' 52.0" W
30° 28' 37.3" N
87° 11' 15.3" W
30° 23' 41.9" N
86° 27' 56.6" W
30° 32' 17.4" N
86° 29' 24.2" W

*Measured at 5m from ground

7/10/2005 19:41:41

7/10/2005 07:15:09

7/10/2005 18:24:36

N.A.

7/10/2005 19:30:55

7/10/2005 07:17:06

7/10/2005 18:36:51

N.A.

7/10/2005 19:36:51

T0* Navarre, FL

T1 Inlet Beach, FL

T2 Pensacola, FL

T3 Destin, FL

T5 Niceville, FL

99.28 mph @ 280° 120.71 mph @ 279°

69.55 mph @ 295° 80.45 mph @ 289°

N.A. N.A.

63.59 mph @ 77° 80.76 mph @ 78°

38.41 mph @ 199° 61.81 mph @ 201°7/10/2005 19:54:31

 
 
Table 3-8 House Data Records in Hurricane Dennis (2005) 

3-Sec 1-Min 3-Sec 1-Min
FL-24 Destin, FL 130 7/10/2005 11:31:13 7/11/2005 19:57:33 6.096 59 28 N.A. N.A.
FL-26 Navarre, FL 149 7/9/2005 16:24:52 7/11/2005 05:46:58 6.096 43 22 N.A. N.A.
FL-23 Destin, FL 173 7/9/2005 21:22:53 7/11/2005 16:47:38 N.A. N.A. N.A. N.A. N.A.

FCMP house database contains 80.5 hrs of data for major storm deployments during 2002 - 2005
*Estimation performed by Applied Research Associates parametric hurricane wind field model (Vickery, et al, 2000) 

Max Wind Speed 
(mph) @ 

Anemometer 
Height

FCMP 
House ID City, State

Max Wind Speed 
(mph) @ 10m 

Height           
Zo = 0.03

Local Exposure 
Measured

Open Exposure 
Estimation*

Number of 
Records Start Time (UTC) End Time (UTC)

House 
Anemometer 
Heigth (m)

 
 

Table 3-7 provides details of each tower location, the maximum measured 3-second 

and 1-minute gust at each tower with the corresponding time in UTC. Table 3-8 provides 

details of the house city location, the total number of 15 minutes records collected, 

anemometer height with  maximum 3-second and 1-minute gust (if available) and 

Vickery’s maximum 3-second and 1-minute gust estimation for open exposure conditions 

at 10 m height (Vickery 2000). 

Hurricane Wilma (2005) 

Synoptic History 

Wilma has a complicated story. During the second week of October, an unusually 

large circulation and a broad area of disturbed weather developed over much of the 

Caribbean Sea. A more concentrated area of disturbed weather and surface low pressure 
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formed near Jamaica by 14 October. By October 15 the surface circulation became well-

enough defined to designate that a tropical depression had formed, centered about 190 n 

mi east-southeast of Grand Cayman.  

The depression moved slowly and erratically westward to west-southwestward for 

a day or so and then drifted south-southwestward to southward for a day or two. The 

system is estimated to have become tropical storm Wilma at 0600 UTC 17 October. 

On 18 October Wilma turned toward the west-northwest and strengthened into a 

hurricane. Later that day, a remarkable strengthening episode began and continued 

through early on 19 October. By 0600 UTC 19 October, Wilma’s winds had increased to 

near 150 knots (category 5). In the span of just 24 hours, Wilma had intensified from a 

60-knots tropical storm to a 150-knots category 5 hurricane, an unprecedented event for 

an Atlantic tropical cyclone. Wilma reached its peak sustained wind speed of 160 knots at 

around 1200 UTC 19 October. During the strengthening episode, Air Force 

reconnaissance observations indicated that the eye of the hurricane contracted to a 

diameter of 2 n mi; this is the smallest eye known to National Hurricane Center (NHC) 

staff. The estimated minimum central pressure at the time of peak intensity is 882 mbar, 

which is a new record low value for a hurricane in the Atlantic basin.  

Wilma maintained category 5 status until 20 October, when its winds decreased to 

130 knots, and the tiny eye was replaced by one about 40 n mi across. The hurricane 

would retain this large eye ranging from about 40 to 60 n mi in diameter, for most of the 

remainder of its lifetime. By 21 October the hurricane turned toward the northwest 

toward the Yucatan Peninsula. Wilma’s maximum winds were still near 130 knots 

(category 4) when it made landfall on the island of Cozumel around 2145 UTC 21 
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October, and was probably only slightly weaker (but still category 4 intensity) when it 

crossed the coast of the Yucatan peninsula about 6 hours later. On 22 October the 

hurricane moved slowly northward, severely battering the extreme northeastern Yucatan 

peninsula. Wilma emerged into the southern Gulf of Mexico around 0000 UTC 23 

October, with maximum winds of near 85 knots, still a large and powerful hurricane. 

A vigorous southwesterly steering current accelerated Wilma northeastward toward 

southern Florida. Wilma strengthened over the southeastern Gulf of Mexico and its winds 

reached about 110 knots as it approached Florida. Maximum sustained winds were 

estimated to be near 105 knots (category 3 intensity) when landfall occurred in 

southwestern Florida near Cape Romano around 1030 UTC 24 October. Moving at a 

forward speed of 20 to 25 knots, the hurricane crossed the southern Florida peninsula in 

4.5 hours, emerging into the Atlantic just southeast of Jupiter around 1500 UTC. 

Maximum winds had decreased to near 95 knots (category 2) during the crossing of 

Florida. 

House and Tower Deployment 

In Hurricane Wilma FCMP personnel successfully deploy five mobile towers and 

instrumented two houses, distributed along the Gulf and east coast in the State of Florida. 

Figure 3-5 presents a deployment map indicating the location of the towers and 

instrumented houses and the track of the hurricane path. The center of Wilma passed over 

one of the instrumented houses on Marco Island, and south of the other house near 

Naples.  

Table 3-9 provides details of each tower location, the maximum measured 3-second 

and 1-minute gust at each tower with the corresponding time in UTC.  
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Figure 3-5 FCMP Deployment map of hurricane Wilma (2005) 

 
Table 3-9 Tower Data Records in Hurricane Wilma (2005) 
TOWER CITY, STATE GPS COORDINATES Maximum Wind Speed         

On Site @ 10m (1-Min Gust) Date Time (UTC) Maximum Wind Speed         
On Site @ 10m (3-Sec Gust) Date Time (UTC)

25° 54' 03.0"N
81° 18' 41.0"W
26° 08' 45.0"N
80° 30' 24.0"W
25° 52' 05.0"N
80° 53' 59.0"W
25° 45' 05.6"N
80° 22' 25.7"W
26° 09' 07.4"N
81° 46' 37.6"W

10/24/2005 13:46:55

N.A.

10/24/2005 12:27:56

10/24/2005 12:07:10

10/24/2005 13:12:02

10/24/2005 12:27:41

10/24/2005 11:48:57

10/24/2005 13:11:46

96.04 mph @ 104°

81.85 mph @ 279°

N.A.

109.11 mph @ 276°

N.A.

10/24/2005 14:12:02

N.A.

71.68 mph @ 293° 93.82 mph @ 291°

86.85 mph @ 145° 104.69 mph @ 141°

69.87 mph @ 92°

T5 Naples, FL

T3 Miami, FL

T2 Ochoppi, FL

T1 Weston, FL

T0 Everglades City, 
FL

 
 
Table 3-10 House Data Records in Hurricane Wilma (2005) 

3-Sec 1-Min 3-Sec 1-Min
FL-18 Marco Island, FL 189 10/22/2005 18:31:47 10/24/2005 17:59:36 6.096 77 46 N.A. N.A.
FL-19 Naples, FL 176 10/22/2005 20:25:27 10/24/2005 16:35:57 N.A. N.A. N.A. N.A. N.A.

House 
Anemometer 
Heigth (m)

FCMP house database contains 91.25 hrs of data for major storm deployments during 2002 - 2005
*Estimation performed by Applied Research Associates parametric hurricane wind field model (Vickery, et al, 2000) 

Number of 
Records Start Time (UTC) End Time (UTC)

Max Wind Speed 
(mph) @ 

Anemometer 
Height

FCMP 
House ID City, State

Max Wind Speed 
(mph) @ 10m 

Height           
Zo = 0.03

Local Exposure 
Measured

Open Exposure 
Estimation*

 
 

 



51 

Table 3-10 provides details of the house city location, the total number of 15 

minutes records collected, anemometer height with  maximum 3-second and 1-minute 

gust (if available) and Vickery’s maximum 3-second and 1-minute gust estimation for 

open exposure conditions at 10 m height (Vickery et al. 2000).  

Hurricanes Katrina and Rita (2005) 

Florida was not directly impacted by Rita, and only suffered the beginnings of 

Katrina in south Florida as it passed in to the gulf. Thus no houses collected data from 

either of these storms.  

The FCMP did successfully deploy the portable towers to collected wind speed 

data from these two strong storms. For details and results, interested readers are referred 

to http://www.ce.ufl.edu/~fcmp. 

Closing Remarks 

The full-scale pressure data analysis techniques presented in this dissertation were 

developed using data collected in the Panhandle during Hurricane Ivan, 2004. An initial 

review of the complete data set from 2004 and 2005 revealed the site-specific nature of 

the required analysis (details in a later chapter), and justified a focus on data sets that 

were among the most complete and reliable. Identifying appropriate values for each of 

the terms in the pressure coefficient (presented earlier in equation 2-1), involve some 

judgment and a quantification of uncertainties associated with measurement and 

conditions. This process became the central focus of the dissertation research as well as 

the evaluation of the conditions under which a fair comparison can be made among full-

scale, wind tunnel, and ASCE-7 loads.  

Chapter four presents the analysis of the full-scale pressure data with an emphasis 

on a particular house in the Panhandle the endured sustained hurricane winds during Ivan 
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in 2004. The assumptions are explained, uncertainties are quantified, and new techniques 

are developed to provide a probabilistic view of extreme wind loads on residential 

housing. 

 



 

CHAPTER 4 
ANALYSIS OF FULL-SCALE DATA TO DEFINE PRESSURE COEFFICIENTS 

This chapter will present the methods developed and results from the analysis of 

full-scale pressure data collected in Florida during hurricane landfall. There are two 

focuses in this chapter. The first is the identification of a suitable sampling rate for 

analysis. The second is the identification, modeling and quantification of the influence of 

uncertainty in the calculated  values. pC

Calculating  for Full-scale Data: Methods and Outstanding Issues pC

Each FCMP full-scale dataset for a particular instrumented house contains up to 28 

dynamic pressure measurements from sensors located along the roof, soffit and walls. It 

also contains pressure measurements for use as the reference pressure. Recall from Eq. 2-

1 / 4-3 that the pressure coefficient is expressed in terms of the difference between the 

local pressure at the point of interest and the barometric (reference) pressure. The 

potential barometric pressure reference sensors are located either in the attic of the house, 

away from the house but on the property (yard sensor), or both. In the case of 

instrumentation malfunction the reference pressure will be obtained from a nearby FCMP 

mobile tower. The measurement of the local and reference pressures have uncertainties 

that will affect the reliability (confidence) of the pressure coefficient estimation. These 

uncertainties are related to the unique calibration factor of each sensor and the fact that 

the sensor output voltage is affected by temperature changes presented by Michot (1999) 

53 
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In addition to the local and reference pressure a reference wind speed is also 

selected to normalize the coefficient. Typically this reference wind speed represents the 

expected (average) peak speed of the wind as the flow approaches the house. This 

requires selection of both duration (e.g., 1-minute wind or 3-second wind) and an 

elevation above local ground level (e.g. mean roof height). To select this speed, most of 

the FCMP houses have a single anemometer installed ~ 4-6’ above the ridgeline, a few 

houses have two, and some (typically hip roof houses) do not have an anemometer 

installed. Other sources are available to obtain the reference wind speed, for example a 

nearby FCMP mobile tower or estimations performed by Applied Research Associates 

parametric hurricane wind field model (Vickery, et al, 2000). The measurement and 

calculation of a reference wind speed is another source of uncertainty in the final pressure 

coefficient value. 

Applied Equations for  pC

The data analysis starts by exporting each file into ASCII format, which is then 

converted into MATLAB format for easy manipulation. The data were collected at a 

sampling rate of 100 Hz, but for analysis purposes the data were initially down sample to 

10 Hz.  The following steps were used to analyze the data. 

First, each of the data channels was validated by visually inspecting the time 

history of the mean raw voltage measurements to provide a list of the functioning 

sensors. Table 4-1 and 4-2 presents the result of this process for the FL-27 and FL-30 

houses respectively, for the data collected during hurricane Ivan (2004).  
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Figure 4-1 Voltage time history of functional data channel 0 for the FL-27 house during 

hurricane Ivan (2004) 
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Figure 4-2 Voltage time history of a malfunctioning data channel 4 for the FL-27 house 

during hurricane Ivan (2004) 
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Figure 4-1 shows a typical example of a functional channel (yard sensor for 

reference pressure) and Figure 4-2 shows a channel considered malfunctioning (attic 

reference sensor) for the FL-27 house. Both examples were collected during Hurricane 

Ivan, 2004). Typical data error could be generated by electrical fluctuation spikes or other 

unknown factors, causing data sensors to malfunction for short durations, an example of 

this situation was observed in record # 129 (15-minutes of data) for the FL-27 during 

Ivan (2004) from channel 5. The plot in Figure 4-3 shows the time histories of channel 5 

and 6, where channel 5 shows an erratic output voltage for a short duration in the 15 

minute record, compared with channel 6. Figure 4-4 shows that sensors 5 and 6 are in 

close proximity, and it is expected that the raw voltage time histories should be similar. 

00:00 2:30 05:00 07:30 10:00 12:30 15:00
2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

Time (MM:SS)

C
ha

nn
el

 O
ut

pu
t (

V
ol

ts
)

Record #129 FL-27 Ivan (2004)

Channel 5

Channel 6

 
Figure 4-3 Record #129 of house FL-27 hurricane Ivan (2004), channel 5 malfunctions 

The offset is not of concern, as this differs from sensor to sensor. The dramatic 

attenuation and subsequent positive jump of the voltage from sensor is considered a 
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malfunction. This type of behavior generates erroneous pressure coefficients. Channel 

five for this particular 15 minutes of data is removed from the dataset. 

The roof sensor layout configuration and the result for the mean output voltage 

channel inspection for the FL-27 and FL-30 houses are presented in Figure 4-4, 4-5 and 

Table 4-1, 4-2 respectively. Refer to Figure 3-2 for the location of these houses relative to 

the path of Hurricane Ivan. The house instrumentation layout shows the location of each 

sensor along the roof, walls, and soffit as well the location of the house anemometers, and 

house orientation. The information presented on the tables shows the sensor type, I.D. of 

the sensor used for each particular event, channel used to collected data ( i ), 

corresponding sensor calibration factor (α ), source of calibration factor and channel 

status. The calibration source “UF 2005” refers to a calibration of the specific sensor that 

was at that location, conducted by the author at UF. “Average value” refers to using a 

mean calibration from the sensors that were calibrated at UF. In this case the specific 

sensor was not calibrated due to an inability to recover the specific sensor used (lost, no 

longer functioning, or mislabeled during deployment). Use of the average value is viable 

due to the close agreement of calibration among the many sensors, but it does introduce 

additional uncertainty in to the analysis, particularly for the peak  value estimates. pC

The third step requires a nearby FCMP mobile tower or local ASOS (airport 

weather) station to access temperature time history. This is necessary in order to apply 

correction changes to the calibration due to temperature effects on the pressure 

transducers. For this task the GIS frame work developed by the author is very practical, 

which allow easy visualization of near ASOS station or mobile towers relative to the 
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house locations. For the analysis of the two houses FL-27 and FL-30 the temperature 

reference were obtained from the mobile tower T1 data records (Figure 3-2). 

 
Figure 4-4 Roof sensor layout configuration for FCMP House FL-27 

 
Figure 4-5 Roof sensor layout configuration for FCMP House FL-30 
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Table 4-1 Sensor list for FCMP house FL-27 hurricane Ivan (2004) 

Plastic Box Camera 0 34.274 Average Value OK
Pan Sensor 026A 1 34.274 Average Value NG
Pan Sensor 008A 2 34.149 UF2005 OK
Pan Sensor 027A 3 34.274 Average Value OK
Plastic Box Attic 4 34.274 Average Value NG
Pan Sensor 035A 5 34.274 Average Value OK
Pan Sensor 201 6 34.336 UF2005 OK
Pan Sensor 92 7 34.154 UF2005 OK
Pan Sensor 8 34.274 Average Value NG
Pan Sensor 42 9 34.430 UF2005 OK
Pan Sensor 167 10 34.733 UF2005 OK
Pan Sensor 93 11 34.434 UF2005 OK
Pan Sensor 81 12 34.203 UF2005 OK
Pan Sensor 003A 13 34.588 UF2005 OK
Plastic Box 14 34.274 Average Value NG
Pan Sensor 72 15 34.420 UF2005 OK
Pan Sensor 13 16 34.274 Average Value OK
Pan Sensor 84 17 34.147 UF2005 OK
Pan Sensor 225 18 34.608 UF2005 OK
Pan Sensor 34 19 34.147 UF2005 OK
Pan Sensor 143 20 34.457 UF2005 OK
Pan Sensor 144 21 34.396 UF2005 OK
Pan Sensor 49 22 34.092 UF2005 OK
Pan Sensor 177 23 34.224 UF2005 OK
Pan Sensor 92 24 34.154 UF2005 OK
Plastic Box 25 34.274 Average Value NG
Pan Sensor 122 26 34.380 UF2005 NG
Pan Sensor 54 27 34.395 UF2005 NG
Pan Sensor 106 28 34.230 UF2005 OK

Anemometer 1 - 29 - OK
Anemometer 2 - 30 - Not in use

Channel 
i

Calibration 
αi

Calibration 
Source

Chan
StatSensor Type Sensor ID nel 

us

 
 

The fourth step requires selecting a source of wind speed for the expected peak 3-

secon r 

, 

es FL-

d gust value. Various sources are available for this: (a) using the 3-cup anemomete

mounted on the house, (b) from nearby mobile tower measurement applying the proper 

adjustment for exposure and height or (c) by using overland wind field model estimation

provided by Peter Vickery from Applied Research Associates (ARA) parametric 

hurricane wind field model (Vickery, et al, 2000). For the analysis of the two hous

27 and FL-30 the wind speed source will be obtained from each house anemometer by 
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estimating the peak 3-sec gust from the 15-minute mean wind speed value. This will be

done using two different methods. 

Table 4-2 Sensor list for FCMP hou

 

se FL-30 hurricane Ivan (2004) 

Plastic Box Camera 0 34.274 Average Value OK
Pan Sensor 031A 1 34.380 UF2005 OK
Pan Sensor 70 2 34.348 UF2005 OK
Pan Sensor 19 3 34.452 UF2005 OK
Plastic Box 132 4 34.240 UF2005 OK
Pan Sensor 15 5 33.867 UF2005 OK
Pan Sensor 171 6 34.398 UF2005 OK
Pan Sensor 104 7 34.270 UF2005 OK
Pan Sensor 238 8 34.409 UF2005 OK
Pan Sensor 043A 9 34.392 UF2005 OK
Pan Sensor 044A 10 34.182 UF2005 OK
Plastic Box Soffit 11 34.274 Average Value OK
Pan Sensor 182 12 34.194 UF2005 OK
Pan Sensor 045A 13 34.274 Average Value OK
Plastic Box 010A 14 34.389 UF2005 OK
Pan Sensor 74 15 34.016 UF2005 OK
Pan Sensor 26 16 34.387 UF2005 OK
Pan Sensor 050A 17 34.274 Average Value OK
Pan Sensor 209 18 34.659 UF2005 OK
Pan Sensor guess 19 34.274 Average Value OK
Pan Sensor 002A 20 34.274 Average Value OK
Pan Sensor 193 21 34.190 UF2005 OK
Pan Sensor 173 22 34.255 UF2005 OK
Plastic Box Wall 23 34.274 Average Value OK
Pan Sensor 116 24 34.345 UF2005 NG
Plastic Box Not in use 25 34.274 Average Value NG
Plastic Box Soffit 26 34.274 Average Value OK
Plastic Box Wall 27 34.274 Average Value NG
Plastic Box Attic 28 20.600 Old Sensor OK

Anemometer 1 - 29 - OK
Anemometer 2 - 30 - Not in use

Calibration 
Source

Chan
StatSensor Type Sensor ID Channel 

i
Calibration 

αi

nel 
us

 
 

After all the input parameters are establish for each house scenario, the pressure 

differ e 

the case where the reference pressure is obtained from a nearby tower. 

ential needed for calculation of the pressure coefficient can be computed using on

of two equations, depending on the dataset conditions: Eq. 4-1 is used for the case where 

the reference pressure is obtained from the attic or camera (yard) sensors, and Eq. 4-2 for 
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The evaluation of Eq. 2-1 / 4-1 through 4-3 from the voltages collected by the 

sensors is not a straightforward operation. The sensitivity of each sensor is described in 

terms  of 

 

e difference between atmospheric pressure and the pressure 

measu en 

is done 

 

 

s done by including a temperature differential between 

pre- a

 of a linear relationship between pressure and voltage. It is typical that the slope

this sensitivity remains very steady for a given sensor, while the y-intercept is more 

variable between sensors.  

The analysis presented here eliminates the need for a y-intercept for the sensor

sensitivity by calculating th

red during the storm. That is, calculating the absolute dynamic pressure at a giv

sensor (which requires knowledge of the y-intercept sensitivity), is replaced by 

calculating the difference between the pressure at that sensor during still winds and that 

during peak winds (which does not require knowledge of the y-intercept).  This 

by taking the difference in the mean sensor voltage from a still wind period well before 

the storm and the dynamic voltage measured during the storm. That provides the first 

term in the numerator in equation 2-1 (first parenthetical term in Eq. 4-1). The second 

term in the equation (reference pressure) is calculated as a differential in the same way

(pre-storm minus during-storm).  

We do need to account for the change to the slope of the sensor sensitivity caused

by temperature dependence. This i

nd during-storm conditions. The change in slope due to temperature is a measured, 

known quantity (Dearhart, 2003). 

The pressure differential ( )itP∆  in the numerator of Eq. 4-3 can thus be represented

by Eq. 4-1. Equation 4-2 is used w

 

hen the source for the reference pressure is not at the 

house, but from a nearby FCMP tower or other atmospheric data record (airport, etc). 
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Where, all pressures are in psf: 

• , voltage for channel  @ time ( )itV i t  for: 15min Mean value, Max and Min 
moving average for durations of {selected pressure duration} 

• , voltage for channel  @ time  (15min Mean) pre-storm data 

• tV

i
V0 i 0t

 EF , voltage for reference channel (yard, attic or FCMP tower sensor) 
@ time 
( )R

t  (15min Mean) 

• 
EF

, voltage for reference channel @ time 0t  (15min Mean) pre-storm 
a 

R
V0

dat

•  [ºF], temperature change from between time 0t and t Temp∆

iα  [• p , obtained from

• , atm

sf/Volt], sensitivity factor for channel  sensor 
calibration test. i includes the reference sensor REF 

i

 ospheric pressure @ time ( )REFtP t , from Tower Data (15min Mean) 

The mean, root mean square (RMS), maximum and minimum peak pressure 

coefficients are then calculated using Eq. 4-3, where  

• REF , atmospheric pressure @ time 0t , from Tower Data (15 Min Mean) 
pre-storm data 
P0

ρ2
1  is taken as a constant value of 

0.00256 whic ass density of air for the standard atmosphere i.e., 

tempe ons 

h reflects the m

rature of 59 ºF and sea level pressure of 29.92 inches of mercury and dimensi
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associated with wind speed in mph. The selection of an appropriate velocity val

denominator is the subject of an upcoming section. 

For all coefficient calculations, the reference pressure and reference velocity are 

taken as constant for a given pC  sample (over a 15-

ue for the 

minute period). The dynamic local 

pressu ile 

ic local pressure are used for the calculation of r

 

re (first term in Eq. 2-1) is an expected value for calculation of the mean pC , wh

instantaneous values for dynam ms and 

peak pressure coefficients.  

( ) ( )
2

32
1

Sec

itP
tC ip Vρ

∆
=  (4-3)

Uncertainty: Data Sources can change from Storm to Storm and House to House 

ary goal of this dissertation is to identify, model and account for the sources 

ne 

such 

b) Camera (yard) Sensor 
e Tower or airport 

 

an also be estimated from more than one source: 

) House Anemometer via optimization of roughness ( ) value for selected wind 

A prim

of uncertainty that affect the final estimates of pC  from the full-scale house datasets. O

source of uncertainty is the source of data that is used to provide the various 

parameters in Eqs. 4-1 through 4-3. For a given house, the reference pressure can come 

from more than one source: 

a) Attic Sensor 

c) Near FCMP Mobil

The reference wind speed c

0z1
swath (addressed in a later section) 

2) House Anemometer via optimization of Peak-Factor ( g ) for selected wind 

4) eld model (Vickery, et al, 2000) 

swath (addressed in a later section) 
3) Near FCMP Tower 

ARA’s parametric hurricane wind fi
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These different sources introduce varying degrees of uncertainty in the analysis, 

and must be accounted for. The outcome of combining the different pressure sources and 

wind speed sources are twelve possible cases, which are summarized on Table 4-3.  

Table 4-3 Summary of 12 possible cases to compute full-scale pressure coefficients 

1) House Anemometer 
Wind speed source

Optimum z 0 Optimum Peak-Factor g

Case (1a) - Ref. pressure from Case (2a) - Ref. pressure from 

2) House Anemometer 3) Near FCMP Tower 4) ARA's Wind Model

a) Attic 
Sensor

attic sensor and wind speed 
from house anemometer 

optimization of z 0

attic sensor and wind speed 
from house anemometer 

optimization of Peak-Factor

Case (3a) - Ref. pressure from 
attic sensor and wind speed 

from near FCMP tower

Case (4a) - Ref. pressure from 
attic sensor and wind speed 

from ARA model

b) Yard 
Sensor

Case (1b) - Ref. pressure from 
camera sensor and wind speed 

from house anemometer 
optimization of z 0

Case (2b) - Ref. pressure from 
camera sensor and wind speed 

from house anemometer 
optimization of Peak-Factor

Case (3b) - Ref. pressure from 
camera sensor and wind speed 

from near FCMP tower

Case (4b) - Ref. pressure from 
camera sensor and wind speed 

from ARA model

c) Near 
FCMP 
Tower

Case (1c) - Ref. pressure from 
near FCMP tower and wind 

speed from house anemometer 
optimization of z 0

Case (2c) - Ref. pressure from 
near FCMP tower and wind 

speed from house anemometer 
optimization of Peak-Factor

Case (3c) - Ref. pressure from 
near FCMP tower and wind 

speed from near FCMP tower

Case (4c) - Ref. pressure from 
near FCMP tower and wind 

speed from ARA model

R
ef

er
en

ce
 p

re
ss

ur
e 

so
ur

ce

 
 

In some cases, more than one source for reference pressure and reference velocity 

re available. For example a house dataset that includes an attic sensor, a yard sensor, and 

a rooftop wind anemometer record covers four of the cases in Table 4-3. None of these 

analyses would produce precisely the same estimate for any , and thus the estimate is 

its. In the next section 

analysis results using various cases will be presented. Comparison of the output from 

each case will demonstrate the uncertainty. 

Example Peak Minimum  Calculation with Uncertain Reference Velocity 

inar

Ivan (2004) will be presented. For this dataset the reference pressure source is a yard 

sensor near the subject home and monitored by the same data collection system used with 

the house sensors. The reference wind speed (expected 3-second gust at mean roof 

height) is estimated from the house anemometer (using two different methods), the 

a

p

inherently a random variable with quantifiable confidence lim

p

C

C

In this section prelim y analysis results of the FL-27 house during Hurricane 
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nearby FCMP tower and the ARA wind field model. Thus the analysis of any given

minute record of data will produce four different estimates of pressure coefficient. F

this example, the peak minimum pressure coefficient is estimated, which corresponds to

the maximum gust-type suction (uplift) that the sensor experienced in that 15-minute tim

frame, normalized by the expected peak 3 second wind in the that same time frame. 

Table 4-4 presents the peak minimum pressure coefficients for channel 6 (see 

Figure 4-4 for a diagram of the roof and sensor locations) using cases 1b, 2b, 3b and 

 15-

or 

 

e 

4b 

(from

o 

ated 

me. 

me frame, using different 

sourc  (all 

ble

s 

 of 

amework. For example, the uncertainty in 

 Table 4-3). The data records 131 to 147 (each record is 15 minutes long) 

correspond to the FL-27 house during hurricane Ivan (2004) when high winds were 

impacting the home. The direction of the wind is also noted in Table 4-4 from tw

sources (FCMP tower and ARA model), as well as the estimated 3-second gust estim

from four methods. The wind is approaching from the southeast during this time fra

Referring to the location of channel 6 in Figure 4-4, this portion of the roof is expected to 

experience strong suction for this range of wind directions.  

The last four columns in a given row in Table 4-4 show the spread of peak 

minimum pC  estimates for the same sensor, over the same ti

es of wind velocity information in the calculation parameters used in Eq. 4-3

other varia s identical for each calculation). Note that some estimates exceed (are 

smaller than) the ASCE-7 value in corner zones of -2.6. This preliminary analysis show

the effects of uncertainty in the pressure coefficient results by accounting for just one

the uncertain parameters in the computation.  

The full uncertainty analysis later in this chapter will account for a number of 

contributors to uncertainty in a probabilistic fr
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refere

rate 

 channel 6 

nce velocity will be changed from the four discrete values used in the current 

example to a probabilistic representation over a range of values. The same will be done 

for the other sources of uncertainty, and Monte Carlo simulation will be used to gene

thousands of estimates of pC  in the place of the four estimates per row in Table 4-4. In 

this manner the resultant histogram of simulated pC  values can be used to determine 

confidence limits to bound the mean value (the  estimate). Comparisons with wind 

tunnel tests and ASCE-7 wind load provisions will be conducted with knowledge of these 

confidence limits, and will help determine the appropriate level of concern for 

discrepancies. 

Table 4-4 Minimum peak pressure coefficients for FL-27 hurricane Ivan (2004)

pC

1) House Zo 2) House g 3) Tower 4) ARA 1b 2b 3b 4b

131 9/16/2004 04:52:48 53.88 61.40 58.29 62.02 108 115 -2.99 -2.30 -2.55 -2.25
132 9/16/2004 05:07:56 55.31 61.48 67.72 62.89 106 117 -2.06 -1.67 -1.37 -1.59
133 9/16/2004 05:23:04 58.92 64.23 70.63 63.80 108 120 -2.50 -2.10 -1.74 -2.13
134 9/16/2004 05:38:13 61.52 65.15 71.94 64.86 108 122 -2.47 -2.21 -1.81 -2.23
135 9/16/2004 05:53:21 66.11 68.70 80.21 66.02 113 125 -2.71 -2.51 -1.84 -2.71
136 9/16/2004 06:08:29 65.78 72.99 85.00 67.18 120 128 -2.46 -1.99 -1.47 -2.35
137 9/16/2004 06:23:38 70.94 75.13 86.98 68.24 124 132 -1.80 -1.61 -1.20 -1.95
138 9/16/2004 06:38:46 68.64 73.23 95.80 69.07 125 136 -2.10 -1.84 -1.08 -2.07
139 9/16/2004 06:53:55 68.32 71.40 90.29 69.66 128 140 -1.72 -1.57 -0.98 -1.65
140 9/16/2004 07:09:03 65.86 68.26 88.41 70.08 134 145 -2.38 -2.21 -1.32 -2.10
141 9/16/2004 07:24:12 61.52 65.86 91.35 70.30 140 149 -1.73 -1.51 -0.79 -1.33
142 9/16/2004 07:39:21 62.74 61.81 91.02 70.27 146 154 -1.54 -1.59 -0.73 -1.23
143 9/16/2004 07:54:29 58.42 57.32 86.40 70.00 150 159 -2.88 -2.99 -1.32 -2.00
144 9/16/2004 08:09:37 56.09 56.14 85.19 69.45 156 163 -2.63 -2.63 -1.14 -1.72
145 9/16/2004 08:24:46 59.09 57.92 81.97 68.64 167 168 -1.35 -1.41 -0.70 -1.00
146 9/16/2004 08:39:54 56.95 58.57 80.04 67.58 179 172 -1.62 -1.53 -0.82 -1.15
147 9/16/2004 08:55:03 56.40 58.88 79.81 66.30 184 176 -2.64 -2.42 -1.32 -1.91

- Record with maximum 3-second gust estimated
- Record where the minimum Cp value of -2.6 from the ASCE 7 is exceed

e Wind Speed 3-Sec Gust (mph) Wind Direction 
Tower

Wind 
Direction ARA

Minimum Peak Cp 10 Hz
Record # Date & Tim

(UTC) 

 
 

Identification of Appropriate Sampling Rate 

The original 100 Hz data for the FL-27 house were downsample using segmental 

average to 10 Hz and d in Table 4-4. 

Down t 

l 

 it was used for the preliminary analysis presente

sampling the original 100Hz data are necessary to expedite processing and filter ou

high frequency noise. The peak minimum pressure coefficients are affected by the fina

downsample rate. A faster sampling rate will produce larger pressure coefficients than 
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those obtained for slower sampling rates. The influence of sampling rate can be graphed 

and a suitable rate identified (see Figure 4-6 and 4-7), beyond which there is not 

significant increase in peaks. For example, downsampling from 100 Hz to 1 Hz may 

produce a 1 Hz peak pC  of -1.5. Using 10Hz sampling may produce a peak of -1

increasing to 20 Hz may produce -1.85. A plateau from plots (Figure 4-6 and 4-7) tha

present the minimum peak pressure as function of resample frequency will be identified 

for maximum suitable sampling rate. 

Conversely, (peaks) from faster sampling rates (say 100 Hz) tend to be more 

localized (less correlated spatially), th

.8, while 

t 

us reducing their influence on the aggregate loads 

we se k at 

h 

priate sampling rate is identified for the FL-27 Ivan dataset 

using analysis c le 4-4 will be 

consi

 

, 

ek to quantify. For example, say the full-scale analysis reveals an extreme pea

one sensor. If that peak is not correlated with near neighbor sensors, it is reasonable to 

say that the aggregate uplift loading observed in the 4x8 ft sheathing panel occupied by 

those sensors is less severe. Such a peak is of limited use. A correlation study among 

adjacent sensors will evaluate the sampling rate at which correlation has significance wit

regard to aggregate loading. 

Study for Identification of Appropriate Sampling Rate 

In this section an appro

ase 1b from Table 4-3. Records 131 – 147 presented in Tab

dered in this study case since the maximum sustained winds were experienced in 

this time frame. Figure 4-4 presents the roof sensor layout for the FL-27 house, located in

Gulf Breeze, FL. This study considers individual sensor and pairs among the sensors (5

6, 7, 22, 23 and 24). 
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Influence of Sampling Rate on Peak pC  value 

Plots of the minimum peak pressure coefficient are generated as function of the 

am he original 100 Hz data. The data were 

filtere

 4-

e same 

analy

wth at 

ata, 

s. 

 

pressu sent 

 

resample rate through a series of downs ple of t

d using the decimate function in MATLAB. The decimation process filters the 

input data with a lowpass filter and then resample’s the resulting smoothed signal at a 

lower rate (by default, decimate employs an eighth-order lowpass Chebyshev Type I 

filter). After downsampling the data at various rates a plot is generated (Figure 4-6 and

7) of the minimum peak pressure coefficient vs. the sampling frequency. 

Typical plots are presented using record #131 (mean wind direction of 111°) and 

record #147 (mean wind direction of 180°) for channel 6 in Figure 4-6. Th

sis is done for channel 23 in Figure 4-7. These figures show a plateau in peak 

minimum pressure coefficient is reached at 10 ~ 20 Hz before a continued slow gro

higher frequencies. It is desired to select a downsample rate of the original 100 Hz d

to a sampling rate that is lower than half the original rate, in order to filter out high 

frequency noise. Thus a downsample rate is set to 20 Hz. Additional analysis related to 

the downsampling rate based on the peak correlation is presented in the next section

The wind tunnel work of Theodore Stathopoulos had an equivalent full-scale 

sampling rate of 2 Hz, so it is worth comparing the difference obtained in the minimum

re coefficient from the 20 Hz vs. 2 Hz full-scale dataset. Table 4-5 and 4-6 pre

the comparison for records 131 and 147, for channel 6 and 23 respectively, showing the 

difference % between the minimum pC  values having a maximum difference of 44% and

a minimum difference of 16%. 
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(b) 

Figure 4-6 Channel 6 peak minimum  vs. resample frequency. (a) For record #131 wind 
direction is 111° (b) For record #147 wind direction is 180° 
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(b) 

Figure 4-7 Channel 23 peak minimum  vs. resample frequency. (a) For record #131 wind 
direction is 111° (b) For record #147 wind direction is 180° 

pC
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Give rough 4-6, 

there 

t can be 

 of FL-27 

n the data provided in Figures 4-6 and 4-7, as well as Tables 4-4 th

is the potential that the current ASCE-7 loads for components and cladding, based 

upon wind tunnel data with an equivalent sampling rate 2 Hz, do not reflect the 

conservative worst case from extreme winds. This possibility is strengthened if i

shown that strong spatial correlation exists among peaks sampled at 20 Hz. 

Table 4-5 Difference % between 20 Hz and 2 Hz minimum pC  for channel 6

131 147

20 -3.13 -2.86
2 -2.06 -2.0

Difference % -41% -34%
3

Resample rate 
(Hz)

Record #
Minimum Cp Channel 6

 
 
Table 4-6 Difference % between 20 Hz and 2 Hz minimum  for channel 23 of FL-27 C p

131 147

20 -0.66 -1.64
2 -0.42 -1.3

Difference % -44% -16%
9

Resample rate 
(Hz)

Minimum Cp Channel 23
Record #

 
 
Influence of Sampling Rate on Spatial Correlation of Peaks 

patial correlation of 

peaks

and 

This section focuses on the influence of sampling rate on s

. The analysis will be developed using the same house dataset presented in the 

previous section. Two standard methods of correlation measurement are considered, 

an additional method is developed to specifically focus on the correlation of peaks. 

Correlation coefficient yx ,ρ  

The correlation coe ieffic nt is a normalized measure of the strength of the linear 

relationship between two random variables x and y (any 2 sensors). The correlation 

coefficient yx ,ρ  is defined in equation 4-4 as the ratio of the covariance of two random 
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variables x  y to the product of the standard deviations. Uncorrelated data results in 

correlation coefficient close to 0; strongly correlated data have a correlation coefficient 

near 1.  

 

and a 

yx

yx
yx

COV
σσ

ρ ,
, =  (4-4)

Where , is the covariance defined in Eq. 4-5, yxCOV , yx µµ  and  represents the 

value of the random 

mean 

variable x and y respectively and [ ]E  the expected val

of the term inside the brackets. Intuitively, covariance is the sure of how much two 

variables vary together. 

 

represent ue 

mea

( )( )[ ]yxyx yxECOV µµ −−=, (4-5)

Figure 4-8 shows the correlation coefficient between adjacent sensors channels

& 7) 

 

 

ation at 

of the correlation coefficient is that it presents a simple scalar 

displa  

& 7) 

indicate whether peaks between sensors are correlated. 

 (6 

and non-adjacent sensor channels (6 & 23) which are located in opposite roof 

corners, as a function of resample rate. For adjacent sensors (approximately 2.5 feet

apart) it shows a very strong correlation and weak correlation for non-adjacent sensor

(approximately 60 feet apart). The correlation drops significantly with distance, as 

expected. In both plots the correlation also drops as the resample rate increased, 

indicating both the presence of high frequency noise and the shorter spatial correl

higher frequencies.  

The limitation 

y of correlation, containing information across all frequencies in the analyzed

signals (any 2 sensors). Thus the high observed correlation from adjacent sensors (6 

may be due mostly to low frequency (non-peak) correlation. That is, it cannot specifically 
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Figure 4-8 Correlation coefficient for record #131 of FL-27 hurricane Ivan (2004) 

Coherence function ( )fC yx
2
,  

The coherence function ( )fC yx
2
,  is the ratio of the square of the magnitude of the 

 the product of the autospectral density functions of the 

two r

cross-spectrum density function to

andom variables ( )tx  and ( )ty  equation 4-6. For all f, the quantity ( )fC 2  satisfi

( ) 10 2 . The advantage of the coherence function is that it shows the correlation 

yx , es 

as a function of frequency.  

 

, ≤≤ fC yx

( )
( )

( ) ( )fSfS
fS

fC
yyxx

yx
yx

2

,2
, =  (4-6)

Figure 4-9 shows the coherence function for adjacent sensors (6 & 7) and non-

adjacent sensors (6 & 23). For adjacent sensors it is clearly shown a strong correlation at 
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low frequency, not observed for non-adjacent sensors which are located at opposite roof 

corners. Such behavior was expected due to the relative location of the sensors. 
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Figure 4-9 Coherence function estimate for record #131 of FL-27 hurricane Ivan (2004) 

The coherence function still does not isolate peaks however, since even high 

frequency content is an average over entire signal. That is, the low correlation at higher 

frequencies does not preclude well correlated peaks. 

rs share peaks at the same time 

instant (correlation), while ignoring the low frequency signal content and low magnitude 

 “Peak-score” method 

A method that focuses on identifying the correlation among peaks in pairs of 

random variables was developed for this analysis. The “peak-score” method is intended 

to qualitatively identify the degree to which two senso
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high frequency content that mimic the meaning of correlation coefficient and coherence 

functi

ts 

re 4-10 (a) and (b), shows typical signals x and y for close sensors and its 

norm

 as shown in Figure 4-11. If the original signals x and y experienced 

 values at the same instant,  should have a number of peak values that 

approach -1.0. 

This can be qualitatively characterized by comparing the probability contents of 

, and . A threshold minimum value for  is found such that 5% of the 

probability of  is lower than this value. This is called the threshold value 

Similarly the 5% threshold for  is found, .Figure 4-12 shows graphically the 

estim

on. 

In the following discussion, the random variables x and y can be thought of as the 

time histories measured at two sensors, either close or well separated. The analysis star

by normalizing each of the two time traces x and y such that the minimum value in each 

is -1.0 and the mean value is 0. These two normalized signals are nx  and ny .  

Figu

alized version respectively. Note that peak negative values can be observed in both 

signals at the same times. A new signal w  is created as the average of x  and y , or n n n

2/)( nnn yxw +=

peak minimum n

n

x

w

nx , ny nw x

 nx TH . 

ny yTH

ation of 1666.0−=xTH  and 1589.0−=yTH . An average threshold avgTH  is then

xTH  and yTH . The probability o nw  that is below this average 

threshold of 1628.0−=avgTH  is then found. The peak score is the ratio of th ro

with the 5% used to established the thresholds for nx  and ny . Figure 4-13 shows the 

 

established fr

bability 

om f 

is p
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value obtained fr the TH , so the “peak-score” for this example has a value oom f avg

948.0%0.5%74.4 = . 
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(b) 

Figure 4-10 Random data signals. (a) Original signals x an y, (b) Normalized signals 
and 

nx  

ny  

 



77 

0 1 2 3 4 5 6 7 8 9

x 104

-2

-1.5

-1

-0.5

0

0.5

1

S
ig

na
l (

x n 
+ 

y n)

Computing new normalized signal wn

0 1 2 3 4 5 6 7 8 9

x 104

-1

-0.5

0

0.5

S
ig

na
l w

n 
= 

(x
n 

+ 
y n)

/2

 
Figure 4-11 Resultant signal ( ) 2nnn yxw +=  

The range of possible “peak-score” outcomes is from 0 to ~1. If the peaks in the 

signals  and  are not correlated, the probability density function (PDF) of  will 

not contain as much probability in the left tail as  and , and the peak score will not 

approach 1.0. Conversely, if peaks in x and y regularly occur at the same instant, the peak 

minimum values in  will be of the same magnitude and frequency as those in  and 

, and the peak score will approach one. 

The peak score method is first evaluated using artificial data where the level of 

correlation is known. Random signals  and 

nx ny  nw

nx ny

nw nx

ny

x y  are digitally created with similar spectral 

and probability characteristics as those that describe a typical time history of pressure 

from the full-scale data. These artificial si  and gnals x y  are uncorrelated. A third signal 
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w  is defined as function of  x  and y  so that partial correlation exists 

(e.g., ( ) yxyw 5.00 += ).  x 5.,
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e 4-12 Empirical cum tive distributions function for  and Figur ula nx ny  
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Figure 4-13 Empirical cumulative distributions function for  nw

 



79 

The “peak-score” analysis is then performed using uncorrelated data (x and y), 

partially correlated data (x and w), and perfectly correlated data (x and x). The result from 

uncorrelated data  and x y  is presented in Figure 4-14 for various percentage threshold. 

A 1% threshold (as suggested above) appears suitable, as uncorrelated data provides a 

peak score of ~ 0.1 as the resample frequency decrease. Figures 4-15 shows the resulting 

peak scores for perfectly correlated data (peak score hovers around ~1.0), and Figure 4-

16 shows partially correlated data (peak score ~0.8).  
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Figure 4-14 “Peak-Score” check for uncorrelated data  and x y  

The peak score method is qualitative at this time. In the application to full-scale 

pressure uplift data, we seek to demonstrate that the peaks observed between closely 

spaced sensors are well correlated. 
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Figure 4-15 “Peak-Score” check for full-correlated data x and    x
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Figure 4-16 “Peak-Score” check for partial correlated data x and w 
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 “Peak-score” method: application to full-scale data 

The “peak-score” is now computed for the full-scale data for a range of resample 

rates beginning with the original 100 Hz signal and for lower resample rates. This 

analysis was conducted extensively for the highest wind speed data records for adjacent 

and non-adjacent sensors, where some of the typical findings are presented in Figures 4-

17 thru 4-19, these figures shows the “peak-score” vs. the resample frequency for sensor 

pairs of channels (6 & 7), (6 & 5) and (6 & 23) respectively.  

Figure 4-17 and 4-18 correspond to sensors close to each other (approximately 2.5 

feet) and as expected the peak-score suggest that the peak are well correlated and are 

occurring at the same time. This is not the case for sensors spaced far apart 

(approximately 60 feet), as shown in Figure 4-19, where the peak-score is significantly 

lower.  

0 10 20 30 40 50 60 70 80 90 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

"P
ea

k-
S

co
re

" 
fo

r c
ha

nn
el

s 
6 

&
 7

Resample frequency (Hz)

"Peak-Score" FCMP House FL-27 Ivan 2004 for record #131

Threshold = 1%

 
Figure 4-17 “Peak-Score” for channel 6 & 7 in record #131 FL-27 hurricane Ivan (2004) 
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Figure 4-18 “Peak-Score” for channel 6 & 5 in record #131 FL-27 hurricane Ivan (2004) 
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Figure 4-19 “Peak-Score” for channel 6 & 23 in record #132 FL-27 hurricane Ivan (2004)
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Based on this correlation analysis and the study of peak minimum  value as a 

function of resample rate, the full-scale data will be analyzed using a down-sampled rate 

of 20 Hz. This represents the rate at which peak minimum  values plateau, and also 

maintains strong correlation of peaks between closely spaced sensors. 

Uncertainty of Reference Velocity: Estimating Peak Wind Speed Gust 

It was demonstrated in Table 4-4 and the associated example that the identification 

of a reference velocity for the denominator in Eq. 4-3 can have a significant impact upon 

the resultant estimated peak minimum . In that example, four methods for obtaining 

the reference velocity were cited. This section explains these wind speed reference 

estimation methods. 

relatively straight forward. The velocity is measured either at the mean roof height of the 

model, or at the top of the tunnel and the speed extrapolated to the mean roof height. This 

is not the case for the full-scale datasets, where the wind speed reference value is 

estimated from either an anemometer on the roof (two methods), a nearby FCMP tower, 

or from wind field models. For any of these cases the associated uncertainty is larger than 

that in a wind tunnel, and must be quantified. 

The best reference to obtain the wind speed velocity is when a house anemometer is 

present, but unfortunately an operational anemometer on the house is not certain. The two 

houses used in this section (FL-27 and FL-30 Ivan 2004) had working anemometers 

during the storm events of hurricane Ivan (2004).  

The reference wind speed in the denominator of Eq. 4-3 should represent the 

 pC

pC

pC

In wind tunnel experiments the determination of a reference wind speed is 

expected (average) peak 3-second value. When a house anemometer is available, we 
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canno  

The first m cal 

equat

t simply use the peak value observed over the analysis time frame of interest. This

would be a single sample peak value, not an expected value. The expected value can be 

estimated based on the mean and standard deviation of the speed record in two ways.   

Wind Speed Reference from House Anemometer: Optimizing Roughness 

ethod identifies a roughness exposure value 0z   and uses the classi

ion to relate wind duration and exposure as given in Eq. 4-7 (Simiu and Scanlan)  

 
( ) ( ) ( )

( )⎟⎜9003 ln5.2 zz

Where z is the mean roof height, 

⎟
⎠

⎞
⎜
⎝

⎛
+=

0

21

1 tczUzU β
(4-7)

( )zU900

seconds), and )(tc  an

 is the mean wind over 15 minutes (900 

d β  are from tables provided in Simiu and Scanlan.  is the 

desire  for 

 

between the maximum 3-second gust actually measured at the house anemometer and the 

value estimated from Equation 4-7 was calculated over many of 15-minute records. The 

mean error was minimized by adjusting inute records need to contain 

wind coming from similar directions, as  is a function of approach terrain and therefore 

wind d the 

d 

( )zU3

d 3 second gust. The difficulty is that the estimation of an appropriate value

roughness 0z  is not well established, and this leaves much ambiguity in the application of

Eq. 4-7.  

This issue was solved by selecting a best 0z  roughness value through optimization. 

Although we cannot directly assign the actual observed 3 second gust as the wind speed 

reference, we can use this data to help identify an appropriate z  value. The error 0

0z . These 15-m

z0

direction. In order to complete this task a MATLAB code was developed to fin

optimum 0z  for data records corresponding to a wind swath of 30° each. The optimize
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0z  value was then applied in Eq. 4-7 to estimate the expected 3 second gust wind speed 

reference for any given 15 minute record. 

Wind Speed Reference from House Anemometer: Optimizing Peak Factor 

The second method to estimate the 3-second gust from the house anemometer 

pt  

elocity  referenced to mean roof height by adding the mean to some factor of the 

ada s the methodology commonly used in wind tunnel analysis. The studies on generic

low buildings at the University of Western Ontario by Kopp (2005) estimate the peak 

v  hV̂

standard deviation  VgVVh +=ˆ , where V  is the mean roof height mean velocity, V is 

the root mean square (standard deviation) of the velocity fluctuations and g is a peak 

factor. In the wind tunnel, the peak value is taken as a nominal value of 3.0.  

Following this approach, the mean and standard deviation of the house anemometer 

are measured for each 15 minute record, and the expected peak value is estimated by 

 mean to some factor of the standard deviation. The value 3.0 cannot be 

applie

adding the

d here necessarily, as the assigned value implies a specific terrain (roughness) and 

test duration used in the wind tunnel. These do not apply to the full-scale data, so an 

appropriate value of g must be identified via optimization. A MATLAB code was 

developed to find the appropriate peak factor g  that will produce the least mean square 

error between the actual field measurements and estimated 3-second gust. This task has 

been done for the same wind direction swaths used to optimize 0z . 

Aerial pictures had been use to present and compare the optimum 0z  and peak 

factor g values obtained in Figure 4-20 for the FL-27 house and Figure 4-21 for the FL-

30 house. For the FL-27 house Table 4-5 present the data record range, the wind swath, 

 



86 

the  

 represent the range of data collected during 

Table 04) 

 optimum 0z  and peak factor values. The same information is presented for the FL-30

house in Table 4-6. The selected 30° zones

Ivan at those locations. 

 4-5 Classification of optimum 0z  and peak factor for the FL-27 house Ivan (20

Wind swath House records 
range

Estimated 
z 0 

Peak 
Factor

60° - 90° 42 - 120 1.48 3.43
90° - 120° 121 - 133 1.03 3.33

150 - 180° 142 - 147 0.59 3.25
180° - 210° 148 - 160 0.60 3.21

120° - 150° 134 - 141 0.79 3.49

210° - 240 161 - 190 0.58 3.16  
 

Wind Swath (60 - 90)

0z = 1.44 & g = 3.43 

 

Wind Swath (90 - 120) 

.33 0z = 1.03 & g = 3

Wind Swath  240) Wind Swath (120 - 150) 

= 0.79 & = 3.49 

(210 -

0z = 0.58 & g = 3.16 0z  g

Wind Swath (180 - 210) Wind Swath (150 - 180) 

0z = 0.60 & g = 3.21 0z = 0.59 & g = 3.25 

Figure 4-20 Aerial picture for the FL-27 house showing optimized z and peak factor 
values for hurricane Ivan (2004) 

0
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Table 4-6 Classification of optimum 0z  and peak factor for the FL-30 house Ivan (2004) 

Wind swath range z 0 Factor

9
120°

House records Estimated Peak 

60° - 90° 80 - 101 1.14 3.44
0° - 120° 102 - 121 0.82 3.42

 - 150° 122 - 126 0.27 3.21

210° - 240 138 - 177 0.69 3.47

150 - 180° 127 - 130 0.36 3.52
180° - 210° 131 - 137 0.30 3.13

 
 

Wind Swath (60 - 90) 

= 1.14 &0z  g

Figure 4-21 Aerial picture for the FL-30 house showing optimized 0z  and peak factor 

= 3.44 

Wind Swath (90 - 120) 

= 0.82 &0z  g = 3.42 

Win 2

= 0.27 &

values for hurricane Ivan (2004) 

The information in Figures 4-21 and 4-22 as well as Tables 4-5 and 4-6 

qualitatively follow the behavior that would be expected. The roughness value 

increases as the approach wind flows over longer stretches of land and dense tree cover, 

valuable to e 

0z  

and decreases when the fetch between the house and open water shortens. It is also 

 note the relative difference in 0z  between the two houses over the sam

d Swath (1 0 - 150) 

0z  g = 3.21 

Wind Swath (150 - 180) 

= 0.36 &0z  g = 3.52 

Wind Swath (180 - 210) 

= 0.30 &0z  g = 3.13 

Wind Swath (210 - 240) 

= 0.69 &0z  g = 3.47 
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direction swaths. For example, consider the 0z  value for the direction range 180 – 210 in 

Figures 4-20 and 4-21. The aerial view clearly reveals that the FL-30 house has a fetch to 

the water that is far less dense with trees com ared to FL-27 house. This is reflected in 

their relative values for 

The estimation of  roughness length is very important because this value will 

also be used in a later section to estimate the house wind speed from a near FCMP mobile 

tower (wind speed source case 3). In cases were the house anemometer is not available 

the tower data must be converted to reflect the terrain exposure of the house. This 

involves Eq. 4-7 and requires an estimate of om aerial picture insp

The fourth case is the estimation of the reference wind speed by adjusting the data 

provided by wind field maps provided by Applied Research Associates (Vickery 2000). 

The maps consist of contours of sustained and peak wind speeds for a giv

(usually 15 minutes). These are by default standardized to a roughness exposure of open 

terrain . nd height of 10 m, and are converted to the local house terrain and 

mean roof height for our analysis purposes.  

p

0z . 

 the  0z  

0z  fr ection. 

en time frame 

 300 =z m a0
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Table 4-7 Minimum peak pressure coefficien  for FL-30 hurricane Ivan (2004) channel ts
15, reference wind speed variation 

1) House Zo 2) House g 3) Tower 4) ARA 1b 2b 3b 4b
116 9/16/2004 04:20:41 51.65 52.40 58.31 65.90 101 103 -2.11 -2.06 -1.66 -1.3
117 9/16/2004 04:35:50 51.46 53.48 56.83 67.92 110 105 -2.13 -1.98 -1.75 -1.2

119 9/16/2004 05:06:07 67.81
120 9/16/2004 05:21:15 74.10

Record # Date & Time 
(UTC) 

Wind Speed 3-Sec Gust (mph) Wind Direction 
Tower

Wind 
Direction ARA

Minimum Peak Cp 10 Hz

0
3

118 9/16/2004 04:50:58 61.32 62.89 60.32 69.86 107 108 -1.51 -1.44 -1.56 -1.16
68.32 66.13 71.76 107 111 -1.26 -1.24 -1.32 -1.12
73.69 71.90 73.59 107 114 -1.18 -1.20 -1.26 -1.20

121 9/16/2004 05:36:24 76.17 75.60 72.50 75.25 108 117 -1.04 -1.05 -1.15 -1.06
122 9/16/2004 05:51:32 85.26 79.28 80.74 76.80 113 121 -1.82 -2.11 -2.03 -2.24
123
124
125 9/16/2004 06:36:59 100.00 85.30 98.08 79.47 125 139 -1.37 -1.88 -1.42 -2.16

129 9/16/2004 07:37:33 80.07 73.43 91.95 77.90 145 167 -1.57 -1.87 -1.19 -1.66
6

- Record with maximum 3-second gust estimated

9/16/2004 06:06:41 96.02 83.09 87.25 78.39 119 126 -1.12 -1.50 -1.36 -1.69
9/16/2004 06:21:50 95.87 83.48 88.47 79.37 124 132 -1.65 -2.18 -1.94 -2.41

126 9/16/2004 06:52:07 101.40 86.37 92.74 79.38 128 146 -1.99 -2.75 -2.38 -3.26
127 9/16/2004 07:07:16 87.66 76.40 89.97 79.16 134 153 -1.53 -2.02 -1.46 -1.88
128 9/16/2004 07:22:25 81.77 75.20 94.05 78.68 139 160 -1.60 -1.89 -1.21 -1.73

130 9/16/2004 07:52:42 73.17 66.84 88.19 76.87 150 174 -1.61 -1.93 -1.11 -1.4

- Record where the minimum Cp value of -2.6 from the ASCE 7 is exceed  

um 

peak 

 

ning anemometer and an FCMP tower in 

FCMP house datasets do not have this luxury, missing either an anemometer on the 

house, or no FCMP tower near enough to extrapolate its winds. In these cases the wind 

speed reference uncertainty still exists, but is not easily defined. For these cases the 

results Table 4-2 and 4-7 will be used as a guide. 

Uncertainty on Instantaneous Roof Dynamic Pressure 

When comparing the full-scale instantaneous roof dynamic pressure vs. the wind 

tunnel data it is important to clarify that there is no control over full-scale parameters 

Similar to Table 4-4 which presented the range of minimum peak pressure 

coefficient using the four reference wind speed cases, Table 4-7 present the minim

pressure coefficients for channel 15 (refer to Figure 4-5 for sensor layout of the FL-

30 house) computed for the FL-30 using the four estimates of reference wind speed. A 

large range of values can be observed among the four wind speed estimates and pC  

values for any given row.  

The level of uncertainty in the wind speed reference velocity is fairly well defined

for the house datasets that have both a functio

the near vicinity, as is the case in Table 4-4 and 4-7. However, many of the existing 

 



90 

such ind 

re 

ials of a 

 the same wind speed. The peak observed 

pressu

 

isms 

ed 

e full-scale data. This will require 

dividing each 1 imating the 

minim

as temperature, wind speed and wind direction. This is not the case for the w

tunnel experiment where the laboratory environment is controlled and repetitive tests a

performed for constant wind speed and wind direction, providing enough data to produce 

an expected peak pressure value, rather that a single peak observation. For example, a 

typical analysis in the Clemson wind tunnel facility consists of 16 independent tr

given house from the same direction and at

re coefficient from each trial are then averaged together to produce an expected 

(mean) peak value. 

For the full-scale dataset the limiting issue is the time frame in which the wind

direction and mean speed can be assumed to be relatively constant. The flow mechan

that produce uplift loads on the roof change with wind direction, thus averaging peak 

values from an approach angle of 110° with those from 180º is not viable. An expect

peak pressure coefficient will be estimated from th

5 minute segment into 3 segments of 5 minutes each and est

um peak pressure coefficient for each segment. The expected peak is obtained 

from the average of these three single measurements.  

The uncertainty that remains on this measurement is considerable. The sensor 

measurements are affected by the temperature changes (quantifiable but uncertain), and 

in some cases the individual sensor sensitivity iα  is not available, and a assumed value is 

assign based on an average of other sensors. Table 4-8 present the analysis performed f

the record range from 131 – 147 on the FL-27 house to obtain the minimum peak 

pressure coefficient for a 20 Hz sampling rate, where the average percent difference 

or 
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between the expected value from the three 5 minutes segments and the single peak in th

15 minutes record ha

e 

s a value of 22%. 

 

sis. 

n 

ore 

Table e 

Strictly speaking, the pressure coefficients in Table 4-8 are described as the 

expected peak value of minimum pressure over a five minute duration, sampled at 20 Hz. 

If the stationarity of the data permitted the use of longer segments of data to estimate a

single peak sample (say 15 minutes rather than 5), the peak coefficients would increase. 

That conclusion is a straight forward application of the rules of random variable analy

The expected peak value of a stationary signal increases as the duration of the expectatio

period increases. Simply put, the more data over which one is permitted to look, the m

likely he is to observe a larger peak (on average). 

 4-8 Expected minimum peak pC  (20 Hz) for channel 6 for the FL-27 hurrican
Ivan (2004) 

1) House z 0

131 9/16/2004 04:52:48 53.88 108 115 -2.41 -1.60 -2.29 -2.10 -2.41 14%
132 9/16/2004 05:07:56 55.31 106 117 -0 -0.93 -1.45 -1.03 -1.45 34%

134 9/16/2004 05:38:13 61.52 108 122 -1.74 -1.16 -2.01 -1.64 -2.01 20%
135 9/16/2004 05:53:21 66.11 113 125 -2.00 -1.26 -1.07 -1.44 -2.00 32%

137 9/16/2004 06:23:38 70.94 124 132 -1.46 -1.86 -2.52 -1.94 -2.52
138 9/16/2004 06:38:46 68.64 125 136 -2.28 -2.26 -1.84 -2.13 -2.28

140 9/16/2004 07:09:03 65.86 134 145 -1.63 -2.22 -1.93 -1.93 -2.22
141 9/16/2004 07:24:12 61.52 140 149 -2.25 -1.74 -1.31 -1.77 -2.25

143 9/16/2004 07:54:29 58.42 150 159 -1.75 -2.22 -2.51 -2.16 -2.51 15%
144 9/16/2004 08:09:37 56.09 156 163 -2.13 -2.06 -1.60 -1.93 -2.13 10%

146 9/16/2004 08:39:54 56.95 179 1
147 9/16/2004 08:55:03 56.40 184 1

.70
133 9/16/2004 05:23:04 58.92 108 120 -1.08 -1.04 -2.06 -1.39 -2.06 39%

136 9/16/2004 06:08:29 65.78 120 128 -3.37 -1.19 -1.92 -2.16 -3.37 44%
26%
7%

139 9/16/2004 06:53:55 68.32 128 140 -1.44 -1.89 -1.92 -1.75 -1.92 9%
14%
24%

142 9/16/2004 07:39:21 62.74 146 154 -1.67 -3.03 -2.56 -2.42 -3.03 22%

145 9/16/2004 08:24:46 59.09 167 168 -2.67 -1.58 -3.14 -2.46 -3.14 24%
72 -1.21 -2.14 -2.04 -1.80 -2.14 17%
76 -2.19 -1.96 -2.59 -2.24 -2.59 14%

Average = 22%

Single Min 3-Sec Gust (UTC) Direction Direction Difference Segment 1 Segment 2 Segment 3 Expected Record #
Peak

Wind Speed Date & Time Wind 

Tower

Wind 

ARA

Minimum Peak Cp for a 20 Hz Duration

%Value

- Record with maximum 3-second gust estimated
- Record where the minimum Cp value of -2.6 from the ASCE 7 is exceed

 

Uncertainty of Reference Pressure 

inside the house attic, the second is by using the measurement from the sensor located in 

 

The reference pressure (second term in numerator in Eq. 2-1) can be established 

from three different sources. The first is by using the measurement from a sensor located 
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the camera mounting plate (referred to as a yard sensor) and the third is by using the 

barometric pressure measurement from a nearby FCMP mobile tower. Pressure 

coefficient results are presented using the three different reference pressures in order to 

 

Each of the three right-most columns uses the house anemometer  optimization method 

for wind speed reference (column 3), and a different source for reference pressure (see 

Table 4-3). It is clear that the reference pressure from the FCMP tower includes a higher 

level of uncertainty. The barometric pressure measurement is highly influenced by the 

location of the instrument relative to the eye of the storm.  Thus the barometric pressure 

at a tower may not be a good representation of barometric pressure at an instrumented 

house. 

Table 4-9 Minimum peak pressure coefficients for FL-30 hurricane Ivan (2004) channel 
15, reference pressure variation 

establish which sources are more reliable. Table 4-9 present results of the FL-30 house.

0z

1) House Zo 2) House g 3) Tower 4) ARA 1a 1b 1c
116 9/16/2004 04:20:41 51.65 52.40 58.31 65.90 101 103 -2.20 -2.11 -4.6

9/16/2004 04:35:50 51.46 53.48 56.83 67.92 110 105 -2.18 -2.13 -5.2

119 9/16/2004 05:06:07 67.81 68.32 66.13 71.76 107 111 -1.27 -1.26 -3.00
120 9/16/2004 05:21:15 74.10 73.69 71.90 73.59 107 114 -1.20 -1.18 -2.62

122 9/16/2004 05:51:32 85.26 79.28 80.74 76.80 113 121 -1.81 -1.82 -3.43
123 9/16/2004 06:06:41 96.02 83.09 87.25 78.39 119 126 -1.10 -1.12 -2.47

125 9/16/2004 06:36:59 100.00 85.30 98.08 79.47 125 139 -1.35 -1.37
126 9/16/2004 06:52:07 101.40 86.37 92.74 79.38 128 146 -1.98 -1.99
127
128 9/16/2004 07:22:25 81.77 75.20 94.05 78.68 139 160 -1.61 -1.60
129 9/16/2004 07:37:33 80.07 73.43 91.95 77.90 145 167 -1.60 -1.57
130 9/16/2004 07:52:42 73.17 66.84 88.19 76.87 150 174 -1.65 -

- Record with maximum 3-second gust estimated
- Record where the minimum Cp value of -2.6 from the ASCE 7 is exceed

5
117 1
118 9/16/2004 04:50:58 61.32 62.89 60.32 69.86 107 108 -1.52 -1.51 -3.76

121 9/16/2004 05:36:24 76.17 75.60 72.50 75.25 108 117 -1.05 -1.04 -2.42

124 9/16/2004 06:21:50 95.87 83.48 88.47 79.37 124 132 -1.63 -1.65 -3.04
-2.71
-3.29

9/16/2004 07:07:16 87.66 76.40 89.97 79.16 134 153 -1.53 -1.53 -3.00
-3.18
-2.92

1.61 -2.85

Wind 
ion ARA

Minimum Peak Cp 10 Hz
Record # Date & Time 

(UTC) Direct

Wind Speed 3-Sec Gust (mph) Wind Direction 
Tower

  
 

Combined Effects of Uncertainties 

All the identified sources of uncertainty need to be quantified in order to produce 

full-scale data results with an appropriate level of confidence. A given dataset is 
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influenced by uncertainties in: dynamic local pressure sensor sensitivity, temperature 

differential between pre- and during-storm conditions, appropriate reference velocity, and

barometric pressure sensor. 

 

Quantification of Uncertainties on : Monte Carlo Approach 

combined uncertainties within the estimation of peak pressure coefficients. The method is 

applied to individual 15-minute lengths of data for all sensors on a given house. A series 

of  values are generated by changing the parameters used in its calculation (Eq. 2-1 & 

4-1 through 4-3). Those parameters are the change in temperature (

pC

 Monte Carlo simulation is employed as a means to directly incorporate the above 

pC

T∆ ), calibration 

factor for the sensor i ( iα ) and estimated 3-second wind gust ( ). For each one 

of these parameters a Gaussian probability distribution is assign based on studies of 

uncertainty on the individual parameters.  

A Monte Carlo simulation consists of r nning the same peak minimum pressure 

coefficient analysis for the f data many hundreds of 

times

GustWindSecV3

u

 same sensor and 15-minute segment o

. Each analysis uses a set of variable parameters (calibration factor iα , temperature 

change T∆ and reference wind speed 3-sec wind gust GustWindSecV3 ) randomly assign

values based on their assigned distribution. Rather than a single value estimate, C  is 

ed 

any samples of a random variable. zed 

to provide the most likely value (mean) and confidence lim

within, for example, 95% of the probability of the  random variable). This will 

p

generated as m  This random variable is then analy

its (the range of values for pC  

p

provide a probabilistic view of the full-scale analysis results to compare with the values 

C
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obtained from the wind tunnel model developed at the Wind Load Test Facility in 

Clemson University. 

Let’s consider record i. The random variables generated f  of this record 

will have a normal distribution. In the case of the change in temperature, the distribution 

will have a mean value of the difference be

or analysis

tween the 15 minute average at time  and 

with a rd 

 0t it  

 standard deviation value obtained from the temperature measurement of the reco

i. Recall that 0t  represents the pre-storm record, see Eq. 4-2. Similarly for the sensitivity 

variable iα  of the sensors with missing information a random variable is enerated using 

the mean value of 32.274 [psf/Volt] and standard deviation of 0.381, based on the 

statistics from calibrated sensors. This will have a strong impact in the pC  comp tion

since the sensitivity data for the specific yard and attic sensors (reference pressure 

sensors) for a given application is not available in most of the house datasets.  Finally t  

reference wind speed will be simulated with a norm  distribution with a mean and 

 g

uta  

he

al

standard deviation values obtained from the four cases previously presented to estimate 

the reference wind speed. 

An example Monte Carlo simulation will be presented for channel 6 in the FL-27 

house for record #135 from hurricane Ivan (2004). Table 4-10 provides the mean and 

standard deviation used to generate the random variables, where these values are obtained 

from the corresponding data record. For example the Temp∆  mean and standard 

deviation values are obtained from the FCMP mo 1 temperature measurement 

corresponding to the time frame of record #135. The m tower was located 11.5 miles 

NW from the FL-27 house. The mean and sta  for the calibration 

bile tower T

obile 

ndard deviation values

factor 0α  assigned to the yard sensor are obtained from the calibration records performed 
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on 200 sensors. Finally the mean and standard deviation value corresponding to the

reference velocity are obtained the four 3-second gust estimations corresponding to the 

consider house data record. 

Table 4-10 Mean and standard deviation of random variables for FL-27 record #135 
hurricane Ivan 

 

Variable Mean Std
∆Temp -4.786 0.446
α 34.274 0.381

Ref Velocity 70.261

Record #135 for FL-27 channel 6 

0

6.749  

Num

it state 

e.

simulation. 

A suitable number of simulations are identified by generating 100 separate trials, 

ulations. Each of these 100 trials produces a single mean 

value of peak minimum  measured from the N simulations. If N is a suitable number, 

then the mean outcom cantly from one trial of N simulations to 

the next. This is quantified by the coefficient of variation among these 100 trials. Then 

100 trials are run for each of a vector of different N values (10, 25, 50, 75, 100, 250, 500, 

 
ber of Monte Carlo Simulations 

It is important to establish an adequate number of Monte Carlo Simulations to 

generate the pC  random variable. This number is dependent upon the limit state equation 

(Eq. 4-1 through 4-3), the number of random variables on the right side of the lim

equation, and the distributions assigned to these variables.  

Typically, the more random variables and larger uncertainties (larger standard 

deviations), the more simulations are required to generate a statistically meaningful 

outcom  Often the appropriate number is itself determined through Monte Carlo 

each trial consisting of N sim

pC

e should not vary signifi
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750 and 1000). The coefficient of variation is computed from the 100 mean values of the 

gener

 conservative value of N = 

1000 

ated peak minimum pC .  

Figure 4-22 presents this coefficient of variation in the expected mean as the 

number of simulations N increases. The result suggests that very little additional 

reliability is gained by using N greater than 250. However a

will be used since the computer power is not a significant limiting factor. 
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Figure 4-22 Coefficient of variation, on 100 trials vs. number of simulations N 

An Example Monte Carlo Simulation 

Monte Carlo Simulation is now executed for channel 6 on FL-27 from hurricane 

Ivan, with the parameters previously presented on Table 4-10 for record #135. Figure 4-

23 presents the resulting normalized histogram of the peak minimum pressure coefficient 

using a downsample rate of 20 Hz and 1000 simulations.  

The empirical cumulative distribution function (ECDF) is then determined to 

identify the lower and upper 2.5% limits for a 95% confidence interval. Figure 4-24 
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present the cumulative distribution function. The range of  value corresponding to 

above 2.5% and less than 97.5% are -4.19 and -2.01 respectively. These are the 95% 

confidence limits for the expected (mean) peak value of -2.89. Based on the current 

knowledge of uncertainties, the most likely value is -2.89, with 95% confidence that the 

peak minimum  is within [-4.19 & -2.01]. 
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Figure 4-23 Histogram of minimum  (20 Hz duration) from Monte Carlo simulation pC

for channel 6 on record #135  FL-27 hurricane Ivan (2004), N = 1000 
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Figure 4-24 ECDF for minimum pC   Hz duration) from Monte Carlo simulation for 

channel 6 of record #135 FL-27 hurricane Ivan (2004) 
(20

Presentation of Results from Uncertainty Analysis 

The process presented above to quantify the peak minimum  from the full-scale 

measurement is now applied to study several channels over several hours of extreme 

wind.  

From the preliminary analysis of the FL-27 house the critical sensors selected to 

present the result obtained from the Monte Carlo Simulation are channel 6, 7, 13, 18, 22 

and 23 for the records 131 – 147. This time frame, according to the ARA model, 

represents strong Tropical Storm and Category 1 winds at the house. Figure 4-25 through 

4-30 presents the minimum peak pressure estimation of the  using case 1b (Table 4-3), 

and the expected minimum  value obtained from the Monte Carlo Simulation along 

with the lo gned value.  

pC

pC

p

west and highest confidence limits and the ASCE-7 assi

C
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Peak minimum Cp value for channel 6, FL-27 Ivan (2004)

-7.00

-6.00

-5.00

-4.00

-3.00

130 132 134 136 138 140 142 144 146 148

Record #

M
in

i
um

 C
o 

fo
H

z 
d

-2.00

0.00

m
p 

f
r 

20
 

ur
at

io
n 

  
   

-1.00   
   

   
   

Mean (Min Cp) Min Cp (Lowest 2.5%) Min Cp (Highest 97.5%)

ASCE 7 Min Negative Cp -2.6 Single Min Peak (Case 1b)
 

Figure 4-25 Channel 6 time history of min pC  values for 20 Hz (FL-27 Ivan 2004) 

Peak minimum Cp value for channel 7, FL-27 Ivan (2004)
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Figure 4-26 Channel 7 time history of min  values for 20 Hz (FL-27 Ivan 2004) pC
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Peak minimum Cp value for channel 13, FL-27 Ivan (2004)
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Figure 4-27 Channel 13 time history of min p  values for 20 Hz (FL-27 Ivan 2004) C  

Peak minimum Cp value for channel 18, FL-27 Ivan (2004)
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Figure 4-28 Channel 18 time history of min  values for 20 Hz (FL-27 Ivan 2004) pC
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Peak minimum Cp value for channel 22, FL-27 Ivan (2004)
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Figure 4-29 Channel 22 time history of min  values for 20 Hz (FL-27 Ivan 2004) pC

Peak minimum Cp value for channel 23, FL-27 Ivan (2004)
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Figure 4-30 Channel 23 time history of min  values for 20 Hz (FL-27 Ivan 2004) pC
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These 95% bounds will change from one house dataset to another as the sources 

contributing to uncertainty (peak 3-second wind, temperature differential, reference 

pressure sensitivity, etc.) may be different from one subject house to the next. For 

example, a house that did not have a functional reference pressure sensor on the premises 

will be required to use the values reported from the nearest portable tower or other data 

source. Local atmospheric pressure can be significantly different over a matter of only a 

few miles depending on the location of the hurricane. This scenario would require a 

higher uncertainty (larger coefficient of variation) be assigned to the reference pressure 

value, and result in a larger 95% confidence interval for the calculated minimum peak 

 values.  

the wind direction for these results, range 

from winds from the east-south-east (110°) to winds out of the south (180°). Sensors 6, 7 

 

 

wind tunnel studies. However, this is not the case. The Stathopoulos durations were on 

the order of 25 m

pC

Referring to Figure 4-4 and Table 4-4, 

and 13 (Figures 4-25 through 4-27) are experiencing strong suction and show a tendency 

to exceed the -2.6 ASCE value either in the mean or the 95% confidence limit. Once the 

wind direction goes beyond 140° (~record 141 – see Table 4-4) sensors 22, 23 and 18 

(Figures 4-28 – 4-30) are in a stronger separation zone and their expected peak minimum

pC  values decrease.  

The -2.6 ASCE-7 value is added to these figures as a point of reference. Direct

comparison would require that the duration of time that the peak minimum values are 

sampled from at full-scale (5 minutes) matches the scaled equivalent duration for the 

inutes of full-scale data per experiment. If the full-scale data were 

steady enough to legitimately calculate the expected peak value over a time frame 
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equivalent to that used in the wind tunnel tests, the full-scale values would be more 

severe (lower) than they appear in this analysis. This is of concern when comparing the 

results in Figures 4-25 & 4-26, which currently show a strong likelihood of exceeding t

ASCE-7 value. 

he 

Closing Remarks 

 

l that 

ull-

inty 

certainty in the analysis results. 

The next chapter continues th -scale pressure data. The results 

of rec

es: 1) 

, 

The focus of the results presented above is not the specific limits that were 

identified for house subject FL-27, but rather the procedures developed for their 

identification. Ultimately, the full-scale data are to be used as a tool for evaluating the

ASCE-7 wind load provisions. This will be conducted using all available full-scale data 

collected in high winds, which includes many houses and several storms. It is critica

such comparisons be made with an understanding of the possible variability of the f

scale results from one subject to the next. It is possible that the results of the uncerta

analyses now being conducted on all appropriate subject homes will lead to the removal 

of several subjects (specific house, specific storm) from the useable dataset due to 

unacceptable un

e analysis of the full

ent wind tunnel studies of these same subject homes, conducted at Clemson 

University, will now be incorporated into the analysis to accomplish two objectiv

evaluate the degree to which full-scale and wind tunnel loads on the same subject agree

2) provide a basis to extrapolate the full-scale results to wind directions that were not 

measured in full-scale.

 



 

CHAPTER 5 
CO

 

ng 

 direction. This will verify that model and full-scale results are 

similar in the mean and fluctuating , but not with regard to minimum peak values.  

The full-scale loading, including the confidence limits from the uncertainty 

analysis, will then be compared to the ASCE-7 wind load provisions and preliminary 

conclusions drawn. Direct comparison of wind-tunnel vs. ASCE-7 is being conducted at 

Clemson University. 

Clemson Wind Tunnel Study vs. Full-scale (Same Wind Direction) 

The comparison between the wind tunnel studies conducted at Boundary Layer 

Wind Tunnel at Clemson University and the full-scale data set will focus on the 

comparison using the wind direction that cover the range of worst full-scale cases 

(highest winds) from 110° to 130°, for the FL-27 house during hurricane Ivan (2004). 

The wind tunnel model of the FL-27 is a 1:50 scale plexi-glass model, where 

twenty-four pressure taps were installed to correspond to the locations of the full-scale 

pressure sensors, and four hundred and seventy-two additional taps were also installed. 

Styrofoam models (also correctly scaled) were constructed and placed to simulate the 

MPARISON OF FULL-SCALE DATA WITH WIND TUNNEL STUDY AND 
ASCE-7-05 

This chapter compares three sources of wind load information, including the

ASCE-7 loads, loads from the Clemson wind tunnel studies of FCMP houses, and full-

scale loads from the FCMP houses. Comparisons are first made between the Clemson 

wind tunnel study and the full-scale measurements from the same subject structure usi

the same incident wind

pC

104 
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effect of the existing neighboring buildings as shown in Figure 5-1. During the 

experimental runs a total of 16 consecutive data records were collected for each wind 

direction.  10° increments were used over an pling rate 

wa t 

mean

 entire 360° swath, where the sam

s 3000 Hz and lowpass filtered to 400 Hz. The wind tunnel wind speed was 5.5 m/s a

 roof height and 11 m/s at Pitot tube height (top of the tunnel).  

 
Figure 5-1 Scale model (1:50 )of the FL-27 house and surrounding structures 

From the preliminary analysis of the full-scale pressure coefficients in the FL-27 

house the strongest winds occurred when the wind angle of attack was between 110° ~ 

130°. Tab nnel 

mode

le 5-1 presents the corresponding full-scale records to match the wind tu

l wind directions. 

Table 5-1 Records for wind tunnel vs. full-scale comparison 
Full-Scale 
Record # Direction from T1 Direction

136 - 137 120° - 124° 120°

Average Wind Wind Tunnel 

134 - 135 108° - 113° 110°

138 - 139 125° - 128° 130°  
 

The plots in the following sections present results comparing the full-scale analysis 

to the wind tunnel analysis of the same subject home (FL-27, Hurricane Ivan 2004 data 

set – see Figures 1-4 and 4-22). For any given plot (see 5-2 for example) the assigned 

wind direction (110°, 120° or 130°) corresponds to two full-scale records (30 sequential 
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minutes) of data analyzed for that graph, as defined in Table 5-1. The legend in 

graphs is specifically defined as the following: 

• FS case 1b: This is the non-probabilistic analysis of full-scale data presented as an 

reference is a deterministic value estimated from the house anemometer using the 

deterministic value taken as the mean of the yard sensor over a 

these 

example in Chapter 4, referred to as case 1-b in Tables 4-3 and 4-4. The wind speed 

new roughness optimization scheme. The reference barometric pressure is a 
given 15-minute 

record. The graph presents the value of the average of the analysis from two 
sequential 15-minute records defined in Table 5-1. 

• Wind Tunnel: The average resultant from analysis of multiple sequential wind 
tunnel records of full-scale equivalent length of ~16 minutes per record. 

• MCS: The average value of the Monte Carlo simulation from two sequential 15-
minute records. The result from a given 15-minute analysis is the mean value of 
random variable of interest (mean, RMS, peak min or peak max ). The analysis 
is the same procedure described and presented in Figures 4-25 – 4-32. 

• Low 95%: The lower bound of the 95% confidence interval from the Monte Carlo 
simulation. 

nte Carlo 

e coefficients, showing a positive agreement. Refer to 

out. 

For the comparison of the mean pressure coefficient (Fig2. 5-2 – 5-4), the y-axis 

scale used is very small to illuminate the specific differences between wind tunnel and 

ull-scale. However the agreement is quite good

displa

 

pC  

pC

• High 95%: The upper bound of the 95% confidence interval from the Mo
simulation. 

Comparison of Mean and RMS Pressure Coefficients 

Comparisons between the 21 working roof sensors are presented in Figures 5-2 thru 

5-7 for the mean and RMS pressur

Figure 4-5 for a display of the sensor locations on the roof lay

f  when viewed on the larger scale used to 

y peak minimum pressure coefficients (~ -3.0 through +1.0). The typical error 

between wind tunnel and full-scale mean  are significantly smaller than those reportedpC
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in previous comparisons using tropical storm data from 2002 (Dearhart, 2003). 

Importantly, the full-scale and model trends match well.  

bound  

the un  

is pre over a 10 degree arc or more in 

evaluated. 

 

measu  calibration 

 

that w cale sensor values were adjusted with an offset to better match the 

an

this stage of the work it is 

consi

arkably close in all 

cases

or 

the 

95% confidence limits from the full-scale analysis for every sensor and wind direction, 

with a few exceptions. 

With a few exceptions, the wind tunnel data falls within the 95% confidence 

s of the full-scale analysis. These confidence limits would be expanded further had

certainty of mean wind direction been included. That is, the wind direction at 120

cise for the wind tunnel, but fluctuates for full-scale 

a 15 minute period. At present the means to quantify this source of error is still being 

Dearhart (2003) discusses reasons for the offset between the model and full-scale

rements, including uncertainties associated with the reference pressure

factor, temperatures variations, sensor calibrations and the estimation of the peak gust. In

ork the full-s

me  values. This offset was continued through analysis of peak coefficients. In the 

current analysis, no such offset adjustment was made. At 

dered best to offer a direct comparison of as-measured results. 

The comparisons of RMS pC  between model and full-scale are shown in figures 5-

5 – 5-7 for three different wind directions. The comparisons are rem

, and Figure 5-7 in particular. Recall that the scale more appropriate for fair 

comparison is on the order of ~ -3.0 through +1.0, which reflects the y-axis scale used f

the peak pC  values.  

As was the case for the mean C  comparisons, the wind tunnel value is within p
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Full-Scale vs. Wind Tunnel for 110° Wind Direction
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Figure 5-2 Mean C  full-scale vs. wind tunnel comparison for 110° wind direction 
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Full-Scale vs. Wind Tunnel for 120° Wind Direction
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pFigure 5-3 Mean  full-scale vs. wind tunnel comparison for 120° wind direction C
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Full-Scale vs. Wind Tunnel for 130° Wind Direction
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Figure 5-4 Mean  full-scale vs. wind tunnel comparison for 130° wind direction pC
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Figure 5-5 RMS  full-scale vs. wind tunnel comparison for 110° wind direction pC
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Full-Scale vs. Wind Tunnel for 120° Wind Direction
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Figure 5-6 RMS  full-scale vs. wind tunnel comparison for 120° wind direction pC
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Figure 5-7 RMS  full-scale vs. wind tunnel comparison for 130° wind direction pC
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This agreement is a strong indication that the turbulence intensity used in the wind 

tunnel is a good representation of the full-scale event, and that the wind tunnel 

experiment is able to closely replicate the loads in the mean and average fluctuating 

sense. 

Comparison of Peak Pressure Coefficients 

Previous full-scale/wind tunnel model comparisons (Dearhart 2003, Cope 1997, 

Hoxey 1997) show that it is common to match the mean and RMS pressure coefficient, 

but not minimum and maximum peaks. Figures 5-8 through 5-13 show the comparisons 

of the expected minimum and maximum peak  values from the wind tunnel and full-

scale analysis. The comparison of the minimu peak pressure coefficient are presented in 

 

ASCE-7 is included as a reference.  

As expected, given the approach direction of the maximum wind speed records, the 

worst cases of negative peak pressures are observed by channels 5, 6, 7 and 13. Each of 

these sensors is located in strong separation zones for that range of wind directions (see 

Figure 4-5). In one case (Fig. 5-8) the mean result of the Monte Carlo simulation (MCS) 

exceeds the ASCE-7 value of -2.6. In several cases in Figs. 5-8 – 5-10 the 95% 

confidence limit falls well below this value, and in others the deterministic full-scale 

analysis falls below this value.  

In general, and in particular for the sensors in strong separation zones, the 

comparison of full-scale analysis (MCS or deterministic case 1b) with wind tunnel 

analysis shows that the full-scale peak minimum  values are more severe (lower for 

peak minimum) than the wind tunnel results (Figs. 5-8 – 5-10).  

pC

m 

figures 5-8 through 5-10, where the minimum peak pC  values of -2.6 allowed by the

pC
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Full-Scale vs. Wind Tunnel for 110° Wind Direction
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Figure 5-8 Min pC  full-scale vs. wind tunnel comparison for 110° wind direction 
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pFigure 5-9 Min  full-scale vs. wind tunnel comparison for 120° wind direction C
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Full-Scale vs. Wind Tunnel for 130° Wind Direction
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Figure 5-10 Min p  full-scale vs. wind tunnel comparison for 130° wind direction C  
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Figure 5-11 Max p  full-scale vs. wind tunnel comparison for 110° wind direction C  

 



114 

Full-Scale vs. Wind Tunnel for 120° Wind Direction
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Figure 5-12 Max  full-scale vs. wind tunnel comparison for 120° wind direction pC
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Figure 5-13 Max  full-scale vs. wind tunnel comparison for 130° wind direction pC

 



115 

This is in agreement with the findings of Dearhart (2003). The exception appears to 

be sensors 13, 15 and 16.  

Figures 5-11 - 5-13 present the maximum peak pressure coefficient comparison 

along with the maximum peak pressure coefficient allowed by the ASCE-7 of 0.5. The 

full-scale and wind tunnel results appear in better agreement than was the case for the 

minimum peak . Analysis values commonly exceed the 0.5 ASCE value, although this 

is of relatively small consequence for design against wind loads. 

Interpretation of Results 

Figures 5-8 – 5-10 show that the full-scale data analysis exceeds the ASCE-7 value 

of -2.6 in multiple cases when the sensor is in a strong separation zone. It also shows a 

d 

tunnel experiments. There are three indicators that the values currently assigned for 

components and cladding in ASCE-7 may require further refinement: 

1. The preliminary analyses in this dissertation indicate that the wind tunnel tests are 
capable of matching full-scale results in the mean and average fluctuating (RMS) 
sense, but are generally non-conservative for the estimation of peak minimum
values (corroborating Dearhart 2003). Given that ASCE-7 wind loads are based on 
wind tunnel studies conducted in open terrain conditions, there is evidence to 
suggest that peak minimum  values for homes in suburban terrain should be 
factored higher in magnitude. 

2. The ASCE-7 value is based on an enveloping procedure, where wind tunnel results 
are taken over many directions to identify the worst-case loads. The full-scale data 
analysis in this chapter is only conducted over a range of ~ 40° (dictated by the 
strongest winds of Ivan). It is likely that there are wind directions that would result 
in even higher magnitude peak minimum  values than were presented in this 
analysis. Work is ongoing to develop a procedure to extrapolate the results of the 
wind tunnel study (360° range of analysis) to the full-scale data. That is, differences 
observed between full-scale and wind ay at 110°, will be applied to 

 pC

general trend that the full-scale peak minimum pC  values exceed those from the win

 pC  

 pC

 pC

 tunnel for, s
determine how to extrapolate the wind tunnel results from 270° to full-scale 
equivalent peak minimum C . p

 



116 

3. 
are currently being applied to the multiple other FCMP houses that collected 

storm level data during several storms in 2004 and 2005. It is 
reasonable to expect that further exceedance of ASCE-7 loads will be observed, 

 

Concluding Remarks 

The comparison between the model and full-scale data shows a strong agreement 

when comparing the mean and RMS pressure coefficients. There is less strong agreement 

between model and full-scale when comparing peak minimum  values. Some of this 

can be associated with controllable uncertainties produced by the human error, like the 

improper identification of sensors used at each house location. More reliable wind speed 

instrumentation to capture the wind field at the house would reduce the uncertainty in the 

prediction of the 3-second gust reference wind speed and direction. Measurement of 

temperature at the house site will also reduce uncertainty. 

Aside from uncertainty in full-scale data, the differences between model and full-

scale 

mode

scale.

full-s  that turbulence mismatch between model and full-

le 

for co

Stron

devel a sets 

collected over many homes with varying terrains and features, from several storms during 

The analysis techniques developed in this research, as well as wind tunnel studies, 

hurricane or tropical 

and that the trend of higher magnitude peak minimum pC  values at full-scale vs.
wind tunnel will continue. 

pC

peak minimum pressure coefficients reflect a limitation in the ability of a scale 

l in wind tunnel flow to properly replicate the peak uplift pressures observed in full-

 This conclusion is further enforced by the strong agreement between model and 

cale RMS pC  values, indicating

sca is unlikely to be the cause of differences in peak coefficients. 

These preliminary results suggest that the peak uplift loads prescribed in ASCE-7 

mponents and cladding may be non-conservative for homes in suburban settings. 

ger evidence is required to back up this suggestion. The full-scale analysis methods 

oped in this research are currently being applied to the extensive full-scale dat
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the 2004 and 2005 seasons. Concurrently, Clemson University is conducting scale model 

tunnel experiments on these homes. Future work will provide a comprehensive 

arison of full-scale, wind tunnel, and ASCE-7 loads, and indicate whether a 

ication is warranted. 

wind 

comp

modif

 



 

CHAPTER 6 
PROPOSED GIS TOOLBOX FOR FCMP APPLICATIONS 

This chapter presents a contribution to the FCMP research using GIS software to 

generate deployment maps and aerial pictures of the deployment sites, and to select 

houses to conduct damage surveys in the aftermath of land falling hurricanes. 

What is GIS 

GIS (Geographic Information System) is a database system with software that can 

analyze and display data using digitized maps and tables for planning and decision-

making. A GIS can assemble, store, manipulate, and display geographically referenced 

data, tying this data to points, lines and areas on a map or in a table. GIS can be used to 

support decisions that require knowledge about the geographic distribution of people, 

hospitals, schools, fire stations, roads, weather events, the impact of hazards/disasters, 

etc. Any location with known latitude and longitude or other geographic grid system can 

be a part of a GIS (Lauden, 2000). 

FCMP Deployment Maps 

In the 2003 season during hurricane Isabel, the FCMP teams started using ArcGIS 

to present maps with the tower location, weather station, airports and hurricane path 

(among other information). These maps are made available to the public on the web so 

that outside data users have an immediate view of the instrument placement. More 

specifically, the GPS coordinates of the towers accompany a map of their locations 

relative to the current storm path. As summary packets of wind speed information from 

individual towers are posted to the web in regular 15-minute intervals, and users know 
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graphically where data points are being collected relative to the storm progress. This 

layer of context has greatly improved the immediate usefulness of the real-time data. 

Figure 6-1 present the deployment map genera ents of hurricane Katrina 

(2005), simila yments at 

the re

ted in the ev

r maps are available to the public for all the FCMP storm deplo

search web site http://www.ce.ufl.edu. 

Figure 6-1 Deployment map of Hurricane Katrina (2005), generated before and updated 

obile 

during landfall 

 FCMP Aerial Pictures of Tower Sites 

To complement the real-time data dissemination, aerial images of the tower 

deployment sites are posted, providing a sense of the exposure conditions that the m

tower is experiencing. This information is crucial to researches and meteorologist that 

follow the FCMP deployment activities.  
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The National Hurricane Center uses FCMP real-time data in their wind field 

models and for calibration of their remote sensing experiments as the storm progresse

and makes landfall. These researchers convert the data as-measured to an open expos

equivalent, the calculations for which are based in part on the local terrain conditions 

around the observation point. Thus it is very i

s 

ure 

mportant to provide details of the 

deployment site surroundings. Figure 6-2 present the aerial picture of the FCMP mobile 

tower T1 deployed during hurricane Katrina (2005) in Bella Chasse, LA. Aerial pictures 

of all FCMP tower deployment are available at the web site immediately after a given 

tower is deployed. 

 
Figur  during 

hurricane Katrina (2005). See also Figure 6-1 

GIS Toolbox to Assist Randomized Damage Evaluation Studies 

tion of damage to areas affected by hurricanes 

e 6-2 Aerial picture of FCMP mobile tower T1 deployed in Bella Chasse, LA

In addition to the deployment location maps and aerial pictures, a GIS framework 

is used for statistically relevant documenta
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after a f 

s 

 

ty. 

ng more 

rom the NOAA H*WIND model provides almost immediate 

representations of the wind swath over the entire region impacted by the storm. These 

NOAA wind swaths are generated using, among other sources of data, the FCMP real-

time tower data. Figure 6-3 presents a map with the wind swath model for Hurricane Ivan 

(2004).  

The color contours represent wind swaths in color bands of 10 mph for 1-minute 

sustained gusts converted to open exposure. Such a map, in combination with the 

residential structural data, allow the selection of potential structures to perform post-

damage survey by year built, roof type, wall type, square footage, and other parameters. 

Significantly, comparative structural performance can be measured as a function of the 

peak wind speeds those homes experienced. This tool can ensure that structures of a 

certain type are selected for evaluation across a series of different wind speed zones in 

statistically s random, ensuring that visual 

bias of dam

 storm has passed. The GIS platform includes information layers consisting o

specific construction information on the existing Florida houses gleaned from the variou

county property tax appraiser databases. The Florida property appraiser databases provide

the age of construction, location and property identification for each parcel in the coun

The attributes (property information) vary from county to county, some containi

detailed information than others. This is overlaid with wind swath information (e.g. 

H*Wind from NOAA or the ARA wind field model) and stratified to select properties for 

damage inspection.  

Information f

 meaningful quantities. The selection process i

age is not used to select evaluation subjects. 
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Figure 6-3 Wind Swath of Hurricane Ivan 1-minute sustained gust 

This will optimize the efforts of the FCMP damage survey teams, allowing the 

select

CMP 

er 

ys, 

llection of damage surveys that 

ive targeting of specific structural types with knowledge of the contours of wind 

speeds over large portions of the affected region. After hurricane Charley ’04, the F

survey teams did not have such a tool, and simply wandered into areas known to suff

severe damage. The resulting damage survey data set only represents the hardest hit 

areas, and does not systematically assess damage to homes of similar age and 

construction across a variety of known peak wind speeds. The Charley damage surve

while valuable, do not present a complete picture of the relative vulnerability of 

structures as a function of a range of peak wind speeds. With such a GIS tool, the same 

teams, in the same time frame, could have generated a co
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provide a much more global perspective of the effects of Charley on residential 

construction. 

Optimized Statistical Sampling 

This section presents the GIS toolbox developed to expedite the process of 

selection house under selected wind speeds, using residential property attributes like 

effective year of construction. The output will be a preliminary list of potential houses 

that satisfy the user criteria to perform the survey, which contain the same sample space 

characteristics of the real sample for this case then entire county been studied. For this 

study the year build criteria (database field code [EFFYR]) will be used to stratify our 

sample space, the user will input a range of years to classify the parcel data. A spatial 

query is performed in order to select houses under the selected wind zone (database field 

eal sample space 

chara

 

shape 

 

A step by step Pseudo Code is presented, providing detailed information of the user 

input requirements: 

code [GRIDCODE]); these houses will then be weighted using the r

cteristics.  

Recent FCMP research effort to conduct post damage survey in the region of 

Charlotte County, FL have involved intensive user interface use with the selection tools 

provided by ArcMap software. The process had consisted of selecting the desired house 

types within a desired wind swath region, while ensuring that correct quantities of the

houses of varying description are selected.  

This custom application will provide a more time efficient means of randomly pre-

selecting the residence on which to document damage. The user output will be a 

file generated from the selected field of the parcel data layer. From this new layer FCMP

members will have the necessary information to conduct the study.   
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1. User Input data layers (Parcel Data and Wind Swath) 

 
2. User Start Application from FCMP Toolbar (house button)  

 
 

3. User Set Parcel Data and Wind Swath Data Layer 
ta 

layers  

6. User input desired number of the sample space (default value 200) 
 

parcel data (default value 2) 
 

range 2 [2001 to 1994]), which represent the year of wind load provision changes 

9. User click on “Run Parcel Data Statistics” button and behind the scene the sample 
e 

entire county and the selected wind zone 

populated for the county and wind zone levels 
ted 

wind swath zone base on the specified date range and all valid records 
select another wind zone to obtain new set of houses  

 

4. User Set Filed Code [EFFYR] criteria to be used in the Query Selection for da

5. User set wind swath zone value [GRIDCODE] 

7. User input number of construction date range, maximum of four to breakdown the

8. User input values for the date range  (default values: range 1 [2004 to 2002] and

in the State of Florida 

parcel data is stratified into group base on [EFFYR] provided date ranges for th

10. The display Parcel Data Statistics Base on Dates Ranges previous specified is 

11. The user have the option to export the portion of the parcel data under the selec

12. The user 

 
Figure 6-4 User interface window of the FCMP survey toolbox developed in ArcMap 
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6-5 Map of Charlotte County showing the selecFigure ted houses using the FCMP survey 

presented in 

Figure 6-4, where the summary statistics for the entire county are shown to be similar to 

the selected house under the selected wind swath zone. Finally Figure 6-5 presents the 

map of Charlotte County, FL with the houses selected under the Wind Zone 11 (140 – 

150 mph 3-second gusts) for the date range of 1983 to 1970. 

Recommendation and Current Deployment Strategies 

The author contribution is to provide the framework to future team members to 

produce the FCMP deployment maps, aerial pictures, improve logistics in future damage 

survey studies and deployment strategies. A dataset of the past FCMP deployment 

activities is available along with the framework to assist in post damage surveys. 

As technology progresses and GIS systems become more accessible to the public, it 

 

toolbox 

Result from the execution of program user interface window are 

becomes easier to disseminate deployment information via the internet. An example of
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this is the current use of Google Earth Pro since the 2005 season. This commercial 

software allows an easy means to project the FCMP tower location and simultaneously 

track the storm progress with the possible storm projected path models. It also provides a 

real-time access to FCMP team members in the filed (with a Laptop and wireless internet 

service) to assist in the decision making process and deployment logistics. 

 



 

CHAPTER 7 
CONCLUSION AND RECOMMENDATIONS 

pC values Comparisons (Full-scale vs. Wind Tunnel vs. ASCE-7-05) 

The pressure coefficient evaluation between the full-scale, wind tunnel models and 

the current wind load provision of the ASCE-7-05 is intended to provide an accurate view 

of the actual conditions measured during real hurricane in suburban exposure conditions. 

The information obtained from these evaluations will be used to assess the wind tunnel 

modeling techniques and the current wind load provisions ASCE-7-05, which were 

developed based on wind tunnel studies in the late 1970s in what is today considered 

coastal (very open) exposure rather that suburban. 

Preliminary analysis of the FCMP full-scale vs. wind tunnel house data, provided 

by Dearhart (2003), Reinhold (2005), and from the analysis presented in this dissertation, 

suggests that the recent availability of extreme wind loading data on full-scale residential 

structures may potentially impact wind load standards. These comparison studies suggest 

that the peak negative pressure coefficients obtained from the full-scale data exceeded the 

ASCE-7 coefficients (components and cladding) for the corresponding roof zones of high 

suction areas and also the wind tunnel data. The peak load (developed for a fairly coastal 

to open exposure) in ASCE-7 and the values obtained from the wind tunnel model are un-

conservative when comparing to the full-scale peak loads. 

This dissertation develops and presents new contributions in the processing, 

analysis and interpretation of full-scale pressure data: 
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1. Probabilistic  analysis: The identification, modeling and direct inclusion of 
uncertainties in collection, processing, and analysis of the full scale data via Monte 
Carlo simulation offers a new environment with which to evaluate results. 
Comparisons of wind tunnel and ASCE-7  values to full-scale are made with 
explicit confidence limits on the es. Further, the degree of confidence 
(spread of the he usability of a 
given dataset. Tight limits indicate less uncertainty and loose limits indicate more 
uncert

2. 
wind speed reference for the normalizing term in  has been a source of difficulty 

speed data to an expected peak value had relied upon standard conversion equations 

best guess for roughness, combined with a deterministic approach to analysis, 

ment 
d 

n 
inute records, and the 

ng locally measured mean and 

The analysis of the full-scale data is continuing in two directions: 

1. The data from other FCMP houses, with different exposures, and experience other 

for this research. Accompanying wind tunnel studies of these homes is also underway 

tunnel and ASCE-7 loads will be offered upon completion to the ASCE Wind Load 

engineering community via a benchmark study, discussed in a forthcoming section. 

2. The analysis of the FL-27 Ivan dataset includes only the time frame where winds 

speeds occurred does not cover ¼ of 360o, and it is likely that more extreme 
-2.6 would be observed with a 

complete directional dataset. The wind tunnel tests are conducted over a complete 
36 full-
scale data with the wind tunnel result. It is desirable to pursue development of a 

mum  at full-scale and wind 
tunnel can be extrapolated to directions that are not covered in the full scale dataset. 

pC

pC
 full-scale valu

confidence limits) can be used as an indicator of t

ainty in the full-scale estimations. 

Identification of wind speed reference via optimization: The identification of a 

in past analyses of full-scale data. Conversion of locally measured mean wind 

that used a best guess for exposure conditions via the roughness coefficient. This 

produced a methodology that would produce varying estimate for pC  from 
different experts using the same dataset. This dissertation includes the develop
of a method to estimate an expected peak wind reference using locally measure
wind speed data in a standardized way. The directionally dependent terrain 
roughness and / or peak factor is identified via minimization of the error betwee
predicted and observed 3-second peaks over a series of 15-m
result applied as a standard means of converti

pC

standard speed data to a rational expected peak wind speed reference.  

Future and Ongoing Analysis 

storms is still in progress, following the probabilistic analysis procedures developed 

at Clemson University. A comprehensive set of results comparing full-scale, wind 

Committee. The FCMP research group will also seek a consensus among the wind 

were of tropical storm or hurricane intensity. The wind directions over which these 

excursions of peak coefficients past the ASCE value of 

0o and provide a possible means of extrapolation, from the worst case in the 

method by which the difference between peak mini pC
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T  a m ons 
to

Work

scale 

facility. Techniques and assumptions differ among the various boundary layer wind 

tunne  it 

regard ot 

align 

provi

partic

loading of full-scale resident ity affiliated wind experts 

from eate a 

sea

ind

col  

ill 

ma

e 

and

forw

hat is, develop eans to convert the available wind tunnel data from all directi
 a full-scale equivalent. 

shop and Benchmark Study with all Major Wind Tunnel Facilities 

The comparisons between the current dataset of full-scale pressure loads and the 

model loads only apply to the Clemson University boundary layer wind tunnel 

l facilities, and the researchers that run them. Thus is possible that conclusions 

ing the non-conservative nature of peak loads measured in the wind tunnel may n

with the results from other facilities. 

It is imperative that any recommendations regarding the current wind load 

sions be the result of consensus within the wind engineering community, 

ularly from those with experience in experimental methods in wind load evaluation.  

To address this, preliminary work is now underway to host a UF workshop on wind 

ial structures. The leading univers

the U.S. and Canada (possibly others) will meet in Gainesville to cr

benchmark study based on the full-scale FCMP house data collected in 2004-2005 

sons. Participants will jointly design this study, which will provide a suite of 

ependently conducted wind tunnel studies on several of the FCMP houses that 

lected sustained hurricane winds. All teams will be given identical parameters to work

with (home dimensions, terrain information, measured wind field statistics, etc.). UF w

intain control of the full-scale data.   

The results will offer varying degrees of agreement/differences between full-scal

 model studies of extreme wind. Consensus recommendations will then be put 

ard to the ASCE Wind Load Committee.  
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Improvements to House Data Collection System  

There are several limitations with the current wire-to-wire pressure measurement 

system: Considerable effort is necessary to prepare the wiring for the houses using PVC 

pipes, there is an upper limit of 28 sensors per house due to the wire-to-wire system, and 

the number of houses that can be outfitted to collected data as a storm approaches is 

limited.  

To address these restrictions, colleagues at Florida Institute of Technology have 

developed a first generation wireless version of the pressure transducers (Lapilli, 2004). 

In this new system each sensor transmits its data to an on-site data collection computer 

remotely, eliminating the need to connect the individual sensors to the computer by wire. 

This provides much easier and faster installation of the sensors just prior to a storm. The 

existing system requires three to four hours of work per house, while the wireless system 

can be installed in less than one hour. It is feasible to ready up to 12 houses for a given 

storm rather than the current 4-6 houses, producing a higher volume of valuable data per 

storm. The wireless system can increase data resolution from a maximum of 28 sensors 

per house to virtually as many as FCMP can transport. This will dramatically increase the 

detail of information measured on a given house.  

There are also several advantages in terms of post-processing the data to produce 

pressure coefficients, since the data collected using this new sensor does not need to be 

post processed to make correction due to temperature changes. The prototype wireless 

system was tested during several storms in 2004 and 2005 with promising results. 

Funding for additional units with up to date technology is being sought. 
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Maintenance to FCMP Houses 

It is important to maintain a quality control of the FCMP full-scale house 

equipment, first by updating the identification system of the sensors used on the roof, 

walls, yard and attic. It is a key to the success of the full-scale data analysis to know 

which sensor was used in order to use the proper sensitivity calibration, rather than as

a mean va

sign 

lue, since these incorporate uncertainties in the analysis. 

 

Another important upgrade will be to include instrumentation to measure the 

temperature at the house site, rather than using the measurements from a nearby tower, 

this will help to reduce the uncertainty associated with the temperatures effects in the 

sensors. Also it will be useful to install RM Young pressure transducers inside the 

computer box or in the camera post in order to provide a calibrated source of barometric 

pressure at the house site. 

Finally it will be very important to synchronize the time in the computers at the 

house site using an internet connection, since the timestamp of the tower data correspond 

to the synchronized time. This will provide a more accurate way to relate the wind speed

and temperature measurement from the tower and house site. 

 



 

APPENDIX A 

ents maps for the 

storm

AERIAL PICTURES AND MAPS FOR 2004 & 2005 DEPLOYMENTS 

This appendix contains aerial pictures of the FCMP mobile towers deployments 

sites, aerial pictures of the FCMP instrumented houses and deploym

 activities. 
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Figure A-1 FCMP Deployment map of Hurricane Charley (2004) 
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Figure A-2 Aerial imagery of the terrain surrounding tower T0 during Hurricane Charley 

(2004) at Lakeland, FL 
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Figure A-3 Aerial imagery of the terrain surrounding tower T1 during Hurricane Charley 

(2004) at Fort Meyers, FL 
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Figure A-4 Aerial imagery of the terrain surrounding tower T2 during Hurricane Charley 

(2004) at Osprey, FL 
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Figure A-5 Aerial imagery of the terrain surrounding tower T3 during Hurricane Charley 

(2004) at Plant City, FL 
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Figure A-6 FCMP Deployment map of Hurricane Frances (2004) 
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Figure A-7 Aerial imagery of the terrain surrounding tower T0 during Hurricane Frances 

(2004) at Port Salerno, FL 
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Figure A-8 Aerial imagery of the terrain surrounding tower T1 during Hurricane Frances 

(2004) at Port Salerno, FL 
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Figure A-9 Aerial imagery of the terrain surrounding tower T2 during Hurricane Frances 

(2004) at Vero Beach, FL 
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Figure A-10 Aerial imagery of the terrain surrounding tower T3 during Hurricane 

Frances (2004) at Fort Pierce, FL 
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Figure A-11 FCMP Deployment map of Hurricane Ivan (2004) 
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Figure A-12 Aerial imagery of the terrain surrounding tower T0 during Hurricane Ivan 

(2004) at Mobile, AL 
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Figure A-13 Aerial imagery of the terrain surrounding tower T1 during Hurricane Ivan 

(2004) at Pensacola, FL 
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Figure A-14 Aerial imagery of the terrain surrounding tower T2 during Hurricane Ivan 

(2004) at Fairhope, AL 
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Figure A-15 Aerial imagery of the terrain surrounding tower T3 during Hurricane Ivan 

(2004) at Destin, FL 

 

 



148 

 
Figure A-16 FCMP Deployment map of Hurricane Jeanne (2004) 
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Figure A-17 Aerial imagery of the terrain surrounding tower T0 during Hurricane Jeanne 
(2004) at Orlando, FL 
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Figure A-18 Aerial imagery of the terrain surrounding tower T1 during Hurricane Jeanne 

(2004) at Sebastian, FL 
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Figure A-19 Aerial imagery of the terrain surrounding tower T2 during Hurricane Jeanne 

(2004) at Merritt Island, FL 
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Figure A-20 Aerial imagery of the terrain surrounding tower T3 during Hurricane Jeanne 

(2004) at Vero Beach, FL 
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Figure A-21 FCMP Deployment map of Hurricane Dennis (2005) 

 

 



154 

 
Figure A-22 Aerial imagery of the terrain surrounding tower T0 during Hurricane Dennis 

(2005) at Navarre, FL 
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Figure A-23 Aerial imagery of the terrain surrounding tower T1 during Hurricane Dennis 

(2005) at Inlet Beach, FL 
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Figure A-24 Aerial imagery of the terrain surrounding tower T2 during Hurricane Dennis 

(2005) at Pensacola, FL 

 

 



157 

 
Figure A-25 Aerial imagery of the terrain surrounding tower T3 during Hurricane Dennis 

(2005) at Pensacola, FL 
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Figure A-26 Aerial imagery of the terrain surrounding tower T5 during Hurricane Dennis 

(2005) at Niceville, FL 
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Figure A-27 FCMP Deployment map of Hurricane Katrina (2005) 
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Figure A-28 Aerial imagery of the terrain surrounding tower T0 during Hurricane Katrina 

(2005) at Bay St. Louis, MS 
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Figure A-29 Aerial imagery of the terrain surrounding tower T1 during Hurricane Katrina 

(2005) at Bella Chasse, LA 

 

 



162 

 
Figure A-30 Aerial imagery of the terrain surrounding tower T2 during Hurricane Katrina 

(2005) at Galliano, LA 
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Figure A-31 Aerial imagery of the terrain surrounding tower T3 during Hurricane Katrina 

(2005) at Pascagoula, MS 
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Figure A-32 Aerial imagery of the terrain surrounding tower T5 during Hurricane Katrina 

(2005) at Gulf Port, MS 
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Figure A-33 FCMP Deployment map of Hurricane Rita (2005) 
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Figure A-34 Aerial imagery of the terrain surrounding tower T0 during Hurricane Rita 

(2005) at Port Arthur, TX 
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Figure A-35 Aerial imagery of the terrain surrounding tower T1 during Hurricane Rita 

(2005) at Houston, TX 
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Figure A-36 Aerial imagery of the terrain surrounding tower T3 during Hurricane Rita 

(2005) at Nederland, TX 
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Figure A-37 Aerial imagery of the terrain surrounding tower T5 during Hurricane Rita 

(2005) at Orange, TX 
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Figure A-38 FCMP Deployment map of Hurricane Wilma (2005) 
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Figure A-39 Aerial imagery of the terrain surrounding tower T0 during Hurricane Wilma 

(2005) at Everglades City, FL 
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Figure A-40 Aerial imagery of the terrain surrounding tower T1 during Hurricane Wilma 

(2005) at Weston, FL 

 

 



173 

 
Figure A-41 Aerial imagery of the terrain surrounding tower T2 during Hurricane Wilma 

(2005) at Ochoppi, FL 
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Figure A-42 Aerial imagery of the terrain surrounding tower T3 during Hurricane Wilma 

(2005) at Miami, FL 
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Figure A-43 Aerial imagery of the terrain surrounding tower T5 during Hurricane Wilma 

(2005) at Naples, FL 

 

 

 



 

APPENDIX B 
WIND CALCULATION 

This appendix shows representative example of the wind calculation used to 

convert from different wind exposures, heights and durations. 

Estimating 3-second gust from measured 15-minute wind speed average from 
FCMP House data 
 
House and Instrument Information 
FCMP House: FL-27 (Gulf Breeze, FL) 
Instrument: Anemometer 1 
 
Determine Anemometer Height 

ftHeightRoof 17=  
ftHeightAnemometer 17=

ftftftStemAnemometerHeightRoofHeightAnemometer 5.215.417 =+=+=  
 
Calculate  to be used in  Equation 
From Table 2.3.3 on Wind Effects on Structures

( )tC SecGustU3

 [Simiu & Scanlan (1996)] 
 

 
 
Solve for , using the following proportion: 
 

sec11 =t   ( ) 31 =tC  
  ( ) 3.22 =tCsec102 =t 2

( ) ?sec33 ==tC

( ) ( ) ( ) ( )32

32

12

12

tCtC
tt

tCtC
tt

−
−

=
−
−  

 

( )sec332.2
sec3sec10

332.2
sec1sec10

C−
−

=
−
−  

 

 
Similarly, the  value for 900 sec is: 
 

 

( ) 85.2sec3 =C  

( )tC

( ) 21.0sec900 =C  
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Obtain Log-Law Design Parameters based on Exposure Category 
From Table 9.1.1 on Wind Effects on Structures [Simiu & Scanlan (1996)] 
For Densely Built-up Suburbs 
 

[ ]mz 20.180.00 −=  
Let’s assume a value of: 
 

10 =
 

[ ] [ ]ftm 281.300. ≈  

From Table 2.3.1 on 

z

Wind Effects on Structures [Simiu & Scanlan (1996)] 
For Densely Built-up Suburbs 
 

85.4=β  
 
Let’s solve for U  
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APPENDIX C 
 PRESSURE COEFFICIENT CALCULATIONS 

This appendix contains a map of the instrumented houses in the state of Florida, 

ut per house, 

e sensor sensitivity data and results in tabular and graphical format of the dynamic 

ressure coefficients. 
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Figure C-1 FCMP Instrumented houses in the state of Florida 
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Figure C-2 FCMP Instrumented houses in the state of South and North Carolina 
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Figure C-3 Roof sensor layout of the FL-27 House  

 

 
Figure C-4 Aerial imagery of FCMP House ID FL-27 at Gulf Breeze, FL 
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Figure C-5 Roof sensor layout of the FL-30 House  

 

 
Figure C-6 Aerial imagery of FCMP House ID FL-30 at Pensacola Beach, FL 
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Table C-1 Sensitivity data of sensor used in the FL-27 house during Ivan (2004) 

Plastic Box Camera 0 34.274 Average Value OK
Pan Sensor 026A 1 34.274 Average Value NG
Pan Sensor 008A 2 34.149 UF2005 OK
Pan Sensor 027A 3 34.274 Average Value OK
Plastic Box Attic 4 34.274 Average Value NG
Pan Sensor 035A 5 34.274 Average Value OK
Pan Sensor 201 6 34.336 UF2005 OK
Pan Sensor 92 7 34.154 UF2005 OK
Pan Sensor 8 34.274 Average Value NG
Pan Sensor 42 9 34.430 UF2005 OK
Pan Sensor 167 10 34.733 UF2005 OK
Pan Sensor 93 11 34.434 UF2005 OK
Pan Sensor 81 12 34.203 UF2005 OK
Pan Sensor 003A 13 34.588 UF2005 OK
Plastic Box 14 34.274 Average Value NG
Pan Sensor 72 15 34.420 UF2005 OK
Pan Sensor 13 16 34.274 Average Value OK
Pan Sensor 84 17 34.147 UF2005 OK
Pan Sensor 225 18 34.608 UF2005 OK
Pan Sensor 34 19 34.147 UF
Pan Sensor 143 20 34.457 UF

2005 OK
2005 OK

Pan ensor 144 21 34.396 UF2005 OK
Pan ensor 49 22 34.092 UF2005 OK
Pan Sensor 177 23 34.224 UF2005 OK
Pan Sensor 92 24 34.154 UF2005 OK
Plastic Box 25 34.274 Average Value NG
Pan Sensor 122 26 34.380 UF2005 NG
Pan Sensor 54 27 34.395 UF2005 NG
Pan Sensor 106 28 34.230 UF2005 OK

Anemometer 1 - 29 - OK
Anemometer 2 - 30 - Not in use

Channel 
i

Calibration 
αi

Calibration 
Source

Channel 
StatusSensor Type Sensor ID

 S
 S
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Table C-2 Sensitivity data of sensor used in the FL-30 house during Ivan (2004) 

Plastic Box Camera 0 34.274 Average Value OK
Pan Sensor 031A 1 34.380 UF2005 OK
Pan Sensor 70 2 34.348 UF2005 OK
Pan Sensor 19 3 34.452 UF2005 OK
Plastic Box 132 4 34.240 UF2005 OK
Pan Sensor 15 5 33.867 UF2005 OK
Pan Sensor 171 6 34.398 UF2005 OK
Pan Sensor 104 7 34.270 UF2005 OK
Pan Sensor 238 8 34.409 UF2005 OK
Pan Sensor 043A 9 34.392 UF2005 OK
Pan Sensor 044A 10 34.182 UF2005 OK
Plastic Box Soffit 11 34.274 Average Value OK
Pan Sensor 182 12 34.194 UF2005 OK
Pan Sensor 045A 13 34.274 Average Value OK
Plastic Box 010A 14 34.389 UF2005 OK
Pan Sensor 74 15 34.016 UF2005 OK
Pan Sensor 26 16 34.387 UF2005 OK
Pan Sensor 050A 17 34.274 Average Value OK
Pan Sensor 209 18 34.659 UF2005 OK
Pan Sensor guess 19 34.274 Average Value OK
Pan Sensor 002A 20 34.274 Average Value OK
Pan Sensor 193 21 34.190 UF2005 OK
Pan Sensor 173 22 34.255 UF2005 OK
Plastic Box Wall 23 34.274 Average Value OK
Pan Sensor 116 24 34.345 UF2005 NG
Plastic Box Not in use 25 34.274 Average Value NG
Plastic Box Soffit 26 34.274 Average Value OK
Plastic Box Wall 27 34.274 Average Value NG
Plastic Box Attic 28 20.600 Old Sensor OK

Anemometer 1 - 29 - OK
Anemometer 2 - 30 - Not in use

Calibration 
Source

Channel 
StatusSensor Type Sensor ID Channel 

i
Calibration 

αi
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Figure C-7 Mean pressure coefficients for FL-27 during hurricane Ivan (2004) 
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Figure C-8 RMS pressure coefficients for FL-27 during hurricane Ivan (2004) 
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Figure C-9 Min peak pressure coefficients 20 Hz for FL-27 during hurricane Ivan (2004) 
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Figure C-10 Max peak  pressure coefficients 20 Hz for FL-27 during hurricane Ivan 

(2004) 
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Figure C-11 Mean pressure coefficients for FL-30 during hurricane Ivan (2004) 
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Figure C-12 RMS pressure coefficients for FL-30 during hurricane Ivan (2004) 
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Figure C-13 Min peak pressure coefficients 20 Hz for FL-30 during hurricane Ivan 

(2004) 
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Figure C-14 Max peak pressure coefficients 20 Hz for FL-30 during hurricane Ivan 

(2004) 
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