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ABSTRACT: The Florida Coastal Monitoring Program (FCMP) deploys portable instrumentation in the path of landfalling hurricanes to quantify over-land near-surface hurricane wind velocity and uplift loads on residential structures, providing ‘ground-truth’ data about the intensity of the wind field, the loads on residential structures, and the performance of these structures. The equipment includes portable wind measurement towers, and pressure sensors placed on the roofs of occupied residential structures. The data from this house system provides full-scale datasets for comparison with wind tunnel model studies of the homes. During the hurricanes of 2004 and 2005 the FCMP recorded numerous datasets from homes that experienced sustained hurricane level winds. In this paper we present preliminary results of the full-scale and wind tunnel data analysis, and call for the participation of the wind community in further studies.
1 InTRODUCTION

The FCMP was initiated in 1999 to provide direct measurements of winds and wind loading on low-rise structures. This paper focuses on the full-scale pressure data collected from houses during the 2004 and 2005 seasons. The FCMP has six portable towers with instruments located at 3, 5 and 10 meters. The data acquisition system measures 3D wind speed and direction as well as temperature, barometric pressure, and relative humidity. A wind monitor and an array of three gill propellers collect data at the 10-m level. A second array of gill props collects wind data at the 5-m level to measure winds at the approximate eave height of a single-story home (Figure 1). 
The FCMP full-scale house data collection system measures wind pressure on the roof, soffit and walls of residential houses (Figure 1). The FCMP house inventory contains a total of 36 houses in Florida, four in South Carolina and two in North Carolina. 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. Data is sampled at 100 Hz and stored every 15 minutes. The field instrumentation consists of a maximum of twenty eight absolute pressure transducers. Reference pressure sensors are located inside the house attic, and at ground level. Most houses have an anemometer on the roof. Analysis of the FCMP houses that collected data during Frances, Ivan, Jeanne, Dennis and Wilma is currently underway. Preliminary results with wind tunnel model comparisons will be presented.
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	Figure 1. Pressure sensors on rooftop, FCMP tower deployed during Hurricane Ivan                                     


2 analysis of full-scalE data to define pressure coeficients

The pressure coefficient calculation requires several independent sources of data measured during landfall, none of which are as controllable as they are in a wind tunnel laboratory setting. Each FCMP full-scale dataset contains up to 28 dynamic pressure measurements from sensors located along the roof, soffit and walls, as well as the reference pressure located either in the attic, away from the house but on the property (yard sensor), or both. The measurement of the pressures has uncertainties that will affect the confidence of the pressure coefficient estimation.
2.1 Data Reduction and Applied Equation for Cp
This paper presents results from a Panhandle Florida home, referred to as FL-27, which collected pressure data during Hurricane Ivan in 2004. The roof sensor layout configuration for the FL-27 is presented in Figure 2. The layout shows the location of each sensor on the roof, the location of the house anemometers, and house orientation. This house was located to the right side of the hurricane path as shown in Figure 3.
The calibration factor for each sensor (αi) was determined in a laboratory procedure. A local reference temperature during data collection is also needed for proper sensor calibration. Most of the FCMP houses have a single anemometer installed ≈ 4-6 feet above the ridgeline. Other wind sources are also used, for example a nearby FCMP mobile tower or estimations from H*Wind or proprietary models. For the analysis of the house FL-27 the wind speed source was obtained from the house anemometer by estimating the expected peak 3-sec gust from the 15-minute average.
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Figure 2. Roof sensor layout configuration for FCMP House FL-27
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Figure 3. FCMP Deployment Map of Hurricane Ivan (2004)

3 the influence of uncertainty  
A given dataset is influenced by uncertainties in: dynamic local pressure sensor sensitivity, temperature differential between pre- and during-storm conditions, reference velocity, and reference pressure sensor. It is necessary to identify, model and account for the sources of uncertainty that affect the final estimates of Cp. For a given house, the reference pressure can come from more that one source (e.g. attic sensor, camera (yard) sensor, near FCMP mobile tower or airport). The reference wind speed can also be estimated from more that one source. This variety of data sources will provide different values for parameters needed to compute Cp, and thus the estimate is inherently a random variable with quantifiable confidence limits.

Monte Carlo simulation (MCS) is employed to directly incorporate the combined uncertainties within the estimation of peak pressure coefficients. A series of Cp values are generated by randomizing the parameters used in the calculation of Cp. Those parameters are the change in temperature (
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), calibration factor (αi), and the estimated 3-second wind gust (U). For each of these parameters a Gaussian probability distribution is assigned. Rather than a single value estimate, Cp is generated as many samples of random variable. This random variable is then analyzed to provide the most likely value and uncertainty limits. This provides a probabilistic view of the full-scale analysis to compare with the values obtained from the wind tunnel model developed at the Wind Load Test Facility in Clemson University.
An example MCS analysis is presented for channel 6 in the FL-27 house for hurricane Ivan. Table 1 provides the mean and standard deviation used to generate the random variables, obtained from the data record. 
Table 1. Mean and standard deviation of random variables for FL-27 record #135 of hurricane Ivan (2004)

	Record #135 for FL-24 channel 6

	Random Variable
	Mean
	Std. Deviation
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	-4.789 (°F)
	0.45

	αi
	34.274 (psf/volts)
	0.38

	U
	70 (mph)
	6.75


Figure 4 presents the resulting normalized histogram of the peak minimum pressure coefficient at sensor 6 using 1000 simulations. The empirical cumulative distribution function (ECDF) is determined to identify the lower and upper 2.5% limits for a 95% probability interval. For this 15-minute record, based on the current knowledge of uncertainties, the most likely value is -2.89, with 95% probability that the peak minimum Cp is within [-4.19 , -2.01] (Aponte 2006).
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Figure 4. Histogram of minimum Cp from MCS for channel 6 on record #135 FL-27 Ivan (2004)

4 COmparison of full-scale data with wind tunnel study and ASCE-7
The comparison between the wind tunnel studies conducted at Clemson University and the full-scale data set was conducted using the wind directions that cover the range of highest full-scaled measured winds (110° to 130°), for the FL-27 house during hurricane Ivan. Figure 5 present results comparing the full-scale analysis to the wind tunnel analysis. For each plot the assigned wind direction corresponds to two full-scale records (30 sequential minutes) of data analyzed for the graph. The Legend in these graphs is defined as:
· FS: This is the deterministic analysis of full-scale data
· 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-minutes records

· Low 95%: The lower bound of the 95% probability interval from the MCS.

· High 95%: The upper bound of the 95% probability interval from the MCS.
Comparisons between 21 roof sensors are presented in Figure 5a through 5d for the mean and RMS pressure coefficients, showing strong agreement. Refer to Figure 2 for the sensor locations on the roof. The range for the y axis used in Figures 5a – 5d is small to illustrate the differences between the wind tunnel and the full-scale. The agreement is quite good when viewed on the larger scale used to display peak minimum pressure coefficients (~ -3.0 through +1.0). The full-scale and model trends match well. 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.

Figures 5e and 5f show the comparisons of the expected minimum peak Cp values from the wind tunnel and full-scale analysis. Given the approach direction of the maximum wind speed records out of the southeast, the worst cases of negative peak pressures are observed by channels 5, 6, 7 and 13 (Figure 2). In general, and in particular for the sensors in strong separation zones, the comparison of full-scale analysis with wind tunnel analysis shows that the full-scale peak minimum values are more severe than the wind tunnel results (Figs. 5e – 5f). These findings conform to previous full-scale/wind tunnel model comparisons (Dearhart 2003, Cope 1997, Hoxey 1997) which also matched the mean and RMS pressure coefficient, but not peaks.
The full-scale analysis methods presented in this paper have also been applied to the other full-scale data sets collected over many homes with varying terrains and features, from several storms during the 2004 and 2005 seasons. Clemson University conducted scale model wind tunnels experiments on these homes. Results are now being prepared for publication.
5 call for a multi-facility study

The ASCE 7 Wind Load committee is currently considering a proposal to assign C & C pressures on all buildings < 60 feet using exposure C unless the actual exposure is D. The recommendation was based on FCMP full-scale data from homes in exposure B, as well as wind tunnel testing contracted by Applied Research Associates and conducted by University of Western Ontario, in which the influence of heavily treed environments on residential loads was investigated. 
Given the potential to impact wind load provisions, it would be beneficial if the wind community by and large can reach a consensus on the relevance and implications of the FCMP datasets. In particular, the comparison of full-scale vs. model peak minimum loads in Figures 5e and 5f should be verified, or contradicted, by multiple independent wind tunnel laboratories.
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(b)
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(c)
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(d)
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(e)
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	Figure 5. Full-scale and wind tunnel comparison where Figures (a & b) present the comparison between the mean Cp, Figures (c & d) presents the comparison between the RMS Cp and Figures (e & f) presents the comparison between the minimum Cp. 


The authors are currently seeking funding to support such a joint laboratory study. The premise is to give each participating wind tunnel lab the metadata (house dimensions, pressure tap layouts, wind traces, etc.) necessary for that lab to generate their own model(s) at their own chosen scale, using their own methods. Each lab will be responsible for determining the appropriate turbulence profile, with access to the same data available to the Clemson wind tunnel personnel, and whatever other sources they may identify. Tests will be run according to that laboratory’s procedures. Such a multi-laboratory study will not be influenced by forcing a common scale, shared models, or common boundary layer profile. 
Results and comparison to full-scale data will also be generated independently by each laboratory. A workshop would be held at the start and conclusion of the study to determine the extent of the shared information from FCMP and among participating labs, and discussion and determination of common and disparate findings. A final report will be published and submitted to the ASCE 7 wind load committee.

Interested potential participants should contact the second author to discuss.
6 conclusion and remarks
The comparison between the model and full-scale data shows a strong agreement when comparing the mean and RMS pressure coefficients. There is lesser agreement between model and full-scale when comparing peak minimum Cp values. The differences between model and full-scale peak minimum pressure coefficients reflect a limitation in the ability of a scale model in wind tunnel flow to proper replicate the peak uplift pressures observed in full-scale. This conclusion is enforced by the strong agreement between model and full-scale RMS Cp values, indicating that the turbulence mismatch between model and full-scale, and full-scale uncertainty, are unlikely to be the causes of the differences in peak coefficients.

These preliminary results suggest that the peak uplift loads prescribed in ASCE-7 for components and cladding may be non-conservative for homes in suburban settings. Stronger evidence is required to back up these preliminary findings. Resources are being sought to conduct a multi-wind tunnel laboratory study on the FCMP dataset. Each lab will be given identical metadata and tasked with performing its own independent construction and experimental study of a scaled FCMP home, and comparison with full-scale data. Results will be used to confirm or contradict the current preliminary conclusions based on the Clemson wind tunnel study.
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