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Abstract: The "peaks over threshold" method is used to estimate ratios of wind-induced

loads with various long mean recurrence intervals to loads with a 50-year mean recurrence

interval. The results support the conclusion that the load factor value of 1.3 specified in

the ASCE Standards 7-93 and 7-95 is adequate for extratropical storm regions. However,

for hurricane-prone regions, the results imply that the standard value of the load factor

(even after being augmented by an importance factor specified in the standards) leads to

nominal ultimate wind loads with considerably shorter mean recurrence intervals than is the

case for extratropical regions. This suggests that the 1.3 load factor value specified in the

ASCE Standards 7-93 and 7-95 is inadequate for wind-sensitive structures in hurricane-prone

regions.
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1 Introduction

The nominal design wind load is an extreme load with a specified probability of being

exceeded during a specified time interval. For codes and standards in the United States,

this interval is usually 50 years, and the specified load is based upon a 50-year nominal

design wind speed. For example, for the inland Miami, Florida area, the ASCE Standard

7-93 [1] and 7-95 [2] specify a nominal 50-year load based on a nominal 50-year design wind

speed of 49.17 m/s (110 mi/h). It is expected, however, that a structure or element thereof

should withstand wind loads substantially in excess of the 50-year wind load without loss of

integrity. The wind load beyond which loss of integrity can be expected is referred to as the

ultimate wind load. The ultimate strength provided for in the design of a structure is based

upon an assumed nominal ultimate wind load equal to the nominal design wind load times

a wind load factor.

The wind load factor should be selected so that the probability of occurence of the

ultimate wind load is acceptably small. This probabilistic concept is important from an eco-

nomic or insurance point of view. To the extent that evacuation or similar measures cannot

be expected to prevent loss of life, it is important also from a safety point of view. However,

attempts to estimate wind load factors on a probabilistic basis have so far not been success-

ful. This may be due at least in part to the common use in reliability calculations of the

assumption that wind speeds are modeled by probability distributions with infinite upper

tails, e.g., Gumbel or Weibull distributions. In [3] and [12], it was assumed that the probabil-

ity distribution of hurricane wind speeds is Weibull. However, the Weibull distribution is an

asymptotic model for the distribution of the smallest extremes. For extreme largest values,

the appropriate asymptotic model is either Gumbel, Frechet, or reverse Weibull [4, 9]. As

for the Gumbel distribution, it was found in [6] to yield what appeared to be unrealistically

high ultimate wind loads.

Recent studies [9, 10] have produced evidence in support of the assumption that extreme

wind speeds are modelled by the reverse Weibull distribution, which is tail-limited [i.e., has

a finite-length upper tail). The purpose of this report is to explore the potential offered by

this finding for estimating wind load factors on a probabilistic basis. This is done separately

for hurricane winds (sec. 2) and for winds in extratropical regions (sec. 3). In this work, wind

directionality effects are not taken into account. It is also assumed that the dominant load

is due to wind. Our results are therefore applicable to wind-sensitive structures for which

wind directionality effects are not significant. (Refer to [8] for a discussion of directionality

effects.)

2 Load Factors for Hurricane-Prone Regions

In this section, we are interested in the estimation of wind load factors for those portions

of the United States that have hurricanes and tropical storms as their most likely source of

extreme winds. This region encompasses the coastal regions of the Gulf of Mexico and the

Atlantic Ocean (see Fig. 1). Data for this study were obtained via simulation of hurricane

winds based upon censored probabilistic models of the climatological parameters that influ-

ence hurricane structure. Consult [3] for a more complete discussion of the model. Censoring
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Figure 1: Locator map for the hurricane-prone region of the United States (from [11]).

was based on physical considerations and is in principle consistent with a tail-limited prob-

abilistic model of extreme wind speeds. The data represent fastest one-minute hurricane

speeds in knots at 10 m above ground over open terrain at the coastHne at 55 equidistant

locations. Data are available as maximum wind speeds within each of 16 half octants for

each of 999 simulated hurricane events. As indicated earlier, we analyzed datasets consisting

of the largest speed in each hurricane event regardless of direction. The estimated mean

annual rate of occurence of hurricanes at each location is also included in the dataset. The

data are available on tape and via anonymous file transfer.-^

Analysis of the data was performed via programs that implement the de Haan version of

the "peaks over threshold" method for estimating extreme value distribution parameters.'^ A
discussion of this method may be found in [5]. From the estimated distribution parameters,

we obtained estimates of wind speeds having specified mean recurrence intervals R. (The

recurrence interval R in years is the inverse of the probability that that wind speed will be

exceeded in any one year.) Under the assumption that a reverse Weibull distribution is valid,

^See [lO] for details on obtaining the data.

^These programs are also available via anonymous file transfer; see the previous footnote.



the probability of no exceedance of a given threshold speed is

G{y) = Prob [r < y] = 1 - {[1 + {cyla)]-"^]
, (1)

where a and c are location and tail-length parameters, respectively, a > 0, c < 0, cy > —a,

Y = X — u^ X \s the windspeed, and u < X is a threshold assumed to be sufficiently high

[9]. (More precisely, this is the conditional probability, given that X > u ioi u sufficiently

large.) To obtain the estimate of the wind speed, let A represent the mean crossing rate of

the threshold u per year. Therefore, we can take

Prob[r<y] = l-l/(Ai?) (2)

as an estimate of the probability of no exceedances. Equating these two probability expres-

sions and solving for y gives

y = -a[l-(Ai^r]/c, (3)

which in turn yields

XR = y^u (4)

as the estimated wind speed having a mean recurrence interval of R for the threshold u. The
wind speed with an infinite mean recurrence interval, i.e., the limiting upper wind speed as

defined by the reverse Weibull distribution, is denoted by Xinf. Using eq (1) and setting

G{y) = 1, we can solve for y and thus obtain

X^nf ^ u- a/c. (5)

The wind load factor specified in the ASCE Standard 7-93 represents the ratio of the ultimate

wind load to the wind load based upon the 50-year nominal hurricane wind speed X50 times

a hurricane importance factor F. Since wind loads are proportional to the square of the

wind speed, we form an estimate of the wind load factor Lr according to:

Lr = [Xr/{F*Xso)]'. (6)

As specified on page 152 in the Commentary on ASCE Standard 7-95 [2], F = 1.05. Linf is

defined by eq (6) with Xinf replacing Xr.

We show representative plots of the estimated wind speeds Xr and estimated wind load

factors Lr for various values of R in Figure 2 for simulated hurricanes at Milepost 300 (a

location near Matagorda Bay, Texas). ^ Both the wind speeds Xr and wind load factors

Lr display a great deal of variability for low thresholds {u < 25 m/s, roughly speaking).

We note that inherent in the reverse Weibull model is the assumption that the thresholds u

correspond to high extreme wind speeds, and violations of this assumption may lead to poor

distribution parameter estimates. Also, both Xr and Lr display variability for very high

thresholds (u > 43 m/s, approximately). This is due to the relatively small sizes (fewer than

30 data points) of the wind speed data samples exceeding these thresholds. Between these

two bounding cases, the values of Xr and Lr are fairly constant, although some fluctuation

clearly exists.

^In all figures in this report, wind speeds are fastest-minute wind speeds at 10 m above ground over open

terrain in meters per second.
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Figure 2: Representative plots of estimated wind speeds Xr and load factors Lr versus

threshold speed u.

Graphs of estimated wind load factors versus threshold speed for various locations along

the Gulf of Mexico and Atlantic Ocean coastline are provided in Appendix A. Due to the

previously mentioned reasons, no results have been shown for thresholds having more than

300 exceedances or fewer than 30 exceedances. Also, estimated load factors larger than 2.5

are not shown. For comparison, we have included in these plots a dotted line at Lr — 1.3,

representing the ASCE Standard 7-93 value of the wind load factor.

The graphs of Appendix A show noticeable variability in the load factors as a function

of threshold, especially for the high recurrence intervals R = 10,000 years and R = oo.

However, certain trends are discernable. For example, the load factor -L500, shown as a

solid line in the graphs, is close to or higher than the design standard value of 1.3 for most

mileposts. This result is in keeping with the conclusions of [10], which found that the load

factor standard value corresponded to winds with relatively short mean recurrence intervals.

This implies that the probability of exceedance of the nominal ultimate wind load (calculated

in accordance with the standard) is about 0.002 (or larger) per year or, assuming that the

design lifetime of the structure is 50 years, is equal to (or larger than) about

v501- (1-0.002)^ 0.095

during the structure's lifetime.

3 Load Factors for Extratropical Regions

We now turn our attention to the estimation of wind load factors for areas of the United

States in which tropical storms are not expected to occur. We use as our source of data
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Figure 3: Representative plots of estimated wind speeds X^. and load factors Lr versus

threshold speed u.

the records of the largest daily wind speeds collected at 44 U.S. weather stations that lie

outside of the area described in sec. 2. Each set contains approximately 20 years worth of

daily fastest mile wind data. We once again used the de Haan estimation method, and the

analysis proceeded largely as described in the previous section, with one additional step.'^ In

order to reduce possible correlations among the data due to a single storm producing strong

winds for more than 1 day, the records were broken into intervals of 8 days, and maximum
speeds in each interval were identified. If maxima of adjacent intervals (denoted by I\ and

I2) were found to be less than 4 days apart, the following procedure was used. Let I\ contain

the smaller of the two maxima. This maximum was replaced by the highest value in I\

separated from the maximum in I2 by 4 days or more. This procedure insured that all data

in the set were at least 4 days apart. The interval of 4 days was chosen because it represents

a reasonable maximum duration of a strong wind storm. Analyses with interval lengths

of 4 days and correlation periods of 2 days were performed and were found to produce no

significant differences in the results. Previous studies [9] have shown that this procedure,

while reducing the total number of data points used in the estimation process, tends to

remove low wind speeds from consideration, resulting in a data set more representative of

extreme winds.

In Figure 3, we show representative plots of the estimated wind speeds Xr and wind load

factors Lr for data from Moline, IL, for which 15 years of daily wind speed data are available.

Note that Lr is still defined by eq (6) for extratropical regions, but the hurricane importance

factor F is now set to 1.00. As was true for the hurricanes, we note a downward trend for

the estimated variates with lower thresholds. We ascribe this trend to bias associated with

'Again, both the data sets and analysis programs are available. See [9] for further information.



the inclusion of relatively weak winds. For this reason, and to reduce sampling errors due

to small sample sizes due to very high thresholds, we have plotted in Appendix B results

only for thresholds having between 30 and 450 data points. Once again, we note that there

is significant variability both among the plots and within a given plot. We may, however,

state unequivocally that the load factor L^oo is considerably lower than was the case for

hurricane winds for the majority of the stations. A comparison of the graphs of Appendix A
and Appendix B also suggests that the tails of the load factor distributions are considerably

shorter for stations in extratropical regions than in hurricane-prone stations.

4 Discussion of Results

Questions may arise as to whether our analyses of the hurricane wind speed data are

affected significantly by the model used in the simulation that yielded the data. However,

we note that the models upon which our data sets were based are considered reasonable

for professional practice and that these data were used for the development of the ASCE
Standard 7-93 wind speed map. Our analyses are therefore consistent with that wind speed

map. The wind speed map of the ASCE Standard 7-95 differs from that of the ASCE
Standard 7-93 in that (i) it uses peak gusts instead of fastest mile wind speeds (a difference

of presentation rather than substance), and (ii) it uses a boundary layer model based on the

Shapiro approximation [7] rather than an empirical boundary layer model. As was pointed

out by Shapiro, this model does not describe the boundary layer structure in detail, especially

near the eye wall of the hurricane where wind speeds are expected to be largest. Also,

according to Shapiro, since this approximation entails a truncated spectral representation

for the wind velocity, the resulting estimates can have errors of as much as 25%. For this

reason it is not clear that simulations based upon Shapiro's approximation are necessarily

an improvement over earlier simulations. Given the present state of the art, it is our opinion

that our results have an acceptable basis as far as the quality of the data is concerned.

Nevertheless, we point out that the high degree of fluctuation in the estimates is a difficulty

in the study of probabilistically determined wind load factors. This suggests the need for

further improvements in both the quantity and quality of the data used in the estimation

process and further study of probabilistic estimation techniques.

Finally, we recall that all of our results are applicable to wind-sensitive structures for

which wind directionality effects are not significant. This is true for both hurricane-prone

regions and regions not subject to hurricanes. An assessment of relative values of load factors

in these two regions thus has a consistent basis.

5 Conclusions

In this report, we have used the "peaks over threshold" method to estimate ratios of

wind-induced loads with various long mean recurrence intervals to loads with a 50-year

mean recurrence interval. According to our estimates, the load factor value of 1.3 specified

in the ASCE Standards 7-93 and 7-95 is adequate for extratropical storm regions; that is, it

corresponds to nominal ultimate wind loads judged to have sufficiently long miean recurrence



intervals. However, in hurricane-prone regions, the 1.3 standard value of the load factor (even

after being augmented by an importance factor of (1.05) ) leads to nominal ultimate wind

loads with considerably shorter mean recurrence intervals than is the case for extratropical

regions. To these mean recurrence intervals there correspond in most cases probabilities of

exceedance of the nominal ultimate wind load on the order of ten percent during a 50 year

lifetime of a structure. According to our results, an increase in the wind load factor would

therefore be appropriate for structures subject to hurricane winds.
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B Estimates of wind load factors versus threshold for

locations in extratropical regions
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