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ABSTRACT 

A methodology to reliably combine the effects of building aerodynamics and site 

climatology as a function of wind direction is needed to quantify the effects of wind 

directionality.  It has been previously noted that considerations of wind directionality 

would result in risk-consistent, safer and more economical designs of buildings.  In this 

doctoral exposition the author makes use of data collected at Texas Tech University to 

define such methodology.  The West Texas Mesonet is used to define the mean and 

extreme climate in West Texas while the Wind Engineering Research Field Laboratory 

provides the aerodynamic data in representation of low-rise buildings.  A novel approach 

to separate extremes in non-hurricane regions is presented by assuring that events are 

independent using atmospheric pressure data and using information from the continuous 

wind data sets.  The aerodynamic extreme directional assessment of the low-rise building 

is based on estimates of pressure coefficients of building components representing the 

design of cladding and lateral and vertical forces representing the design of portal frames. 

The current standards of minimum loading of structures in the United States and 

Canada take into account wind directionality by stating that there is a reduced probability 

of the extreme winds not necessarily coming from the most aerodynamically vulnerable 

direction. However, no systematic reliable measure is available to-date to establish such 

reduced probability using extreme value distributions.  In the research presented in this 

investigation the combination of two databases (climatic and aerodynamic) to estimate 

wind directionality effects corroborate the assumptions in the Standard and provide a 

methodology to quantify the factor in a reliable way.  Results indicate that while the use 

of a wind directionality factor is not recommended for structural building components, if 

non-structural (cladding) components (which have a more pronounced directionality 

effect) get a discount of approximately 20% in the wind load, roughly 18% of the 

building population in open terrain is seeing wind loads that exceed the specified design 

and thus will be exposed to larger risks.  This level of risk is perhaps considered 

acceptable but these results are based on the assumption that the code has a consistent 

definition of loading coefficients on the 37th percentile (or FT1 mode).  Since the ASCE 7 

Standard was found to possess loading coefficients with smaller percentiles (i.e. most 
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below the 15th percentile) the risk is actually larger.  Due to the large uncertainties in the 

wind directionality factor produced by: (1) unknown random building orientations and 

(2) large probabilities of exceedance in the loading coefficients specified in the standard, 

the true directionality issue should only be accounted through detailed analysis and not 

by a wind directionality reduction factor irrespective of wind direction. 
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CHAPTER 1 

INTRODUCTION 

 

Although the effects of wind directionality in building designs and other systems 

such as wind turbines can be significant, research in this topic is uncommon.  Section 1.1 

presents literature and motivation to study wind directionality.  The research question, 

objectives and defined hypothesis are given in Section 1.2.  Due to the large number of 

secondary issues that may originate from the study of wind directionality a focused scope 

and limitations needs to be defined beforehand; this is accomplished in Section 1.3.  

Specific guidelines to accomplish the objectives and answer the research question are 

given in the methodology outlined in Section 1.4.  The interdisciplinary nature of this 

study is justified in Section 1.5.  Intellectual merit of research is discussed in Section 1.6. 

 

1.1 Motivation 

Wind is a vector and as such two inherent components must be accounted for to 

describe it: wind speed and direction.  The study and prediction of wind speed and its 

effects on human activities, safety and environment have been the main subject of 

discussion in wind engineering since its conception.  However, the study of wind 

direction has received less attention and while there has been some debate in the last two 

decades about wind directionality regarding extreme winds, the subject has not been 

studied exhaustively and holistically. Although the author does not aim to cover every 

scenario applicable to wind directionality, one motivation in undertaking the path of this 

research is due to the lack of available documentation that presents the subject in a rather 

systematic way. 

Furthermore, the author is motivated by statements by Moriarty and Templeton 

(1983), Cook (1982) and Simiu et al. (1998), respectively cited below: 

“If they [wind engineers] could be sure that the strongest gust would come from a 
particular direction, and only weaker gusts from other directions, engineers could utilize 
this information in the design of many large structures, with considerable cost savings.” 
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“Implementation of the proposed method for directional analysis will give reductions in 
design loads by 30% for a range of wind directions exceeding 180˚” 

“…on average, (though not in all cases), for 50-year and 100-year Mean Recurrence 
Intervals, wind directionality effects are significant, that is, estimates that do not account 
for directional effects are conservative.” 

 

Cook (1983), one of the pioneers of directional extreme wind analyses, has 

mentioned challenging opportunities in carrying out directional analyses such as 

determining the degree of directional correlation, for which he indicates: 

“… the required mathematics is beyond the capability of this author, who is content to 
resort again to subterfuge.” 

 

Moreover, Simiu and Filliben (1981) comment about the complexity of extreme 

wind directionality as follows: 

“Research on the appropriate functional form of such joint distributions is, to date, quite 
scant.  Indeed, to the writers’ knowledge, no model for the joint distribution of wind 
speeds and directions is currently available …” 

 

Twenty years later Rigato et al. (2001) have the following to say: 

“Mathematically it would be of interest to investigate this problem by using a bivariate 
probabilistic model in which one of the variates is the wind speed and the other variate is 
wind direction.  However, to the writers’ knowledge, in the present state of the art the 
probabilistic apparatus needed for such an investigation is not available.” 

 

In the United States the current methodology for establishing the minimum loads 

on structures (namely the ASCE 7-05 (2005)) accounts for wind directionality effects.  A 

blanket wind directionality factor of 0.85 applied to wind load (for most structures) is 

used to indicate a reduction in the load allegedly due to the strongest wind not coming 

from the most vulnerable direction of the building (i.e. aerodynamically speaking).  The 

wind directionality factor in the ASCE 7-05 is justified by referencing Ellingwood et al. 

(1980) where therein the authors had only intentions to mention that number in a rather 

tentative manner (Rigato 2001) and with no reliability measures given. 

Prof. Jon Wieringa, a Certified Consulting Meteorologist in Netherlands has told 

this author the following in a personal communication (2007): 
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“Regarding wind directionality, research on that matter is rather uncommon and 
therefore is more likely to provide new interesting results than subjects on which 
everyone else is working already.  Keep me informed!” 

 

As presented above, this author is motivated and challenged to pursue the topic of 

“Wind directionality: A reliability-based approach” due to its promising advantages to 

engineering building design, its actual complexity, the lack of research, and its 

application to other fields of science and mathematics. 

 

1.2 Objectives and hypothesis 

This investigation is directed towards a better understanding of the wind 

directionality factor and the ‘directional method’ for wind loading calculations using 

available data at Texas Tech University.  The main question to be answered is: Will the 

integration of aerodynamic data from WERFL1 and the climatologic data from WTM2 

give us a reliable approach to establish a better estimation of the wind directionality 

factor in the ASCE 7? 

The assessment of wind directionality effects on buildings or other structures 

require the study of mean or extreme wind climate as a function of direction.  The WTM 

provides the wind data to evaluate the mean and extreme wind climate.  In addition to the 

climatology assessment, the study of wind directionality effects must include a system 

where these loads are being measured.  For the sake of exemplifying the wind 

directionality problem completely low-rise structures are used.  To carry out such 

investigation on low-rise buildings information of building aerodynamics is required as a 

function of wind direction.  For that reason, full-scale aerodynamic data from the 

WERFL at Texas Tech University will be used as a representation of wind directionality 

effects on low-rise buildings. 

When the climatology of a site is understood and the aerodynamics of a structure 

are defined, wind directionality effects can be quantified for cladding and external 

                                                 
1 Wind Engineering Research Field Laboratory 
2 West Texas Mesonet 
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structural forces.  The analyses will be calibrated against results found by Rigato (2000) 

who used the Database-Assisted Design to estimate wind directionality factors at 

different MRIs using the one-dimensional sample methodology, and those obtained from 

more generalized aerodynamic assumptions and parent distributions of wind speeds.  

Examples of the latter case are those proposed by Davenport (1993) and Holmes (1981), 

both pioneers in giving justifications to the wind directionality factor using the out-

crossing of the limit state approach. 

The methodology to answer the question of this investigation is presented in 

section 1.5.  While the overall purpose of the research is the integration of the directional 

climatologic and aerodynamic assessments in a probabilistic manner, there are some 

intermediary objectives that must be addressed as part of the process.  Such intermediary 

objectives are outlined below. 

1. Integrate the current body of knowledge regarding wind directionality. 

2. Remove any directional inhomogeneity in the wind data due to exposure 

variations with direction. 

3. Quantify the influence of wind directionality in the analysis of mean wind 

climate. 

4. Provide insight to the current debate concerning directional extreme wind climate. 

5. Define a probabilistic approach to quantify directional wind load effects and 

directional risk. 

For the purposes of establishing the hypothesis of this investigation, it is expected 

that if aerodynamic information from WERFL (i.e. probabilities of loading coefficients) 

and climatologic information from WTM (i.e. probabilities of wind speed) are integrated 

as a function of direction, a new and reliable methodology for the estimation of the wind 

directionality reduction factor can be defined, such as with a conditional probability 

distribution. 

 

1.3 Scope and limitations 

The scope of this research entails the study of wind direction as a stochastic 

process near the ground surface.  The change of wind direction with height will not be 
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considered in this dissertation since it is beyond the scope of the research.  For the latter 

refer to Walter (2007).  A reliability-based approach is considered by means of a fully 

probabilistic approach that take into account wind directionality effects on the envelope 

of a low-rise structure.  Internal structural member forces are not considered but the 

methodology presented is entirely applicable to any member force after inclusion of the 

appropriate structural influence coefficients, which in essence is just a conversion factor 

to reflect the desired units of the force in consideration.  Internal pressures of the building 

are not considered. 

For the purpose of this investigation the exposure corrections for wind speed will 

be obtained using those WTM stations that contain at least 2 years of records at the time 

of the study.  The analysis rendered for the mean wind environment was carried out 

before the theory for exposure corrections of mean wind speeds was laid out.  Results 

provided in Appendix D (Weibull parameters) for the 41 meteorological stations are 

therefore more precise for stations located in homogenous exposures.  The extreme 

climatology will be considered in one WTM station (i.e. the station located at the Reese 

Technology Center) since extreme wind analyses need to satisfy requirements of 

statistical independency in space and doing the analysis for multiple stations is 

unnecessary at this stage.  However, the analysis is compared against long-term records 

provided by a near Automated Surface Observing System (ASOS) station.  Since 

convective weather may manifest in relatively small sizes compared to the synoptic 

winds, future work may include more WTM stations to augment the number of 

convective independent extreme wind speeds in the region where climatology would be 

expected to be approximately equal.  Wind data only include non-hurricane events and 

thus hurricane-prone regions require more detailed analysis of wind directionality. 

 Building orientations for a large population (i.e. such as at the national level) are 

assumed to be random including the full range of orientations in 360 degrees.  However, 

this may not be satisfied for certain special regions where only a limited number of 

building orientations are encountered (e.g. parallel to a beach, escarpment, or road 

network).  The assessment should be done to target these specific cases in the future. 
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1.4 Methodology 

The methodology followed to pursue this investigation is simple.  There are two 

cases of interest in design: (1) structures that are excited by steady mean wind speeds and 

(2) structures that tend to fail under extreme wind events.  This implies that the 

directionality problem must be understood for the particularity of mean and peak winds 

speeds.  Before making any use of the wind data, it must be corrected so that the wind 

speed reflects a constant standard exposure for all directions and the directional climate is 

truly representative of weather patterns instead of local features.  Once mean and peak 

wind speed data are corrected the directional analysis can be performed in a probabilistic 

way.  In doing so, the directional climate is defined for mean and peak extreme wind 

speeds.  Next, the wind enveloping a structure induces forces in several components that 

depend on the angle of attack relative to the structure.  As a result, for a known structure 

orientation (in our case a low-rise building) the wind load can be estimated from the 

already defined directional climate, and aerodynamics of the building obtained through 

full-scale or wind-tunnel testing.  This process is repeated for numerous random building 

orientations and then the reduced probability that the most critical direction of the 

building component, aerodynamically speaking, will coincide with the strongest extreme 

wind speed (or range of mean wind speeds for structures excited by steady winds) is 

quantified.  This methodology is best portrayed by the structure of this dissertation. 

 

1.5 Multidisciplinary aspect of research 

The study of wind directionality involves a wide number of disciplines.  Wind 

direction in itself is governed by atmospheric processes studied in Meteorology and 

Climatology.  In turn, Climatology resorts to probabilistic treatments to define their 

models, and thus Probabilities and Statistics shape the quantification of the events’ 

recurrence intervals.   

When the word “effects” is besides wind directionality that means that there is 

another system or structure that needs to be accounted for where the wind direction 

considerations influence the design (i.e. there is an estimated recurring force, moment, 
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stress, or energy that varies with wind direction).  For the case of this dissertation a low-

rise building was chosen where the word “effects” means action and suction pressures on 

several building components and lateral and vertical forces at several building locations.  

By making use of Civil Engineering concepts the results of this investigation can be put 

into a practical way (i.e. in the Standards for minimum loading of structures) for 

designers and structural engineers. 

 

1.6 Intellectual merit of research 

From this research it is expected to contribute to the current debates about the 

theory of extremes and its applicability to wind speed as a function of wind direction.  

Also, mathematically speaking, it would be of interest to address the issue of correlation 

of wind speed data in adjacent sector wind directions and establishing a methodology 

where building aerodynamics and climatologic databases could be put together into a 

conditional probability function that considers wind direction. 

This investigation entitled “Wind directionality: A reliability-based approach” is 

intended to integrate the knowledge in Wind Engineering regarding the importance of 

wind direction. 
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CHAPTER 2 

WIND DIRECTION – AN ATMOSPHERIC VARIABLE 

 

Fundamentally, wind is the result of the conversion of thermal energy imparted to 

the atmosphere into mechanical energy associated with air motion.  Changes in wind 

speed and direction in the atmospheric boundary layer are attributed to changes in 

horizontal wind velocity as a function of height.  However, to understand the nature of 

horizontal wind velocity as a function of height it needs to be recognized that wind is a 

product of a complex open system.  Mechanisms that produce a change in wind speed 

and direction are well documented in literature.  Such literature is likely to discuss one of 

the following or a combination: (1) atmospheric processes, (2) effects of surface friction 

or speed-up due to aerodynamics of terrain characteristics and (3) the apparent deviating 

force of the earth’s rotation (i.e. Coriolis force), which only produces a change in wind 

direction and not in speed.  While a single mechanism cannot fully describe changes in 

wind speed and direction, examples of situations where changes in wind speed and 

direction are justified are given below. 

 

Examples of atmospheric processes are: 

(1) Prevailing mean winds (i.e. due to global wind circulation),  

(2) Synoptic winds (i.e. large-scale events such as those produced by depressions 

which include warm and cold fronts), 

(3) Gradient winds such as hurricanes, 

(4) Seasonal winds (i.e. seasonal cycle of land temperature compared to that of 

nearby water bodies), 

(5) Thunderstorm winds (i.e. convective weather producing outflow boundaries 

associated with gust fronts), 

(6) Cyclostrophic winds such as mesocyclones, tornadoes, waterspouts, and dust 

devils. 

Examples of terrain characteristics are: 

(1) Elevation or topography located in the immediate vicinity and further upwind 
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(2) Terrain exposure (e.g. surface roughness) 

 

This list does not provide all the mechanisms that produce a change in wind speed 

and direction but it is likely that a combination between the given mechanisms can 

describe other site-specific mechanisms (e.g. foehn, anabatic, katabatic winds). 

As it was discussed previously, wind direction and speed are variables that are 

part of an open larger system and wind speed and direction are measures used to describe 

horizontal wind velocities that characterize the magnitude and direction of a physical 

invisible force.  This larger system that produces different wind characteristics is often 

pictured by measuring a variety of variables.  Most atmospheric processes in a quiescent 

boundary layer can be explained by the interrelation of six fundamental variables: wind 

velocity (horizontal and vertical), pressure, temperature, density, and moisture. 

 The theory to quantitatively combine the atmospheric variables just mentioned are 

mainly covered by atmospheric thermodynamics (i.e. relationships between heat, work 

and energy) and atmospheric fluid dynamics (i.e. fluid mechanics dealing with the fluids 

in motion). 

The behavior of the six atmospheric variables is governed by six principal 

equations (1) the equation of state for perfect gases, (2) the first law of thermodynamics, 

(3) the equation of continuity of mass, (4) the equation of continuity of moisture, (5) and 

the Navier-Stokes equations of motion. 

The Navier-Stokes equation of motion for an elementary mass of air is defined by 

Equation 2.1. 

 

      (2.1) 

 

Where the right-side of the equation describes acceleration of the fluid and the 

left-side is in effect a summation of forces, f, and divergence (given by the del operator) 

of stress (i.e. pressure, p,  stress, T) exerted on the elementary mass of fluid with velocity 

U.  If the fluid element is assumed not to be subject to viscous shear forces and is 
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incompressible the forces arising from pressure and surface friction in Navier-Stokes 

simplify to Newton’s second law, ∑f = m·a. 

The vector forces in the equations of motion can be described through three-

dimensional Cartesian coordinates. Commonly these three equations of motion in 

atmospheric processes are represented with two equations: horizontal and vertical 

equations of motion.  The measured horizontal wind data, in turn, are typically stored in 

polar coordinates (i.e. wind speed magnitude and wind direction angle).  Regardless of 

the coordinate system used, the forces taken into account in the equations of motion are: 

(1) the net force produced by a gradient pressure, (2) an apparent force called Coriolis 

after the deviating force due to the earth’s rotation and (3) the friction force produced by 

flow retardation due to the earth’s surface roughness and/or topography.   

Wind is moving air that goes from a high pressure to a low pressure.  In this 

sense, the gradient of atmospheric pressures dictates the direction and strength (speed) of 

the wind.  If isobars that define the gradient pressure are straight there is no centrifugal 

force, and the wind will go directly from the high pressure to the low pressure.  On the 

other hand, sharply curved isobars would add a centrifugal force into the equations of 

motion, this forces deviates the wind velocity vector.  Secondly, the apparent force called 

Coriolis follows the conservation of momentum in the atmosphere; meaning that when 

relative coordinate systems are used (such as surface measured wind speeds), information 

of the forces exerted upon the relative coordinate system must be accounted in the 

equations of motion, such that absolute momentum is not created nor destroyed in the 

absence of external forces.  Thus the Coriolis force is the component in the equations of 

motion that account for the angular velocity of the rotation of the earth.  This force also 

deviates the wind velocity vector as a function of latitude. 

The balance of accelerations in the equations of motion discarding the friction of 

the earth (i.e. pressure gradient acceleration, Coriolis acceleration and centripetal 

acceleration of curved isobars) defines what is called the geostrophic and gradient wind 

velocity for straight and curved isobars, respectively.  The geostrophic or gradient wind 

velocity is the velocity above the atmospheric boundary layer, also called free 

atmosphere, and the net direction of the wind vector is parallel to the isobars. 
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The atmospheric boundary-layer depth is the height where the friction force 

influences the wind velocity above ground level and various atmospheric boundary-layer 

models exist that define such wind velocity retardation with height, also known as the 

wind velocity profile.  Although very little validation with full-scale data are available, 

the deviation of wind direction with height under neutrally stable conditions is described 

by the Ekman layer; a hypothetical layer of air in the atmospheric boundary layer where 

the direction of the wind near the surface crosses the isobars at some angle towards the 

low pressure. 

 The equations described previously are integrated to yield a quantitative 

description of future atmospheric conditions.  Real-time measurements of these six 

variables function as the input boundary conditions for the integration; these successive 

approximation processes define modern weather forecasting techniques (Simiu and 

Scanlan 1996). 

So far, a brief discussion of the driving forces of the wind was presented.  

Generally speaking, most of the time winds are not severe and thus continuous 

measurements of wind speed and direction are just evidence of prevailing mean winds.  

The prevailing mean winds from continuous wind records are regarded as winds from the 

parent distribution.  Parent wind distributions are relevant for multiple uses, such as wind 

power assessments, ventilation, air quality, structural serviceability and fatigue failure 

considerations.  Conversely, severe weather is more relevant for the most abundant types 

of construction, such as industrial facilities, most building design, and lifeline utilities.  In 

the latter case extreme wind events, which are abstracted from the parent wind records, 

must be studied climatologically and separately from the parent wind analysis.  Next, a 

summary is presented about the two types of analyses required for the winds of interest 

and how at Texas Tech University information of wind direction is being used in 

decision-making of field operations and current research endeavors. 

 

2.1 Mean wind environment 

The mean or steady wind environment often depicted by the average pattern of 

global circulations is of importance in multiple arenas.  Examples of these are wind 
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energy assessments, ventilation and air quality assessments, and fatigue failures produced 

by repeated vortices (eddies) in the lee of certain structural shapes (vortex-shedding) or 

by the combined aeroelastic effects produced by the fluid-structure interaction (galloping 

effects).  Since the mean wind environment has a direct impact on man-made structures 

with both fixed (most structures) and moving (wind turbines) orientations it is extremely 

important to quantify the likelihood of day-to-day wind speeds as a function of direction 

to quantify the true energy output of wind turbines, or the probability of a structure 

finding the frequency of resonance and thus failure or poor serviceability conditions. 

The Wind Science and Engineering Research Center at Texas Tech University has 

a number of projects related to wind power systems.  An investigation of the like focused 

on wind directionality was presented in the course of Wind Power Systems offered at 

Texas Tech (Vega and Lombardo 2006).  In addition, Texas Tech University pursues 

investigations, using both full-scale and wind-tunnel testing, of cantilever traffic signals 

prone to fatigue failures produced by steady mean winds.  As an example that considers 

wind directionality, an innovative methodology to predict the fatigue life of cantilever 

traffic signals was proposed by Cruzado (2007). 

 

2.2 Extreme wind environment 

The causes of extreme wind events can be explained by means of the equations 

previously presented (e.g. large pressure gradients, sharp temperature changes, speed-up 

effects produced by topography, etc.).  As a result of the multiple combinations that 

produce extreme winds, atmospheric processes are often treated and discussed separately 

as entities with unique behaviors.   When considering the effects of wind directionality 

this is best quantified in a probabilistic fashion doing extreme value analysis as a function 

of direction and from continuous wind records that capture the uniqueness of all 

atmospheric processes for a particular site. 

Though each mechanism has a unique contribution to the extreme winds, more 

exactly, extreme wind events as described in each mechanism will contribute to the 

mixed climate in the overall extreme value analysis whether or not they share qualities.  

Thunderstorms produce the most recurring extreme winds in the mid-latitudes as will be 
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seen in Chapter 5.  However, the severity of thunderstorms and possible formation of 

tornadoes in a supercell are dictated by the strength of thermal convection (or 

topography-enhanced convection), the directional shear of the atmosphere and the strong 

winds at the top of the supercell; these are primary ingredients for the sustaining 

thunderstorm capable to produce the highest wind speeds.  Hurricanes (or tropical 

cyclones), on the other hand, strengthen by the latent heat released by the condensation of 

water vapor in the tropical regions.  Hurricanes in the Northern Hemisphere rotate 

counterclockwise while hurricanes in the southern hemisphere rotate clockwise.  The 

directionality within a cyclonic storm indicates the position of the viewer relative to their 

path.  With some exceptions, the most destructive wind forces considered in the design of 

structures are generated by circulating masses of air (e.g. tropical, subtropical, 

extratropical, mesoscale, and polar cyclones).  The extratropical cyclone is often called a 

‘depression’ or a ‘low’ and affects most of the mid-latitude regions of the world.  It is 

within the rotating masses of air of cyclones where the wind experiences continuous 

changes in direction due to balanced pressure gradient, Coriolis acceleration and 

generally centripetal acceleration.  These rotating masses of air circulate around a low 

pressure system and thus more or less parallel to isobars.  Some other destructive and 

non-rotating structures that produce high wind events is that of cold fronts, gust fronts 

and downbursts associated with extratropical cyclones, outflow boundaries and 

downdraft of convective weather, respectively.  However, since these are generally linear 

in motion (in some direction relative to the trough motion or outward away from the 

downdraft) they can be investigated entirely from a directional probabilistic point of 

view, as is typically done to predict extreme wind speeds irrespective of direction; this is 

done in Chapter 5.  In investigating the relevance of wind directionality in destructive 

wind events it is useful to illustrate all the rotational wind mechanisms with respect to 

their size and relate those linear in motion with their parenting rotational mechanism; this 

is depicted in Figure 2.1.  Inevitably this led us to the meteorological scales: synoptic 

scale, mesoscale and microscale.  To find consensus regarding the phenomena for which 

directionality can be considered definition of the scales is critical.  For instance, we 

know that in the microscale where tornadoes and downbursts occur directionality 

considerations are inappropriate since the tangential or outflow wind speed can blow 
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from any direction in any given event, that is, the probabilities of these particular 

mechanisms of producing wind speeds from any given direction are 100%.  As the scale 

increases, one will find that for a given site location extratropical cyclones which occur at 

the synoptic scales show very strong preferences for particular directions as troughs move 

from west to east due to the rotation of the earth.  The specific preference with a north or 

south component will indicate a particular location with respect to global latitudes.  From 

a synoptic scale point of view it would be of interest to render the directional analysis 

throughout the United States.  More difficult to define is where in the meso-scale 

environment, where most mesocyclone and the strongest part of hurricanes occur, 

directionality considerations become more or less appropriate.  The larger and smaller 

scales are defined and serve as boundary conditions.  In light of insufficient information 

the pragmatic undertaking in this investigation was to let the mechanisms manifest in the 

probabilistic analysis of directional extremes and see if any particularities are seen.  From 

what was seen in Chapter 5, even convective weather (i.e. severe thunderstorms) fits very 

well the extreme value analysis when the synoptic extreme events are separated using 

atmospheric pressure data.  Separating synoptic mechanisms using atmospheric pressure 

data allowed one to establish a relationship, even in a directional base, with smaller scale 

systems such as thunderstorms.  This can in part be justified with the shared commonality 

that strong, less recurrent, synoptic high winds are a key ingredient to produce the 

strongest self-sustaining thunderstorms. 
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Figure 2. 1: Representation of meteorological scales in the United States map. 

 

Extreme winds can also be fostered by more local wind conditions (e.g. surface 

cover, channeling effects, etc.).  As a result, surface-generated turbulence makes the 

extreme wind analysis more difficult to perform.  The turbulent structure of the wind 

plays a crucial role in defining extreme wind events. 

 Many investigations at Texas Tech are somehow related to extreme wind events.    

Most of the investigations are done under the umbrella of the Wind Science and 

Engineering Research Center, although the multidisciplinary approach to Wind 

Engineering has called to action a large number of departments within the Texas Tech 

community.  Field operations where TTU faculty, researchers and students collaborate to 

understand the science of Wind Engineering involve practically all scales of meteorology.   

During active hurricane seasons the TTU Hurricane Research Team deploys 

multiple calibrated, high-resolution, fully portable instrumentation systems in the path of 

land-falling hurricanes.  Numerous hurricanes have been documented in the past through 

the Hurricane Research program, and currently TTU possesses an unprecedented amount 
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of specialized instrumentation that will certainly foster unique research topics.  Among 

other atmospheric variables, wind direction is critical to identify the circulation of the 

hurricanes and thus point for best possible locations for the instrumentation.  Models 

utilized in building standards (i.e. Monte Carlo simulations) in the United States to 

predict wind speeds as a function of wind direction will greatly benefit from TTU 

endeavors in research since current models are largely affected by sampling errors that 

can only be reduced through systematic measurements of land-falling hurricanes. 

An illustration of the variations in wind speed and direction within the hurricane 

environment is shown in Figures 2.2 and 2.3 depicting the wind time-series of two land-

falling hurricanes along the United States coast.  While from these figures it can be seen 

that there are a number of directions where the strongest winds of a hurricane have no 

appreciable participation, in the order of 180 degrees, a detailed re-analysis of the TTU 

records may validate the importance of wind directionality in hurricane cases and thus 

better define the scale of meteorological phenomena where wind directionality can be 

used to probabilistically estimate wind directionality effects on structures.  It must be 

borne in mind that not all hurricane wind data are of significance in extreme value 

analysis and thus the number of contributing sectors is limited.  This is out of the scope of 

this investigation. 

 
Figure 2. 2: Wind speed and direction time-series during hurricane Dennis. 
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Figure 2. 3; Wind speed and direction time-series during hurricane Floyd. 

 

During non-hurricane season the TTU researchers investigate dry-line formation 

as a proxy for thunderstorm development, rear-flank downdraft kinematics and 

thermodynamics of thunderstorms, tornado genesis, turbulent structure of wind when 

exerted by different mechanisms, among other specific projects.  In an interview with Dr. 

Christopher Weiss, faculty and researcher from Texas Tech University involved in these 

types of projects, indicated the following regarding the importance of wind direction in 

the supercell environment:  

“…mid-troposheric flow is usually southwesterly aloft; it is changes in the surface wind 
direction that allow us to determine on short time scales whether we have enough vertical 
wind shear in the environment to support supercell (tornado-producing) thunderstorms.  
Surface winds from the west are usually prohibitive to this type of shear.  Since supercells 
often feature extreme westerly straight-line winds to the south of the updraft (the rear 
flank downdraft), in many ways a strong easterly (east to west) component before 
thunderstorm development can translate to extreme westerlies with the passage of the 
resultant storm!” 
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CHAPTER 3 

EXPOSURE CORRECTIONS FOR WIND SPEEDS 

 

Abstract: 

 

For many years wind speed data has been used by scientists and engineers to 

predict both mean and extreme wind climatology.  As a result of these predictions man-

made structures and renewable energy facilities are built to satisfy the increasing 

demands of the public without sacrificing safety and economy.  To meet such demands 

with acceptable limits of reliability and risks the predictions must be accurate.  Therefore, 

before any attempt can be made to use such wind speed data for predictions the data itself 

must be reliable.  In an effort to review methodologies to correct wind speed data as a 

function of direction 41 meteorological stations located in west Texas, USA were 

examined to characterize aerodynamic terrain homogeneity.   

The effective direction-dependent aerodynamic terrain roughness (i.e. turbulence-

derived roughnesses) and exposure correction factors are used to define aerodynamic 

terrain homogeneity.  A review of the wind speed standard-deviation methodology to 

estimate aerodynamic roughness is presented with emphasis on the uncertainties 

associated with the chosen wind speed starting threshold.  It was found that to have a 

near-neutral atmosphere based on turbulence intensities, a minimum mean wind speed of 

8 m/s should be used as the starting threshold where the coefficient of variation of 

turbulence intensity converges to 20%.  One-third of the meteorological stations were 

found to be in aerodynamic inhomogeneous terrain.  Three stations were detailed as case-

studies of directional aerodynamic roughnesses in inhomogeneous terrain.   Exposure 

correction factors were estimated for the 41 stations and ranged from -4% to 14%.  In 

addition it was found that the turbulence intensity equation presented in the ASCE 

Standard (ASCE 7-05) as a function of exposure did not match closely with observations.  

A methodology for the correction of peak wind speeds for exposure variations with 

direction is presented. 
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3.1 Introduction 

Wind speed measurements are recorded at discrete locations and commonly, data 

at one station are used to predict the wind climatology at neighboring sites.  Before this 

can be accomplished the station’s exposure correction factors must be considered in order 

to standardize the data and remove the influences of local terrain and topographic effects.  

The current state-of-the-art provides two methodologies to determine these terrain 

exposure correction factors (Wieringa 1976; Miller et al. 1998) for mean wind speeds. 

The author does not strive to make an exhaustive comparison between these methods at 

this time but rather use Wieringa’s (1976) model to determine the exposure corrections 

factors for mean wind speeds.  Wieringa’s model for exposure corrections is summarized 

later.  On the other hand, corrections for peak wind speeds is not discussed exhaustively.  

An empirical methodology is presented in this chapter to correct peak wind speeds.  Site-

specific directional roughness lengths must be determined because they form an inherent 

part in the estimate of exposure corrections.  Moreover, the determination of azimuthal or 

directional aerodynamic roughness values is of significant importance for climatology 

studies, building design, dispersion of wind borne material, and wind energy assessments.   

Mean wind speed probability distributions could vary as a function of direction 

(Vega and Letchford, forthcoming) due to climatic reasons or local site-effects.  Having 

wind data from several meteorological stations allows for the distinction between 

climatic and local site conditions.  A network of 41 meteorological stations with 

relatively high-temporal resolution wind data are used to make such evaluation here.  A 

description of the wind data collection system is presented in Section 3.2.  Although in 

our case the exposure correction factors are to be applied to wind speeds near the ground 

(i.e. at 10 meters above ground level), these corrections are frequently needed as a 

function of height, in which cases extrapolation of wind speeds is required.  Mean wind 

velocity profiles are used for a variety of applications and the determination of exposure 

correction factors is not the exception, thus Section 3.3 discusses mean velocity profiles 

with elucidation of some of the more common assumptions in these models.  A formal 

definition of aerodynamic roughness and a description of current estimation methods are 

given in Section 3.4.  Rather than using the profile-based estimation to calculate the 
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common aerodynamic roughness, the turbulence-derived methodology is used to estimate 

the effective aerodynamic roughness.  A description of the effect of atmospheric stability 

upon the turbulence-derived roughness is presented in Section 3.5 along with the 

estimation of an appropriate wind speed starting threshold to be used.  Regional terrain 

characteristics are discussed in Section 3.6.  Calculation of effective aerodynamic 

roughness for both isotropic (i.e. disregarding for wind direction) and directional cases 

are presented in Section 3.7 along with three case studies.  The determination of exposure 

correction factors for the meteorological stations is presented in Section 3.8.  Conclusions 

are given in Section 3.9. 

 

3.2 Wind measurements 

Forty one meteorological stations were used in this study.  The stations are part of 

a mesoscale network that currently possesses 50 stations located in West Texas US.  

More detailed information about this network called the West Texas Mesonet (WTM) 

may be found in (Schroeder et al. 2005).  According to Deaves and Harris (1978) it is not 

possible to state with any certainty the length of time required to determine the 

aerodynamic roughness for different wind directions from field measurements.  

Notwithstanding this, in our study, to estimate the directional roughness for the entire 

region, stations that contained at least two years of wind data (June 2004 - May 2006) 

were chosen; this is based on results of Chapter 4 where a minimum of 2 years is required 

to describe reliably the probability density function of continuous wind speed records as a 

function of direction.  On average, during this time 99.9% of the data are present for the 

41 Mesonet stations, i.e. approximately 18 hours out of 17520 hours (2 years) are missing 

due to malfunction, maintenance or outages. In the initial stages of the investigation six 

stations were used to study the deviations in the mean turbulence intensity with 

increasing wind speed starting threshold. 

All the wind measurements were taken at 10 meters above ground level using a 

propeller-type anemometer (R.M. Young 05103).  The instrument resolution and 

accuracy is 0.03 m s-1 and 2% for the wind speed, and 0.05º and 3º for wind direction, 

respectively.  The propeller and vane distance constant is approximately 2.7 and 1.3 
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meters.  The anemometer samples data every 3 seconds from which only 5-minute 

summaries are kept.  Each 5-minute summary gives the arithmetic mean and its root 

mean square deviation hereafter called the 5-minute mean (U5-min) and 5-minute standard 

deviation  (σu-5-min) of wind speed, respectively.  The 5-minute mean and standard 

deviation of wind direction is part of the records as well.  The maximum wind speed in 

the 5 minute interval is also recorded. 

 

3.3 Mean velocity profiles and exposure classifications 

The surface boundary layer (SBL) extends to approximately 10% of the full 

atmospheric boundary layer (Holmes 2001; Simiu and Scanlan 1996).  The mean velocity 

profile in the SBL is modeled in a number of ways but is principally determined by the 

surface roughness, for it is ground friction that is principally responsible for the change in 

velocity with height.  This is particularly the case for strong neutrally stable winds (i.e. 

>8m/s), whilst for low and moderate wind speeds the velocity profile is a product of 

mechanical and thermal mixing.  There are two principal models to describe the average 

velocity profile in the surface boundary layer; the power law and the logarithmic law.  

Though the logarithmic law supersedes in sophistication and is preferred by 

meteorologists (Simiu and Scanlan 1996), some scientists and engineers prefer the power 

law for its simplification and usefulness to extrapolate not only mean wind speeds but 

other probabilistic measures (Justus and Mikhail 1976).   

Mechanical mixing in the SBL is produced by the turbulence generated by: the 

shear stress (i.e. Reynolds stresses) of the air in motion and the flow interference 

produced by surface elements (i.e. land cover, obstructions).  The empirical exponent (α) 

in the power law commingles information on turbulence properties of air in motion itself 

and turbulence produced by surface elements while the logarithmic law considers them 

separately and empirically as the friction velocity (u*) and the roughness length (zo), 

respectively.  Due to this implicit combination of properties in the power law it has been 

noted that α is also a function of averaging time (Simiu and Miyata 2006) (i.e. mean or 

gust wind) as opposed to the roughness length zo which is only a function of upwind 
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surface elements.  For convenience, Equations 3.1 and 3.2 show the power law and 

logarithmic law, respectively. 
α
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Where U(z) and U(zref) is the average wind speed at the desired height z and at 

reference height zref, respectively.  The value of u* = √(το/ρ) is termed the friction 

velocity as it has the units of wind speed and k is the von Karman constant given to be 

approximately 0.40 ± 0.01 (Wieringa 1993).  The zero plane of the wind profile is 

assumed at the roughness height for simplification although there may be some directions 

where this is an underestimate.  Since these wind velocity profile models are widely used 

for different applications (e.g. structural design, wind power resource and air quality 

assessments) an understanding of the objectives in each application is fundamental.  For 

instance, the widely used power shear exponent α ≈ 1/7 is applicable where the 

conditions are explicitly as follows: (1) stationary mean wind speeds (2) an exposure with 

little or no obstructions in the surrounding area over land (i.e. flat open terrain) and (3) 

neutral stability. 

For wind power resource and air quality assessments complete information on the 

full parent (i.e. without discarding) wind data are needed including low, moderate and 

high wind speeds, thus the assumption of neutral stability is not always valid.  As a result, 

using the shear exponent of 1/7 in ‘flat open terrain’ for low and moderate wind speeds is 

unlikely to produce accurate extrapolation of mean wind speeds to other heights 

(Elkinton et al. 2006).  For example, Justus and Mikhail (1976) published an empirical 

approximation of the shear exponent (α) which varies inversely proportional (in a log 

scale) with mean wind speed and though the power law model is not often used by 

meteorologists to consider atmospheric stability, by allowing the shear exponent to 

change with wind speed, it provides the opportunity to assess likely instantaneous shear 

conditions based on empirical approximations.  Nevertheless, Justus and Mikhail’s 
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(1976) description of a changing shear exponent lacks the clearness of which atmospheric 

phenomena produces the different shear conditions.  Though useful, Justus’ 

approximation is an over simplification of the complex interaction of atmospheric 

variables. 

Equation 3.3 presents an approximation given by Holmes (2001) to relate the 

roughness length (zo) to the shear exponent (α). It should be noted that α depends on both 

u* and z0 and a more appropriate expression is given by Deaves and Harris (1978) 

indicating that while a single z0 is characteristic of certain terrain, there is no such single 

shear exponent. 
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Where zref is a reference height where the two models are matched (Holmes 

2001).  For the purpose of this dissertation, α and z0 may be interchangeably mentioned 

as a function of direction, i.e. (α)θ and (z0)θ.   

One assumption in the power and logarithmic laws is that of atmospheric neutral 

stability.  Atmospheric stability is defined by the ability of an air parcel to rise or sink due 

to thermal properties of the environment compared to the air parcel.  It should be 

recognized that unless stability effects are considered in the mean velocity profiles they 

are only applicable to strong winds, mainly governed by mechanical mixing as opposed 

to thermal mixing in the stable and unstable atmosphere.  Given the transparency of the 

logarithmic law to represent the surface boundary layer there are methods available in the 

literature to incorporate stability effects into the logarithmic law that are more plausible 

than those using the power law.  One example of this is the Monin-Obukhov similarity 

theory (Foken 2004) incorporated in the logarithmic law as a stability correction factor 

(Ψ). 

 

3.4 Roughness length (zo) definition and calculation 

The roughness length (zo) is neither the average height of surrounding 

obstructions nor it is uniquely related to the average height of surrounding obstructions.  
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It has been suggested (Elkinton et al. 2006; Stull 1988) that in a log-linear graph of the 

wind velocity profile the roughness length represents the height over the ground where 

wind speed becomes zero, however, this expression is only true in an algebraic sense 

since physical values need not coincide because it implies extrapolation to heights below 

the validity of the logarithmic law (Wieringa 1993).   

The roughness length, also called the aerodynamic roughness, is an empirical 

measure characterized by the flow disturbances produced by upwind exposure.  In a 

physical sense it has been suggested that the aerodynamic roughness can be seen as a 

measure of the eddy size at the ground level (Simiu and Scanlan 1996).  Eddies are 

formed by the inherent shear in the atmospheric boundary layer.  When internal boundary 

layers (IBL) are formed due to a change in surface roughness the eddy sizes gradually 

adapt themselves to the new surface.  As the IBL develops, both small eddies (i.e. those 

mainly influenced by the immediate action of local obstructions) and large eddies (i.e. 

mainly characteristic of the upstream terrain) are believed to contribute to the turbulence 

at ground level (Beljaars 1987) and be measured as an effective eddy size at ground level.  

Big eddies are believed to be formed by the overall shear effect of upwind surface 

elements farther away and is thought as the carrier of “wind-memory”.  The aerodynamic 

roughness (zo) is the measure used to characterize the combined effect of small and big 

eddies produced by shear in the neutral atmospheric boundary layer.  Different methods 

to estimate the aerodynamic roughness are simply means to characterize terrain-produced 

ABL shear or eddies sizes near the surface. 

 Currently there are five accepted methodologies in the literature to estimate the 

aerodynamic roughness, zo; their use depending on the data availability: (1) profile-

derived (2) gustiness-derived (3) standard deviation derived (4) visual inspection of a site 

or maps and using look-up tables of roughnesses and (5) physical height and area 

measurements of upwind elements.  For a comparison of all but method 5 see Barthelmie 

et al. (1993). 

 Roughness lengths are required for two common purposes; (1) to predict the mean 

wind speed at other heights and (2) to predict the turbulence structure at other heights 

(Tieleman 1992; Duchene-Marullaz 1975).  When the purpose is to predict the wind 

speed at other heights the profile-derived roughness is obviously preferred over the other 
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four methodologies.  Conversely, when the estimation is needed to extrapolate the 

turbulence structure to other heights the turbulence-derived methodology (i.e. gustiness 

or standard deviation) is preferred.  When the terrain is flat and uniform over a long fetch 

these two particular methodologies should produce similar estimates of roughness length 

(Wieringa 1993).  On the other hand in non-uniform terrain where IBLs are produced 

these two methodologies cannot be used interchangeably (Bowen, 2000).  Some authors 

(Wieringa 1976; Bowen 2000; Tieleman 1992) have differentiated between these two 

roughnesses by using the terminology ‘local’ and ‘regional or effective’ for profile-

derived and turbulence-derived roughnesses, respectively.  The terminology used in this 

dissertation is ‘effective roughness’ to refer to the turbulence-derived roughness. 

  Quite often wind data at multiple heights is not available or without the desired 

data quality, then visual inspection of terrain/land-use with look-up tables is always an 

option.  An example of an approximation using this method calculated for 12 directional 

sectors is given by Barthelmie et al. (1993) and a comprehensive review of roughness 

lengths for different categories is provided by Wieringa (1993).  Another alternative to 

estimate the roughness length without wind data are given by Lettau (1969) which 

proposed a simple relationship using measures of height and plan area of upwind 

roughness elements. 

 On-site measurements are always preferable over a subjective evaluation.  Two 

main approaches exist to calculate aerodynamic roughness based on measurements at a 

single height: (1) using gust wind speed data and (2) using the standard deviation of wind 

speed.  A simplified variant of the standard deviation method is the gustiness-method and 

this should be used if only the gust and mean wind speeds are known (Wieringa 1996).  

In case the gustiness-method is the chosen alternative then two approaches are available.  

For details on using gust data, Verkaik (2000) compares the two approaches proposed by 

Wieringa (1973,1976,1996) and Beljaars (1987a,1987b). It was noted by Berthalmie et al. 

(1993) that the gust-derived roughness serves the purpose of extrapolating wind speeds to 

other heights well while they found results using the standard deviation method poorer in 

comparison.  As discussed in the next paragraphs, the approach of Berthalmie et al. to use 

standard deviation of wind speed to estimate roughness length is not reliable and thus 

their conclusions about the standard deviation method are biased. 
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As a result, the standard deviation method is used to estimate the aerodynamic 

roughness for each direction because most of the stations and wind sectors in our study 

possess flat and uniform exposure.  The standard deviation methodology for isotropic 

(i.e. irrespective of wind direction) conditions is detailed in Appendix A.  For the body of 

this dissertation it should suffice that directional turbulence intensity is related to 

directional aerodynamic roughness by using Equation 3.4. 

( ) ( )( )

( ) 







⋅

==

θ

θη
θ
θσ

θ

0

0

ln5.2
),(

,
),(

z
z

z
zU
z

zI u         (3.4) 

The coefficient η is based on empirical approximations and its value has not been 

studied exhaustively.  At present it is known that its value depends on both surface 

roughness and atmospheric stability, however, according to Verkaik (2000) the effect of 

non-neutral stability on η is of minor importance.  Lumley and Panofsky (1964) also 

suggested that this parameter might also involve some large-scale terrain factor in 

addition to the ordinary roughness length.  This latter agrees with results found by Bowen 

(2000) where large-scale terrain features located several kilometers upwind showed some 

influence in η on account of ‘wind memory’ effects.  Unfortunately, ‘wind memory’ 

effects on η produced by large-scale terrain features located at a significant distance 

upstream will not be accounted for, though a few observations are presented for future 

further study.  

For a coherent review of the variable η(z0) see Simiu and Miyata (2006, p.18).  As 

it will be covered in Sections 3.6 and 3.7, the majority of wind sectors and stations used 

in this study are located in flat open terrain, thus the assumption of η = 2.5 is made and 

Equation 3.4 can be further simplified, as given in (Holmes 2001; Wieringa 1993; 

Lumley and Panofsky 1964; U.S. Environmental Protection Agency 1993).  From this 

equation the aerodynamic roughness can be determined from the turbulence intensity (I) 

which is calculated from U and σu for each 5-minute interval (i.e. assuming stationarity is 

achieved in 5 minutes).  Using only those observations with a mean wind speed above a 

specified threshold (i.e. greater than 8 m/s), as will be described later, the roughness 

length can be estimated from its average over the total number of observations in each 
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direction.  It goes without saying that sampling errors of roughness length vary with 

direction but that goes beyond the scope of this work. 

It was indicated by Barthelemie et al. (1993) that roughness lengths based on 

standard deviation data are generally underestimated, however, they found that 

accounting for stability considerably improved the results.  Standard-deviation derived 

roughnesses in (Barthelmie et al. 1993) were obtained using wind data at 33.8m and not 

10m as more commonly used, therefore their results are not surprising since turbulence 

becomes slightly less dependent on mechanical mixing and more dependent upon thermal 

mixing (or atmospheric stability) with height.  Moreover, they indicated the use of a wind 

speed starting threshold of 6 m/s at 33.8m where their reference to Wieringa (1976) 

intended the 6 m/s to be at 10m above ground level.  Although it is commonly accepted 

that the constant η = σu/u* is independent of height for neutrally stable flow (Lumley and 

Panofsky 1964), some results indicate that it can vary with height (Deaves and Harris 

1978; Bowen 2000).  As Barthelmie et al. (1993) also pointed out; the literature is unclear 

regarding the value of this empirical factor.  More research on this issue is required. 

According to Lumley and Panofsky (1964) Equation 3.4 ‘should lead to estimates 

usually within 20%’.  Although it is not completely clear what exactly this uncertainty 

means, Section 3.6 will discuss how this level of uncertainty is consistent with the 

coefficient of variation of turbulence intensity in near neutral stability. 

In estimating the roughness length from actual wind measurements the condition 

of neutral stability is frequently assumed.  In the profile-derived approach a sophisticated 

expression of the logarithmic law (e.g. including the Monin-Obukhov stability correction 

factor) is available; for in theory the roughness length could also be estimated in non-

neutral conditions.  This mathematically expensive approach is not necessary if neutral 

stability can be assured (Ψ=0) since by definition roughness length is to be estimated in 

neutral conditions.  Also in the turbulence-derived methodology, to estimate the 

roughness length, the turbulence intensity strongly depends on the nature of buoyancy 

forces (Davidson 2004) thus the assumptions on the subject of atmospheric stability are 

crucial for the definition of the effective aerodynamic roughness.  In the next section the 

effects of wind speed starting thresholds on the calculation of turbulence intensity are 

examined. 
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3.5 Stability effects in the turbulence-derived roughness estimation 

As defined previously, atmospheric stability is the ability of an air parcel to rise or 

sink due to thermal properties of the environment compared to the air parcel.  Neutral 

stability means that there is no upward or downward motion of the air parcel due to a 

balance of its thermal properties and the surrounding environment.  Usually, atmospheric 

stability is characterized by measurements of temperature with height (i.e. lapse rates); 

however, due to its practical consequence the terminology often used by engineers to 

justify near neutral stability is that of ‘strong winds’.  Here, the term of “strong wind” is 

investigated on account of turbulence intensity, and as a result, the definition of the 

effective roughness length. 

It is necessary to undertake a common timeframe or averaging time for 

comparison of results in the literature, therefore an averaging time of 10-minutes is used 

as a reference.  In any case, if wind speed averaging times in the literature are different 

from 10-minutes they are adjusted here using the Durst Curve reproduced in ASCE 7 

(ASCE 7-05 2005) and as explained in Simiu and Miyata (2006).  It should be noted that 

when this conversion takes place values are just approximates and may not represent real 

conditions under non-uniform terrain.   

According to Pasquill (1961) in slight and moderate insolation conditions and to 

Wieringa (1976) a starting threshold of 6 m/s (10-minute averaged) should suffice to 

assume near-neutral stability.  However, Simiu and Scanlan (1996) and Simiu (1982), 

using an hourly mean wind speed of 5m/s (~5.5m/s averaged in 10-minutes), indicates 

that ~5.5 m/s will not be enough to discard the effects that stability brings to the 

logarithmic velocity profile.  Furthermore, Simiu and Scanlan (1996) find that using 

hourly mean wind speeds of 12m/s (~13.2 m/s averaged in 10-minutes) will significantly 

reduce the deviations in the logarithmic profile due to stability effects, as long as there is 

an equilibrium boundary layer.  It is obvious from Simiu and Scanlan’s standpoint 

directed to an audience of structural engineers that extreme wind speeds will be 

considerably larger than 13.2 m/s thus ensuring the assumption of neutral stability is valid 

for that application.  It should be clear that the assumption of neutral air stratification 
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does not imply that thermal convection is not present but whether the convection affects 

significantly the horizontal flow retardation. 

 It is always desirable to possess a robust dataset to calculate the roughness length 

as a function of direction without compromising neutral stability; therefore a less strict 

selection of the wind speed starting threshold may be required if data availability is 

limited.  If data availability is an issue the user may use Wieringa’s (1976) suggested 

wind speed of 6m/s as the starting threshold.  However, in determining an appropriate 

value of the directional roughness length and minimizing its uncertainty the selection of a 

starting threshold between 6m/s and 13.2 m/s is not trivial.  The starting threshold is 

dependent on the severity of insolation (Pasquill 1961), thus thermal convection while 

being negligible for structural engineers (Simiu 1982) can be significant for other 

scientists and engineers. 

 In using the standard deviation method to estimate the effective aerodynamic 

roughness, described in Section 3.4, it is necessary to answer the question - at what mean 

wind speed does the turbulence intensity (I) become independent of wind speed as a 

proxy for atmospheric stability?  To answer this question the coefficient of variation of 

turbulence intensity (c.o.v = σI / Iaverage) was calculated for five meteorological stations 

for different wind speed starting thresholds.  Several different flow conditions based on 

categories suggested by Wieringa (1993) were identified from the 41 station exposures; 

(1) Smooth turbulent flow (2) Wake-interference and (3) Skimming flow.  One additional 

flow category was used to account for topography: (4) edge of an escarpment. 

 Five-minute observations were used primarily because that is the data available, 

secondly because of its desirable sampling size and lastly because it was preferable to 

make use of the standard deviation method to estimate aerodynamic roughness rather 

than the simplified variant given by the gustiness-method.  A coefficient of variation for 

turbulence intensity was calculated for each dataset formed by the progressive discarding 

of observations below wind speed starting thresholds of 1, 2, 3,…, up to 17 m/s (5 minute 

averages).  For all six stations the distribution of turbulence intensity was similar to that 

for Reese station shown in Figure 3.1 using wind speed thresholds of (a) 2m/s (b) 5m/s 

and (c) 8m/s.  Clearly the turbulence intensity distribution has a smaller variation with 

increasing threshold speed, which removes the distorting influences of thermal 
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convection.    At low wind speeds the turbulence of wind is produced by thermal and 

mechanical mixing, as the wind speed increases the thermal mixing is less noticeable 

compared to the mechanical counterpart and thus turbulence is mainly the product of 

mechanical mixing at high wind speeds in non-convective weather; this is depicted by the 

transformation in shape of the distributions (a), (b), and (c) of Figure 3.1. 

The arithmetic average of two adjacent 5-minute standard deviations would not be 

mathematically correct so the dimensionless 5-minute turbulence intensities were 

obtained and presented in Figure 3.2 and 3.3.  Figure 3.2 presents what happens to the 

deviations of the mean turbulence intensity for the six stations when assuming different 

starting thresholds of wind speed.   

 
(a) 

 
(b) 

 
(c) 

Figure 3. 1: Distribution of turbulence intensity using 2 years of data from Reese Mesonet 

station with increasing starting thresholds of (a) 2 m/s (b) 5 m/s and (c) 8 m/s. 

 

De Bruin et al. (1993) calculated z0 from measurements of σu and U at a height of 

8.1m (assuming η=2.2) and concluded that at high wind speeds roughness estimates 

converge.  From their Figure 10 it can be seen that using wind speeds in excess of 8 m/s 

as the starting threshold would be an appropriate value to account for stability effects.  

Also, in Wieringa (1973) it was originally indicated that the wind speed starting threshold 

should be greater than 8 m/s in his gustiness model (Wieringa (1973) defined this 

threshold wind speed from different experiments with arbitrary heights below 50 meters, 

including several at 10 meter height and one at 8 meters above a lake).  Figure 3.2 shows 

that using wind speeds in excess of 8 m/s provides estimates of turbulence intensity that 

appear free from the influence of thermal convection considerations.  Whether including 

wind speeds less than 8 m/s would deviate the mean turbulence intensity to a significant 
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extent or not, using wind speeds larger than 8 m/s appears to minimize any uncertainty in 

the turbulence intensity and hence the effective roughness length estimation.  As can be 

seen in Figure 3.2 an optimal value of deviations in the mean turbulence intensity is of 

the order of 20%.  Although Figure 3.2 incorporates all wind direction data (i.e. 

irrespective of wind direction), similar convergence was achieved when data was 

segregated for those directions affected by the features peculiar to the chosen stations and 

identified in the legend.  Actual mean turbulence intensity variation with increasing wind 

speed starting threshold is shown in Figure 3.3 and a small reduction occurs with 

threshold speed is noted.  At highest speeds the stations generally converge to the rather 

smooth open shallow water or smooth land exposure D values recommended by ASCE 7 

(ASCE 7-05 2005). 
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Figure 3. 2: Convergence in the deviation of the mean turbulence intensity with increasing 

starting threshold 

 
Figure 3. 3: Mean turbulence intensity with increasing starting threshold 
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3.6 Terrain description 

Over half of the West Texas Mesonet (WTM) stations are situated on the southern 

High Plains in Texas (also called the Llano Estacado), a large mesa of semi-arid terrain 

where shortgrass prairie and scrubland prevail.  However, agriculture in the forms of 

cattle ranching, and growing cotton, wheat and sunflowers are common.  In addition, 

there are a number of stations east of the Caprock escarpment where the terrain is no 

longer flat for any extended distance.  The 41 WTM stations used in this study are shown 

in Figure 3.4 superimposed on the topography of the region.   

 

 
Figure 3. 4: Stations used from West Texas Mesonet  

 

Although there seem a large number of stations located in complex terrain from a 

mesoscale perspective, over two thirds of the stations are located over homogeneous 

terrain.  In our study the effective roughness (i.e standard deviation derived roughness) 

and exposure correction factors are used to define aerodynamic homogeneity.  There 

might be some sectors tending to inhomogeneous terrain where obstructions influence the 

wind velocity profile in such a way that surface turbulence may underestimate the 

roughness and vice versa.  As an example, Bowen (2000) indicates that a distant (3.5-

5km) bluff type feature (i.e. in their case a long escarpment of 25m average height) most 
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likely enhances 10m horizontal turbulence but it does not have any noticeable effect on 

the mean wind speed profile (up to 200m).   

In comparison to Bowen’s (2000) investigation, it was noticed in one of our 

stations (GAIL) that a butte (i.e. bluff type body) with a height of 75 m and 2 km long 

located approximately 3.5 km towards the west and 4-5 km towards the northwest sector 

show no appreciable effect on the surface standard deviation derived roughness in those 

particular directions.  Also another station (FLUV) located just 3km south of an 83m high 

mesa did not show any noticeable effect upon the effective roughness length for those 

directions towards the north, at least compared to the higher mechanical mixing produced 

by shrubs located in the vicinity. 

 One station (MACY) is located only 10m from the edge of an escarpment (i.e. 

west Texas Caprock), two station are located 100m from complex terrain (PITC and 

SLAT) and eight stations (FLUV, PADU, PAMP, POST, ROAR, SILV, SNYD, and 

WHIT) are near complex terrain with a minimum flat fetch of 500 meters in all 

directions.  Five stations (ASPE, CLAR, GAIL, JAYT, and MEMP) have a flat terrain 

over 2 - 10km and the remaining 25 stations are located over flat terrain for more than 

10km in all directions.  Only MACY showed a noticeable effect upon the effective 

roughness length estimation due to topography and interestingly not when the wind came 

perpendicular to the edge but more or less parallel.  At the present time it is unknown if 

the anemometer at MACY station is situated above or below the separated flow of the 

escarpment for wind speeds greater than 8 m/s. 

 Inhomogeneity of terrain in this study is mainly attributable to exposure 

difference across wind directions, as opposed to topography.  The measure used here to 

identify exposure inhomogeneity is that the exposure correction factor, S (defined in 

Section 3.8), is 4% or greater (i.e. site is considered inhomogeneous if S≤0.96 or S≥1.04 

for any direction).  The value of 4% is represented by approximately an effective 

roughness length change (Δz0) of ~0.02-0.04 meters between any sector.  This value was 

chosen because a difference of this magnitude in the roughness length would mean 

departure from the typical ‘flat open terrain’.  For instance, using this measure thirteen 

out of 41 WTM stations (i.e. ASPE, FLUV, GAIL, JAYT, MACY, MEMP, PITC, 
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PLVW, SEAG, SLAT, SNYD, SPUR, WHIT) are inhomogeneous.  In Section 3.7 

isotropic and directional aerodynamic roughnesses are determined. 

 

3.7 Calculation of roughness lengths for west Texas, USA 

According to Beljaars (1987), to obtain a reasonable estimate of surface 

roughness using the standard deviation method one should use a mean of at least 20 

values of 10-minute turbulence intensity (see Barthelmie et al. 1993).  While according to 

Wieringa (1976) a dozen values of 10-minute measurements using U>6m/s produce an 

acceptable result.  The wind direction with the fewest records among all 41 

meteorological stations using two years of wind data with a starting threshold of 8 m/s 

contained 9 measurements of U5-min and σu-5-min.  This station had a low number of 

observations > 8m/s, most likely due to the high retardation upwind and a probable 

nonzero displacement height.  However, discarding the possible effect of a nonzero 

displacement height, 95% of the time wind directional analysis of roughness lengths 

contained a minimum number of 21 observations using two years of data recording 

summaries at 5 minute intervals. 

 Using two years of continuous wind data the turbulence intensity was determined 

for each 5 minute interval.  Then with the standard deviation methodology described in 

Section 3.4 the aerodynamic roughness z0 was estimated for all the 41 stations.  Figure 

3.5 shows the mean isotropic roughness length for the stations under consideration with 

standard values given by ASCE 7 (ASCE 7-05 2005) for the different terrain categories.  

It was found that roughness length in this region ranges from 0.011 to 0.027m 

irrespective of wind direction.  This is in the expected range for the generally well chosen 

open exposure sites.  Average directional aerodynamic roughnesses (z0)θ were calculated 

and results are shown in Figure 3.6.  When considering wind direction the aerodynamic 

roughness values were in the range of 0.005 – 0.201m, a much broader range with some 

specific departures from the isotropic analysis case. 
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Figure 3. 5: Isotropic aerodynamic roughness z0 for 41 meteorological stations 

 

 
Figure 3. 6: Directional aerodynamic roughness (z0)θ for 41 meteorological stations 
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Once the aerodynamic roughness is defined for a particular surface and direction, 

it does not change with wind speed, stability, or stress (Stull 1988).  A subject that has 

not been studied exhaustively is the uncertainties of the aerodynamic roughness which 

can be significant. However, while this author does not aim to discuss the uncertainties of 

the aerodynamic roughness one must bear in mind that with a bell-type distribution for 

the turbulence intensity (Figure 3.1), and the aerodynamic roughness related to the 

turbulence intensity by the inverse of the natural logarithm (Equation 3.4), one might 

expect for the aerodynamic roughness to have an exponential-type probability 

distribution and thus be subject to large variations.  This suggests that for a mean value of 

aerodynamic roughness to be well-defined one must have a relatively large number of 

samples to obtain a reliable average.  As mentioned in Section 3.7 a minimum number of 

20 observations are recommended. 

Since the value of aerodynamic roughness is directly proportional to the number 

of obstacles upwind for a certain distance, future expansion of built-up environment, 

deforestation and change in the spatial distribution of roughness elements (e.g. 

vegetation) will increase/decrease the aerodynamic roughness.  For this reason a 

summary of current approximated fetch distances to nearby obstacles is provided in 

Appendix B.  Future examination (i.e. in 5-10 years) of these fetch distances and its effect 

upon the estimation of aerodynamic roughnesses may be helpful to improve building 

design processes, projections of environmental impact to air quality, and the effect of 

exposure change upon wind power resources. 

Owing to local flow inhomogeneities the determination of representative 

aerodynamic roughnesses and wind profiles can be difficult.  The following examples are 

intended to provide case-studies of flow inhomogeneities explaining some of the apparent 

discrepancies shown in Figure 3.6 on account of directional aerodynamic roughnesses 

and fetch distances less than 200 meters. 

 

3.7.1 Case Study: Aspermont (ASPE) Mesonet Station 

The Aspermont Mesonet station (ASPE) is located at the Stonewall County 

Airport 4 km northeast of Aspermont, Texas.  The station is located at the boundary 
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between two different terrains in the east-west direction.  To the east of the station at 

approximately 15 meters shrub land begins and extends for several hundred meters (of 

the order of >3km).  The average shrub height is of the order of 2.5 meters.  To the west 

of the station lies the airfield and there is relatively uniform and smooth cover for 

approximately >3km.  Detailed directional aerodynamic roughness values are given in 

Figure 3.7.  Schematic side view and aerial photo are given in Figures 3.8 and 3.9.  

Roughness values are terrain and fetch dependent, giving higher values with short fetch 

distances to the rougher terrain in the east and decreasing roughnesses as the fetch of 

smooth terrain gradually increases towards the west.  The higher aerodynamic roughness 

with a ~15m fetch towards the shrub land (east) was 0.201m, while it is around 0.02m for 

the smooth terrain from the west.  Both these values are typical for the respective terrain 

(i.e. between classifications (Wieringa 1993) of long mature crop and bushland for the 

rougher terrain and short grass and moss for the smoother terrain).  The isotropic 

roughness for this site is 0.018m. 

 

 
Figure 3. 7: Directional roughness of ASPE Mesonet 
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Figure 3. 8: Schematic side view of ASPE Mesonet (not to scale) 

 

 
Figure 3. 9: Aerial photo of ASPE Mesonet 

 

3.7.2 Case Study: Seagraves (SEAG) Mesonet Station 

Seagraves Mesonet station (SEAG) is situated in Gaines County just a few 

hundred meters to the southwest of Seagraves city limits.  Surrounding terrain is mainly 

dedicated to growing cotton and part of the year is simply bare soil.  Detailed directional 

aerodynamic roughness values are given in Figure 3.10.  Schematic side view and aerial 

photo are given in Figures 3.11 and 3.12.  To the northeast of the station the city extends 

up to 2 km before returning to farmland, the effect of which is evident in the directional 

aerodynamic roughness increasing its value up to ~0.1m from the typical farmland values 

of ~0.02m.    The isotropic roughness for this site is 0.017. 
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Figure 3. 10: Directional roughness of SEAG Mesonet 

 

 
Figure 3. 11: Schematic side view of SEAG Mesonet (not to scale) 

 

 

 
Figure 3. 12: Aerial photo of SEAG Mesonet 
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3.7.3 Case Study: Spur (SPUR) Mesonet Station 

This Mesonet station is located in Spur, Texas, a city in Dickens County.  The 

station is located within the wake regions produced by a house and trees to the west and a 

low-rise building to the southeast.  Detailed directional aerodynamic roughness values are 

given in Figure 3.13.  Schematic side view and aerial photo are given in Figures 3.14 and 

3.15.  In addition, winds from 90˚ will also have some contribution from the city itself 

which extends up to 2km to the east of the station.  The sectors 90˚ through 158˚ are 

directly influenced by the building upstream giving values relatively constant for these 

directions. Sectors 225˚ through 270˚ are affected by the house and trees therein giving 

an aerodynamic roughness as high as 0.132m.  Wind data from this station should be 

used with caution since fetch distances in more than one wind sector are below 

recommended distances of a 150m fetch or 15 times the obstacle height (Wieringa 1976).  

The isotropic roughness for the site is 0.027m which seems reasonably small; this is due 

to prevailing winds from the south and south-west which are not significantly influenced 

by these local obstructions. 

 

 
Figure 3. 13: Directional roughness of SPUR Mesonet 
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Figure 3. 14: Schematic side view of SPUR Mesonet (not to scale) 

 

 
Figure 3. 15: Aerial photo of SPUR Mesonet 

 

3.8 Exposure correction factors for 41 meteorological stations in west Texas, USA 

To correct wind speeds so that measurements reflect values of a uniform 

homogeneous terrain, one must bear in mind that the adjustments are different for 

averaged wind speeds and for peak ‘instantaneous’ wind speeds.  Section 3.8.1 

summarizes the available methodology to correct mean wind speeds while in Section 

3.8.2 a new methodology is proposed to correct peak wind speeds based on a robust 

collection of gust factors defined for a wide range of exposures. 

 

3.8.1 Mean wind speed corrections 

Methods to calculate exposure correction factors for mean wind speeds have been 

previously proposed by Wieringa (1976) and Miller et al. (1998).  Given that turbulence 

data were available to determine site-specific directional roughness lengths Wieringa’s 

approach will be used here to determine the exposure corrections factors.  The concept of 
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‘blending height’ is introduced by Wieringa (1976) and summarized here.  There is a 

measured wind speed at the station (Us) associated with an effective roughness length at 

the station per wind azimuth (z0s)θ, however, if the site possessed a uniform reference 

roughness length z0r for all directions the station’s wind speed could be considered as 

truly regionally representative and the new wind speed would be called the reference 

wind speed (Ur).  The ratio between reference wind speed (Ur) and measured wind speed 

(Us) is what is called the exposure correction factor (F).  To achieve this conversion of 

roughness length, and thus of wind speed, a virtual height of 60 meters called ‘blending 

height’ is used where the local terrain obstructions have no influence upon the wind 

speed at that height.  At the present time the constant directional exposure correction 

factor is to be used with high wind speeds exceeding 8m/s, since a model to account for 

low wind speeds still remains to be developed.  Nevertheless, Wieringa (1976) argues 

that exposure correction factors are applicable to wind speeds greater than 6m/s as well.  

Equation 3.5 is used to obtain the exposure correction factor. 
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Where zb is the ‘blending height’ of 60 meters, zs and zr are the actual 

instrument’s height and reference height, respectively, in this case both are 10 meters.  

The effective directional aerodynamic roughness, (z0s)θ, is obtained preferably by any of 

the two turbulence-derived roughness methods (i.e. from standard deviation or gust data).  

These values were given in the previous section (Figure 3.7).  Finally, zor is the reference 

aerodynamic roughness length, commonly assumed a constant value of 0.02m for ‘open 

terrain’.  Figure 3.16 depicts the directional exposure correction factors for the 41 

meteorological stations.  The worst case corrections are -4% to +14%. 
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Figure 3. 16: Exposure correction factors for 41 stations in west Texas 

 

3.8.2 Peak (3-second) wind speed corrections 

Because the wind is turbulent, the Durst curve was developed for the conversion 

of wind speeds between different averaging times and was originated from one particular 

type of terrain exposure, ‘flat open terrain’.  As wind data are obtained from different 

sources designed to meet the specific demands of different applications, different 

averaging times are used in the databases.  Consequently, the Durst’s (1960) curve has 

become a standard reference for the conversion of wind speeds in the United States (see 

ASCE 7-05 2005 Commentary).  Commonly, after correcting mean wind speeds to the 

desired exposure, these values are adjusted to reflect a gust speed often attributed to an 

average wind speed over a short time period (e.g. averaging time of 3-second is 

associated to a 3-second gust).  By correcting the wind speeds for exposure to force its 

value to reflect ‘open terrain’ and then adjusting the averaging time using the Durst curve 

it is being assumed that turbulence in the exposure before correction is similar to that one 
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after the correction (i.e. the turbulence produced in ‘open terrain’ is the same in both 

exposures therefore a direct transformation can be made from mean wind speed over 

‘open terrain’ using Durst’s curve).  In addition, while it is well known that the Durst 

curve is applicable only to ‘flat open terrain’ no mention is made that within ‘flat open 

terrain’ the aerodynamic roughness is limited to vary only a few hundredths of a meter 

before it qualifies in a different terrain category.  In many sites this is possible for some 

wind directions.  Alternatively, some literature use the power law to correct peak wind 

speeds by assigning unique power exponents for peak wind speeds as opposed to the 

exponents for the mean wind speeds.  This is done exclusively with the power law 

because the exponent carries information from both the surface roughness and averaging 

time; however, in this author’s opinion this approach is not transparent and leads to 

fitting issues in the wind speed velocity profile that were not intended to be explained by 

a single variable.   

With the exception of correcting mean wind speeds, to the author’s knowledge, 

there is no transparent and practical way to convert peak wind speeds from one exposure 

to another without resort to the ‘open terrain’ assumption.  It is clear that these exposure 

corrections for the peak wind speeds must precede the assessment of extreme climatology 

in the United States (i.e. because peak gust data are used in design) and more so for 

directional extreme climatology but in the author’s opinion this is not appropriately 

addressed in the current literature.  With the purpose of making the peak wind data more 

homogeneous or adjust it to some particular standard exposure (e.g. ‘open terrain’, 

z0=0.02), 39 West Texas Mesonet stations were considered in the evaluation of exposure 

correction factors for peak wind speeds. 

 In the characterization of the turbulent structure of the wind the analyst needs to 

consider both mechanical and thermal properties of the air.  This is particularly true for 

convective atmospheric phenomena (e.g. such as thunderstorms, downbursts, cyclones) 

where thermodynamics, to a great extent, dictate the flow motion.  However, for the most 

normal circumstances, non-convective atmospheric phenomena (e.g. such as frontal and 

synoptic systems) are not as strongly influenced by the thermodynamics.  In fact, the 

turbulence of strong non-convective winds is governed by the mechanical mixing of the 

air.  Since the consideration of turbulence in convective environments warrants a more 
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detailed study and this is out of the scope of this research, only those observations with 

mean wind speeds larger than 8 m/s are used in the evaluation of the peak wind speeds to 

justify a near neutral atmosphere.  It should be noted that even doing so, some strong 

convective winds such as those produced by thunderstorms will be present in the analysis 

and are considered here as outliers in the estimation of gust factors. 

 A description follows for the correction of exposure for peak wind speed values 

for the assessment of extreme climatology.  Having meteorological stations exposed to a 

number of different aerodynamic roughnesses and with knowledge of the gustiness of the 

wind for these exposures gives the opportunity to outline a methodology for the exposure 

correction of peak wind speeds.  Numerical values of directional aerodynamic 

roughnesses for 16 directional sectors are given in Table 3.1.  Discarding the WTM 

station located close to the edge of an escarpment (MACY) and the station located in the 

wake region of buildings (SPUR) for obvious reasons, the remaining 39 stations possess 

aerodynamic roughnesses varying from 0.0047 to 0.2014 meters and with 617 unique 

values in between. 

For these stations, continuous 5-minute peak and mean wind speeds have been 

recorded for longer than 2 years at the time of this study.  Assuming that the aerodynamic 

roughness of the surrounding terrain has not changed, for this stage of the analysis all 

wind speed and direction records available were used as opposed to the two years of data 

used in the estimation of aerodynamic roughnesses.  The span of records for each station 

is given in Table 3.2 along with the number of observations where wind speeds were 

larger than 8 m/s. 

The gust factor (G) can be obtained for different averaging time periods just like 

the peak and mean wind speed. The gust factor is a measure of the gustiness of the wind 

with respect to the averaged wind during a given time period, as shown below: 

          (3.6) 
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Table 3. 1: Directional aerodynamic roughnesses as a function of direction [in meters] 
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Table 3. 2: WTM records used in the assessment of peak wind speeds 

 
 

Where G is the gust factor, Û is the peak wind speed, Ū is the averaged wind 

speed and t is the time period.  Every 5 minutes (t=5-min) WTM records peak and mean 

wind speeds, thus the gust factor was calculated for each observation of the WTM record.  

ABER 07/01/00 10/31/07 771,264 91,537
AMHE 07/01/01 09/30/07 657,216 68,649
ANTO 04/01/02 09/30/07 578,304 68,054
ASPE 06/01/04 09/30/07 350,208 12,991
BROW 04/01/01 10/31/07 692,352 69,897
CLAR 01/01/03 09/30/07 499,104 58,006
DIMM 10/01/01 09/30/07 630,720 88,624
FLOY 03/01/01 10/31/07 701,280 79,727
FLUV 07/01/02 10/31/07 561,024 37,867
FRIO 09/01/01 09/30/07 639,360 98,877
GAIL 11/01/01 09/30/07 621,792 28,239
HART 09/01/01 09/30/07 639,360 72,429
JAYT 08/01/03 09/30/07 438,048 19,186
LAMS 09/01/01 10/31/07 648,288 48,622
LBBW 10/01/02 09/30/07 525,600 30,226
LEVE 03/01/01 10/31/07 701,280 78,695
MALL 02/01/02 09/30/07 595,296 51,599
MEMP 07/01/03 09/30/07 446,976 22,312
MORT 04/01/01 10/31/07 692,352 71,554
MULE 03/01/01 10/31/07 701,280 65,225
ODON 06/01/01 09/30/07 665,856 65,976
OLTO 04/01/01 10/31/07 692,352 81,943
PADU 03/01/03 10/31/07 491,040 51,667
PAMP 11/01/03 10/31/07 420,480 63,662
PITC 12/01/02 10/31/07 516,960 39,218
PLAI 09/01/01 09/30/07 639,360 61,115

PLVW 02/01/01 09/30/07 700,416 50,659
POST 11/01/01 09/30/07 621,792 46,467
RALL 03/01/01 10/31/07 701,280 85,117
REES 06/01/00 10/31/07 779,904 101,771
ROAR 02/01/01 09/30/07 700,416 71,190
SEAG 07/01/01 10/31/07 666,144 44,791
SEMI 11/01/01 10/31/07 630,720 44,709
SILV 10/01/01 09/30/07 630,720 88,815
SLAT 02/01/01 10/31/07 709,344 84,164
SNYD 04/01/03 09/30/07 473,184 49,591
TAHO 02/01/01 10/31/07 709,344 72,384
TULI 10/01/01 09/30/07 630,720 89,082
WHIT 12/01/01 09/30/07 613,152 68,496

TOTAL: 2,423,133

WTM 
Station

No. of 
observations

No. observations > 
8m/s

End dateStart date
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Mean wind direction is also recorded every 5-minutes from which an associated 

aerodynamic roughness is given in Table 3.1.  Only those observations with a mean wind 

speed larger than 8 m/s were considered from 39 WTM stations for a total of 2,423,133 

gust factor estimations under different exposure conditions.  It should be noted that the 

number of observations in each particular aerodynamic roughness is not the same since 

some roughnesses are more common in the WTM than others; notwithstanding, a fairly 

good representation is obtained for all the roughnesses mentioned.  A minimum of 17 

observations was seen by the aerodynamic roughness with the lesser amount of 

observations, the remaining exposures having significantly more observations.  Figure 

3.17 show all the gust factor estimations as data points (with circle markers) with respect 

to the aerodynamic roughness.  Rather than calculating an average gust factor for each 

aerodynamic roughness, the median gust factors are shown (with diamond markers) to 

reduce the effects of any possible outliers produced by convective events.  Separating 

convective and non-convective systems from a network that spreads over more than 28 

counties in Texas can be very time consuming and unnecessary for this stage of the 

investigation.  A future step in the analysis will be to separate any gust factor estimation 

produced by convective systems from those non-convective systems; rather, we assume 

exposure correction of peak wind speeds based on the non-convective environment which 

is well described by the median of gust factors.  For the purposes of this dissertation 

where the WTM station to be used (REES) for the assessment of extremes is located over 

approximately uniform exposure for all directions this assumption is acceptable. 

The median gust factors as a function of the aerodynamic roughness [<G(z0)>] 

were fitted using a least squares approach as shown in Figure 3.18.  Approximately, 

eighty six percent of the variation in the median gust factor can be explained by a change 

in aerodynamic roughness (implied by a coefficient of determination R2=0.86). The 

remaining fourteen percent can be explained by the following possible reasons: (1) a 

considerable number of observations in a particular aerodynamic roughness were 

obtained under a convective environment, (2) the sector width of 22.5 degrees chosen to 

describe the directional aerodynamic roughness is too small so that peak values and thus 

gust factors may be better represented by a different direction and roughness or a 

combination of adjacent sectors, (3) the estimated aerodynamic roughness representative 
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of each direction may be changing by seasons or cannot be considered a fixed value, or 

(4) the fetch distance associated to the aerodynamic roughness values is not long enough. 

It is known that gust factors increase with aerodynamic roughness and this is 

validated by Figure 3.18, but second moment statistics for gust factors are less 

understood.  From Figure 3.17, the standard deviation of the gust factor was calculated 

for each aerodynamic roughness and is shown in Figure 3.19.  Although the relationship 

between the standard deviation of gust factor and aerodynamic roughness seem to be 

positively correlated (in a log scale) there are considerably more variations in the fitting 

compared to the previous fit (with a coefficient of determination, R2=0.585).  The 

principal reason for this is that as opposed to the medians, the estimation of the standard 

deviation is affected significantly by outliers that possibly come from a different 

population such as convective systems. Until the fit of standard deviation is improved in 

the future by separating convective from non-convective systems it will be assumed that 

the fit is reasonable. 

 

Stating the equations of the linear regressions: 

 

      (3.7) 

 

 

      (3.8) 
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Figure 3. 17: Gust factor over different terrain exposures (median values in dark red) 

 

 
Figure 3. 18: Fitting equation to the median gust factor (<G>) over different terrain 

exposures 
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Figure 3. 19: Fitting equation to the standard deviation of gust factor (<G>) over different 

terrain exposures 

 

If a gust factor obtained from actual measurements coincides with the median 

value approximated by Equation 3.7 then a direct transformation is possible by moving 

along the regression line.  Otherwise, more commonly, gust factors from measurements 

will differ from the median, in which case some sort of relationship between gust factors 

obtained from actual measurement and those estimated from the median can be used to 

convert gust factors to different exposures.  The normalized difference of the actual 

measurement and the median value over the standard deviation for the actual site will be 

used as the proportionality between the actual site and the reference site.  Such 

proportionality is illustrated in Figure 3.20 and mathematically given by Equation 3.10. 
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Figure 3. 20: Illustration of the correction methodology for peak wind speeds 

 

From Equation 3.6, a gust factor derived from wind measurements can be 

calculated straightforwardly.  Such value denoted by (*) in the figure will be referred to 

as the measured (or actual) gust factor, G(z0,actual)M.  Median gust factors at z0, actual and 

z0, ref are obtained from Equation 3.7 and hereafter are called <G1> and <G2>, 

respectively.  If the same wind environment from site with z0, actual were present in a 

different exposure, such as the site with the reference aerodynamic roughness, the gust 

factor is likely to be related proportionally to the magnitude of variations in the gust 

factor at the reference site.  A measure of the variations of the gust factor across different 

exposures is given by the standard deviation depicted by Equation 3.8.  Consequently, an 

estimated gust factor can be obtained and is denoted by (Δ) in the figure, or as G(z0,ref)E 

in Equation 3.9. 

 

       (3.9) 
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Where ÛE is the estimated peak gust and ŪE is the estimated average wind speed 

in 5-minutes at the reference site.  Previously it was shown how to correct the measured 

mean wind speed, ŪM to get ŪE by means of the exposure correction factor, F.  The 

correction to adjust G(z0,actual)M to G(z0,ref)E can be approximated by Equation 3.10, as 

shown below. 

 

    (3.10) 

 

Even if the standard deviation of gust factor does not follow the linear regression 

perfectly (Figure 3.19) it seems reasonable to consider the unique variations in gust factor 

with aerodynamic roughness that neglecting it.  Equation 3.11 depicts the conversion 

from measured peak wind speeds in one exposure to peak wind speeds at a different 

exposure. 

 

  (3.11) 

 

An example using real data from a WTM station and the approach previously 

discussed to correct a peak wind speed follows. 

 

Example: For a given site a north-easterly wind had a 3-sec peak wind speed of 47.07 

m/s and mean wind speed of 31.15 m/s over a 5 minute time period.  The actual 

aerodynamic roughness for the North-East is z0, actual= 0.009 m.  It is desired to convert 

the 3-sec peak wind speed from the actual site to a standard ‘open terrain’ with z0, ref = 

0.02 m. 

 

Solution: From previous calculations the exposure correction factor for mean wind 

speeds F = 0.975.  The measured gust factor G(z0,actual)M can be calculated from Equation 

3.6, the median gust factors <G1> and <G2> can be calculated from Equation 3.7, and the 
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standard deviation of gust factors σG(z0,actual) and σG(z0,ref) can be obtained from Equation 

3.8. 

  

 

 

 

 

 

From Equation 3.10 the gust factor correction is as follows: 

 

 

This means that from an actual gust factor of 1.511 in smooth terrain the gust 

factor increased to 1.598 in a slightly rougher terrain or ‘open terrain’. In which case the 

corrected peak wind speed is calculated as follow: 

 

 

 

3.9 Concluding remarks 

A summary of the available methods to estimate aerodynamic roughness lengths 

is given.  The method employed greatly depends on the application and on the data 

availability.  If multi-level wind measurements are available at the site and extrapolation 

of wind speeds to other heights is the objective, the profile-derived roughness should be 

used.  For an actual representation of site turbulence intensity, profile-derived roughness 

would appropriately describe the turbulence in flat homogeneous terrain only.  If wind 

measurements are available at a single height (preferably at a height of 10 meters) and 

summary statistics are collected at time intervals where wind speed is stationary, the 

standard deviation method can be used.  If the user does not possess standard deviation 
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but only gust and average wind speeds the gustiness-method is the only choice from 

measured wind data. 

The author note a need for more research on the empirical constant σu/u* and its 

possible variations.  As more data becomes available nationwide through the different 

mesoscale meteorological networks more knowledge of this ratio would prove to be 

useful for wind speed exposure correction and atmospheric boundary layer modeling.  If 

data availability is an issue a wind speed starting threshold of 6 m/s as suggested by 

Wieringa (1976) can be used, however, it was found that at U ≥ 8 m/s the turbulence 

intensity is almost independent of the effects of atmospheric stability (c.o.v is 

approximately 20%) thus uncertainty in the roughness length estimation should be 

optimal. 

 Isotropic and directional roughness lengths were determined for 41 sites in West 

Texas, USA.  There are 13 of the 41 meteorological stations in the West Texas Mesonet 

are located in aerodynamically inhomogeneous sites.  The remaining 28 stations are 

located in relatively homogeneous exposure. It can be noticed that while the ASCE 

values for roughness lengths do indeed coincide with actual site exposures (Figure 3.5), 

estimated values in the Standard (ASCE 7-05 2005) for turbulence intensity using 

equation 6-5 of the Standard were slightly over estimated as can be seen from the flat 

smooth uniform conditions at REES station (Figure 3.3). 

  An observation was made against some recent findings concerning the effect of a 

distant bluff type feature upon the turbulence structure and thus the effective roughness 

length estimation. A butte and an escarpment located at fetch distances of 3.5 and 3km, 

respectively, from two different stations did not show any noticeable effect on the 

turbulence at the surface. 

 Three case-studies are presented on account of aerodynamic terrain 

inhomogeneity to indicate caution in particular stations and to show the results of 

turbulence derived roughness length estimation in different flow conditions.  Lastly, 

exposure correction factors are determined for the 41 meteorological stations located in 

west Texas, USA.  These will be used to improve the analysis of the mesoscale 

environment for both mean and extreme climate studies.  Exposure correction factors 

ranged from -4% to +14% for mean wind speeds.   
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The correction of peak wind speeds was discussed in detail.  Results from the 

example indicate that while the mean wind speed is reduced by 2.5% (F=0.975) when 

exposure goes from smoother to rougher terrain the peak wind speed is in overall 

increased by 3% considering the fact that rougher terrain is more turbulent.  An increase 

of ~1.5 m/s was seen by the peak wind speed when the actual site has an aerodynamic 

roughness one order of magnitude smaller than that of ‘open terrain’.  When estimating 

the aerodynamic roughness from visual inspection typical errors can be of two orders of 

magnitude (Wieringa 1993) thus leading to considerable misrepresentation of the 

gustiness of the wind and hence getting inaccurate assessments of the extreme 

climatology.  In fact, the conclusions drawn from this example go against the typical 

thinking that the rougher the terrain the lower the wind speed, which is true for mean 

wind speeds but not so for peak wind speeds. 
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CHAPTER 4 

MEAN WIND ENVIRONMENT 

 

Abstract: 

 

The two-parameter Weibull probability distribution function is often used to fit 

continuous mean wind speed data.  An extension to the traditional isotropic approach that 

accounts for wind directionality is presented in this chapter.  Parameters of the Weibull 

distribution are determined for both the non-directional and directional cases using six 

years of parent 5-minute mean wind data and predictions of wind speeds are then made.  

Wind power availability as a resource is proportional to wind speed cubed and therefore 

quantification of uncertainties are desirable to reduce economic losses.  Uncertainties in 

the parameters of the Weibull distribution are estimated and suggestions are given on the 

length of observation time necessary for reasonable estimates of these parameters.  By 

estimating the coefficients of variation of directional probabilities, shape parameter and 

scale parameter of the Weibull distribution for different lengths of wind data records the 

minimum length of observation time needed to render precise estimates of the probability 

density function is determined.  We find that low uncertainties in the shape and scale 

parameters are obtained using only one year of these data in the non-directional approach 

and two years for the directional approach. 

 

4.1 Introduction 

For some design applications there exists a need to predict the wind speed 

distribution using complete information on the parent data (Holmes 2001), for example, 

analysis of fatigue failures, vortex shedding, air quality assessments, and in wind power 

applications.  While most of the previous work focused on the prediction of extreme 

value distributions due to their applicability to structural design, reliability, and safety, 

the study of wind parent distributions is not yet exhaustive due in part to little availability 
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of long records of high-resolution wind data and the lack of computer power to 

manipulate them. 

Nevertheless, Gomes and Vickery (1977) supported the use of parent wind data to 

predict the extreme values.  Though this is a subject of current debate and some have 

argued that these approaches are likely to be less accurate than the direct use of extreme 

values from long records (Holmes 2001; Simiu 2007) there are still ongoing efforts 

(Cook and Harris 2004, 2006; Larsen and Mann 2006) to study extreme values using 

parent wind data.  In light of most parent wind data collected, i.e. in an hourly basis, this 

approach still seems to challenge the relationship between parent and extremes, since it 

will give misleading results in mixed wind climates (Holmes 2001; Gomes and Vickery 

1978; Cook and Harris 2003) where multiple atmospheric mechanisms are observed.  

Recent research in the UK shows that by flagging data by the causal mechanism, 

whenever possible, the mixed climate environment could be analyzed in such a way that 

extremes can be predicted from the parent data (Cook and Harris 2006).  Since the intent 

of this chapter is not focused on extremes but rather with mean wind speeds it does not 

consider the mixed climate inherent in the wind distributions but rather studies the 

convergence in time of the parameters using commingled datasets. An exhaustive 

analysis of extreme wind speeds is given in Chapter 5. 

In extreme value theory, wind data are extracted from the parent data and 

statistical independency between extracted observations is crucial since they have to be 

from different events.  Fortunately, for long records of parent wind data, Ramirez and 

Carta (2005) proposed a procedure to determine sampling interval necessary to have 

independency between observations and they concluded that the Weibull shape and scale 

parameters are not influenced by whether the observations are dependent or independent 

(Ramirez and Carta 2005; Carta, personal communication 2006). 

In the present time we possess relatively long high-resolution wind data sets and 

the computer power to analyze more complete information about the wind climatology.  

A more systematic way to consider wind directionality needs to be undertaken to not only 

establish the probability of occurrences of wind speed magnitudes but to establish the 

probability density as a function of direction as well.  From the specialized literature it 

has been found that with few exemptions (O.E. Smith 1976; Gavalda et al. 1992; Martin 
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et al. 1999), little attention has been paid to the relation of mean wind speed distributions 

related to wind directionality.  Refer to Section 5.6.5 for more details about extreme 

directional wind analyses. 

After comparing various estimation methods for the Weibull parameters, Stevens 

and Smulders (1979) found that the estimation procedure used in finding the Weibull 

parameters have no significant effect on the calculated values.  Five different estimation 

methods were compared therein: method of moments, method of energy pattern factor, 

maximum likelihood method, Weibull probability paper and the use of percentile 

estimators.  Stevens and Smulders (1979) concluded that the Weibull probability paper is 

an adequate tool in analyzing wind speed data for wind energy purposes.  However, the 

modern approach to the Weibull probability paper, also called the graphical method, is 

surrogated by the least squares method which can also weight the fit by the number of 

cumulative frequency of wind speeds.  The weighted least squares method is used in this 

study since it proved to be a better estimator than the simple least squares method and 

because of ease to implement as a closed-form solution. 

 Section 4.2 is devoted to the definition of wind measurements used for the site in 

west Texas, USA.  In Section 4.3 an extension to the traditional isotropic analysis (i.e. 

using wind speeds irrespective of wind direction) to consider wind directionality is 

presented.  In Section 4.4 the weighted least square method is presented as the estimation 

procedure used for this investigation.  Section 4.5 describes the methodology followed in 

this study to analyze how the length of wind data records play a key role in obtaining 

accurate estimates of the shape and scale parameters.  Section 4.6 shows the results of our 

investigation.  In 4.6.1, general results of the directional probability, shape, and scale 

parameters using the complete record of six years of wind speed and directional data are 

shown.  Section 4.6.2 gives results as a function of period of observation and 4.6.3 shows 

the convergence of coefficients of variation of the Weibull parameters as a function of 

length of observation.  Conclusions are presented in Section 4.7. 
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4.2 Wind Measurements 

The meteorological stations used in this study are part of the West Texas Mesonet 

(WTM), a network of 51 surface observation stations throughout west Texas, USA.  

More specifically, the site chosen for the analysis of convergence of Weibull parameters 

is located at Reese Technology Center in Lubbock, Texas.  The 10 meter tower is located 

in flat open terrain.  A more complete description of the Mesonet can be found in 

Schroeder et al. (2005).  In addition, for the estimation of Weibull parameters, 41 

Mesonet stations were used.  The meteorological parameters used in this study were the 

wind speed and direction.  Wind speed and direction are measured using an R.M. Young 

05103 propeller type anemometer at a sampling interval of 3 seconds, and a recording 

interval of 5 minutes (or often said, 5-min sampling interval).  The resolution and 

accuracy of the propeller is 0.03 m s-1 and 2% for the wind speed, and 0.05º and 3º for 

wind direction, respectively.  The starting threshold of the anemometer is 1 m s-1.  The 

WTM database stores records of 5-min mean wind speed and direction as well as 5-min 

peak gust wind speed values. 

Quality Assurance/Quality Control (QA/QC) procedures are part of the WTM 

maintenance to the meteorological stations.  A set of computer routines automatically 

flag questionable and/or bad data, while a human decision maker renders a final 

conclusion.  See Schroeder et al. (2005) for a comprehensive explanation of WTM 

QA/QC procedures. 

 Six years of surface meteorological data for the Reese Technology Center from 

June 2000 to May 2006, are used in this study.  From 630,720 possible observations in 

six years, 173 observations (0.03%) were discarded due to equipment outages.  With the 

purpose of having complete information for the site in consideration, the average hourly 

wind speed and direction for the 6 year record are presented in Figures 4.1 and 4.2.  

Average hourly wind speeds and directions were obtained by averaging 5-minute 

observations into each hour of the day throughout the year for the 6 year period.  Wind 

direction averages are governed by circular variable statistics and therefore wind 

direction is averaged by finding the mean of components u and v in the horizontal plane.  

Notice in Figures 4.1 and 4.2 that year 2000 and 2006 are half-years and their averages 
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just reflect seasonal differences between Spring and Fall.  In addition, the monthly 

average wind speed and direction are presented for the same time period in Figure 4.3. 

 Higher wind speeds occur from 10:00 CDT through 18:00 CDT over the entire 

record of six years.  Hourly 5-min mean wind direction fluctuate over five directional 

sectors throughout the day, while the monthly average range fluctuates over eight sectors.  

Prevailing winds are in general southerly, however, during the Winter-Spring months the 

prevailing wind has more of a westerly component (SSW) while in the Summer-Fall 

months more of an easterly component (SSE), the latter perhaps indicative of a monsoon 

circulation.  For hourly averages, wind direction varies within a range of approximately 

70 degrees.  During daylight hours surface wind measurements show a westerly 

component because there is mixing between the surface air and the free atmosphere 

above (prominently westerly aloft).  As the sun sets the mixing in the atmosphere ceases 

and the winds shift to easterly at night.  This is illustrated in Figure 4.2. 

 
Figure 4. 1: Daily pattern of 5-min mean wind speed at Reese station 
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Figure 4. 2: Daily pattern of 5-min mean wind direction at Reese station 

 

 
Figure 4. 3: Monthly averages of 5-min mean wind speed and direction at Reese station 

 

4.3 The Weibull Distribution 

The Weibull distribution is commonly used to describe wind speed distributions 

as the natural distribution often matches the two-parameter Weibull shape.  The Weibull 
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probability density function (pdf) is commonly used for isotropic winds (i.e. wind speeds 

irrespective of wind direction).  For such isotropic winds the Weibull pdf is described by 

Equation 4.1. 



















−⋅






⋅






⋅>=

− k
i

k
i

iv c
vEXP

c
v

c
kvPvf

1

)0()(      (4.1) 

 

Where P(v>0) is the probability that the wind comes from any direction (i.e. one 

minus relative frequency of calms), k is the non-dimensional Weibull shape parameter, c 

is the Weibull scale parameter, with units equal to the wind speed units, and vi is the wind 

speed in consideration.  It has been suggested (Conradsen and Nielsen 1984) that in the 

ideal isotropic situation, wind speed data would lead to wind distributions of the Rayleigh 

type (i.e. shape parameter k equal to 2), however according to Hennessey (1978) and 

Justus (1978) a Weibull distribution analysis is always preferable. 

Predictions not only of magnitude but in directionality are needed to better define 

models in failure analysis and wind energy applications.  Equation 4.2 is an extension of 

the isotropic Weibull distribution to predict the climatology per directional sector at a 

given site.  The volume under the surface given by Equation 4.2 is near unity, calms here 

also need to be considered. 
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Similar to the isotropic case, k(θj) and c(θj) are the shape and scale parameters, 

respectively, with the specialization that the parameters are functions of direction and 

P(v>0,θj) is the probability that the wind is from direction θj (hereafter called A[θj]).  

Depending on the method used to determine the parameters in the pdf above, it may 

require a very careful definition of the cumulative distribution function (cdf) since 

grouping the data by specific bin width sizes may bias the results (Cook 2001).  Such 

definition of the cdf is explained in the following section. 
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The following equations are the Weibull cumulative distribution functions for the 

isotropic and directional cases, respectively Equations 4.3 and 4.4. 
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In many applications the Weibull parameters are used to calculate the moments 

and statistical properties of a random variable.  For instance, the two-parameter Weibull 

is related to the average wind speed and variance by Equations 4.5 and 4.6. 
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where Γ( ) is the gamma function. 

 

4.4 Estimating the parameters of the Weibull distribution 

There are many procedures to estimate the parameters of the Weibull probability 

distribution function.  The most frequently used and popular methods in wind 

engineering are the maximum likelihood method (ML), method of moments (MM) and 

least squares method (LS).  One way to find the parameters of the Weibull probability 

distribution function is by using a numerical optimization procedure (e.g. maximum 

likelihood procedure), which has proved to be very efficient (Ramirez and Carta 2005; 

Conradsen and Nielsen 1984; Seguro and Lambert 2000; Corotis et al. 1978).  However, 

a non-iterative estimation of the minimization problem can be achieved with an analytical 

closed-form solution (e.g. least squares procedure and method of moments).  The least 

squares method is desirable in our study since it can be easily incorporated into our 
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MatLab® code as a non-iterative procedure and thus reduce computation time for the 

large number of samples being analyzed. 

 Owing to the use of the square of the residuals, outlying points can have a 

disproportionate effect on the fit.  Therefore the use of the weighted least squares (WLS) 

method rather than the simple LS is used here.  From Table 4.1, the weighted least 

squares procedure is in general a better estimator than the simple least squares procedure.  

The mathematical derivation for the weighted least squares method is given in Appendix 

C, and was first given by Bacon (1953).  

 Several of the more efficient, non-iterative estimation procedures are based on 

properties of order statistics (Cook 2001; Conradsen and Nielsen 1984) to avoid bin size 

effects on the estimation of parameters, therefore order statistics are used in this 

investigation.  As advised by Cook (2001; personal communication 2006), the cdf has 

been estimated from the order statistic of the cumulative median in each wind speed 

range, i.e. after sorting wind speeds in ascending order we determined the cumulative 

median of the number of observations in each bin by  
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Where ri is the cumulative median in each bin and N is the total number of 

observations.  Note in Table 4.1 that sorting wind speeds in descending order will not 

give the same results.  The frequency of calms is an aspect that has not been well 

recognized as part of the Weibull fit in many of the specialized literature for the 

assumption that calm wind speeds pertain to a zero value and only nonzero values are 

used in the fit.  However, in this study the influence of including calms in the fit has been 

examined, and results indicate that by considering the frequency of calms we can obtain a 

better fit of the Weibull distribution.  Calm is defined as weather conditions where winds 

are not detected, in Section 4.2 we indicated that the wind anemometers used here have a 

starting threshold of 1 ms-1 therefore calms are wind speeds between 0-1 m s-1 and we 

chose to use the midpoint 0.5 ms-1 to include calms in the fit.  To determine the 

importance of such consideration of calms in the fit we use the root-mean-square (RMS) 
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approach, as suggested by Justus et al. (1976b), to calculate the residual errors of the 

cumulative probability function.  If observed cumulative probabilities Pobs(v≤vi) are 

available at a set of speeds vi and the weighted least squares fit produces a set of 

calculated cumulative probabilities Pcalc(v≤vi), then the RMS residual error є is given by 
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In Table 4.1 various scenarios for order statistics were analyzed.  While methods 

1, 2, 5 and 6 were obtained assuming that calms have a wind speed value of 0 m s-1, 

methods 3, 4, 7 and 8 were obtained using the midpoint value of 0.5 m s-1.  Descending 

and ascending order statistics were tested and a Rayleigh type distribution was included 

for comparison purposes.  Residual errors were smaller if a midpoint value of 0.5 m s-1 

for calms is assumed and ascending order statistics used.  Though assuming a Rayleigh 

distribution is reasonable (i.e. rms residual error of 6.68 %) at the surface level (i.e. 10 

meters above ground level) the Weibull distribution gives a shape parameter 8% larger 

for our site.  Furthermore, Justus et al. (1976a,1976b) found that shape parameters 

increase up to a height of 100 meters, thus we conclude that for wind energy applications 

(i.e. wind turbine rotors installed at heights >10m)  the Rayleigh assumption is not good 

for our region. 

 

Table 4. 1: “Goodness-of-fit” for various order statistics and Rayleigh type 
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4.5 Experimental Procedure 

To study the convergence of the parameters of the Weibull distribution as a 

function of period of observation, we developed a partitioning procedure to run the 

analysis numerous times. The six years of data were partitioned into 13 different 

categories or subdirectories: daily, weekly, bi-weekly, monthly, 3 months, 6 months, 9 

months, 1 year, 2 years and 3 years.  Table 4.2 shows the structure of subdirectories with 

the number of samples and number of observations in each sample.  For instance, in the 

Daily subdirectory, six years of data were partitioned into 2189 consecutive datasets 

(days), each containing 288 observations.  Within a subdirectory we will call each dataset 

a sample. 

Analyses are rendered for both isotropic and directional winds.  It is necessary to 

define the classification used for the determination of number of occurrences.  As 

suggested by Conradsen and Nielsen (1984), owing to a starting threshold of 1 m s-1 of 

the wind monitor we defined calms as those wind speeds between 0 and 1 m s-1.  Intervals 

of 1 m s-1, i.e. v0= [0, 1), v1= [1, 2)… vj= [j, j+1] m s-1, were chosen for wind speeds in 

the isotropic and directional cases. 

 

Table 4. 2: Datasets partitioning structure 

 
 

In the directional analysis, wind direction classification corresponds to dividing 

the wind rose into 16 sectors, (i.e. wind direction intervals of 22.5°), with 0° North being 

the first sector as shown in Figure 4.4 and sector “0” reserved to denote an indicated 
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calm.  For the isotropic case, wind direction classification is analogous to having one 

360° sector with an extra sector “0” to indicate calms.  The midpoint of classifications 

will be used for plotting histograms. 

 
Figure 4. 4: Wind direction classification 

 

 
Figure 4. 5: Definition of number of occurrences for directional analysis in matrix form 

 

The number of occurrences in each wind speed and direction classification was 

determined using a MatLab® based code.  A matrix was created and stored for each 

sample following the structure shown in Figure 4.5.  Where ni,j is the number of 

occurrences in the directional sector i and wind speed range j.  Indices i = 0, 1, 2,…, 16 

and j = 0, 1, 2,…, k are for wind direction sectors and wind speed classes, respectively.  

First row and column n0,0 corresponds to total number of calms, where 
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Probability distributions of a positive variable, such as the magnitude of wind 

velocity, will always take a value greater or equal to zero and as such the probability 

distribution fitted to the data should describe the variable in its entire domain.  Strictly 

speaking, a true calm would be defined as a period of zero wind speed, however, due to 

instrument limitations (e.g. starting threshold) this can rarely be measured precisely.  By 

definition in meteorology, a calm is considered as a weather condition when no air 

motion (wind) is detected, which with the anemometers in use in this investigation that is 

wind speeds between 0 and 1 meters per second.  The pragmatic assumption using the 

two-parameter Weibull probability distribution with shape k>1 (i.e. not an exponential 

function) is that a stationary mean wind speed of  is not possible anywhere above 

ground level.  Therefore due to instrument limitations, after obtaining the number of 

calms among all sectors n0,0, calms can be distributed either isotropically in all directions 

or proportional to the number of occurrences in each direction using the first wind speed 

class [1-2 ms-1]).  See Justus (1978) for a detailed description of distribution of calms.  In 

the isotropic analysis, occurrences are defined in two rows; first row is designated for 

calms only and second for calms and nonzero wind speeds. 

The procedure presented in Section 4.4 for the estimation of parameters of the 

Weibull distribution was then followed.  Parameters of the Weibull distribution were 

found for the isotropic and directional cases for comparison purposes. 

 

4.6 Analysis of results 

For the common isotropic analysis, there should be a representative set of 

parameters of the Weibull distribution for a certain site.  A directional analysis will yield 

a set of parameters of the Weibull distribution per sectorial winds, meaning a more 

detailed representation of the wind climate environment.  In the following sections, 

results of the non-directional (i.e. isotropic) and directional analyses are presented.  In 

Section 4.6.1 the estimation of parameters using all the data available is shown to 

illustrate the convenience of a directional analysis.  In Section 4.6.2 results of the 
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estimates of the Weibull parameters were obtained for each sample in the different 

observation-time records.  In Section 4.6.3 convergence of the parameters is presented in 

terms of the coefficient of variation for the different lengths of observation time. 

 

4.6.1 Estimation of parameters using 2000-2006 data 

Generally an isotropic analysis is rendered at sites to determine wind power 

capability, structural failure due to fatigue or in any assessment where a mean wind speed 

is required for analysis.  Results of analysis using the isotropic approach and six years of 

high-resolution data are presented in Figure 4.6.  In this case a Rayleigh type distribution 

slightly underestimates the probability of high frequency wind speeds while the Weibull 

WLS approach considers the weight and is a better fit (See Table 4.1). 

Wind by nature varies not only in magnitude but also in direction.  A model to 

describe the two-dimensional field of the wind was given in Section 4.3 as an extension 

of the one-dimensional Weibull distribution.  The number of observations per wind speed 

and directional sector was determined as discussed in Section 4.5, and subsequently the 

parameters of the Weibull distribution were obtained following procedure described in 

Section 4.4 for each direction. 
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Figure 4. 6: Isotropic analysis of Weibull distribution for Reese station 

 

Since the probability that the wind is from any given direction P(v>0,θi) is needed 

in the directional analysis, a wind rose was created to show such probabilities (See Figure 

4.7).  The sum of these probabilities plus the relative frequency of calms must equal 

unity.  From this probability we can see again that the prevailing winds are from the S, 

SSW and SSE.   

In Figure 4.8 the shape and scale parameters per directional sector are shown for 

the Reese WTM station.  In an isotropic analysis the shape parameter k = 2.158.  In 

actuality, the shape parameter k varies greatly with direction from 1.827 in the north-

northwest to 2.579 in the south.  The isotropic shape parameter can be considered to be a 

rough estimate of the average directional shape parameter.  Winds in the prevailing wind 

direction possess less variation in the speed (i.e. higher shape parameters) which is not 

taken into account when doing an isotropic analysis.  In our case-study, shape parameters 

in the prevailing wind direction were 20% higher than the isotropic value.  Therefore the 

directional analysis provides a more detailed representation of the environment that 

enhances the understanding of site-planning for wind turbines and investigation of 

failures due to fatigue (e.g. the vibration produced in mast arms of traffic signals, cable-
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stayed and suspension bridges).  Appendix D contains the Weibull parameters obtained 

irrespective of direction and w.r.t. directions for 41 meteorological stations in west Texas. 

By comparison to the effect of wind directions and the sensitivity of the Weibull 

pdf in the shape parameter, the scale parameter c is quite stable.  However we need to 

keep in mind that small changes in the scale parameter will also affect the statistical 

functions (e.g. Equations 4.5 and 4.6) proportionally thus influencing changes in the wind 

power assessment since power is calculated with wind speed cubed.  Here the isotropic 

scale parameter (c = 5.855 m s-1) is also an approximation of the average directional scale 

parameter.  Here, scale parameters have values as low as 4.964 m s-1 for the easterly 

winds and as high as 6.609 m s-1 for northerly winds.  This near stable scale parameter 

was due to the existence of a predominant wind speed range in all directions. 

 A three-dimensional histogram for the Reese WTM site is given in Figure 4.9(a).  

Figure 4.9(b) shows the Weibull fit to wind speed per wind direction using the 

parameters described before.  Residual errors ε(θ) are given in Figure 4.10 showing how 

the total isotropic residual error given in Table 4.1 is distributed among sectors.  From 

Figure 4.8, we can see again that a Rayleigh type distribution is not a good representation 

of the shape parameters in the directional approach since for most directions the k-values 

from the weighted fit are much larger than 2. 

 

 
Figure 4. 7: Probability that wind is blowing from certain direction, P(v>0,θi) 
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Figure 4. 8: Parameters of Weibull distribution obtained by directional analysis approach 

 

 
Figure 4. 9: (a) 3D histogram of wind data at Reese station (b) Directional analysis using 

Weibull distribution for the Reese station 
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Figure 4. 10: RMS residual errors (%) per direction 

 

4.6.2 Results by length of observation time 

A MatLab® based code was created to process all samples.  In every sample, for 

both isotropic and directional cases, the probability of wind A(θ), the shape parameter 

k(θ) and scale parameter c(θ) were obtained.  Each box in Figures 4.11, 4.12 and 4.13 

represent a subdirectory where several samples were available.  To avoid duplication of 

similar charts, the most probable (i.e. prevailing) and least probable winds were selected 

to show how the parameters of the Weibull distribution are filtered out depending on the 

length of observation time.  The most probable wind direction is 180 degrees (i.e. 

southerly winds) while the least probable wind direction is 315 degrees (i.e. 

northwesterly winds).   

It can be seen that the probability of winds A(θ) in the prevailing direction have 

larger amplitudes of variations than the least probable direction for all observation times 

in Figure 4.11.  From weekly to monthly data analysis the peaks of the probability of 

winds coming from the prevailing direction occur in the summer, while the highest 

probability of winds coming from the least probable direction occurs in other seasons 

(e.g. winter).  Figure 4.11 also indicates that directional probabilities have a distinct 

annual periodicity. 
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Since sufficient data did not exist for some short observation periods, i.e. datasets 

with less than a month of records, the shape and scale parameters could not be calculated 

for the entire set of samples and summary statistics were not obtained.  From this study 

no obvious connection could be established between the shape or scale parameters and 

the season of the year (Figures 4.12 and 4.13). 
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(a) 

 
 (b)  

Figure 4. 11: (a) Variations with observation time of probability of blowing wind in the 

prevailing direction, A(180) and (b) in the least probable direction, A(315) 
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(a) 

 
 (b) 

Figure 4. 12: (a) Variations with observation time of Shape parameter in the prevailing 

wind direction, k(180) and  (b) in the least probable wind direction, k(315) 
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(a) 

 
(b) 

Figure 4. 13: (a) Variations with observation time of Scale parameter in the prevailing wind 

direction, c(180) and (b) in the least probable wind direction, c(315) 
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4.6.3: Convergence of parameters in time 

The estimation of parameters of the Weibull distribution function is a search for 

optimal values that help to predict the climate environment.  In this study we 

concentrated our efforts on how the length of records affects the estimation of the 

Weibull parameters.  To define the robustness of the datasets necessary to obtain 

reasonable estimates of the Weibull parameters, we tested the “rate of convergence” of 

the parameters as a function of time. 

As a measure of uncertainty and to study the convergence of the parameters of the 

Weibull distribution as a function of time we determined the coefficients of variation 

(c.o.v) for the isotropic and directional case.  Figure 4.14 shows the convergence of 

parameter A(θ) (i.e. the probability that wind is coming from θi), while Figures 4.15 and 

4.16 show the convergence in time of the shape and scale parameters, respectively.  For 

comparison purposes the bold solid line in Figures 4.15 and 4.16 show the convergence 

for the isotropic analysis.  In these figures, prevailing wind directions are also 

emphasized with bolder lines. 

For the majority of wind directions, using one year of records would yield an 

uncertainty in the probability of A(θ) below 20%.  Notice that although in some wind 

directions the uncertainty of probability A(θi) does not decrease after one year, the 

uncertainty of the probability A(θ) for the prevailing winds decrease after one year to an 

optimum uncertainty below 5% for three years of record.  Though the accuracy of 

directional probability does not improve for all directions, it seems that at least for the 

prevailing winds the accuracy can slightly improve with longer records.  Note here that 

values obtained with three years of record only contain 2 samples thus further research 

and data availability will help to get more robust results for this length of record.  We can 

tell that for the majority of wind directions two years of record seems reasonable to 

provide an accurate estimate of A(θ).  Uncertainty in the probability of calms is around 

10% for two years. 

The Weibull distribution is very sensitive to the shape parameter, k, (Figure 4.15); 

therefore uncertainty in the estimates of the shape parameter will significantly affect the 

distribution.  Using one year of records, the isotropic approach yield uncertainties below 



Texas Tech University, Rolando E. Vega, August 2008 

81 

 

2% while the directional approach is below 10% for all directions.  With two years of 

record the isotropic analysis yield uncertainties below 1% while it is below 5% for the 

majority of wind directions.  Notice from Figure 4.15 that after two years, a longer wind 

dataset does not improve accuracy for the shape parameter for several wind directions.  

Therefore for an isotropic analysis it is our understanding that one year of wind data are 

sufficient to obtain a reasonable estimate of the shape parameter while two years seem 

appropriate for the directional analysis. 

Small changes in the scale parameter, c, (Figure 4.16) do not significantly affect 

the Weibull distribution but we know that uncertainties in this parameter are proportional 

to many of the statistical functions (e.g. Equations 4.5 and 4.6).  From Figure 4.16 we can 

see that the scale parameter reaches its optimum at two years for both the isotropic and 

directional analysis.  While for most of the less probable wind directions the accuracy of 

the scale parameter seems to improve with length of record, the prevailing wind 

directions do not improve after two years.  Using one year of record in the isotropic 

approach yields uncertainties below 4% while using two years it improves to an optimum 

1% of the scale parameter.  Using two years of records give uncertainties that are below 

6% for the majority of wind directions. 
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Figure 4. 14: Convergence of the probability of winds coming from certain direction, A(θi) 

 
Figure 4. 15: Convergence of the Shape parameter with observation time, k(θi) 

 
Figure 4. 16: Convergence of Scale parameter with observation time, c(θi) 
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4.7 Concluding remarks 

Numerical estimations of the two-parameter Weibull pdf were determined for a 

set of wind data over a period of six years (June 2000- May 2006).  The probabilities of 

winds coming from specific directions were determined, and the shape and scale 

parameter were estimated for non-directional and directional cases.  From our estimates, 

a Rayleigh type distribution is not the best assumption when weighting the fit of the wind 

speed distributions since it may lead to the underestimation of high frequency winds. 

The present study does not aim to create a substitute for the traditional isotropic 

analysis since it has proven to give reasonable estimates of the average wind 

environment.  Rather, this study presents an extension for more detailed surveys of the 

wind environment.  From the previous section, uncertainties of the order of 2% and 4% 

were found in the shape (k) and scale parameter (c), respectively, using just one year of 

records in the isotropic analysis.  Since these low uncertainties in the isotropic analysis 

were found, we concluded that estimates of the parameters of the Weibull distribution can 

be obtained using only one year of 5-min mean wind data. 

 The directional analysis appeared to converge after two years of data collection at 

5-minute recording intervals.  The probability of prevailing winds, A(θi), seem to increase 

in accuracy with time meaning that the longer the record the smaller the uncertainties.  

However, for the less probable wind directions this probability does not improve its 

accuracy after two years.  From the previous section, in the directional approach the 

shape (k(θi)) and scale (c(θi)) parameter seemed to stabilize after two years, with 

uncertainties below 5% and 6%, respectively, for the majority of wind directions 

(including prevailing directions). 

 The current work covers the initial stage of wind climate assessments for West 

Texas, USA.  It identifies the minimum record length necessary to arrive at reasonable 

estimates of the Weibull parameters using 5-minute means.  Further work is planned to 

determine the spatial variations of these parameters across the West Texas Mesonet using 

some 40 meteorological stations over an area of roughly 40,000 square kilometers. 
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CHAPTER 5 

EXTREME WIND ENVIRONMENT 

 

Abstract: 

 

In near two-thirds of the geographical area of the United States extreme winds 

control the design of structures.  As a result, the accuracy of predictions in extreme value 

analysis is a critical component prior in defining design standards.  In this study dense 

continuous short-term records (i.e. 7 years) are used to estimate extreme winds as a 

function of wind direction.  The analysis is also performed irrespective of direction and 

from long-term records (i.e. 35 years of annual wind maxima) to compare results against 

those in the ASCE 7 Standard.  Confidence intervals were drawn using 10,000 bootstrap 

simulations for both short- and long-term records, accounting for and regardless of wind 

direction, and it was found that by using the Method of Independent Storms with short-

term records the errors are reduced approximately by a factor of 2 when compared to the 

typical annual maxima analysis from long-term records.  The mixed climate is considered 

in the study by separating mechanisms in (1) extreme non-convective weather (i.e. 

synoptic systems) and (2) extreme convective weather (i.e. supercell thunderstorms and 

mesoscale convective systems).  A heuristic illustration regarding the appropriateness of 

the FT1 model is presented to warn users of upper-bounded solutions (e.g. Generalized 

Pareto Distribution and Generalized Extreme Value Type 3).  Major issues typically 

found in the analysis of directional extreme data, such as ‘masking’ errors, different 

sample size among sectors, and correlation between sectors are discussed in detail.  To 

get the appropriate estimate of directional extremes the directional Mean Recurrence 

Interval (MRI) or return period must be higher than the non-directional MRI, we call this 

a pseudo-MRI.  For example, for a nominal return period of 50-years, irrespective of 

direction, the directional return period is 150-years for all directions when 22.5-degree 

sectors are used.  The risk in each directions is distributed uniformly when climatic 

directional reduction factors are used to adjust a non-directional wind speed to the 

directional wind speed, that is without compromising safety. 
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5.1 Introduction 

The consideration of wind directionality in the estimation of extreme wind 

probabilities for building design purposes goes back to 1966 when Davenport (1987) 

worked in a major project in New York, USA.  Later studies on extreme wind 

directionality included those of Davenport (1971, 1977), Deaves (1976), Simiu and 

Filliben (1981), Melbourne (1981), Cook (1982), and Wen (1984).  Davenport, Deaves, 

and Melbourne fit the directional data based on the parent distribution (i.e. no discarding 

of data) while Simiu, Cook and Wen fit extreme value distributions (e.g. Fisher-Typett – 

Type 1) to directional extreme data (i.e. annual maxima or method of independent 

storms).  Wind directionality of extreme winds is considered in two distinct ways: (1) as 

dependent on climatology only and (2) as dependent on both climatology and 

aerodynamics of a structure.  In the British (British Standard 1997), Australian 

(Australian/New Zealand 2002) and Japanese Design Standards (A.I.J. 1996) wind 

directionality is considered based on the use of worst aerodynamic direction of a structure 

and climatic directional reduction factors.  In the American (ASCE 7-05 2005) and 

Canadian Design Standards (NBC 2005) a wind directionality factor is given irrespective 

of wind direction but presumably takes into account both climatology and aerodynamic 

aspects.  The idea behind the latter is that if extreme probabilities of climatology and 

aerodynamics are jointly considered there is a reduced probability that the ‘overall worst 

scenario’ might actually occur simultaneously, therefore allowing for a load reduction 

factor irrespective of direction.  As for the American Standard (ASCE 7-05 2005) one 

drawback of the latter approach is that probabilities of directional extreme winds (i.e. 

extreme climatology) are not considered at all nor does it give a methodology to consider 

it.  This chapter deals with the climatology aspect of wind directionality.  Once this 

methodology is defined, wind tunnel studies or aerodynamic full-scale testing of 

structures as a function of angle of attack can be used to optimize the design.  The latter 

is the subject of Chapter 6. 

 A practical example of the importance of wind directionality is given by 

Krishnasamy and Ramani (1987) where wind directionality is considered using the 

extreme value distribution based on annual maxima to define the design span lengths of 
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lattice transmission towers as a function of wind direction.  Since power lines run for 

very long distances, depending on the direction of the power lines considerable savings 

can be achieved by optimizing the use of transmission towers.  The same is true for other 

structures as has been mentioned by other authors (Moriarty and Templeton 1983; Cook 

1982; Simiu et al. 1998). 

Analysis of extreme winds is often done in one of three ways: using (1) the single 

or r-largest values in a year with several decades of data (2) peaks over thresholds or (3) 

independent events using some credible discretization method.  The amount of data that 

can be used in the extreme wind analysis is directly influenced by the method used; 

having the largest dataset with the latter method and the smaller dataset with the first 

method.  It becomes clear that for the directional extreme wind analysis where some 

direction may have limited participation of storms the method chosen is critical, and most 

importantly to carry out the directional analysis one must have access to the full-parent-

data.  Daily summaries, for example, are not going to provide a clear picture of storms’ 

participation into directions as ‘masking’ and sampling errors will bias predictions.  The 

extreme value analysis rendered in this investigation is based on short-term records but 

the reliability of the predictions proved to excel compared to results provided by long-

term records and the typical annual maxima analysis.  Details about the continuous data 

used in this investigation are given in Section 5.2. 

 A summary of the different methodologies, assumptions, and specifics of extreme 

value analysis are provided in Section 5.3, with elucidation to the Method of Independent 

Storms, used in this study.  Previous studies (Gomes and Vickery 1978; Holmes and 

Moriarty 1999; Cook et al. 2003) suggest some benefit of separating extreme winds by 

causal mechanisms, details about this issue and the order statistics approach to extreme 

probabilities of non-exceedance are outlined in the same section.  Section 5.4 shows how 

the extreme wind data are extracted from the full-dataset and flagged into (1) extreme 

non-convective weather and (2) extreme convective weather.  The extreme wind analysis 

irrespective of wind direction is carried out in Section 5.5.  In Section 5.5.1 the 

importance of separating mechanisms is reiterated and a heuristic illustration of the 

extreme wind phenomena is given as a note of caution to peaks over threshold users.  The 

extreme non-directional analysis from short-term records is compared to predictions 
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made from long-term records; this is shown in Section 5.5.2.  Definition of confidence 

intervals of extreme wind analysis using short- and long-term records is given in Section 

5.5.3. 

 Section 5.6 deals with the directional extreme wind analysis.  The major issues of 

rendering a directional analysis are discussed in the subsections.  Among these issues are: 

(1) resolving into wind components (2) ‘masking’ errors (3) different sample sizes 

between sectors and (4) correlation between sectors.  In Section 5.6.5 the directional data 

are fitted using the Type 1- Generalized Extreme Value distribution, and the definition of 

directional Mean Recurrence Intervals are clarified using the two underlying approaches: 

(1) Cook’s directional method of ‘partially correlated’ data and (2) Melbourne’s 

directional method of ‘uncorrelated data’.  A comparison between the available methods 

is made in Section 5.6.6 and conclusions drawn in Section 5.7. 

 

5.2 Description of measurements 

The data used in this study consists of seven years (from June 1, 2000 to May 31, 

2007) of continuous wind and atmospheric pressure data.  The meteorological station is 

part of the West Texas Mesonet (WTM) (Schroeder et al. 2005) and is located at the 

Reese Technology Center in Lubbock, Texas, USA as shown in the map (Figure 5. 1).  

With a sampling rate of 3-seconds and recording interval of 5-minutes, WTM stations 

measure 5-minute mean of wind speed, direction and atmospheric pressure, 5-minute 

standard deviation of wind speed and direction, and 3-second peak wind speed.  The 

instruments’ resolution and accuracy for the variables under consideration are 

summarized in Table 5.1.  Extreme wind measurements were corrected to account for a 

direction-dependent exposure and thus gust speeds were homogenized to a standard 

aerodynamic roughness length z0 of 0.02 meters (i.e. typically referred in the U.S. as to 

open terrain or exposure).  Details about the exposure corrections performed to the wind 

data are given in Chapter 3.  Without such corrections the extreme wind predictions 

based on uncorrected data are biased, as discussed by Wieringa (1996); this is even more 

important dealing with directional extreme wind predictions as directional wind speeds 
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must be homogeneous to evaluate the real directional climatology independent of 

exposure. 

 
Figure 5. 1: Location of meteorological station used in the analysis 

 

Table 5. 1: Instrument specifications 

Atmospheric variable Sensor (Model) 
Sensor 

Accuracy 

Dataset 

Resolution 

Wind speed Anemometer (R.M. Young 05103 propeller type) ± 2 % 0.03 ms-1 

Wind direction Anemometer (R.M. Young 05103 propeller type) ± 3 deg. 0.05 deg. 

Atmospheric pressure Barometer (Vaisala PTB220B digital) ± 0.2 mb 0.01 mb 

 

In addition, for the extreme analyses irrespective of direction a validation is 

performed based on long-term data (i.e. 35-years) from the Automated Surface Observing 

System (ASOS) station located within the same county of the short-term data used from 

WTM.  More details about ASOS and the calibration performed is given in Section 5.5.2. 

 

5.3 Extreme value analysis 

An extreme value is defined as the maximum (or minimum) independent value 

extracted from the parent data series in a given time period.  The probabilistic study of 
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such extreme values is called an extreme value analysis in which the expectation and 

confidence levels of their recurrence are defined for a predefined Mean Recurrence 

Interval (MRI).  The MRI is the inverse of the probability of exceedance in a given 

epoch.  For example, if the epoch is annual, then the MRI is counted in years where, a 50-

year MRI, for instance, means that the probability of exceedance in any given year will 

be 1/50 or 0.02.  As the sample of extreme values increase the probability distribution 

function has been shown to approach one of three limiting forms (Fisher and Tippet 

1928) also known as the Extreme Value (EV) distributions.  Jenkinson (1955) presents a 

single mathematical expression known as the Generalized Extreme Value distribution 

(GEV) which encompasses the three limiting forms.  As the shape parameter, k, tends to 

zero the limit gives a complementary equation.  Such GEV for all values of k is given by 

Equation 5.1. 

 

     (5.1) 

 

The shape parameter, k, determines the type of extreme value distribution.  If k = 

0, the GEV distribution is known as the Gumbel distribution or the Fisher-Tippett – Type 

I (FT1), if k < 0, GEV becomes the Frechet distribution or Fisher-Tippett - Type II (FT2), 

and if k > 0, the GEV distribution becomes the Reverse Weibull distribution or also 

known as Fisher-Tippett – Type III (FT3).  A graphical representation of the three 

distribution functions is shown in Figure 5. 2 for shape parameters, k = -0.2, 0, and 0.2. 

 

The reduced variate, y, is given by: 

 

                      (5.2) 

 

Where vi is the extreme value in consideration, U is the mode and 1/α the dispersion.  

Fv(vi) in Equation 5.1 is the probability of non-exceedance in the epoch T, defined by the 

‘unbiased’ plotting position (Gringorten 1963; Cunnane 1978) given in Equation 5.3.  An 
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inherent assumption when estimating data plotting positions is that data are uniformly 

distributed in time (i.e. a sufficiently long time has passed so that all apparent 

mechanisms occur at the expected level of recurrence (Harris 1999)) and, as said by 

Cunnane (1978) the specific functional form of Equation 5.3 is distribution-dependent 

which, as shown here, is appropriate when a FT1-distribution is fitted by the least-mean-

squares method.  More recently (Makkonen 2007), it has been challenged the use of any 

empirical modifications to the classical Gumbell/Weibull plotting position (i.e. given by 

F=m/(N+1)), saying that circular deduction might occur by forcing the data to a linear fit 

before even plotting the ‘true’ probabilities from the data.  Gringorten’s plotting formula 

(Equation 5.3) is an example of such empirical alteration to the actual probability of non-

exceedance.  However, Cook (2004) and Cook and Harris (2004) have found that the 

empirical Gringorten’s mean plotting position given by Equation 5.3 is indistinguishable 

from the classical Gumbel mean plotting position for large sample sizes.  This is 

investigated in Section 5.5.3 

 

        (5.3) 

 

The uncorrelated extremes are sorted in ascending order, where m is the rank 

starting from m=1 for the smallest value up to m=N the largest of the extremes.  With 

Equation 5.1 and 5.3, the problem becomes in finding the best fit to the respective curve.  

For k ≠ 0 it is a three variable fit (k, U, and α), while for k = 0 only the mode U, and 

dispersion 1/α  are unknown.  In such case, the fit can be obtained from a least-squares 

procedure and a simple regression will give the mode and dispersion from the intercept 

and slope, respectively.  Here the probabilities of non-exceedance and wind speed values 

are considered in the conventional way, as the dependent and independent variables, 

respectively, thus the distribution parameters can be obtained as described.  In contrast, 

Harris (1996) and Castillo et al. (2005) argue that, despite measurement errors, the 

plotting position is the “error-prone” variable and not the measured wind speed taken as 

“error-free”, thus suggesting wind speed in the x-axis and plotting positions in the y-axis.  

However, Cook indicates that the bootstrap procedure to generate the reduced variable 
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allows for the estimate of the mean plotting position, from which he not only calculated 

confidence intervals but found that the mean plotting position is virtually the same as 

Gringorten’s plotting positions.  Nevertheless, Gringorten’s formula only gives the mean 

value of the plotting position and does not provide information about its variance. 

More sophisticated fitting techniques, such as Lieblein’s (1974) unbiased estimator and 

Harris’s analytical weighted plotting positions (1996) are available.  Another 

sophisticated methodology that was proven to work well compared to Harris’s (1996) and 

Lieblein’s (1974) methods is that of Cook (2004) and Cook and Harris (2004) where 

bootstrap methods are used to find plotting position variances and its inverse is used to 

weight the least-squares fit.  In fact, Cook (2004), Cook and Harris (2004) and Harris 

(1996) provide the only available methodologies that the author has seen that would give 

an unbiased weighted plotting position for a considerably larger sample size than typical 

analysis of few decades of annual maxima (e.g. Lieblein’s BLUE is limited to 25 extreme 

values).  Bootstrap methods are easy to use and give weight to the plotting positions.  

Bootstrap methods are used in Section 5.5.3 to define the confidence intervals.  A 

comparison between the simple least-square using Gumbel’s and Gringorten’s plotting 

positions is presented. 

  When doing an extreme value analysis the data set of extremes must be 

statistically independent, that is, the definition of epochs should be undertaken in such a 

way that an event in one epoch acts independent of previous events.  Epochs are defined 

as the time span from where extremes are extracted.  If the epoch is a year, the annual 

maxima are extracted each year and then a GEV distribution is fitted to the data.  If only 

annual maxima are to be used in the analysis a minimum of 20 years are necessary to get 

reasonable predictions for long MRIs (Palutikof et al. 1999).  This is a limitation for 

those sites with shorter records and considerable data are lost unnecessarily because 

independent extremes are certainly occurring more than once in a year.  Therefore, it 

would seem obvious to reduce the time of an epoch from one year to something smaller. 
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Figure 5. 2: Types of generalized extreme value distributions 

 

Three extensions to EV theory have been devised which include more extreme 

values from the parent data set.  The methods are called: (1) the ‘r-largest’, (2) the ‘peaks 

over threshold’ and (3) the ‘method of independent storms’.  The theory for the r-largest 

approach is outlined by Weissman (1978).  This approach is similar to the typical 

selection of one maximum per year; however, the r-largest method uses r number of 

maxima in a given period (say the 10-largest values in a year).  Although the use of the 

‘peaks over threshold’ (POT) approach has been around for a long time, the first 

systematic development of the method is given by Todorovic and Zelenhasic (1970) for 

flood analysis.  The more recent version of the POT method based on the generalized 

Pareto distribution (GPD) was devised by Pickands (1975) and subsequently 

complemented by Davidson and Smith (1990) among others.  For k >0 the GPD and the 

GEV are upper bounded, something that has been the object of debate in the last three 

decades.  A further contribution to this debate is presented in Section 5.5.  A recent 

investigation using the POT method in the mixed climate regions of the United States is 

presented by Lombardo et al. (forthcoming) where an automated procedure is proposed 

for the extreme value analysis of separate atmospheric mechanisms.  The largest 
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meteorological network in the United States, the Automated Surface Observing System, 

does not keep continuous wind records of peak gust data.  Therefore, the use of the 

Method of Independent Storms in the United States would probably require consideration 

of mean wind speeds for design purposes rather than gust data; a suggestion that has been 

already given by Simiu and Miyata (2006, p.150) for future revisions of the ASCE 7 

Standard (ASCE 7-05 2005).  Hourly averaged wind speeds (or dynamic pressure) are 

used for design in the National Building Code of Canada (NBC 2005) and the British 

Standard (1997).  However, this approach would assume a homogeneous neutral 

atmospheric boundary layer and thus exclude convective events; in fact, this approach 

will function as a filter in the wind data of convective events and of no surprise limiting 

form distributions could be unrealistically seen.  Further study is recommended regarding 

the appropriateness to use non-continuous gust data in the analysis of directional 

extremes, as detailed in Section 5.6. 

The third method mentioned, the ‘method of independent storms’ (MIS) was 

devised in the context of wind engineering by Cook (1982) but is a concept that can be 

applied to other random processes as long as the variable in consideration has some 

credible explanation for discretization.  A transparent way to identify independent 

extremes is the MIS approach, where the occurrence of separate storms is identified and 

the maximum winds extracted from each storm wind speed time series.  The customary 

epoch used in wind engineering is one year, thus in EV analysis extremes are considered 

as either one value per year or a fixed number of events per year (i.e. r-largest method).  

The POT approach uses all the data available, but the fitting to the model is sensitive to 

the two underlying assumptions: the threshold value and the separation time. 

 The aim of all these extensions to the classical GEV is to be able to offer 

information about the extreme winds without violating the assumption of extreme data 

independence.  If we accept that the definition of an extreme event is the maximum 

independent value extracted from the parent data in a given time period and that as the 

sample of extreme values increase the probability distribution function approaches one of 

three limiting forms (Fisher and Tippet 1928), then the GEV theory is perfectly 

applicable to the ‘Method of Independent Storms’ (hereafter called MIS).  Although for 

the implementation of the MIS approach some assumptions are needed (see Section 5.4), 
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the discarding of extreme values is less restrictive than in EV theory, including the POT 

approach.  Any of the three extensions mentioned to the GEV supersede the classical 

GEV extreme wind analysis from annual maxima.  The MIS approach has the desired 

flexibility, provides the largest data set of all, and is transparent in identifying 

independency of extreme data.  Therefore, the MIS approach is undertaken in this 

investigation to render the extreme value analysis.  The MIS approach, similarly to the 

POT and r-largest approach, requires a new definition of probabilities of non-exceedance 

in the period T since more than one value is extracted from a single period T.  Such 

relationship for the MIS approach is given by Equation 5.4, where ΦT is the probability of 

non-exceedance for a given mechanism and is to be calculated for each causal 

mechanism j, separately. 

 

       (5.4) 

 

Where r is the average number of surviving events in the period T (extreme 

probabilities are fundamentally referenced to a period, T, equal to 1 year, but some 

variations have been suggested based on low-recurrence mechanisms such as tropical 

cyclones (Cook and Harris 2003)).  For example, if 700 independent synoptic events 

occur in 7 years and the predictions are to be based on yearly MRIs (e.g. 50-yr extreme 

wind), then j = 1 (for say synoptic winds), T=1-year and r1 the average number of 

synoptic events in T=1-year is r1=700/7 = 100.   Then with the series of 700 extreme 

values put in ascending order ΦT can be estimated from Equation 5.3 (or the Gumbel 

plotting position) and thus the probability of non-exceedance of synoptic events in any 

given year, P1-year(v1<vi), can be estimated from Equation 5.4.  The same is applicable 

when other mechanisms become part of the mixed climate, such as thunderstorms, 

downbursts, and/or cyclones. 

The extreme wind climate can be separated by causal mechanisms.  In fact, 

Gomes and Vickery (1978) recommended that such analysis should be carried out 

wherever possible.  Holmes and Moriarty (1999) followed this recommendation to 

analyze thunderstorm downbursts at Moree, Australia.  In their analysis, the POT 

approach was used.  Later Cook et al. (2003) also rendered such analysis separating 
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depressions, thunderstorms and cyclones for essentially two sites in Australia: Onslow 

and Brisbane. The latter authors used the MIS approach.  Gomes and Vickery (1978) 

show that the overall probability of non-exceedance is the product of n mechanisms 

probability of non-exceedance as given in Equation 5.5.  In this investigation a 

comparison is made between the EV analyses of a mixed climate versus the analysis 

when the mechanisms are separated.  Since the MIS approach used here takes 

information from all available mechanisms in 7-years, an entire section (Section 5.4) is 

dedicated to the identification of independent events for each mechanism considered in 

the investigation. 

 

       (5.5) 

 

An earlier suggestion by Gomes and Vickery (1977) in the analysis of extreme 

winds was to associate the extreme values to its parent distribution function.  However, 

after considerable debate (Simiu et al. 1987; Simiu 2007; Cook and Harris 2001; Cook 

and Harris 2008; Harris 2005; Harris 2007) noting that daily wind fluctuations such as 

winds driven by the diurnal thermal patterns provide no information about the extremes 

at long-return periods, the recommendation became obvious that winds should be 

separated by mechanisms for this approach to work.  Recent research by Cook and Harris 

(2008) shows that flagging data by the causal mechanism can enhance the predictions of 

the extremes using a disjoint parent distribution and the ‘penultimate FT1 model’.  Cook 

and Harris argue that the assumption of an extreme value distribution that converges 

towards a fictitious limiting value, such as the FT3 model, is only a pragmatic empirical 

representation imposed by an artifact of the statistical model.  They argue that as the 

sample size of extremes tends to infinity the domain of attraction is the FT1 model.  It is 

for this reason that Cook and Harris used what is called the ‘penultimate FT1 model’, a 

distribution that has the same domain of attraction as the FT1 but takes into account the 

multiple mechanisms, and thus varying sample sizes, in a composite distribution.  They 

adduce that the curve of the ‘penultimate FT1’ composite distribution would be 

represented by a curve that is between the FT1 and FT3 models which does not 

compromise safety nor economy. 
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In a previous work, Cook (1982) suggested that fitting the square of wind speed, 

rather than wind speed itself, provides the desired faster convergence to the FT1 model.  

The reasoning behind this is that the domain of attraction for the FT1 model is of the 

exponential type, which includes the Weibull distribution of the parent (i.e. when the 

shape parameter k=1).  Thus the assumption is that if the parent wind data are 

preconditioned using the Weibull shape parameter, say k=2, then the new data set has an 

exponential distribution (i.e. Weibull with k=1) and thus extreme values should converge 

to the FT1 model faster.  For single well-behaved climates the Weibull shape parameter 

is around 2 (i.e. the Rayleigh distribution), and Cook demonstrated that this approach is 

valid for the U.K.  However, the Weibull distribution is not the best fit in all regions and 

more commonly the shape parameter varies from 2, and in fact varies as a function of 

wind direction, as seen in Chapter 4.  Therefore the fitting of the squares of wind velocity 

is not appropriate for all cases as it makes assumptions on the underlying parent 

distribution (Simiu et al. 2004).  If the Weibull distribution is an appropriate model for 

the parent data, the fit of the Weibull distribution is to be right-tail equivalent and will be 

unique for each mechanism.  In many cases a single exponent cannot be used to 

precondition all the wind data since multiple mechanisms are present.  This approach is 

called the ‘penultimate FT1 model’ and while it was considered in the study it is not 

presented because the original data fitted well the ultimate FT1 model. 

 

5.4 Identification of statistically independent events 

For the analysis of extreme wind speeds using the Method of Independent Storms 

approach the time of occurrence of each storm has to be identified in the records.  To do 

this Cook (1982) proposed to identify when the average mean wind speed went below 

certain threshold and called it a lull.  More recently the threshold has been defined as the 

Weibull scale parameter.  Here an alternative approach to identify the time of occurrence 

of each storm is presented, where readily available data (i.e. atmospheric pressure and 

flagging systems in databases) can be used to identify occurrence of independent events; 

an even more transparent way to justify particular causal mechanisms.  Two main causal 

mechanisms are targeted here as they have distinct explanations for their occurrence: (1) 
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extreme non-convective weather and (2) extreme convective weather.  The identification 

of each is discussed in Sections 5.4.1 and 5.4.2. 

 

5.4.1 Extreme non-convective weather 

The meteorological station from which data are used is located in Lubbock, Texas 

at latitude 33.6˚N.  A characteristic atmospheric phenomenon of these latitudes is the 

mid-latitude between latitudes 30 – 60 degrees.  To identify such depressions in a time 

series Cook (1982) proposed to use 10-hr block-averages of the parent mean wind speed, 

where with a relatively low threshold (5 ms-1) periods of relative calm could be targeted.  

Every other time the 10-hr wind speed average went below 5 m s-1 he called it a “lull” 

and between lulls maximum wind speeds were extracted.  Thereafter the method was 

called the Method of Independent Storms (MIS).  After investigating the influence of the 

threshold value Cook finds that while it affects directly the rate of storms in a given year, 

the extrapolation estimates are improved when compared to the traditional annual 

maxima approach. 

Depressions (or troughs) are in essence defined by low pressure systems.  High 

wind events typically occur near the time when low pressure systems occur.  High 

pressure systems, in contrast, are often associated with periods of calm or light wind 

speeds.  While Cook (1982) has indicated that more complicated methods are 

unnecessary it seems more transparent to use atmospheric pressure as the indicator for 

independent depressions as opposed to mean wind speed.  Since atmospheric pressure is a 

function of temperature, diurnal fluctuations in temperature act as noise in the 

atmospheric pressure at the synoptic time scale.  A 24-hr moving average was used as a 

low-pass filter on the atmospheric pressure data to remove these small scale variations.  

Relative high atmospheric pressure occurrences were identified and considered as the 

beginning and end of mid-latitude depressions.  Each mid-latitude depression is 

considered as an “independent synoptic event”.  Figure 5. 3 shows the identification of 

relative high pressure systems.  As seen in Figure 5. 3 some small peaks were not 

considered because there was reason to believe that the synoptic systems were not fully 

developed.  Two basic criteria were used to distinguish a fully developed synoptic system 
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from a weak one: (a) if more than one high pressure is seen in a span of 30-hours or less 

only the time of the highest value is identified and (b) if the rise or drop in pressure 

from/to the adjacent low pressure is less than one millibar then the relative high pressure 

is ignored.  These criteria were defined based on the author’s judgment and are open to 

future improvement.  With this approach 595 independent synoptic events were found in 

7 years, for an average of r = 85 events per year.  For comparison purposes between the 

MIS and POT approach, the maximum number of independent events in any given year is 

provided by the MIS approach and this decreases with increasing threshold value as can 

be seen in Figure 5. 4.  All independent events found in this location above 26 m/s are 

related to convective weather (e.g. thunderstorms).  Since the POT approach requires the 

assumption of separation between events, and this in actuality is not a constant time as 

will be shown, a relatively high threshold value must be selected (say 25 m/s) thus 

discarding approximately over 95% of the independent synoptic events in any given year; 

a counter-productive effect in the analysis of directional wind data.  As is shown in 

Section 5.6, the fit is done to all wind speeds above 12 m/s because the criteria defined to 

identify low-pressure systems does not eliminate all the not fully-developed synoptic 

systems.  In addition, by selecting an absolute minimum gust wind speed of 12 m/s the 

effects of thermal stability can be neglected.  This is based on an approximate gust factor, 

G, equal to 1.5 and the analysis performed in Chapter 3 where a mean wind speed of 8 

m/s was found to minimize stability effects (i.e. Upeak=8 x 1.5=12 m/s).  Approximately 

90% of all available synoptic maxima still give information about the extreme 

climatology, as compared to only 5% in the typical POT approach (as can be seen in 

Figure 5. 4). 
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Figure 5. 3: Identification of synoptic high pressures 

 

 
Figure 5. 4: Average number of independent storms as a function of threshold wind speed 

 

The duration of independent synoptic events is better illustrated by a histogram.  

Figure 5. 5 shows the interval between synoptic events varies from 1.5 to 11 days, with 
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the most common interval being 3.5 – 4 days.  Figure 5.6 illustrates that there is no 

correlation between gust wind speed and storm interval.  In the latter figure one might 

expect an upward trend by virtue of a larger sample population from which to draw the 

peak value, however, no apparent tendency is actually found, perhaps because sharp 

gradient pressures occur in low-pressure systems irrespective of the duration of the low-

pressure itself. 

 
Figure 5. 5: Duration of low pressure systems in Lubbock, Texas 

 

 
Figure 5. 6: Gust wind speed as a function of duration of synoptic event 

 

Once the beginning and end of low pressure systems are defined, the maximum 

wind speed in each synoptic event is extracted.  A separate ‘time series’ is created with 
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the maximum peak wind speed in each ‘independent’ synoptic event.  The separation 

time between each one of the 595 synoptic events’ wind speed maxima is plotted as a 

histogram in Figure 5. 7.  A marked increase in frequency is seen for integer numbers of 

‘separation days’; for maximum synoptic winds at the surface tend to occur during the 

hours of the day where solar heating of the earth is more intense.  These sharp changes in 

frequency are expected to smooth out as the wind speed measurements are collected 

farther away from the surface.  Notice that the separation of independent extreme wind 

speeds can take values that are larger or shorter than the duration of low-pressure systems 

because the exact time of occurrence of high wind speeds does not necessarily coincide 

with the lowest atmospheric pressure within each independent event. 

 
Figure 5. 7: Separation time between extreme gust wind speeds in each synoptic event 

 

The assumption that these extreme events are independent is so far a hypothesis.  

The null hypothesis is that the events are correlated and thus dependent.  A run test 

(Bendat 2000) is used to accept or reject the hypothesis.  The maximum peak wind 

speeds of 200 storms are given in Appendix F in the order they occurred.  The median 

wind speed is calculated and all those values above fall in the category ‘plus’ (+) and 

values below fall in the ‘minus’ (-) category.  Every time the sequence of signs changes a 

‘run’ is counted.  For the wind dataset to be random (i.e. uncorrelated and thus consider 

the events independent) the number of runs must be described by a random process.  A 

random process at the α = 0.05 level of significance with a population of N = 200 events 



Texas Tech University, Rolando E. Vega, August 2008 

102 

 

requires the number of runs to fall in the range 101 ± 14.1.  As seen in Appendix F, 91 

runs were found thus rejecting the null hypothesis, peak wind data obtained from low 

pressure systems can be considered as independent.  Since the sample of extreme events 

is random, extreme value theory can be used and the analysis can be rendered with a 

considerable increase in sample size when compared to the traditional annual maxima 

approach. 

 

5.4.2 Extreme convective weather 

Damaging winds associated with deep convection are almost always generated by 

outflows near the base of downdrafts (Johns and Doswell 1992).  According to Johns and 

Doswell (1992) strong downdrafts are promoted by precipitation loading and evaporative 

cooling (i.e. negative buoyancy).  In addition, once convection initiates, the outflow can 

be enhanced by the transfer of horizontal momentum from winds aloft (Brandes 1977).  

Therefore, given the right thermodynamic conditions to produce precipitation and 

negative buoyancy, information from synoptic winds described in the previous section 

has a connection to severe winds in convective weather.  Extreme winds in convective 

weather have a wider range of causal mechanisms (i.e. compared to synoptic systems 

controlled by large scale atmospheric circulation) due, in part, to the wider range of 

variables or “ingredients” involved in their formation, scale and location relative to the 

storm.  Examples of these unique convective-related atmospheric phenomena are: 

microbursts or downbursts, derechos, squall lines, thunderstorm outflows, mesoscale 

outflows, supercell tornadoes, nonsupercell tornadoes, among other site-specific events.  

Local features such as topography, wind shear, atmospheric instability, dry air in the 

downdraft entrainment region, and low-level baroclinic vorticity, are some of the 

variables that make extreme convective weather more complex to predict.  Therefore, 

naming the event depending on what ingredients were present is impossible without the 

proper measurements, which in many cases could not be done by using a single 

measuring platform due to the space- and time-changing nature of the events.  One of the 

most useful platforms in the identification of convective weather is Doppler radar, but 
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typically lacks the resolution to adequately use the data in extreme value analysis.  

Therefore, in practice, the identification of extreme convective weather is done using a 

variety of measuring platforms.  In our case we will use readily available database 

flagging systems in conjunction with radar imagery to identify the times of occurrence 

and the West Texas Mesonet to extract the wind speed value if the storm passed over or 

near the station. 

To simplify the identification of convective weather for extreme value analysis 

purposes in mixed climates, events would need to be grouped by their “nature” of 

formation and not the specifics of its formation.  For example, in the previous section 

synoptic winds were identified which could be considered as Mechanism #1; 

thunderstorms, squall lines and mesoscale outflows could be grouped as Mechanism #2; 

microbursts and derechos could be grouped as Mechanism #3, and finally supercell and 

non-supercell tornadoes as Mechanism #4.  This represents the typical scenario in non-

hurricane regions of the United States. 

Only Mechanisms #1 and #2 are considered in this investigation.  After the 

probabilistic study was performed extreme convective weather was interrogated using 

radar imagery along with the atmospheric data provided by the WTM station; this was 

also the methodology to differentiate mesoscale convective systems (MCS) from severe 

thunderstorms.  In a future investigation more WTM stations and the ‘superstation’ 

approach can be used to recreate the extreme climatology including possible Mechanisms 

#3 and/or #4 in the records.  To identify Mechanism #2, severe thunderstorms are 

explicitly identified as such in the National Climatic Data Center (NCDC) storm database 

for each county.  For the more general classification of thunderstorms in the United 

States it must produce hail that is at least 2 cm (0.75 in) in diameter, have a wind gust of 

25 m/s or more, or produce a tornado (Brooks et al. 2003).  In addition, damaging hail 

and damaging thunderstorm gusts of any magnitude are also identified as severe 

thunderstorms.  The appropriateness of such threshold wind speed to identify severe 

thunderstorms in our region is evaluated and discussed in Section 5.5.  During the 7 years 

of data used, 33 severe thunderstorms were identified using this database and several 

were confirmed using radar imagery. 
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 Since some time intervals obtained for synoptic events could last up to eleven 

days and more than one thunderstorm could happen within that time frame, it may be 

possible that some thunderstorms are masked if only one value is extracted from each 

synoptic time interval.  This was the case during 4 synoptic events, where at least 2 

thunderstorms appeared within the same synoptic event; in such cases only the maximum 

gust speed from the stronger thunderstorm was selected.  In addition, in eleven (11) 

thunderstorms the peak wind speed did not exceed the synoptic wind during the duration 

of that synoptic event.  In such cases, the synoptic wind was taken as the value rather 

than the thunderstorm wind speed.  Eighteen (18) thunderstorms survived as stronger 

than any event during the time period of the synoptic low pressure system.  In addition to 

the thunderstorms, nine (9) additional convective storms (i.e. Mesoscale Convective 

Systems – MCSs) were identified using radar imagery.  These data did not show up in the 

NCDC database as Mesoscale systems spread over several counties and a particular 

thunderstorm may not pass over the county where the meteorological station is located.  

In such cases the MCS outflow (gust front) will not be identified accordingly in the 

NCDC database. This makes a total of 27 extreme convective storms (i.e. 18 

thunderstorms and 9 MCSs).  Since one-third of the convective extreme events were 

unidentified in the NCDC database, users of such databases for extreme value analyses 

must be aware of this limitation. 

 

5.5 Analyzing non-directional extreme wind data 

The analysis of extreme data irrespective of direction is a first step before the 

analysis accounting for direction can be made.  In the following subsections the issue of 

mixed climate is addressed, short-term versus long-term analysis is discussed, and 

confidence intervals are estimated. 

 

5.5.1 Dealing with mixed climates 

Typically, when mechanisms are not separated it is believed that any curvature in 

the Gumbel wind data plot is indicative of a mixed climate and thus FT2 and FT3 
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distributions seem to be justified by these means.  The FT2 model is typically found in 

places where a few observations from a less probable mechanism are measured (i.e. not 

uniformly distributed in time) in a relatively short time interval and a sharp increase in 

slope is seen.  This author agrees with Simiu et al. (1978) and Simiu (2002) in that FT2 is 

mistakenly undertaken due to sampling errors in the estimation of the GEV shape (tail-

length) parameter.  The FT3 model is found in locations where no less probable 

mechanisms were measured and convergence to an upper limit value is found.  The latter 

seems to be the most popular finding for point-specific locations in previous studies 

where comparisons between the three GEV models were made (Palitikof et al. 1999; 

Simiu and Scanlan 1996; Simiu 2002).  Cook and Harris (2008) debate this fact 

indicating that data needs to be preconditioned for faster convergence to FT1(Cook and 

Harris 2003, 2004, 2008; Cook 2004).  In contrast to using FT2 or FT3 distributions, it 

has been proposed (Tabony 1983; Riera and Nanni 1989) to fit a separate FT1 

distribution for each mechanism allegedly due to the apparent change in slope of wind 

data in the Gumbel plot.  In the author’s opinion none of these approaches are necessary 

if all or most independent events, in our case Mechanisms #1 and #2, are properly 

identified and uniformly distributed in time.  Nevertheless, the author recognizes that 

mechanisms, as described in literature, may show some limiting form in nature.  The 

reader is encouraged to read comments by C.W. Anderson (reproduced in Appendix E 

from Davison and Smith (1990)) at this point in a discussion to the candid paper written 

by Davidson and Smith (1990) regarding POT methods. 

  Two analyses were rendered at this stage: the extreme value analysis irrespective 

of causal mechanism and the extreme value analysis separating mechanisms.  In the first 

analysis 537 independent events, irrespective of the mechanism that produces the extreme 

wind, were fitted to the FT1 distribution.  An illustration of the FT1fit to the commingled 

dataset (i.e. mixed climate) is given in Figure 5. 8.  Secondly, the mechanisms were 

separated and plotted in the Gumbel (FT1) plot, as can be seen in Figure 5. 9.  The solid 

line in Figure 5. 9 depict the regression obtained from the mixed climate.  Notice that any 

deviations in the data from the FT1 model are purely due to climatologic phenomena 

since data was corrected for changes in directional exposure, and physical obstructions, 

and is the maximum wind speed from independent atmospheric phenomena. 
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 In Figure 5.9 individual FT1 distributions for the separate mechanisms were not 

obtained nor were any other GEV distribution types fitted because it becomes clear that 

the domain of attraction is towards the ultimate FT1 obtained from the mixed climate.  

The expected extreme wind for an MRI of 50-year in the location of study is 44.8 m/s 

(100 mph) as opposed to 40.2 (90mph) as specified in ASCE 7 (ASCE 7-05 2005).  For 

the dataset under consideration, where the extreme mixed climate is comprised of 

convective (thunderstorms and MCSs) and non-convective weather (synoptic low 

pressure systems), it is found that separating mechanisms is unnecessary to achieve more 

reliable estimates of the predictions, as opposed to what Gomes and Vickery (1978) 

found.  However, it does provide knowledge in identifying the mechanism that controls 

for structural design purposes, which in this case are the winds produced by convective 

weather.  Furthermore, separating mechanisms help as a data quality control where some 

physical explanation can be given to the discarding of data.  Several authors have 

concluded that thunderstorm wind speeds dominate the extreme wind climate at long 

return periods in many regions of the U.S., Australia and Brasil (Twisdale and Vickery 

1992; Letchford et al. 2002; Letchford and Ghosalkar 2005; Lombardo et al., 

forthcoming; Riera and Nanni 1989; Cook and Harris 2003) but only a handful specify 

that non-thunderstorm winds can be disregarded in the analysis.  This author agrees 

partly; thunderstorm winds seem to dominate the extreme climate in many regions of the 

U.S. but while non-thunderstorm data does not contribute at the probabilities of non-

exceedance for long return periods, these data does indeed help reduce the uncertainty of 

the predictions at long return periods; when the analysis considers not only the limiting 

form of the non-thunderstorms distribution. 

 It was found that synoptic winds in our location have some limiting form, such as 

in the FT3 or Pareto distribution (POT) with negative shape parameter.  For our location, 

extreme synoptic winds tend to converge to peak wind speed values of approximately 26 

m/s (58mph); a value that justifies the use of 25 m/s in the United States National 

Weather Service (U.S. NWS) as one indicator to flag thunderstorms.  It may be that the 

U.S. NWS should use different threshold wind speeds for the identification of severe 

thunderstorms throughout the states; depending on their location and limiting value of 

synoptic winds.  In Section 5.5.2, thunderstorms look like they also have some limiting 
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form.  From inspection of the two mechanisms described in this study it seems like each 

mechanism, as we know them, would have some sort of limiting value constrained by the 

laws of physics and thus an FT3 or Pareto distributions would be justified in this sense.  

However, for the purpose of extrapolation of variables to long-return periods, scientists 

and engineers should redefine the concept of ‘return-period’ or ‘mean-recurrence-

interval’ (MRI) as discussed below; for the data collected at a point location may not 

show the whole manifestation of mechanisms in time and space. 

The basic tenet in the peaks over threshold approach: ‘let the tails speak for 

themselves’ (Simiu et al. 2007; Simiu and Scanlan 1996), is often heard.  Consider the 

following cases where using ‘the tails’ alone to predict the expected wind speeds could 

very well misrepresent projections.  Let us say that no mature thunderstorm passed over 

the meteorological station during the time of records used in the extreme value analysis, 

as could be the case for many point locations, then we would assume convergence to the 

synoptic limiting value or mistakenly assess the predictions of not-fully developed 

thunderstorms.  And if some thunderstorm winds were measured but less probable 

mechanisms such as downbursts were not measured (because of relatively small size and 

short duration), then the limiting form of thunderstorms would completely disregard these 

situations.  Or if several weakly-developed thunderstorms were seen (as those seen to the 

left-side of convective systems in Figure 5. 9), a wrongly defined slope would translate to 

over-estimated predictions.  Also, if incomplete information is obtained from the limiting 

form of synoptic winds, then convergence will not be found and thus a higher unrealistic 

contribution from synoptic winds when a composite probability distribution is created 

using multiple mechanisms, such as in penultimate distributions.  These are special 

circumstances that users of the traditional yearly extreme value analysis or POT methods 

should guard against. 
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Figure 5. 8: FT1 fit to all independent extreme events irrespective of mechanism 

 
Figure 5. 9: Original FT1 fit with separated mechanisms superimposed 
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The words ‘return’ and ‘recurrence’ are being abused because of the limited wind 

data that we possess.  Sufficiently long wind data sets for the analysis of extreme values 

at long return intervals continue to be a limitation.  To overcome this limitation it has 

been suggested to increase the length of records by utilizing neighboring meteorological 

stations and creating what is known as a ‘superstation’ (Peterka 1992; Peterka and Shahid 

1998).  When length of records is increased using observations from neighboring stations 

data must be independent, therefore for more probable mechanisms such as synoptic 

winds the superstation approach does not provide much information.  However, 

information obtained from short-lasting/smaller-sized (less probable) mechanisms such as 

thunderstorms and downbursts in the analysis of extremes could benefit greatly by using 

the superstation approach. 

The fact that a mechanism has not yet been measured at a given point location and 

time period does not mean it will not happen, nor that it has not happened in the past 

(prior to instrumentation).  Since extreme value predictions have very serious 

implications in public safety, they should not be constrained by limited datasets; in any 

case it would seem more justifiable to constrain it by economic limitations or explicitly 

indicating the specific mechanisms considered in the evaluation.  In doing so, the 

assumptions would be transparent for risk assessment and management.  A heuristic 

justification of fitting multiple wind mechanisms should the wind record be composed of 

an incredibly long data set is shown in Figure 5. 10.  As Walshaw (1994) would put it: “if 

we cannot assume that all the physical mechanisms which can generate extremes have 

been observed in our data, we cannot produce realistic estimates for return levels”.  The 

peaks over threshold approach and other FT types with k≠0 are not recommended for 

well-behaved (mid-latitude) climates.  Rather, the FT1-distribution using the MIS 

approach is recommended for use in such regions, not only for the inherent conservatism 

when compared to POT or FT3 models but also because it is believed to better represent 

the multifarious structure of extreme atmospheric winds.  It will not be until extreme 

value theory includes a reasonable number of less probable mechanisms (owing to size 

and time of occurrences) collected from a dense network of meteorological stations that a 

justification to comments by C.W. Anderson (reproduced in Appendix E) will be made 

and thus limiting distributions can be justified by means other than ignorance.  While one 
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particular mechanism in a storm, as we know it, could possibly show a limiting value, it 

is this author’s opinion that utilizing limiting distributions in extreme value analysis (for 

the purpose of extrapolation to high return periods) is simply an indication of the limited 

information or knowledge we possess.  Advocates of limiting functions of extreme value 

distributions (e.g. FT3 and POT methods) for non-hurricane regions of the United States 

(e.g. Simiu and Scanlan (1996, p.661) and Simiu and Miyata (2006, p.150) justify the 

appropriateness of the FT3 and POT methods for these regions based on the seemingly 

over-conservative assumption of FT1, because they have noticed that experience show 

that failures induced by non-hurricane and non-tornado winds are exceedingly rare 

(Simiu 2002) and further indicate that structural safety under gravity loads is 

considerably higher than under wind loads; a justification that seems complete in their 

point of view.  This author is less convinced, especially since the level of probabilities 

that are in discussion (e.g. return periods in the range of 500 years or more for ultimate 

structural limit states) are according to the “exceedingly rare” nature of these winds.  The 

fact that structural designs, in general, do not take into account tornadic winds, is by no 

means an excuse to justify all failures to that cause, when in fact it could have been 

produced by a mechanism similar in nature to a tornado, such as downbursts.  Each of 

these mechanisms may require different design approaches (e.g. for tornado shelter, 

debris impact and considerations of downburst velocity profiles).  Notwithstanding this, 

what truly happens within the structure of thunderstorms, for example, is still of much 

uncertainty as to rule out the possibility just mentioned, especially when most data sets 

used for extreme value analysis are so incapable of describing the phenomena in its 

entirety.  It is therefore a warning against the use of upper-bounded distributions (e.g. 

POT or FT3 methods); in any case, penultimate-FT1 distributions such as those used by 

Cook and Harris (2004) are a safe compromise. 

 In building design practices, predictions are typically done for 50-, 100- and 500-

years MRIs and in those intervals not so common mechanisms such as downbursts, and 

tornadoes (and hurricanes in tropical regions) are more likely to occur over a given point 

location.  If a probability distribution with limiting form is undertaken the analyst should 

specify the specific mechanisms that were considered in the extreme value analysis, and 

state that no allowance is made for other circumstances; such as in ASCE it is clearly 
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specified that the basic wind speed does not consider tornadoes.  The intensity of strong 

tornado winds which are associated to MRIs » 10,000 years (ASCE 7-05 2005) may not 

be reliably predicted using GEV or POT models with the wind records that we have at the 

present, but perhaps after careful evaluation of actual tornado occurrences the method 

proposed here may give predictions with smaller uncertainties.  The required validation is 

out of the scope of this investigation.  But since literature (American National Standards 

1988) suggests some value of tornado wind speeds for the design of nuclear facilities 

with MRIs equal to 100,000 years, for comparison is mentioned that using the MIS 

approach and FT1 parameters of the previous section a tornado wind speed would not 

exceed in average 71.7 m/s (160 mph) for the location under consideration at Lubbock, 

Texas (compared to the maximum wind in the new EF-scale of 234 mph and falling 

between the values given in the American National Standard 1988 of 150-200 mph). 

 
Figure 5. 10: Heuristic illustration of extreme value analysis in a wider range of conditions 

than the data alone span in complex climates 
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Another example is ‘cyclones’ which have been found to have a limiting wind 

speed value (FT3 type distribution) (Simiu and Scanlan 1996; Simiu 2002).  Since 

hurricanes possess strong winds over a considerably large region, and as a result become 

a more probable mechanism for a given point location than say a tornado, they are 

accounted for in the definition of the basic wind speeds for design purposes (ASCE 7-05 

2005, Fig. 6-1).  If other mechanisms do not occur within the structure of hurricanes, a 

limiting form of distribution for hurricanes may seem an appropriate undertaking.  Due to 

the limited amount of hurricane data, for hurricane-prone regions of the U.S. extreme 

value analysis must recourse to Monte Carlo simulations.  Details about such analyses for 

hurricane regions of the U.S. that accounts for wind direction appear in (Simiu and 

Heckert 1998a, 1998b; Hendrickson and Simiu 1986; Matsui et al. 2002; Vickery and 

Twisdale 1995).  This is not the case in thunderstorm-prone regions were downbursts are 

expected to be considered in the definition of basic wind speed for design purposes.  For 

thunderstorm-prone regions an FT1 distribution using the MIS approach is the preferred 

option.  Alternatively, for POT users it is speculated that using independent fully-

developed thunderstorms alone (without right-tails of synoptic winds) could be used in 

their analysis. 

 

5.5.2 Short-term versus long-term data issues 

It would seem appropriate to validate our results with the more typical yearly 

analysis using long-term records.  In this section a comparison is made between the 

estimates using 7 years and 35 years of wind data.  While 7-years of data was all the data 

available from the station with the longest records in West Texas Mesonet (WTM) at the 

time of the study, 35-years of wind data was available at a meteorological station located 

approximately 21.9 km towards the East-North East.  A map showing the location of both 

stations is shown in Figure 5. 11.  The meteorological station with 35-years of wind data 

are located at the Lubbock International Airport, Lubbock, Texas and is part of the 

Automated Surface Operating System (ASOS).  The ASOS station is part of a network 

with over 880 meteorological stations throughout the nation.  Such ASOS stations 
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possess the wind data used for the extreme value analysis rendered for the ASCE basic 

wind speed map (ASCE 7-05 2005, Fig. 6-1).   

 

 
Figure 5. 11: Stations used for comparison of short- and long-term data analysis 

 

5.5.2.1 Calibration of ASOS gust speed measurements 

Climatologically speaking both stations should give the same results of extreme 

wind predictions provided that both stations are micro-meteorologically homogeneous.  

Table 5.2 below depicts some notorious differences between these data collection 

systems. 

 

Table 5. 2: Instruments characteristics for comparison of extreme value analysis using 

short- and long-term records 

Characteristic West Texas Mesonet (WTM) 
Automated Surface Observing 

System (ASOS) 

Wind monitor type Propeller and vane 3-cup anemometer and vane 

Sampling interval 3-seconds 1-second 

Averaging time none 5-seconds 

Recording interval 5-minutes 1-hour 

Wind speed accuracy ±2% ±1 m/s or 5% (whichever is greater) 

Dataset resolution 0.03 m/s 0.5 m/s 
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It is clear that both stations even if they were next to each other would not give 

the same wind speed measurements.  For instance, gust wind speeds in WTM are 3-

second gusts while ASOS are 5-second gusts with dataset resolutions of 0.03 and 0.5 m/s, 

respectively.  Both stations are located within airport facilities in what is considered as 

‘flat open terrain’.  Wind speed data collected at the WTM station was corrected to 

represent a homogenous exposure for all directions with roughness length (z0) equal to 

0.02m as described in a previous chapter.  Ultimately, stations may have different local 

micro-meteorology due to slightly different exposures but it was of interest to compare 

ASOS measurements against those that are calibrated more precisely as ‘flat open terrain’ 

with z0 = 0.02m.  A correlation analysis was done using hourly gust wind speeds and two 

years of records (June 2005 – May 2007) from each station.  Results of the study are 

shown in Figure 5. 12.  Gust wind speeds in the ASOS stations are not recorded every 

hour but only when certain conditions are met (Automated Surface Observing System 

1998), with the threshold wind speed value in Figure 5. 12 as evidence.  A total of 2136 

hourly simultaneous gust speed observations were obtained from both stations.    As it 

would be expected, differences between the two data collection systems are shown by a 

slope in the plot different from unity.  The WTM gust speeds were chosen as the 

independent variable (x-axis) and ASOS data as the dependent variable (y-axis) since 

WTM posses a higher accuracy and resolution.    As a result, a regression fit with 

intercept zero will give a slope with inverse equal to the average correction factor to 

adjust ASOS 5-sec gust speeds to WTM 3-sec gust speeds.  The least squares fit gives a 

1/slope equal to 1.12, which means that by using ASOS to estimate the 3-sec gusts for 

design (ASCE 7-05 2005), the ASCE basic wind speed is underestimating its value by 

approximately 12% for Lubbock, as opposed to the 2% believed to be the difference 

between a 3-sec and 5-sec averaging time interval (Simiu and Scanlan 1996).  Since the 

spread in the correlation plot is relatively large this correction for the ASOS data are not 

sufficiently precise.  As will be seen later a modified correction factor of 1.15 is needed 

for extremes; this is illustrated with the short-dashed line in Figure 5.12.  If a high-

resolution portable meteorological tower could be placed next to the ASOS and WTM 
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station to collect simultaneous wind data, a more precise value for the correction could be 

obtained and is encouraged. 

 

 
Figure 5. 12: Correlation between ASOS and WTM hourly gust wind speed measurements 

 

In addition, since the dataset resolution in ASOS stations record wind speeds to 

the nearest mile per hour, using a random number generator a value between -0.5 and 0.5 

was added to each extreme value from ASOS to avoid having a step-function in the 

extreme value analysis and thus producing a more realistic distribution. 

 

5.5.2.2 Results 

The largest annual gust wind speeds in the ASOS meteorological record from 

1973-2007 gave 35 years of maximum wind speeds for extreme value analysis.  ASOS 

gust wind speeds were compared against those in the WTM record.  Plotting positions 

based on Equation 5.3 were calculated and values are plotted in Figure 5. 13.  The yearly 

analysis using ASOS data without correction of wind speed data gives a 50-year gust 
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speed of 38.1 m/s (85 mph), while applying the correction gives 43.8 m/s (98 mph).  

Recalling from the previous section a 50-year wind using short-term records gave a 44.8 

m/s (100 mph) gust wind speeds.  Using short-term records with the MIS approach and 

long-term records with the corrected (Upeak-ASOS-corrected=Upeak-ASOS-measured x 1.15) data 

from annual maxima gave comparable results. 

It should be noted that determining the correlation between the ASOS and WTM 

stations works primarily as a justification for the use of a calibration factor greater than 

one and approximately 1.12.  The exact value can of course be found from making the 

ASOS FT1 fit have a mode (intercept) equal to the WTM FT1 mode (intercept); a 

characteristic indicator for the intensity of extreme climate in both stations.  As a result of 

this condition, the calibration factor for this ASOS station was found to be 1.15.  What 

really matters in the calibration is that all wind speeds are corrected by the same factor 

because of the assumption that extreme climatology of these two stations in the Lubbock 

county is the same and differences are only due to local micro-meteorology and 

instrument’s differences.  From Figure 5.13, the three lowest values in the annual maxima 

approach using ASOS wind data are synoptic extremes while the remaining annual 

maxima come from the thunderstorm events.  Both synoptic and thunderstorm order 

statistics from extreme winds measured by the ASOS station coincide with the range of 

order statistics for the respective mechanisms using the WTM station.  This demonstrates 

that the constant calibration factor was appropriate to correct ASOS wind speed data for 

exposure and instrument’s differences.  Since the WTM station wind data had only gust 

wind speeds that were corrected to a standard roughness of z0=0.02 meters, the 

micrometeorology of the two stations are set equal to the ‘open terrain’ by adjusting the 

ASOS data by the 1.15 factor.  The two most extreme thunderstorm winds with ASOS 

data seem to fail convergence to the FT1 model which again suggests the possibility of 

convergence to some limiting form. 
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Figure 5. 13: Original FT1 fit with 35-year annual maxima analysis superimposed 

 

5.5.3 Confidence intervals 

 In extreme value theory the variable under consideration is extrapolated to MRIs 

and conditions beyond the data available.  Extrapolations are estimates of the expected 

‘true’ value, however due to sampling, observation and modeling errors the estimate may 

differ from the ‘true’ value (Simiu et al. 1978).  Therefore it is desirable to quantify such 

errors to provide a reliability measure of the extrapolation.  Monte Carlo simulations are 

widely used as a reliability test when a deterministic algorithm cannot be developed.  

Confidence intervals can be defined with the bootstrap method which is a form of Monte 

Carlo simulation.  Bootstrap methods refer to re-sampling procedures which replace 

samples from empirical distributions by samples obtained by independent random 

sampling (Chernik 1999). 

Bootstrap techniques are straightforward; as stated by Chernik (Chernik 1999) the 

user simply:  
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(1) Generates a sample of size n (where n is the original sample size) with 

replacement from the empirical distribution (a bootstrap sample). 

(2) Computes the parameters of interest for the given bootstrap sample. 

(3) Repeat steps (1) and (2) N times, where N is very large. 

 

An acceptable modeling size is N = 1000 bootstrap samples, but in light of the 

speed of computing today a N = 10,000 is recommended for confidence interval 

estimation (Chernik 1999). 

Bootstrap methods have been used successfully to estimate the confidence 

intervals of extreme value analysis (Cook 2004).  A reasonable argument by Castillo et 

al. (2005) and Harris (1996) is that the greatest uncertainty lies in the estimate of the 

probability from ranked order statistics, as opposed to the measured wind speed (which is 

obviously subjected to measurement errors but believed to be smaller).  As a result the 

variable to be re-sampled here will be the probability of non-exceedance, Fbs.  The 

following procedure was followed to generate the bootstrap samples: 

(1) Fbs(vi) was generated using Marsaglia and Zaman’s (1991) uncorrelated 

random number generator (subtract-with-borrow method) with values between 0 

and 1.  The size of the bootstrap sample must have the same size n of the original 

sample (e.g. using the MIS approach and 7 years of data n=537 in the non-

directional analysis).  Then numbers are ranked in ascending order. 

(2) The FT1 reduced variate ybs = –ln(–ln(Fbs)) is obtained for each ranked 

position. 

(3) Repeat steps (1) and (2) to create 10,000 bootstrap samples. 

 

Each bootstrap sample is plotted against the original single set of 537 extreme 

wind speeds obtained from the MIS approach in Section 5.5.1.  Since the simulations are 

performed for the plotting position variable in the x-axis, the errors associated to the 

previously defined mean plotting position can now be seen.  Confidence intervals for 

predictions that go beyond the data available are estimated from the statistics obtained 

from the predictions based on the bootstrap samples.  Each bootstrap sample gives a 

unique FT1 mode, U , and dispersion, 1/α, from which the randomly generated wind 
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speed values can be estimated for the designated probability levels (or MRIs) of 

predictions.  Using the long- and short-term datasets Figure 5.14 and 5.15, respectively, 

shows in summary the methodology used for the reliability analysis.  From this figure 

Makkonen’s argument (Makkonen 2007) regarding the value of the exact mean plotting 

position is tested.  The exact mean probability of non-exceedance (i.e. plotting position) 

is obtained from the bootstrap sample mean – irrespective of plotting position used – and 

can be seen that the Gumbel formula is the only exact probability of non-exceedance.  

However, Gringorten’s formula is virtually identical for all probabilities, except for the 

highest extreme observations where Gringorten seem to align better with the FT1 model, 

and thus give a better fit albeit it seems analytically incorrect (Makkonen 2007).  Once 

the bootstrap projections for 50-, 100-, 500-, 1000-, and 10,000-years are made – 

irrespective of plotting position formula – it can be noticed that the expected (i.e. mean) 

extreme wind approach the predictions using Gringorten’s plotting positions better than 

Gumbel’s.  This is illustrated in Table 5.3 and Table 5.4 where the difference between the 

models and the calculated bootstrap mean is shown.  Notwithstanding, predictions using 

Gumbel’s and Gringorten’s plotting positions become indistinguishable as the sample 

size increase.  Should the analyst choose the annual maxima analysis, comparing 

Gringorten’s estimates in Table 5.3 and Table 5.4, we conclude that the use of 

Gringorten’s probability of non-exceedance is inappropriate.  As a general rule, when 

calculating probabilities of non-exceedance using order-statistics, Gumbel’s formula (i.e. 

F=m/(N+1)) is the preferred alternative.  Although Gringorten’s formula for the mean 

probability of non-exceedance gives a closer approximation to the actual mean 

probability of non-exceedance of long MRI predictions, these approximations converge 

to the Gumbel formula as the sample size increase, thus contrary to what is typically 

thought the Gumbel’s formula is an ‘unbiased’ plotting position but if data are scarse and 

the fit is not weighted using readily available methodologies this becomes less obvious. 

Once the wind speed values for all probabilities of non-exceedance and all 

bootstrap samples are defined statistics can be calculated.  Confidence intervals are 

estimated from such statistics and are illustrated in Table 5.3 and Table 5.4 for West 

Texas Mesonet using short-term records and the MIS approach, and for the ASOS station 

using long-term data and the annual maxima approach.  Predictions of extreme wind 
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speeds at long MRIs are more accurate using the MIS approach and 7-years of data than 

the annual maxima approach and 32-years of data. 

 
Figure 5.14: Reliability analysis using bootstrap method and 32-year analysis of typical 

annual maxima [ASOS station]. 
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Figure 5.15: Reliability analysis using bootstrap method and 7-years with the MIS approach 

[WTM station]. 

 

Table 5.3: Reliability values using 32-years of data - Typical annual maxima approach – 

[ASOS station]. 

 
 

 

 

 

 

Wind speed 
(m/s)

Difference about 
the mean

Wind speed 
(m/s)

Difference about 
the mean

50 43.1 ± 4.7 43.6 1.3% 42.7 0.8%
100 45.2 ± 5.4 45.9 1.4% 44.8 1.0%
500 50.2 ± 7.3 51.1 1.7% 49.6 1.2%

1000 52.4 ± 8.0 53.3 1.9% 51.7 1.3%
10000 59.5 ± 10.6 60.8 2.2% 58.6 1.5%

MRI (yrs.)
Bootstrap Mean 
Extreme Wind 
Speed (m/s)

95% 
Confidence 

Interval 

Gumbel plotting position Gringorten plotting position
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Table 5. 4: Reliability values using 7-years of data – Method of Independent Storms – 

[WTM station]. 

 
 

5.6 Analyzing directional extreme wind data 

Several issues arise when the extreme value analysis is rendered as a function of 

direction.  Discussed in the following subsections are: resolution into wind components, 

‘masking’ errors, different sample size among sectors, and correlation between sectors.  

Lastly, the fit of directional extreme wind data using the two available considerations is 

presented along with a comparison. 

 

5.6.1 Resolving into components 

It has been suggested by Coles and Walshaw (1994) that to render a directional 

extreme wind analysis it is necessary to resolve gust wind speeds into their components.  

Quoting from their paper (p.143): “In assessing the resilience of a structure to extreme 

gusts from a particular direction, it is clear that a large gust from an adjacent direction 

will contribute a sizeable component of velocity in the direction of interest”.  In addition, 

they indicate that in doing this, a complete sequence for each direction is obtained (i.e. 

equal sample size for all sectors), the problem of masking of directional extremes and 

wide trace widths of wind direction are ‘partially alleviated’.  However, it is believed that 

for the case of wind load effects on buildings where the aerodynamics are extremely 

dependent upon the angle of attack the definition of probabilities of directional winds 

have to be uniquely defined with winds coming from each direction and not with the 

combination of adjacent directions using trigonometric properties.  Nevertheless, these 

two methodologies, resolving and not resolving into wind components, are investigated 

Wind speed 
(m/s)

Difference about 
the mean

Wind speed 
(m/s)

Difference about 
the mean

50 44.8 ± 2.8 45.1 0.67% 44.6 0.12%
100 47.2 ± 3.1 47.6 0.69% 47.0 0.13%
500 52.9 ± 3.6 53.3 0.73% 52.7 0.13%

1000 55.4 ± 3.8 55.8 0.74% 55.2 0.14%
10000 63.5 ± 4.6 64.0 0.78% 63.2 0.14%

Gumbel plotting position Gringorten plotting position
MRI (yrs.)

Bootstrap Mean 
Extreme Wind 
Speed (m/s)

95% 
Confidence 

Interval 
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here by means of a comparison.  In this section the analysis without resolving into 

components is presented while the results for when wind speeds are resolved into their 

components are presented in Appendix G using figures. 

 

5.6.2 Directional masking issues: data insufficiency? 

The ‘masking’ problem is a data availability issue.  More often the ‘masking’ 

problem is recognized in a relatively large time scale rather than in the turbulent small-

time scale.  The ‘masking’ produced by the turbulent nature of the wind is discussed later 

but referred to as the issue of ‘width of direction trace’; this is the terminology used by 

Moriarty (1985).  In the past, measurements used in directional extreme value analysis, 

were fitted to a high number of annual maxima per direction and directional data was 

more often compounded by daily records (Changery et al. 1984; Moriarty and Templeton 

1983; Moriarty 1985, 1987a, 1987b).  In a given day it was possible that more than one 

direction would see the extreme wind and if several directions attributable to different 

gust wind speeds were not recorded ‘masking’ would occur (Moriarty and Templeton 

1983).  Provided that more than 20 years of directional annual maxima data are available, 

for short MRIs, Simiu et al. (1985) found that the masking effect is insignificant for 

practical purposes, while for long MRIs producing limit states in building designs the 

masking effect is considerably large (i.e. with extrapolations that differ by 10% or more 

when masking is ignored) (Simiu and Heckert 1998b), which gave inconclusive results 

for non-hurricane regions.  Cook and Harris (2001) also discuss this issue indicating that 

for a directional analysis the analyst must have access to the full-parent dataset (i.e. not 

daily summaries but continuous data).  It transpires then that for gust data obtained at a 

much higher resolution (e.g. 5-minutes) the masking problem mentioned in (Simiu and 

Heckert 1998a) is not an issue; and if any, it would be expected to occur for less probable 

mechanisms such as downbursts.  Using 5-min records and the MIS approach allows 

characterizing each individual atmospheric event and their participation to all directions. 

For the directional extreme wind analysis considered here, the maximum wind 

speed from each direction in each independent event/storm was extracted.  Not all 

directions will have registered a gust value for each individual storm, and if they do it is 
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obvious that not all directions will have strong winds.  It is of interest to see what the 

participation is from each event to all directions, so after extracting the maximum gust 

wind speed for each direction in each event the number of sectors that had participation 

from each event was quantified.  Since this participation is expected to be less as a 

minimum wind speed is increased, the total number of participating sectors in the 595 

events was investigated with an increasing minimum wind speed threshold.  Results of 

this analysis are shown in Figure 5.16.  This plot reveals how many sectors participate in 

each independent extreme event/storm in the directional extreme value analysis.  As the 

wind speed increases there are fewer participating sectors as would be expected and 

mentioned by Davenport (1987), with a minimum contribution of one 22.5-degree sector 

and a maximum of three 22.5-degree sectors for high wind speeds.  When no threshold is 

specified many more sectors have a participation, some events having participation for all 

directions (16 sectors) and some events as few as 90 degrees (4 sectors).  It seems that at 

least 30-45 degrees (2 sectors) will have participation as the threshold wind speed 

increases.  However, notice that in the extreme value analysis performed using the MIS 

approach only gust wind speeds greater than 12 m/s are considered in the fit (this was 

discussed in Section 5.4.1).  Figure 5.16 shows that for wind speeds greater than 12 m/s, 

3 sectors with a 22.5-degree width better represent the average participation of sectors for 

extreme wind events used in extreme value analysis.  POT users may benefit from this 

knowledge when doing a directional extreme wind analysis.  For the effect of our study 

where the MIS approach is used and thus less restrictive thresholds are used there are 

more participating sectors compared to any other approach. 
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Figure 5. 16: Average contributing angle of storms as a function of wind speed threshold 

 

Another form of ‘masking’ of directional data will be addressed hereto: the ‘width 

of direction trace’.  The width of the direction trace is caused by turbulent fluctuations of 

wind direction.  This raises the question of: Should the gust wind speed be attributed to 

come from the mean wind direction or only applicable to certain gust wind direction?  

Ideally, the exact wind direction of a gust would be recorded in the continuous data 

records but this is generally not done.  For the consideration of width of the direction 

trace, a plot showing the 5-minute standard deviation of wind direction versus gust wind 

speeds is shown in Figure 5. 17.  Whether lateral wind speed variations remain relatively 

constant or vary with increasing wind velocity magnitude the vector summation of lateral 

and along wind components give a wind direction fluctuation that decreases with 

increasing resultant wind velocity magnitude.  Therefore, as gust wind speed increases, 

assigning a gust wind speed to a mean wind direction becomes more appropriate if the 

mean wind direction is defined in a relatively short but stationary period, such as 5-

minutes.  At gust wind speeds greater than 15 m/s (as in Moriarty’s 1987b), of interest in 
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extremes wind analysis, most 5-minute observations have standard deviations of wind 

direction that fluctuates between 5 and 20 degrees, meaning that (provided the 

assumption of normal distribution is satisfied) 68% of the time wind direction fluctuates 

5 and 20 degrees each side of the mean wind direction and 95% of the time fluctuates 

between 10 and 40 degrees each side of the mean wind direction.  This conclusion agrees 

somewhat with Moriarty and Templeton’s (1983) investigation where they found that 

direction uncertainty is of the order of ±22 degrees around the mean.  This translates to 

possibly allocating gusts to wrong sectors, but in the case of using 16 sectors of 22.5 

degrees each, remains limited to 68% and 95% of the time possibly allocating gusts 

wrongly to the neighboring sector or the subsequent sector, respectively, for the typical 

synoptic winds.  In other words, 68% of the time the gust wind speed is properly assigned 

the right sector within ±1 sector and 95% of the time the gust is properly assigned within 

±2 sectors.  A more detailed study regarding directional uncertainties due to the turbulent 

wind is given by Moriarty (1985).  It should be noted that these directional uncertainties 

in the trace width are applicable to flat terrain with a low exposure level, locations in 

hilly terrain and on the lee of mountains could be up to 2.5 and 5.5 times higher than flat 

terrain (Panofsky et al. 1978), respectively. 

No matter what sector width is used, for other mechanisms such as thunderstorms 

and downbursts, the appropriate definition of a sector width is not constrained by how 

wide or small we choose the sector but by stationarity issues.  Nevertheless, in using the 

MIS approach there are a significant number of extreme wind observations produced by 

synoptic winds in each direction and therefore thunderstorms (i.e. less recurrent events) 

are likely not to affect significantly the directional fit of the probabilistic distribution.  If 

less probable mechanisms such as thunderstorms affect the fit considerably, more robust 

fitting procedures such as using a weighted fit (e.g. Harris (1999)) are suggested.  The use 

of 22.5 sectors is justified here because 5-minute records are used.  The variation of wind 

direction due to the turbulence of the wind is primarily of concern for dynamic response 

analysis of structures and therefore assumed to be of less importance for rigid structures 

(Wen 1984). 
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Figure 5. 17: Standard deviation of wind direction as a function of gust wind speed 

 

5.6.3 Dealing with different sample sizes among sectors 

As it was mentioned, for some directions there will be events/storms with no 

collaboration of wind speeds coming from that particular direction.  This may be 

attributable to the fact that we have not resolved each gust wind measurement into its 

components.  Therefore, the sample size among sectors will vary, but the more important 

question is if it varies significantly from year to year.  As discussed in Section 5.3 the 

theory behind the GEV theory assumes a constant number of annual events and this 

applies for each direction, but provided a sufficiently high number of events is available, 

predictions seem unaffected (Harris 1999; Cook and Harris 2003).  The problem of 

different sample size among directional sectors is overcome by adjusting the annual 

probabilities of non-exceedance by the actual sample size in each direction as shown in 

Equation 5.4 (Cook and Harris 2001).  Moriarty (1987) showed that if there is any 

consequence to ignoring sample size variations among sectors it would be to make 

predictions conservative.  However, the degree of conservatism was inversely 

proportional to the number of extreme values and proportional to the MRI (Moriarty 

1987a,1987b).  As a result, in this investigation sample size variations among sectors, 

summarized in Table 5.5, are ignored because a high number of extreme values (>85 
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events) are obtained for each direction using the MIS approach.  If there is any expected 

conservatism is mainly to come from the use of high MRIs (MRIs > 100-years), therefore 

if for any direction the extreme value analysis for long MRIs give higher predictions in a 

sector than in the non-directional approach this is likely to be the cause.  The 

appropriateness of this assumption will be seen later with estimates of directional extreme 

winds with increasing MRIs.  Another possible source for deviations from the true 

directional extreme value is the correlation between directions; an issue that still remains 

to be discussed. 

 

Table 5. 5: Sample size for directions using the MIS approach. 

 
 

5.6.4 Correlation between sectors for extreme value analysis 

In the section dealing with masking effects it was mentioned that even for high 

wind speeds independent events contribute to more than one sector.  Because each 

event/storm will have some contribution to certain number of sectors, which decreases 

with increasing wind speed as discussed previously, there is a degree of correlation that 

Sector
Direction 
(degrees)

Independent events in 
7 years (>12 m/s)

N 0 211
NNE 22.5 402
NE 45 340

ENE 67.5 232
E 90 86

ESE 112.5 98
SE 135 124

SSE 157.5 208
S 180 260

SSW 202.5 272
SW 225 225

WSW 247.5 225
W 270 211

WNW 292.5 200
NW 315 168

NNW 337.5 165
ALL --- 537
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can be quantified as a function of wind speed.  In this sense, using POT methods would 

give a reduced degree of directional correlation for sufficiently high wind speeds 

thresholds but as was mentioned this is counter-productive to have a large sample size in 

each direction. 

The issue of correlation between sectorial wind data has not been studied 

exhaustively.  Concerted efforts to estimate directional correlation among sectors were 

done by Simiu et al. (1985) and Changery et al. (1984).  In that study a large number of 

directional annual maxima were extracted for 24 meteorological stations throughout the 

Unites States and the cross-correlation was calculated concluding that for yearly 

directional extremes 45-degree sectors give only a weak correlation (ρ<0.4 in most 

cases).  By referencing Marshall and Olkin (1983) Simiu (1985) indicates that a weak 

correlation in practice implies statistical independence.  As only one value – the 

maximum – is extracted for each direction per year, sample sizes were the same for all 

directions in Simiu’s (1985) investigation.  Some of the directional maxima in a given 

year might come from the same storm system and thus would be considered coincidental 

or conversely directional maxima could come from different storms.  As a result there are 

two scenarios in which the correlation can be calculated: the first is when the extremes 

are not coincidental and the second when the directional extremes are coincidental.   

In our case ‘coincidental’ means that maximum gust wind speed extracted for 

directions came from the same event.  In the MIS approach, unless gust speeds are 

resolved into components (Section 5.6.1), sample size of directional extremes will vary 

between sectors therefore we must resort to one of the following assumptions.  The 

directional correlation is investigated under two circumstances: (1) The m-highest 

extreme values are chosen for each direction (later put in the original order per direction 

so that correlations are calculated appropriately) for an equal sample size among 

directions (i.e. non-coincidental assumption) and (2) an m-varying sample size where the 

only requirement is that the two directions for which the correlation is to be calculated 

have the same size and extremes occurred coincidentally.  The first correlation is 

conditional on the m-highest value and in the second correlation is conditional on wind 

speed.  While some events (or years for the annual analysis) could have coincidental 

directional extremes and some others events might not, the actual correlations should be 
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anywhere between these two circumstances.  In both cases a significantly higher number 

of events are extracted from each year and a smaller sector width chosen, therefore 

Simiu’s (1985) conclusions regarding weak correlation between 45-degree sectors may 

be different.  The measure of correlation used here is the Pearson's correlation coefficient. 

 

5.6.4.1 Correlation of non-coincidental directional extremes 

For the calculation of correlation of non-coincidental directional extremes the m-

highest directional values must be obtained.  In our case the largest m that can be used is 

86 since this is the sample size of the direction with the least extreme values (Table 5.5).  

Once the m-highest values in each direction are obtained and put in the original order 

they occurred the correlation coefficients are calculated.  This procedure is similar to 

Simiu’s (1985) directional correlation where m is equal to one for each year of data used.  

Directional extremes used in Simiu’s annual analysis are extracted from daily summaries 

(maxima) and directions are rounded to the nearest 10th degree.  Note that calculating 

correlation between 45-degree sectors is not the same as calculating correlation between 

two 22.5-degree sectors separated by 45 degrees; the latter is expected to be smaller.  

Table 5.6 shows the conditional correlation with m=86-highest values for all directions 

and Figure 5. 18 shows the average correlation coefficients for the different separation 

angles between sectors conditional on the value m.  It is clear that in Simiu’s study the 

correlation was higher because two adjacent 45-degree sectors share more information 

than two 22.5-degree sectors separated by 45-degrees, however, it is interesting to find 

lower correlation between two adjacent 22.5-degree sectors.  Possible reasons for this are 

the increase in sample size using the MIS approach, rounding issues in their datasets, and 

the presence of any daily correlation in preferred directions since their data set was 

extracted from daily summaries.  If non-coincidental directional extremes are assumed 

correlation coefficients fluctuate between -0.22 to 0.40 with an average of 0.11 for 

adjacent 22.5-degree sectors.  Given the weak correlation it could be said that directional 

extremes are statistically independent using the m-highest conditional correlation 

approach.  However, when data are assumed to be coincidental a higher correlation 

between directional sectors appears, as it would be expected and is shown next. 
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Table 5. 6: Cross-correlation between 22.5-degree sectors using 86-highest values in 7-years 

 
 

 
Figure 5. 18: Average correlation between 22.5-degree sectors conditional on the m-highest 

value 

 

5.6.4.2 Correlation of coincidental directional extremes 

In the calculation of the correlation coefficient for 22.5-degree sectors any two 

adjacent sectors (provided that 360 degrees are divided in 16 sectors) will have nj number 

of events where coincidental measurements of independent extremes occurred, thus for 

those two series of size nj the correlation coefficient can be calculated.  This is done for 

SECTOR 0 22.5 45 67.5 90 112.5 135 157.5 180 202.5 225 247.5 270 292.5 315 337.5
0 1.000 0.278 0.021 0.019 -0.065 0.046 0.208 -0.023 -0.138 -0.029 -0.159 0.031 -0.032 -0.017 0.335 0.198

22.5 1.000 0.021 0.035 -0.045 0.111 0.003 -0.177 0.012 0.007 0.118 0.002 0.247 -0.095 0.234 0.087

45 1.000 0.353 -0.104 0.025 0.115 -0.015 0.007 -0.059 -0.101 -0.043 0.165 0.019 0.054 -0.094

67.5 1.000 0.050 -0.063 0.006 0.082 -0.092 -0.031 -0.088 0.082 0.090 0.033 0.149 0.220

90 1.000 -0.219 0.123 0.037 0.086 0.045 -0.002 -0.147 -0.148 -0.105 -0.101 -0.055

112.5 1.000 0.042 -0.183 -0.033 0.042 0.051 0.182 -0.036 0.121 0.055 -0.142

135 1.000 0.158 -0.398 -0.137 -0.060 -0.037 -0.099 0.001 0.184 0.080

157.5 1.000 -0.036 -0.122 -0.111 0.005 -0.014 0.246 0.308 0.335

180 1.000 0.277 0.171 -0.103 0.258 0.047 -0.172 -0.125

202.5 1.000 0.187 -0.121 0.131 -0.050 -0.144 -0.140

225 SYMMETRICAL 1.000 -0.163 0.024 -0.044 -0.051 -0.108

247.5 1.000 0.063 -0.003 0.054 0.074

270 1.000 0.132 0.032 0.020

292.5 1.000 0.062 0.037

315 1.000 0.404

337.5 1.000
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the j=1,2,…,16 possible combinations of adjacent 22.5-degree sectors so that an average 

correlation coefficient can be estimated.  Then, the correlation for two 22.5-degree 

sectors separated by 45-degrees is obtained similarly by finding coincidental 

measurements in any two series of size mj separated by 45 degrees (i.e. leaving one 22.5 

degree sector in between).  This procedure is repeated for the j=1, 2,…,16 possible 

combinations and again an average is obtained for 22.5-degree sectors separated by 45-

degrees.  This process is repeated successively for separations of 22.5, 45, 67.5, 90, 

112.5, …, 180-degrees and a matrix as the one shown in Table 5.7 can be created for the 

different threshold wind speed values.  For lower threshold wind speeds the correlation 

coefficients are expected to be much higher because more storms participating in the 

correlation calculation are the same. 

Average correlation values are obtained from each possible separation angle and 

are shown in Figure 5. 19.  For adjacent 22.5-degree sectors, correlation values fluctuate 

between 0.55 to 0.77 with an average of 0.69 conditional that there is no threshold wind 

speed and fluctuate between 0.36 to 0.68 with average 0.55 conditional on a gust wind 

speed larger than 10 m/s.  For larger threshold values the calculation of correlation 

become unstable due to the insufficient number of storms participating in all sectors.  The 

given conditional correlation coefficients suggest that values continue to drop as wind 

speed increase up to 20 m/s where it should approximately converge to some value; this 

is suggested by the storms’ contributing angle shown in Figure 5. 16, but since no 

numerical values were obtained above 15 m/s, a suggested correlation line is shown in 

the figure which is mainly applicable to the MIS approach.  The average correlation 

between two adjacent 22.5-degree sectors is approximately 0.49.  It could be said that 

22.5-degree sectors are weakly correlated or are practically statistically independent. 

The proponents of resolving gust wind speeds into its components (Coles and 

Walshaw 1994) raised the issue of an increased correlation associated with using 

trigonometric properties to augment the robustness of the directional dataset of extremes.  

In Appendix H, the average correlation between sectors when resolving into components 

is presented.  As seen in Table 5.8 below, comparing these two analyses we can conclude 

that the directional correlation is unnecessarily higher by at least 1.5 times for adjacent 

22.5-degree sectors when resolving.  As expected, the correlation decreases at a slower 
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rate for the case of resolving into components since trigonometric properties remain to 

influence a wider number of sectors when compared to the real participating sectors in a 

storm. 

 

Table 5. 7: Cross-correlation between 22.5-degree sectors using no minimum threshold 

wind speed. 

 
 

 
Figure 5. 19: Average correlation between 22.5-degree sectors conditional on the threshold 

wind speed 

 

 

SECTOR 0 22.5 45 67.5 90 112.5 135 157.5 180 202.5 225 247.5 270 292.5 315 337.5
0 1.000 0.688 0.263 0.120 0.048 -0.011 -0.046 -0.016 0.036 0.155 0.162 0.163 0.130 0.282 0.425 0.677

22.5 1.000 0.584 0.295 0.125 0.061 -0.034 -0.003 0.047 0.139 0.070 0.050 0.001 0.120 0.185 0.362

45 1.000 0.664 0.365 0.198 0.083 0.089 0.093 0.136 0.017 -0.009 -0.061 0.023 0.094 0.130

67.5 1.000 0.743 0.455 0.291 0.207 0.150 0.086 -0.005 -0.055 -0.062 -0.011 0.070 0.083

90 1.000 0.718 0.503 0.344 0.237 0.073 0.013 -0.044 -0.018 0.015 0.035 0.050

112.5 1.000 0.752 0.542 0.309 0.122 0.013 -0.021 0.008 -0.005 0.045 0.060

135 1.000 0.761 0.482 0.216 0.048 -0.037 -0.033 -0.040 0.016 0.040

157.5 1.000 0.739 0.419 0.113 0.058 0.010 -0.035 0.046 0.057

180 1.000 0.686 0.290 0.167 0.119 0.053 0.086 0.045

202.5 1.000 0.545 0.352 0.249 0.174 0.167 0.116

225 SYMMETRICAL 1.000 0.704 0.481 0.339 0.239 0.162

247.5 1.000 0.774 0.546 0.376 0.213

270 1.000 0.733 0.472 0.283

292.5 1.000 0.664 0.466

315 1.000 0.658

337.5 1.000
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Table 5. 8: Comparison of correlation coefficients when directional data are resolved and 

not-resolved into components 

 
 

Although it would be desirable to account for correlation explicitly in the 

probability distribution functions of extreme value theory such methodologies have not 

been developed and validated.  Some efforts in this area include those of Coles and 

Walshaw (1994) that use the theory of max-stable processes, Itoi and Kanda (2002) that 

use an extended Gumbel distribution to account for correlation of a maximum of four 

sectors, and more recently multivariate (non-Gaussian) distributions were examined as 

critically dependent on the available sample size of data (Grigoriu 2007).  Results in the 

latter are encouraging for the analysis of directional extreme data that uses the Method of 

Independent Storms, where the sample size is optimal.  This section is principally 

intended to provide a quantification of the degree of directional correlation, which has 

been said to be unknown (Cook 1983). 

Although moderate and weak correlations have been considered as insignificant in 

the analysis of extremes (Simiu et al. 1985,1986; Holmes 1990), an alternative to dealing 

explicitly with the correlation issue was provided by Cook (1983), where the correlation 

of data are exploited to give ‘unbiased’ results.  For the U.K. climate Cook (1999) found 

a factor that increases the directional 50-year extremes by as much as 1.25 since 

correlation was found to reduce the estimates of extremes for a predefined probability of 

exceedance.  Such methodology is discussed in the following section.  Simiu et al. (1986) 

indicate that the assumption of mutually uncorrelated directional data typically results in 

the overall overestimation of probability failures (suggesting some degree of 

Separation angle 
(degrees)

NR* R**
Increase 
(times)

0 1 1 1.0
22.5 0.49 0.74 1.5
45 0.29 0.48 1.7

67.5 0.16 0.30 1.9
90 0.08 0.20 2.5

* NR: Not resolving into components
** R: Resolving into components

Average Correlation
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conservatism) agreeing with Cook (1983) in that when correlation between sectors is not 

considered the overall risk is higher.  The practical way to consider Cook’s suggested 

increase in directional predictions has not been undertaken in any design standard.  The 

reason is because the common thought is that a non-directional extreme value analysis 

would give the worst-case scenario from which a directionality factor is used to simply 

reduce the predictions in a directional base except for the direction with the strongest 

winds, while according to Cook this is not necessarily true suggesting that the risk of 

some direction may be larger than the non-directional overall risk. 

 

5.6.5 Fitting directional data to the FT1 model 

In analyzing directional extreme winds of non-hurricane regions it has been found 

(Moriarty and Templeton 1983; Cook 1982; Simiu and Scanlan 1996; Riera and Nanni 

1989; Zuranski and Jaspinska 1996) that the FT1 model give a good fit for directional 

extreme data.  However, other distributions have also been fitted for directional analyses 

(Holmes and Sanabria 2008; Wen 1984; Davenport 1987; Melbourne 1981) such as those 

for mean wind speeds (Weibull) and FT3.  Note that use of shape-sensitive distributions 

(e.g. FT2, FT3, POT) are more likely to give unstable predictions for long MRIs in such a 

way that a particular direction would give higher predictions than the non-directional case 

for a particular MRI.  Two methodologies to estimate the directional extreme winds are 

investigated. The first methodology was proposed by Cook (1983) where non-exclusive 

directional extreme values are fitted to the FT1 distribution individually, as if the wind 

always came from each separate direction, and a correction for the ‘correlation’ of 

directional data is dealt with later.  The second approach is to assume uncorrelated 

directional data and fit separate FT1 distributions for each direction with directional 

extreme predictions that use a constant and higher MRI for directions that correspond to 

certain lower MRI used in the non-directional case.  The latter approach used in design is 

intended to provide a wind speed value in the direction of strongest winds that is equal to 

the non-directional analysis, and thus a directional multiplier that does not exceed unity.  
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5.6.5.1 Directional extreme winds of partially correlated data - Cook’s method 

Cook (1983) fitted an individual FT1distribution as a function of direction and 

then dealt with the effects of correlation among direction sectors via a correction factor.  

This approach is undertaken here to calculate the climatic directional factors. 

A separate FT1 distribution is fitted to each direction giving the results shown in 

Table 5.9.  The climatic characteristic product ПU=α∙U for all directions varies between 

7.2 and 10.4.  A subsequent discussion in the next chapter elucidates to this characteristic 

product for the determination of a dimensionless peak load coefficient.  Confidence 

intervals for each direction obtained with the bootstrap method described before are given 

in Table 5.10.   The fit of two directions (West and East directions) are shown in Figure 

5. 20 and Figure 5. 21 as examples of the strongest and weakest directions, respectively.  

Note that the mode obtained from the non-directional analysis is always higher than that 

value obtained in the directional analysis and the dispersion too with two exceptions; 

West and North-Northwest directions (the most extreme wind directions) had a slightly 

higher slope; which suggests the possibility that for very long MRIs these two directions 

will exceed the non-directional value.  As Cook (1982) discussed in his paper the non-

directional analysis should give higher mode and slope than for any direction, and this is 

reasonably accomplished in our analysis considering that the exceptions are insignificant 

(to the hundredth decimal place of the dispersion value) and is probably due to the un-

weighted fitting technique used. 

When calculating the climatic directional factor proposed by Cook the 50-yr 

prediction obtained for each direction is divided by the 50-yr non-directional prediction.  

Results of this climatic directional factor are illustrated in Figure 5. 22 and need to be 

corrected for ‘correlation’.  It can be shown that the climatic directional factor remain 

constant for higher MRIs using this approach. 
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Table 5. 9: Fit of FT1 distribution to extreme winds coming from each direction 

 
 

Table 5. 10: 95% Confidence Intervals using the bootstrap method and directional data 

.  

 

To correct the correlation issue in the directional analysis it was noted by Cook 

(1983) that risk should be distributed uniformly by direction and that climatic directional 

factors shown in Figure 5. 22 can be used to do that.  To re-distribute risk uniformly by 

50 100 500 1,000 10,000
N 0 23.64 2.61 9.04 33.8 35.7 39.9 41.7 47.7

NNE 22.5 23.94 2.33 10.30 33.0 34.7 38.4 40.0 45.4
NE 45 23.53 2.59 9.09 33.6 35.4 39.6 41.4 47.4

ENE 67.5 21.09 2.22 9.49 29.8 31.3 34.9 36.4 41.6
E 90 18.44 1.97 9.38 26.1 27.5 30.7 32.0 36.6

ESE 112.5 18.71 2.46 7.62 28.3 30.0 34.0 35.7 41.3
SE 135 19.32 2.08 9.30 27.4 28.9 32.2 33.7 38.5

SSE 157.5 20.51 1.97 10.39 28.2 29.6 32.8 34.2 38.7
S 180 21.46 2.10 10.22 29.7 31.1 34.5 36.0 40.8

SSW 202.5 21.13 2.14 9.86 29.5 31.0 34.5 35.9 40.9
SW 225 22.72 2.57 8.84 32.8 34.6 38.7 40.5 46.4

WSW 247.5 25.09 3.05 8.22 37.0 39.1 44.1 46.2 53.2
W 270 27.17 3.54 7.68 41.0 43.4 49.1 51.6 59.7

WNW 292.5 25.76 3.26 7.89 38.5 40.8 46.0 48.3 55.8
NW 315 24.25 3.17 7.64 36.6 38.9 44.0 46.2 53.5

NNW 337.5 25.37 3.54 7.16 39.2 41.7 47.4 49.9 58.0
- ALL 30.89 3.51 8.80 44.6 47.0 52.7 55.2 63.2

Sector ID Direction 
(deg.)

Mode 
(m/s)

Dispersion 
(1/α)

Extreme Wind Speeds - FT1 fit [m/s]

Return Period (yrs.)
Characteristic 
product,  ΠV

50 100 500 1,000 10,000
N 0 ± 2.7 ± 3.0 ± 3.6 ± 3.8 ± 4.6

NNE 22.5 ± 2.5 ± 2.7 ± 3.2 ± 3.5 ± 4.2
NE 45 ± 3.1 ± 3.4 ± 4.2 ± 4.5 ± 5.5

ENE 67.5 ± 2.8 ± 3.1 ± 3.7 ± 4.0 ± 4.9
E 90 ± 2.8 ± 3.1 ± 3.8 ± 4.1 ± 5.0

ESE 112.5 ± 3.5 ± 3.8 ± 4.7 ± 5.0 ± 6.2
SE 135 ± 2.6 ± 2.9 ± 3.5 ± 3.8 ± 4.7

SSE 157.5 ± 2.1 ± 2.2 ± 2.7 ± 2.9 ± 3.5
S 180 ± 2.0 ± 2.2 ± 2.7 ± 2.8 ± 3.5

SSW 202.5 ± 2.2 ± 2.4 ± 2.9 ± 3.1 ± 3.7
SW 225 ± 2.6 ± 2.8 ± 3.4 ± 3.6 ± 4.4

WSW 247.5 ± 3.1 ± 3.4 ± 4.0 ± 4.3 ± 5.3
W 270 ± 3.7 ± 4.0 ± 4.8 ± 5.2 ± 6.3

WNW 292.5 ± 3.6 ± 3.9 ± 4.7 ± 5.0 ± 6.1
NW 315 ± 3.7 ± 4.0 ± 4.8 ± 5.2 ± 6.4

NNW 337.5 ± 5.0 ± 5.5 ± 6.7 ± 7.2 ± 8.8
- ALL ± 2.8 ± 3.1 ± 3.6 ± 3.8 ± 4.6

95% Confidence Intervals
Return Period (yrs.)Direction (deg.)Sector ID
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direction the given climatic factors need to be increased by the k-factor.  Where k-factor 

represents a ratio between the 50-yr non-directional prediction obtained by pre-

conditioning the original data and the 50-yr non-directional prediction without 

preconditioning.  To precondition the data Cook said that if we apply the division 

operator on the original data, which is a function of wind direction, by the climatic 

direction factors shown in Figure 5.22 then the directional extreme value predictions 

would be represented by a circle showing that directional extremes are now equally risky; 

an assumption that was found reasonable as can be seen in Appendix I. 

 

 
Figure 5. 20: FT1 fit for West direction 
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Figure 5. 21: FT1 fit for East direction 

 

In doing this the data are allegedly exploited for correlation and risk was allocated 

uniformly by direction by altering wind speeds.  Therefore, the non-directional analysis is 

rendered a second time and will give a value that is k-factor times higher than the original 

non-directional analysis.  The k-factor adjusts the climatic directional factors given 

previously to account for the ‘correlation’ effects.  For the U.K. climate, k-factor was 

found to fall between 1.15 and 1.25 for wind speeds.  In Table 5.11 the results of the 

second analysis performed to the preconditioned data are shown.  The k-factor for our 

location was found to be 1.27 (k-factor = 56.7 ms-1 / 44.6 ms-1).  Adjusting the climatic 

directional factors by k-factors give us the values shown in Table 5.12.  This indicates 

that for directions WSW, W, WNW, NW and NNW the probability of exceedance is now 

greater than that indicated by the non-directional analysis.  Implying, that should the 

climatic directional factors be normalized by its highest value (West = 1.17), to have 
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factors that are less than unity, the non-directional analysis must be increased by 17 % in 

this case; a conservative undertaking (Holmes 1990). 

The argument seems to be nonsense since the understanding is that the non-

directional analysis takes the worst possible wind speeds from every storm irrespective of 

direction to give the highest predictions for all MRIs and directions.  A possible 

explanation might be that while some direction θ1 contain the highest wind speed of all 

directions for one particular storm (i.e. value extracted for the non-directional analysis), 

the most extreme direction θ2 within the same storm had a second high wind speed which 

in the end fosters the development of stronger predictions for direction θ2 compared to 

the non-directional analysis.  However this is something that would have to happen more 

often than not to affect the directional analysis predictions and therefore not enough bases 

to justify an increase in the non-directional predictions. 

It is concluded that in Cook’s method, the combined probability of exceedance is 

calculated from the envelope of participating angles of all storms suggesting that all 

directions have the same likelihood to occur during any given event; this is believed to be 

the reason for such conservative climatic directional factors.  As Cook himself indicated: 

“The drafting committee for the current UK Standard took the pragmatic view that, use of 

directional factors should not alter the highest design loads obtained irrespective of 

direction, so they scaled the original direction factors to be unity in the direction of the 

strongest winds.”  Table 5.12 also show what would be the design climatic directional 

factors in our region as per the British Standard (1997). 
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Figure 5. 22: ‘Correlated’ climatic directional factor,V50,θ/V50,all 

 

Table 5. 11: Re-analysis of pre-conditioned extreme wind speed data 

 
 

 

 

 

 

 

 

50 100 500 1,000 10,000
N 0 31.68 3.96 8.01 47.1 49.9 56.3 59.0 68.1

NNE 22.5 30.90 3.80 8.14 45.7 48.4 54.5 57.1 65.9
NE 45 28.58 3.53 8.10 42.3 44.8 50.5 52.9 61.1

ENE 67.5 29.38 3.76 7.81 44.1 46.7 52.8 55.4 64.0
E 90 27.38 3.07 8.92 39.4 41.5 46.5 48.6 55.7

ESE 112.5 27.32 3.22 8.49 39.9 42.1 47.3 49.6 57.0
SE 135 31.59 3.91 8.08 46.9 49.6 55.9 58.6 67.6

SSE 157.5 33.67 3.98 8.46 49.2 52.0 58.4 61.2 70.3
S 180 33.17 3.75 8.84 47.8 50.4 56.5 59.1 67.7

SSW 202.5 32.09 3.44 9.32 45.5 47.9 53.5 55.9 63.8
SW 225 31.02 3.77 8.22 45.8 48.4 54.5 57.1 65.8

WSW 247.5 30.31 3.87 7.84 45.4 48.1 54.3 57.0 65.9
W 270 29.69 4.02 7.39 45.4 48.2 54.7 57.4 66.7

WNW 292.5 29.99 3.99 7.51 45.6 48.4 54.8 57.6 66.8
NW 315 29.45 4.01 7.35 45.1 47.9 54.3 57.1 66.4

NNW 337.5 29.47 4.36 6.75 46.5 49.5 56.6 59.6 69.7
- ALL 40.23 4.22 9.52 56.7 59.7 66.5 69.4 79.2

Sector ID Direction 
(deg.)

Mode 
(m/s)

Dispersion 
(1/α)

Extreme Wind Speeds - FT1 fit [m/s]
Return Period (yrs.)

Characteristic 
product,  ΠV



Texas Tech University, Rolando E. Vega, August 2008 

142 

 

Table 5. 12: Actual climatic directional factors using Cook’s method and British 

recommendation 

 
 

5.6.5.2 Directional extreme winds of uncorrelated data - Melbourne’s method 

Cook’s method give seemingly conservative predictions and as a result climatic 

directional factors that consider correlation between sectors are scaled down so that no 

climatic directional factor exceeds unity.  An alternative to the estimation of the climatic 

directional factor is to assume directional data is uncorrelated.  For perfectly uncorrelated 

directional data the combined probability of exceedance for all directions is given by 

Equation 5.6, where there can be n directions i (typically n is 6,8 or 16). 

 

    (5.6) 

 

In contrast, for perfectly correlated directional data the probability of exceedance 

is given by Equation 5.7 (Simiu et al 1985), where k is any direction i and one single 

direction determine the combined probability of all directions. 

Sector ID
Direction 

(deg.)
CF

Note 1
CF (Sd)
Note 2

N 0 0.96 0.83
NNE 22.5 0.94 0.81
NE 45 0.96 0.82

ENE 67.5 0.85 0.73
E 90 0.74 0.64

ESE 112.5 0.81 0.69
SE 135 0.78 0.67
SSE 157.5 0.80 0.69

S 180 0.84 0.72
SSW 202.5 0.84 0.72
SW 225 0.93 0.80

WSW 247.5 1.05 0.90
W 270 1.17 1.00

WNW 292.5 1.10 0.94
NW 315 1.04 0.89

NNW 337.5 1.12 0.96
CF: Climatic directional factor.

Note 1: Assumes directional factors ought to be

increased k  times.

Note 2: Scaled climatic directional factor. As would

be proposed in the British Standard (BS6399:2:1997).
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      (5.7) 

 

Results from the first part of Cook’s method are used here (Table 5.9).  The 

exception is that Melbourne (1981) advocated use of a probability of exceedance for the 

directional analysis equal to half that normally assumed in the non-directional analysis 

(Holmes 1990) (e.g. 0.01 for directional analysis of 45-degree sectors and 0.02 for non-

directional analysis).  The reasoning behind this idea was that for a given probability of 

non-exceedance the directional analysis must go to a higher wind speed than the non-

directional analysis (Melbourne 1981).  Said in another way, the directional data needs 

more time (longer MRI) to attain the same wind speed reached in the non-directional 

analysis because the latter is formed by more than one single direction.  A further 

development of this approach was that on average only two 45-degree sectors (i.e. 90 

degrees) contribute to the combined probability for typical loads with negligible 

contributions from the other six 45-degree sectors (John D. Holmes, personal 

communication, February 2008), as opposed to say that all sectors are equally likely to 

occur in a given storm (i.e. Cook’s method).  Provided that sectorial data are 

uncorrelated, more sectors are allowed in Melbourne’s method as long as 90-degrees are 

considered in the combined probability.  For 45-degree sectors if MRIi=100 years, then 

the directional probability of exceedance P(v>Vi) is equal to 0.01 and for two (i=1 and 2) 

participating sectors P(v>Vall) is equal to 0.02 (i.e. 1 - P(v>Vall)  = (1 - 0.01)2  ≈    

(1 - 2(0.01))), which is the standard combined probability of exceedance for MRI=50-yrs.  

For the case of four 22.5-degree sectors (i.e. 90-degrees) and 50-yrs return period for the 

combined probability of exceedance, it is implied that directional probabilities of 

exceedance are to be estimated for approximately 200-yrs (i.e. 1 - P(v>Vall) = (1 - 0.005)4 

≈ (1 - 4(0.005))) rather than 100-yrs as devised for 45-degree sectors. 

A comparison of different sector participations is presented later.  Directional 

predictions of extreme winds are then estimated using a constant 200-year return period 

for all directions divided by the non-directional 50-year return period; an estimate of the 

climatic directional factors that need no further scaling and give a value approximately of 

one for the direction of strongest winds (at least when the desired non-directional return 
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period is 50-years).  Melbourne’s climatic directional factors (CFs) are calculated and 

shown in Table 5.13 (third column) along with what would be used in the Australian 

Standard (sixth column).  If it is assumed that no specific direction can exceed the 

predictions of the non-directional analysis both methods (British and Australian) that 

assume uncorrelated data give the same CFs.  The difference between Melbourne’s and 

Cook’s scaled CFs is only 3% and are simply different means to scale the factors. 

It would be of no surprise that assuming the contribution of storms in 90-degrees 

was because of the limitation of using 45-degree sectors; for it is commonly thought that 

a smaller sector width would give higher correlation among sectors.  Assuming 

participation of storms in only one 45-degree sector on average would give 

unconservative results (i.e. the higher CF would be less than unity).  However, using 

22.5-degree sectors allows investigating what is a more accurate representation of the 

storm’s sector participation.  As shown in Figure 5. 16, the contributing angle of a storm 

decreases with increasing wind speed almost finding convergence after 20 m/s.  Most of 

the storms considered in the FT1 analysis (wind speeds greater than 12 m/s) will in 

average contribute to less than 90-degrees, this can be illustrated by on average only two 

or three 22.5 degree sectors contribute to a typical storm (i.e. 45 or 67.5 degrees).   

In the example given previously four 22.5-degree sectors (i.e. 90-degrees) were 

assumed to contribute on the average storm.  If would be of interest then to interrogate 

the assumption of a 90-degree average participation of storms.  If only two or three 22.5-

degree sectors are assumed to contribute on average, the combined probabilities of 

exceedance are defined as: 1- P(v>Vall) = (1 – 0.01)2 ≈ (1 - 2(0.01)) and 1- P(v>Vall) =  

(1 - 0.00667)3 ≈ (1 - 3(0.00667)), respectively.  Then the directional analysis can be 

rendered using 100 (i.e. P(v>Vi) = 0.01) and 150 years (i.e. P(v>Vi) = 0.00667) instead of 

the 200-years associated with four 22.5-degree sectors.   This will give the CFs given in 

Table 5.13 in the fourth and fifth column, respectively.  It was found that the actual 

average participation angle of a storm is better represented by approximately 67.5 

degrees in our region; for an estimated directional (or pseudo) MRI of 150-years to be 

equivalent to the 50-year MRI irrespective of wind direction.  This extrapolation should 

be a reasonable undertaking specially when an FT1 distribution is fitted and allowance is 
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made for contribution of other mechanisms in a directional base.  This is discussed in 

more detail in the next section. 

 

Table 5. 13: Climatic directional factors after Melbourne’s method and the Australian 

Standard 

 
 

5.6.6 Comparison of methods to extrapolate directional extreme wind speeds 

An example of the calculation of directional probabilities using Melbourne’s 

proposed 90-degree participation of storms using different sector width definitions is 

presented in Table 5.14.  Directional extreme wind speed data was analyzed three times 

using different definitions for the sector width, i.e. using 90-degree sectors, 45-degree 

sectors and 22.5-degree sectors.  Once Cook’s (conservative) climatic directional factors 

were obtained (i.e. preconditioning wind data and multiplying original CFs by the k-

factor) using the different sector width definitions, the directional MRI that would give 

such directional extreme winds, with each different sector width definition, was 

calculated by iteration using the original FT1 parameters with the non-preconditioned 

Sector ID
Direction 

(deg.)
CF

Note 1
CF

Note 2
CF

Note 3
CF (Md)
Note 4

N 0 0.84 0.80 0.82 0.80
NNE 22.5 0.82 0.78 0.80 0.80
NE 45 0.84 0.80 0.82 0.80

ENE 67.5 0.74 0.71 0.72 0.80
E 90 0.65 0.62 0.63 0.80

ESE 112.5 0.71 0.68 0.69 0.80
SE 135 0.68 0.65 0.67 0.80
SSE 157.5 0.70 0.67 0.68 0.80

S 180 0.73 0.70 0.72 0.80
SSW 202.5 0.73 0.70 0.71 0.80
SW 225 0.82 0.78 0.80 0.80

WSW 247.5 0.93 0.88 0.90 0.90
W 270 1.03 0.98 1.01 1.00

WNW 292.5 0.97 0.92 0.94 0.90
NW 315 0.93 0.88 0.90 0.90

NNW 337.5 0.99 0.94 0.97 0.95
CF: Climatic directional factor.

Note 1: Assumes that on average only 90-degrees contribute to the combined probability

Note 2: Assumes that on average only 45-degrees contribute to the combined probability

Note 3: Assumes that on average only 67.5-degrees contribute to the combined probability

Note 4: Climatic directional factor rounded to the nearest 0.05, values lower than 0.8 are

set equal to 0.8.  As would be proposed in the Australian Standard (AS/NZS1170.2:2002).
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data (Table 5.9).  With the required MRIs with different sector width definitions the 

probabilities of non-exceedance were calculated for all directions.  Results of these 

analyses are presented in Table 5.15.  If it is assumed that all sectors participate in the 

calculation of the combined probability of non-exceedance, the directional probability of 

non-exceedance that would be the same for all directions using different sector width 

definitions are shown in Table 5.16.  Lastly, a summary table with all available methods 

is presented in Table 5.17 for comparison purposes.  It is found that directional extreme 

winds should be calculated using Melbourne’s approach but correcting the fact that the 

storm angle participation is approximately 68-degrees rather than 90-degrees; a 

correction that would justify the use of an MRI = 150 years for the directional analysis of 

22.5-degree sectors when contrasted against the 50-year in the non-directional analysis.  

When 45-degree sectors are used, Melbourne’s original MRI=100 years for directions is 

still applicable as otherwise results are un-conservative for only one 45-degree 

participation on average. 

Using the same approach wind load factors can be estimated in a directional basis 

(Table 5.18).  Table 6.2 shows the conversion from nominal-MRI (non-directional ) to 

the pseudo-MRI (directional).  More detailed discussion about the non-directional to 

directional MRI conversion is given in Section 6.4.2.  For example a 500-year non-

directional wind (typical of ultimate limit-state in structural design) can be obtained in 

the direction of strongest winds (West) in 1500-years when 22.5-degree sectors are used.  

It is shown in Table 5.18 that the calculated non-directional wind load factor is 1.4 

compared to 1.6 in the ASCE 7-05 (ASCE 7-05 2005).  An interesting result is that the 

wind load factor remains relatively constant for all directions suggesting that adjusting 

the non-directional wind speed given for design by climatic directional factors (CFs) is a 

safe undertaking for Standards.  In other words, if the true 50-yr wind speed is obtained 

irrespective of wind direction then the directional analysis with a pseudo-MRI equal to 

150-years (or 100-years, depending on the sector width) will be give the design 

directional wind speed, which divided by the non-directional value provides the climatic 

directional factor.  Therefore, the non-directional 50-year wind speed times the climatic 

directional factors will give the actual directional wind speeds for design.  The Australian 

Standard (AS/NZS 1170.2) currently specifies that the climatic directional factor (CFs) 
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should not take a value smaller than 0.8.  The understanding gained in this section 

provides a justification to allow the climatic directional factor take the value from the 

analyses but without a specified minimum value.  In such cases attention must be paid to 

the characterization of the distribution tail of extreme winds (see Figure 5.10). 

 

Table 5. 14: Directional probabilities for different sector widths assuming a 90-degree for 

the total storm participation angle (based on Melbourne’s Method) 

 
 

Table 5. 15: Directional probabilities using Cook’s method and analyzing data with 

different definitions of sector widths 

 

1-P(v<Vi) P(v<Vi) 1-P(v<Vi) P(v<Vi) 1-P(v<Vi) P(v<Vi)
1 0.02 0.98 0.01 0.99 0.005 0.995
2 0.01 0.99 0.005 0.995
3 0.005 0.995
4 0.005 0.995

Product: 0.980 0.980 0.980

Combined probability
of exceedance: 0.020 0.020 0.020

Combined return period
(years): 50 50 50
Return period for directions
(years): 50 100 200

Number of times the combined probability
of exceedance assumed for non-directional
wind speeds: 1.0 1.0 1.0

Number of 
sectors:

Directional probabilities for different sector widths assuming an average participation of 90-degrees
One 90-degree sector Two 45-degree sectors Four 22.5-degree sectors

1-P(v<Vi) P(v<Vi) 1-P(v<Vi) P(v<Vi) 1-P(v<Vi) P(v<Vi)
1 0.00282 0.99718 0.00138 0.99862 0.00058 0.99942
2 0.00261 0.99739 0.00177 0.99823 0.00042 0.99958
3 0.00315 0.99685 0.00169 0.99831 0.00058 0.99942
4 0.00333 0.99667 0.00111 0.99889 0.00051 0.99949
5 0.00137 0.99863 0.00053 0.99947
6 0.00182 0.99818 0.00086 0.99914
7 0.00193 0.99807 0.00054 0.99946
8 0.00203 0.99797 0.00040 0.99960
9 0.00042 0.99958

10 0.00047 0.99953
11 0.00062 0.99938
12 0.00073 0.99927
13 0.00085 0.99915
14 0.00080 0.99920
15 0.00086 0.99914
16 0.00098 0.99902

Product: 0.988 0.987 0.990

Combined probability
of exceedance: 0.012 0.013 0.010

Average return period for directions
(years): 336 611 1577

Number of times the combined probability
of exceedance assumed for non-directional
wind speeds: 0.6 0.7 0.5

90-degree sectors 45-degree sectors 22.5-degree sectors
Number of 

sectors:

Directional probabilities of re-analysis using different sector widths and Cook's method
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Table 5. 16: Directional probabilities if all sectors participate of the combined probability 

with exactly the same risk (similar to Cook’s method) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1-P(v<Vi) P(v<Vi) 1-P(v<Vi) P(v<Vi) 1-P(v<Vi) P(v<Vi)
1 0.0051 0.9949 0.0026 0.9974 0.0013 0.9987
2 0.0051 0.9949 0.0026 0.9974 0.0013 0.9987
3 0.0051 0.9949 0.0026 0.9974 0.0013 0.9987
4 0.0051 0.9949 0.0026 0.9974 0.0013 0.9987
5 0.0026 0.9974 0.0013 0.9987
6 0.0026 0.9974 0.0013 0.9987
7 0.0026 0.9974 0.0013 0.9987
8 0.0026 0.9974 0.0013 0.9987
9 0.0013 0.9987

10 0.0013 0.9987
11 0.0013 0.9987
12 0.0013 0.9987
13 0.0013 0.9987
14 0.0013 0.9987
15 0.0013 0.9987
16 0.0013 0.9987

Product: 0.980 0.980 0.980

Combined probability
of exceedance: 0.020 0.020 0.020

Return period for directions
(years): 197 390 783

Number of times the combined probability
of exceedance assumed for non-directional
wind speeds: 1.0 1.0 1.0

Number of 
sectors:

Directional probabilities for same likelihood of occurrence using different sector widths
90-degree sectors 45-degree sectors 22.5-degree sectors
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Table 5. 17: Comparison of methods for the determination of the climatic directional factors 

 
 

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5) (1) (2) (3) (4) (5)
N 0 23.64 2.61 0.005 0.00667 0.01 0.0013 0.00058 37.5 36.7 35.7 41.1 43.1 0.84 0.82 0.80 0.92 0.97

NNE 22.5 23.94 2.33 0.005 0.00667 0.01 0.0013 0.00042 36.3 35.6 34.6 39.4 42.0 0.81 0.80 0.78 0.88 0.94
NE 45 23.53 2.59 0.005 0.00667 0.01 0.0013 0.00058 37.2 36.5 35.4 40.8 42.8 0.84 0.82 0.79 0.91 0.96

ENE 67.5 21.09 2.22 0.005 0.00667 0.01 0.0013 0.00051 32.9 32.2 31.3 35.9 37.9 0.74 0.72 0.70 0.81 0.85
E 90 18.44 1.97 0.005 0.00667 0.01 0.0013 0.00053 28.9 28.3 27.5 31.5 33.3 0.65 0.63 0.62 0.71 0.75

ESE 112.5 18.71 2.46 0.005 0.00667 0.01 0.0013 0.00086 31.7 31.0 30.0 35.1 36.0 0.71 0.69 0.67 0.79 0.81
SE 135 19.32 2.08 0.005 0.00667 0.01 0.0013 0.00054 30.3 29.7 28.9 33.2 34.9 0.68 0.67 0.65 0.74 0.78

SSE 157.5 20.51 1.97 0.005 0.00667 0.01 0.0013 0.00040 31.0 30.4 29.6 33.7 35.9 0.69 0.68 0.66 0.75 0.81
S 180 21.46 2.10 0.005 0.00667 0.01 0.0013 0.00042 32.6 31.9 31.1 35.4 37.8 0.73 0.72 0.70 0.79 0.85

SSW 202.5 21.13 2.14 0.005 0.00667 0.01 0.0013 0.00047 32.5 31.8 31.0 35.4 37.6 0.73 0.71 0.69 0.79 0.84
SW 225 22.72 2.57 0.005 0.00667 0.01 0.0013 0.00062 36.3 35.6 34.6 39.9 41.7 0.81 0.80 0.77 0.89 0.94

WSW 247.5 25.09 3.05 0.005 0.00667 0.01 0.0013 0.00073 41.2 40.3 39.1 45.4 47.1 0.92 0.90 0.88 1.02 1.06
W 270 27.17 3.54 0.005 0.00667 0.01 0.0013 0.00085 45.9 44.8 43.4 50.7 52.2 1.03 1.01 0.97 1.14 1.17

WNW 292.5 25.76 3.26 0.005 0.00667 0.01 0.0013 0.00080 43.0 42.1 40.8 47.5 49.0 0.97 0.94 0.91 1.07 1.10
NW 315 24.25 3.17 0.005 0.00667 0.01 0.0013 0.00086 41.0 40.1 38.8 45.4 46.7 0.92 0.90 0.87 1.02 1.05

NNW 337.5 25.37 3.54 0.005 0.00667 0.01 0.0013 0.00098 44.1 43.1 41.7 49.0 49.9 0.99 0.97 0.93 1.10 1.12
- ALL 30.89 3.51 0.02 0.02 0.02 0.02 0.01 44.6 44.6 44.6 44.6 44.6* 1.00 1.00 1.00 1.00 1.00

(1) Melbourne's approach assuming an average storm contribution of 90 degrees.
(2) Modified Melbourne's approach assuming an average storm contribution of 67.5 degrees.
(3) Modified Melbourne's approach assuming an average storm contribution of 45 degrees.
(4) Estimates based on the assumption that all sectors will contribute having a constant risk for all directions.
(5) Cook's approach to estimate directional extreme winds and consider correlation.
* Based on the intended combined probability of exceedance of 0.02.

Extreme gust speed at 50-years (m/s) Climatic directional factors
Sector ID

Direction 
(deg.)

Mode 
(m/s)

Slope 
(1/α)

Probabilities of exceedance in a year
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Table 5. 18: Directional wind load factors 

 
 

5.7 Concluding remarks 

The analysis presented in this chapter shows that both directional and non-

directional extreme value analysis can be rendered using short-term records (i.e. with at 

least 7-years of continuous data).  The key in doing that is using an efficient way to 

separate independent events.  The separation of extreme non-convective winds (i.e. 

driven by synoptic systems) can be more transparently done using atmospheric pressure, 

whenever the continuous data are available.  After synoptic extreme winds were 

identified an average of r = 85 synoptic events every year were seen in the West Texas 

region.  A common threshold of 25 m/s in the peaks over threshold (POT) analysis would 

discard over ~95% of the synoptic independent maxima.   

If the independent events identified with this method are fitted to the FT1 

distribution, coefficients of determination approach unity very closely (see Figure 5.8).  If 

the independent events are identified by causal mechanisms, the left-end tails (relatively 

Wind
Load Factor

(UMRI=1500-yr/UMRI=150-yr)
2

N 0 1.36

NNE 22.5 1.32

NE 45 1.35

ENE 67.5 1.34

E 90 1.35

ESE 112.5 1.40

SE 135 1.35

SSE 157.5 1.32

S 180 1.33

SSW 202.5 1.33

SW 225 1.36

WSW 247.5 1.38

W 270 1.40

WNW 292.5 1.39

NW 315 1.40

NNW 337.5 1.41

- ALL 1.41**

ASCE 7-05 wind load
factor (safety index): 1.6
** (500-yr/50-yr)2

Sector ID Direction 
(deg.)
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‘low’ wind speeds) of mechanisms are re-distributed by the new order statistics, the body 

of fully-developed storms align indubitably to the original FT1 distribution, and the right-

end tails (relatively ‘high’ wind speeds) were seen to have a limiting form for the two 

mechanism in consideration.  The Method of Independent Storms gives improved 

accuracy of predictions.  When compared to the typical annual maxima analysis the 

uncertainties are reduced by a factor of approximately two (Table 5.3 and Table 5.4) as 

measured by the 95% confidence intervals drawn using the bootstrap method. 

Extreme value analysis using long-term records (i.e. 35-years of annual maxima) 

show agreement with the analysis using short-term records (i.e. 7-years of continuous 

records) and the MIS approach.  The 50-year design 3-sec peak gust wind speeds for our 

location should be 44.8 m/s (100 mph) rather than the specified in the ASCE 7 Standard 

of 40.2 m/s (90 mph). 

 Makkonen’s (2007) argument regarding the value of the exact mean plotting 

position is tested and verified using the bootstrap method; Gumbel’s formula (i.e. 

P=m/(N+1)) gives the correct mean probability of non-exceedance .  Although 

Gringorten’s formula for the mean probability of non-exceedance gives a closer 

approximation to the actual mean probability of non-exceedance of long MRI predictions, 

these approximations converge to the Gumbel formula as the sample size increase, thus 

contrary to what is typically thought the Gumbel’s formula is an ‘unbiased’ plotting 

position but if data are scarse and the fit is not weighted using readily available 

methodologies this becomes less obvious. 

 The correlation issue between directional sectors was investigated using 22.5-

degree sectors and the Method of Independent Storms, the latter being the method that 

provides the larger dataset of serially independent extreme events compared to any other 

method.  Two conditions were investigated: (1) when directional correlation is calculated 

from all participating independent events (i.e. ‘coincidental’ events) above certain 

threshold wind speed and (2) from all r-largest independent events (i.e. ‘non-

coincidental’ events) as a function of r, where the correlations are conditional on the 

threshold wind speed and r-value, respectively.  Correlation between adjacent 22.5-

degree sectors is marginal; with smaller coefficients for non-coincidental directional 
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extremes than coincidental extremes, and with average values of 0.11 and 0.49, 

respectively.  The average correlation for adjacent 22.5-degree sectors is increased by a 

factor of 1.5 when extreme winds are resolved into components.  Cook’s method to 

exploit directional correlation does not truly consider correlation but instead considers all 

directions (i.e. 360 degrees) as contributing to the calculation of the combined probability 

of non-exceedance.  Cook’s method gives a combined probability of exceedance that is 

roughly half the intended value of 0.02/year, thus providing results that are overly 

conservatives (Table 5.15). 

 Directional extremes were fitted using the FT1 distribution and the MIS approach 

and confidence intervals for all directions reveal great accuracy (e.g. 95% C.I.’s ranging 

between ±2 and ±5 m/s at 50-year MRI).  The latter is true for directions with 

thunderstorm participation and those with no participation. 

 Melbourne’s method assumes an average storm angle participation of 90-degrees 

for a combined probability of non-exceedance that is calculated with 4 sectors if 22.5-

degree widths are used and 2 sectors if 45-degrees are used.  The latter suggests that a 

direction needs more time to reach predicted values in the non-directional analysis, 

therefore an increased pseudo-MRI is necessary for directions to get climatic directional 

multipliers that do not exceed one.  If 45-degree sector widths are used this is translated 

to predicting directional extreme winds using an MRI=100-years and using 22.5-degree 

sector widths gives an MRI=200-years using Melbourne’s method.  The assumption of 

the 90-degrees average storm participation was tested and it was found that 67.5-degrees 

is a better approximation, thus for directional extremes where at least the strongest 

direction has an equivalent value to the 50-year analysis irrespective of direction the 

directional pseudo-MRI should be 150-years for each directional extrapolation; then the 

pseudo-MRI concept is introduced for any nominal MRI irrespective of direction.  All 

methods to predict the directional climatic factors give similar values when they are 

normalized by the strongest wind direction. 

 The wind load factors estimated in a directional basis using the methodology 

proposed herein are approximately constant for all directions and close to the wind load 
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factor of 1.4 obtained irrespective of wind direction.  The latter suggests that climatic 

directional factors are appropriate for codification purposes. 
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CHAPTER 6 

LOW-RISE BUILDING AERODYNAMICS 

 

Abstract: 

 

Research dealing with wind directionality is rather uncommon but its 

consideration to reduce design wind loads of buildings has a history of over 40 years.  

Original design methodologies to account for wind directionality used the parent wind 

speed distributions with deterministic loading coefficients to estimate reduction factors.  

However, these methods are only valid for well-behaved climates with a single 

mechanism (e.g. strong depressions) thus making the justifications of a wind 

directionality factor subject to the interpretations of the designer.  More recently, a 

‘directional method’ has been proposed to account for wind directionality where the 

multi-directional characteristics of the wind speed and building loading coefficients are 

reduced to one or two one-dimensional series of extreme wind effects (e.g. pressures, 

bending moments, etc.).  Using the sector-by-sector approach and a pseudo-MRI for the 

directional analysis is indeed a feasible methodology to calculate accurately the wind 

load as a function of direction.  The West Texas Mesonet and the TTU WERFL full-scale 

instrumented building are used as sources for the climatic and aerodynamic databases 

used in this investigation.  In addition, the probabilistic approach pioneered by and 

known as the Cook-Mayne method is implemented for all directions to estimate the wind 

directionality factor often cited in American building standards.  Results indicate that 

with an unknown random building orientation, a wind directionality reduction factor for 

structural building components may subject ~50% of the building population located in 

open terrain to wind loads that exceed the specified in design.  The wind directionality 

issue in non-structural building components is exposed to less risk due to their more 

pronounced wind directionality effect.  However, in overall, for both structural and non-

structural building components the wind reduction factors based on the wind 

directionality effect should be eliminated, at least until an appropriate and consistent 
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definition of loading coefficients is undertaken.  The only aspect that presently alleviates 

this risk is the fact that buildings are more often exposed to rougher terrains or with some 

‘sheltering’ effects. 

 

6.1 Introduction 

Compared to high-rise buildings, the complexity of wind loading on low-rise 

structures is typically reduced, perhaps due to the simplistic and usually conservative 

assumptions undertaken in building codes.  One aspect that favors the simplification of 

wind loading on low-rise structures is that structures are generally rigid and thus exhibit 

negligible dynamic response.  Notwithstanding this, low-rise structures are immersed in 

the most turbulent region of the atmospheric boundary layer and therefore the calculation 

of actual wind loads in such structures requires full understanding of the fluctuating wind 

pressures.  Fluctuations of wind pressure on a building are not simply justified by 

fluctuations in wind speed produced by upwind terrain exposure, although it explains part 

of the phenomenon.  Sheltering and other flow interferences are obviously critical in the 

assessment, but building roof geometry and building plan shape are equally, if not more, 

important. In this chapter the analysis of full-scale data, as measured on a low-rise 

building located in Lubbock, Texas, is presented.   

Bluff-body aerodynamics is the name given to the analysis of box-like structures 

(i.e. the shape of most industrial buildings, manufactured and built-in homes) and the 

flow around them.  Although using such type of structure has some obvious limitations to 

render conclusions that are applicable to particular building geometries, it is in fact in 

bluff-body aerodynamics where most typically the worst loadings are produced.  In bluff-

type structures the energy exerted by the wind is neither dissipated nor used favorably, in 

fact this is the cause of damage if the structural components are not properly designed 

and built.  The aim of this study is to provide insight on the assessment of the wind 

directionality issue on low-rise structures, which could be easily implemented in other 

building models as data become available.  An understanding of the directional qualities 

of wind loading of structures allows the assessment of risk for buildings with unknown 
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building orientation; although as of right now with the use of building standards 

acceptable levels of conservatism are expected.  When the building orientation is known 

at the design stage an economical yet safe design is obtained. 

Section 6.2 gives a summary of the basic theory to calculate wind load of 

structures.  This theory is used in many current building standards, used by wind tunnel 

operators and in full-scale testing; the latter being the focus of this study.  Section 6.3 

gives a background on wind directionality effects.  Justifications in favor and against a 

wind directionality factor for inclusion in building standards are presented in Section 

6.3.1.  Current calculation methods that account for wind directionality effects are 

presented in Section 6.3.2.  In addition, the probabilistic method proposed by Cook and 

Mayne (1979,1980) to consider extreme wind speeds and loading coefficients as joint 

probability distributions is extended here to account for wind directionality.  Knowledge 

gained through the previous chapter on the probabilities of extreme winds open new 

possibilities for the assessment of wind directionality.  The Cook-Mayne probabilistic 

method (1979,1980) which makes use of Monte Carlo simulations to better assess the 

likelihood of extreme wind loads is summarized in Section 6.4.1 for the non-directional 

case, and Section 6.4.2 presents the probabilistic assessment accounting for directionality.  

The latter methodology includes a new definition of the wind directionality factor for 

codification purposes.  Based on extreme value distributions of wind speed and loading 

coefficients the M-highest extreme wind effects in a year are considered and using 

random or unknown building orientations the mean wind directionality factor can be 

defined with its uncertainty.  The specifics of the full-scale measuring system (the Texas 

Tech Wind Engineering Field Research Laboratory), description of terrain exposure, data 

quality assurance and quality control, and the characteristics of the experimental mode 

used are given in Section 6.5.  Section 6.6 discusses the details of calculations performed 

for wind loading coefficients, including the area-averaging method used, definition of 

unique building areas for determination of pressure coefficients, definition of building 

sections for determination of lateral force coefficients and the coordinate system utilized.  

Results are presented in Section 6.7; Section 6.7.1 covers general results, in Section 6.7.2 

the issues that arise when the building orientation is unknown at the design stage and 
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recommendation for codification purposes are given culminating in Section 6.7.3 with the 

estimation of mean wind directionality factors and its uncertainties for different parts of 

the building when the building orientation is unknown.  Conclusions are drawn in Section 

6.8. 

 

6.2 Wind loads on low-rise buildings 

Design for wind loading of low-rise structures can be more appropriately defined 

in terms of non-deterministic parameters that affect the calculation of wind pressure over 

an enveloped surface and thus the forces (e.g. bending moment, axial force, shear, 

stresses) of primary and secondary structural members.  The following description covers 

the basic aspects of wind loading calculation at a particular location on the surface of a 

building and the fully probabilistic methodology is discussed in Section 6.4. 

Any given fluid in static conditions is incapable to support steady-state stresses 

other than normal stresses imposed to certain control volume.  A fluid in motion, on the 

other hand, can support stresses in a time-dependent manner and thus produce a force 

when directed towards an object.  The more viscous the fluid is, the more apparent these 

shear stresses are.  Air has a relatively small viscosity value, but nonetheless the shear 

stresses of air are also noticeable in large-scale phenomena such as in the atmospheric 

boundary layer; the region where low-rise structures are immersed.  In a thin flat plate, 

air flow in motion parallel to the plate exerts a practically negligible friction, unless the 

plate has a rough surface.  Furthermore, as the plate is orientated in angles that differ 

from zero the fluid begin to exert a force upon the plate.  This force can be estimated with 

Equation 6.1 below. 

 

       (6.1) 

 

Where t is the time, ρair is the air density (taken to be 1.225 kg/m3 for design purposes), 

CF is the force coefficient, A the reference object area, and V0 the velocity at some 

reference location where the flow is unobstructed by the object.  The force coefficient is 
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approximately constant for a given object shape and orientation, albeit is rather sensitive 

to the Reynold’s number (ratio of fluid inertia forces to viscous forces) depending on the 

shape of the object.  Bluff-type structures, for instance, where the separation point of the 

flow is rapidly formed on the structure’s peripheries, the force coefficient is practically 

insensitive to Reynold’s number.  This is not the case for curved surfaces, such as 

cylinder-type and airfoil-shaped cross-sections of a structure.  In our case, low-rise 

structures can be assumed to have force (or pressure) coefficients that are representative 

of the structure practically irrespective of Reynold’s number; and thus for design 

purposes, such coefficients can be appropriately reproduced in a laboratory setting.  The 

force mentioned in Equation 6.1 can be a drag or a lift force over the entire building, as 

also can be forces in certain axes of the building or pressures in particular regions.  The 

conversion just requires the appropriate consideration of the reference area and local 

force or pressure coefficients. 

For any point location over the surface of a structure exposed to wind (i.e. air 

flow in motion), the pressure can be estimated from Equation 6.2, which is just an 

extension of Equation 6.1 for pressure and covering the dependency on wind angle of 

attack.  Owing to natural variations of the wind (i.e. in the macro- and micrometeorology 

scales) and the structure-generated turbulence, the definition of Cp and V, such that the 

values of pressure have statistical significance, is not straightforward.  Statistical 

significance is achieved when stationarity can be tested for in the random process in 

consideration.  A random process is said to be stationary if time is long enough for the 

variable in consideration to define relatively unchanging statistical parameters.  The so 

called ‘spectral gap’ between T = 10-minutes and 1-hour is typically chosen as the time 

required to find stationarity in the atmospheric wind data (notice that the ‘spectral gap’, 

first compiled by van der Hoven (1957), do not consider structure-generated turbulence). 

Regardless of the statistical information abstracted during the time T (which is 

always expected to be within the spectral gap), T is mainly constrained by the recording 

interval of wind data available, typically 1-hour, but in some cases only daily extremes 

from originally continuous records.  To clarify on the issue of averaging times used in 

extreme value analysis for design purposes, some countries use extreme hourly-average 
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wind speeds (e.g. United Kingdom and Canada) (i.e. probabilistic fit of independent 

hourly means) while others use peak wind speeds averaged over 3-seconds (e.g. United 

States and Australia) (i.e. probabilistic fit of independent 3-sec gusts); the averaging time 

used in extreme value analysis is not a mere whim but a preference based on the 

dominating atmospheric phenomena.  For instance, using hourly average values for 

extreme value analysis is acceptable where the dominating atmospheric mechanism is of 

the synoptic scale (i.e. where the average of wind speed in one hour is statistically 

significant), however, where hurricanes, thunderstorms or other non-stationary 

atmospheric processes occur, one hour averages are not an appropriate undertaking and a 

3-second peak gust is preferred.  The selection of this averaging time also agrees with the 

time for an average eddy to envelope a typical size structure and thus produces the 

‘worst’ loading conditions.  Statistically significant information of both Cp and V in full-

scale is often done in a time T between 10-minutes and 1 hour. 

 

     (6.2) 

 

If a constant, mean value, of Cp is assumed in the analysis, the fluctuations of 

wind pressure are said to follow directly the fluctuations in wind speed, and therefore the 

direct relationship would be dictated by a constant Cp that is attributed to the mean wind 

flow.  Most building standards are based on this assumption (i.e. the quasi-steady 

approach) and thus the pressure loading coefficients are presented as deterministic.  This 

assumption is reasonable where there is a good correlation between wind speed and 

induced wind pressure (i.e. in surface locations where the flow has not been beyond the 

separation point), however, where the structure itself generates additional eddies in the 

wake the proportionality of induced pressure and wind speed is too idealistic.  Wind 

tunnel and full-scale testing offer a good picture of the fluctuating pressure for a 

reference wind speed V0(t) (which is also fluctuating with time).  The non-dimensional 

pressure loading coefficient is determined in practice using Equation 6.3, which like 

Equation 6.2 assumes that Bernoulli’s equation holds for the definition of dynamic 

pressure (denominator of Equation 6.3).  Although it is known that this assumption is 
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unrealistic for the unsteady flow in the wake of the building, reasonably good predictions 

are obtained using the dynamic pressure just outside the wake region (Holmes 2001). 

       (6.3) 

 

Where p(t) is the induced surface pressure, p0(t) is the ambient static atmospheric 

pressure away from the influence of the building (in essence, subtracted from the induced 

surface pressure for convenience and practicality), and V0 is the wind speed at a reference 

height (typically taken at the eave height of the building) and also away from the building 

interference.  The estimates of loading coefficients are also affected by the definition of 

tributary area, as each pressure sensor has a certain tributary area associated to it.  This is 

generally defined based on the tap density and location of the transducer, but relies 

entirely on the definition given by the analyst.  The definition of tributary areas and area-

averaged loading coefficients are given in Section 6.6. 

 The peak wind pressure obtained in the time T for a certain direction is often 

estimated using the assumption of proportionality mentioned before; thus a peak pressure 

or load is due to a peak wind speed and a mean pressure coefficient.  The assumption is 

known as the “equivalent-static-gust method” for it combines a gust speed with a mean 

loading coefficient but more generally is also known as the “quasi-static” or “quasi-

steady” assessment when it is rendered in the time-domain.  For static structures, such as 

low-rise buildings, the quasi-static assessment performed in the time domain is adequate 

since fluctuations in the wind speed result in a wind load effect in the building that is 

reasonably proportional to the response due to the high stiffness of the structure.  This 

strong correlation is lost in the separated flow near the edge of roofs and roof corners and 

thus local pressures on cladding located in these regions is typically poorly predicted by 

this method.  The quasi-static assessment in the time domain is not appropriate for 

structures exhibiting dynamic response; in such case the quasi-static approach is only 

valid if done in the frequency domain and the dynamic response spectrum is fully 

described. 
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 One reason the equivalent-static-gust method works only partially well in 

separated regions of the flow around bluff-type structures is because it fails to consider 

the structure-generated turbulence.  If the turbulence generated by the atmospheric 

boundary layer is separated from the turbulence induced by the structure, the turbulent or 

variant components of wind speed and loading coefficients would be properly accounted 

in Equation 6.2.  This consideration, described by Cook (1985), known as the ‘individual 

assessment’ is simply a modification to the quasi-static approach.  The modification 

consists in transforming the mean loading coefficient of Equation 6.2 to a value that 

better portraits the load of the imposed wind with a mean “turbulence-free” dynamic 

pressure (q=½ ρaVmean,0
2).  Such transformation can be derived as shown in Appendix J. 

 With a variable (not mean) dynamic pressure in the denominator of Equation 6.3, 

the mean loading coefficient obtained with Equation 6.3 can be increased proportionally 

with the gust factor squared, G2, to reflect a peak loading coefficient.  If rather, the peak 

loading coefficient is reduced by the same amount that the mean was increased (by the 

factor G2) then the instantaneous/peak loading coefficient is reduced to a pseudo-steady 

loading coefficient which should be approximately equal to the mean loading coefficient, 

but now accounts for structure-generated turbulence.  The quasi-steady loading 

coefficient is shown in Equation 6.4, where the instantaneous (or peak) loading 

coefficient obtained with Equation 6.3 is now divided by G2 to reduce the influence of the 

atmospheric boundary layer upon the mean loading coefficient.  The resulting mean 

loading coefficient is called the “pseudo-steady” loading coefficient, Cp,T-pseudo (often 

depicted with a tilde “~” over the Cp).  If atmospheric turbulence is modeled as temporary 

variations of wind speed and changes in lateral and vertical turbulence are negligible, the 

pseudo-steady pressure coefficient is given by: 

 

   (6.4) 

 

Where the gust factor G, equals the ratio of peak to mean wind speed 

(G=Vpeak/Vmean) in the time T, which was previously defined.  In essence, this is done to 
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decouple the ‘instantaneous’ variations in the mean loading coefficient from 

‘instantaneous’ variations in wind speed and thus obtain loading coefficients that are, to 

the extent possible, independent of site exposure.  Nevertheless, as it will be shown later 

the exposure effect is not avoided entirely, probably because not only the turbulence is 

unique for each exposure condition but the mean dynamic pressure taken at the building 

eave height, utilized in the adjustment of pseudo-steady coefficient, is also dependent on 

the exposure of the boundary layer.  The peak wind load is then given by Equation 6.5. 
 

        (6.5) 

 

6.3 Wind directionality effects 

Unless a building is circular in plan there are some wind directions for which the 

building or building components are more aerodynamically vulnerable.  In addition, 

depending on the exposure and climatology of the site there are certain wind directions 

where a given high wind speed is more likely to occur compared to other directions.  

Based on these facts the building standards of the United States (ASCE 7-05 2005) and 

Canada (NBC 2005) have defined a wind directionality factor that considers, in a rather 

loose fashion, the reduced probability that the most aerodynamically vulnerable direction 

for a building will coincide with the most critical wind direction based on the extreme 

design wind speed.  This section summarizes the motivations used in the past to create a 

separate wind directionality factor that serves to reduce wind loads.  In addition, the 

building orientation issue is discussed in detail and the wind directionality factors of 

several building components using full-scale wind pressure data are defined. 

 

6.3.1 Background and codification of the wind directionality factor 

The consideration of wind directionality as a mean to reduce wind loads is based 

fundamentally on the grounds of a major project in New York, USA by Dr. Allan 

Davenport and it has over 40 years of history (Davenport 1987).  A later publication in 
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1977 by the same author (Davenport 1977) has been pivotal in almost all other literature 

dealing with wind directionality.  One year later, after the results presented by Davenport 

in Munich, Ravindra et al. (1978) makes the first official proposition to include a wind 

directionality factor for use in building standards.  Immediately after the proposition, two 

discussions followed: one indicating that more research is needed towards developing 

reliability-based criteria (Simiu 1979) and the other in favor to use a wind directionality 

factor (Stathopoulos 1979a).  The first discusser, Dr. Simiu, took the lead to investigate 

the matter further and produced inevitably the next publication regarding wind 

directionality effects (Simiu and Filliben 1981) and risk-consistent design for wind 

(Simiu 1983).  Conclusions from these investigations suggested that the use of a wind 

directionality reduction factor is not completely justified and thus is not appropriate for 

inclusion in building standards.  The discusser in favor of a wind directionality factor for 

inclusion in the standard, Dr. Stathopoulos, objected to Dr. Simiu’s results (Stathopulos 

1982) stating that the pressure coefficients obtained in wind-tunnels are for open terrain 

and since ‘most’ buildings are located in places with more ‘obstructions’ the actual wind 

loads should be reduced by some amount, allegedly 10-20% - on average (Stathopoulos 

1979b).  Dr. Simiu replied to Dr. Stathopoulos indicating that the factor that Stathopoulos 

is defending should not be confused with actual wind directionality effects.   

Regarding the use of a wind directionality reduction factor, this author agrees 

with Dr. Simiu’s discussion.  Wind directionality effects by definition are the 

probabilistic integration of wind loading coefficients and extreme wind speeds as a 

function of direction.  Adjustments needed in the loading coefficients to reflect site 

exposure conditions different from those established for codification (i.e. open terrain) 

should be transparent and justified in a way that do not mixes information, or that at least 

considers it explicitly.  In addition, it must be borne in mind that building exposure is 

considered in the definition of the velocity profiles in the standard.  The wind 

directionality factor is intended to account for the reduced probability of the direction of 

extreme wind speed coinciding with the direction of the largest possible loading 

coefficient.  It is because of hidden justifications in the wind directionality reduction 

factor that the term ‘blanket factor’ has been used to describe it.  To avoid having a 
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‘blanket’ wind directionality factor the actual building population must be examined.  

This includes a probabilistic assessment of actual building orientations and exposure 

conditions of the building population being served by the standard.    To this author’s 

knowledge, the probabilistic distribution of building orientations is a mere conjecture so 

far and could use help from remote sensing techniques to be quantified. 

Once wind speeds are corrected to account for any inhomogeneities in the terrain 

exposure, an extreme value analysis as a function of wind direction will reveal the actual 

wind climate for a particular site.  In addition, the wind loads imposed over a building are 

dependent upon these inhomogeneities of terrain exposure, therefore it would be in order 

to decouple the induced pressure measurements taken at the surface of a buildings from 

the atmospheric boundary layer turbulence; an effort towards this direction is the use of 

the pseudo-steady pressure coefficients.  However, such dependence of the pressure 

coefficients on the upwind exposure has been only partially alleviated.  As a result, wind 

tunnel and full-scale pressure data are collected at relatively open terrain exposure 

because this case produces the highest wind loads.  Furthermore, owing to the varying 

nature of wind pressures over the envelope of a building at different point locations, 

directional dependence of pressure coefficients, and sometimes unknown building 

orientation at the design stage, for design purposes it was suggested (Davenport et al. 

1977) use of the ‘worst’ wind load regardless of wind direction and/or building 

orientation.  This assumption, of course, possesses a degree of conservatism for some 

building components where the design wind load may not be seen in the entire building 

life.  According to Stathopoulos (1982, 1984), to reduce the conservatism and establish 

pressure coefficients realistically a probabilistic analysis is still required.  Such 

probabilistic analysis is to be carried out as the joint probability distribution of loading 

coefficients and extreme wind speeds, something that has not been done before.  After 

covering the details of the probabilistic approach in Section 6.4, the purpose of this 

section is to build upon this foundation, so that the joint effect of wind direction upon 

aerodynamics of a building and climatology of the site are considered. 

 Another contribution of Davenport et al. (1993) was to provide justification for 

the 0.8 reduction factor.  Therein, the authors state that not all the considerations can be 



Texas Tech University, Rolando E. Vega, August 2008 

165 

evaluated with certainty, but when viewed together, in their opinion, the 0.8 factor is 

appropriate and conservative.  The considerations covered by the wind directionality 

factor are far more complex than determining a climatic directionality factor as presented 

in the previous chapter.  According to Davenport et al. these considerations are as follow 

(some of which were paraphrased by this author): 

 

1.  All the standard provisions are based on wind-tunnel or full-scale data 

collected at relatively open terrain for this is the most conservative exposure to 

design for.  However, the majority of buildings (according to Davenport et al. 70-

80% of real design situations) are in suburban terrain where the wind loads are 

expected to be reduced in average by 10-20% (Stathopoulos 1979). 

 

2. Undertaking the 0.8 reduction factor on wind load implies that only 20% 

of the times building zones are under-designed in open terrain, which after 

considering the building population (mentioned in the previous argument) in most 

of North America translates to a risk of 4% (20% times 20% of open terrain 

situations) in low-rise construction. 

 

3. Internal pressures to be applied in conjunction with external pressures 

make the design more conservative (?). 

 

4. For a particular building zone, the angles of attack for which the pressure 

coefficients are maximum or minimum is rather narrow, to such an extent that 

using the average maximum pressure coefficient extracted from the participation 

of all wind directions would be conservative for the remaining wind directions. 

Moreover, previous studies (Davenport 1977; Holmes 1981) suggest that an 

‘effective’ pressure coefficient in the order of 70-90% the maximum mean 

pressure coefficient is appropriate based on the ratio of 50 year induced pressure 

over the 50 year dynamic pressure. Their estimates are based on the out-crossing 
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of the limit state method and parent wind speed distributions, as opposed to 

extreme wind value distributions. 

 

5. Wind climate is a function of wind direction, with strongest wind speeds 

occurring at a particular sector or range of sectors.  This reduces the risk of a 

building further since not all angles of attack of the building will reach the design 

loads. 

 

In turn, the arguments against the adoption of a wind directionality reduction 

factor were outlined by Mehta et al. (1991) representing the arguments of the ASCE 7 

Wind Task Subcommittee at the time.  These arguments are as follow (some of which 

were paraphrased by this author): 

 

1. The majority of pressure coefficients provided in the Standard are 

obtained from wind-tunnel measurements without calibration with full-scale 

measurements, due to economic reasons.  Pressure measuring devices used in the 

wind-tunnel underestimate peak pressures in full-scale by as much as 10% 

(Marshall and Reinhold 1981). 

 

2. Wind pressure data investigated was in most cases collected at 45-degree 

intervals of angle of attack, and therefore data may underestimate the true peak 

pressure coefficients at a particular direction. 

 

3. Progressive failure of the structure is not fully understood, and since 

hurricanes may subject buildings to many wind directions, the vulnerability for at 

least some of the cladding and components is increased and thus producing local 

failure that could become progressive and expose the structural components to 

levels for which they were not designed for. 
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4. In suburban areas, if windborne debris is formed by the detachment of an 

under-designed cladding or components, then the debris could impact neighboring 

buildings making design considerations more difficult to apply. 

 

5.  The wind tunnel measured values were divided by a constant of 1.69 to 

make them consistent with fastest-mile wind speed.  This constant is not an exact 

value and therefore an unknown degree of uncertainty is in place. 

 

6. There is no safety factor in the pressure coefficient values since they are 

traditionally selected as the envelope of the maximum values. For the sake of 

consistency in the Standard, pressure coefficient values should not be adjusted 

upward or downward from the measured values. 

 

In summary, the arguments in favor of a wind directionality factor are that (1) 

exposure used for determination of design pressure coefficients is not representative of 

real life situations and thus the actual risk of most buildings is low, (2) when considering 

internal pressures net pressures are conservative, (3) pressure coefficients are high only 

for a narrow number of directions and (4) wind climate has a limited number of 

directions that reach design wind speeds at the predetermined level of risk.  Arguments 

against, in summary, indicate (1) peak wind pressures are not measured well in wind-

tunnel measurements, (2) directional increment used to collect wind-tunnel pressure 

measurements is too coarse and actual peaks may not be seen, (3) if cladding failure 

occurs progressive structural failure is possible, (4) windborne debris potential may 

increase (5) correction factor was applied to reduce peak loads for use with previous wind 

speed definition, and (6) no safety factor for loading coefficients is specified. 

 Of those arguments presented against the inclusion of a reduction factor for 

pressure coefficients; Argument #1 is still valid (Krishna 1995) anywhere the peaks or 

pseudo-steady loading coefficients are used in wind tunnel testing instead of mean 

coefficients, Argument #2 is no longer valid for recent wind pressure data, Argument #3 

is still valid and deserves further consideration, Argument #4 is still valid and deserves 
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further consideration, Argument #5 may still be valid if constant corrections factors are 

used for all samples, in place of measured corrections based on the quasi-static theory, 

and Argument #6 can be improved by using probabilistic methods such as those 

described by Cook and Mayne (1979,1980), and summarized in Section 6.4. 

 Prior to the 1995 revision of the ASCE 7 (ASCE 7-05 2005), the arguments 

against the inclusion of the reduction factor weighed more, but after the 1995 version 

those arguments in favor succeeded and directionality reduction factors found their way 

to the Standard.  In the 1995 revision, the wind directionality factor was hidden within 

the specified load factor (just as it is done presently in Canada (NBC 2005)) of 1.3 in the 

combination of loads.  In the subsequent revision of the Standard in 1998, the ASCE 7 

Subcommittees on Wind Loads and Load Combinations agreed to have a separate wind 

directionality factor, said to account for two effects (1) the reduced  probability of 

maximum winds coming from any given direction and (2) the reduced probability of 

pressure coefficients occurring for any given wind direction.  Thereafter the wind load 

factor was increased to 1.6 (~1.3/0.85).  Only Arguments in favor: 2, 3, and 4 (in the 

summary paragraph) seem appropriate in the definition of the wind directionality factor 

since the first argument basically represents a limitation of the Standard to account for 

multiple surface exposures in the provisions of pressure coefficients.   

If the way that exposure conditions defined in the standard through the velocity 

profile do not properly take into account for the reduced wind load under rougher 

exposures, perhaps proponents of a reduction to wind load accounting for a reduction of 

wind load coefficients under rougher terrain conditions may consider a new 

“aerodynamic exposure correction factor”.  Otherwise the wind directionality factor can 

be renamed since it not only accounts for wind directionality effects produced uniquely 

by directional dependence of climatology and aerodynamics. 

 Although not all the arguments against the inclusion of the reduction factor have 

been addressed entirely, the economical benefits of its inclusion seemingly surpass the 

costs associated with the low risk mentioned by the proponents.  To this author’s 

knowledge, a systematic probabilistic approach to the so-called wind directionality factor 

has not been undertaken in terms of measured extreme wind speeds and loading 
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coefficients and their separate and joint probability functions.  Although a detailed cost-

benefit analysis seems appropriate it is out of the scope of this dissertation.  Such cost-

benefit analysis requires knowledge of the cladding and structural resistance side of the 

equation for an appropriate structural reliability analysis that includes information on 

wind direction dependencies.  However, to obtain an estimate of the wind directionality 

factor in this chapter it is being assumed that structural or building component resistance 

is perfectly proportional to the load to which the member or component is being exposed 

to, such that the failure probability distribution is entirely dependent and shifted from its 

axis by the wind load magnitude as a function of wind direction.  For rigid structures, 

such as low-rise buildings, and rigid building components this is a reasonable assumption 

for engineered buildings properly inspected during construction. 

Otherwise, this investigation aims to answer those questions dealing with the 

uncertainty of both climate and aerodynamics, i.e. the load side of the equation in the 

structural reliability analysis, in relatively flat open terrain.  Outside the benefit of 

codification, it is clear that knowledge of the directional climatology can be aligned with 

knowledge gained through wind tunnel or full-scale measurements for a particular 

building to orientate the building in such a way that a safe design allows an optimally 

economic construction or with a given building orientation a specified known level of 

risk can be achieved for design.  Calculations of the actual overall directional risk have 

not been presented so far in the available literature considering the joint probability of 

loading coefficients and extreme winds for several wind directions. 

 Design standards aiming to consider appropriately wind directionality effects have 

the task to define wind loads that regardless of the structural members needed in design, 

the risk of failure is constant for all building orientations in a given geographical location.  

For the purpose of practicality, building standards have opted to use wind loads that are 

generally conservative with varying levels of risk depending on building orientation, and 

risks for some building zones that very rarely, if ever, occur for a given geographical 

location.  If the building orientation of the structure being designed is unknown, 

conservativeness must be the rule for a preliminary design.  This purpose aligns well with 

the guidance provided in the Standards for structures.  The next version of the ASCE 7 
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Standard to be released in 2010 will include guidance for the virtual wind-tunnel design 

(Stathopoulos 2008) (e.g. using the Database Assisted Design (e.g. Simiu and Miyata 

2006)) which can be used if the engineer is looking to obtain performance-based design.  

This dissertation supplements the theory behind the directional approach used in the 

‘directional method’ of the next edition of the Standard. 

 If the ‘directional method’ of the future Standard is undertaken in accordance with 

the publicly available algorithm of Database-Assisted Design, the “one-dimensional time-

series” methodology is assumed; this method is discussed in the following section.  A 

chapter about the ‘directional method’ for the calculation of wind loads is covered by 

Simiu and Scanlan (1996) and more recently an entire section of Simiu and Miyata 

(2006) was dedicated to the subject, both titled “Wind Directionality Effects”.  Next 

section provides a summary of the methods available for the calculation of wind loads 

accounting for wind direction, originally covered by Simiu et al. (1996, 2006).  Several 

research questions regarding wind directionality effects have been investigated by Dr. 

Emil Simiu from the National Institute of Standards and Technology.  Some of which 

aim to answer questions like: Is the wind directionality factor a function of the Mean 

Recurrence Interval (MRI)?  Is the use of the wind directionality factor appropriate for 

ultimate strength design? How can computer-intensive methodologies improve design 

practice considering wind directionality? Is the sector-by-sector approach an appropriate 

undertaking to consider wind directionality in design? What is the cross-correlation 

between sectors of yearly largest wind speeds when 45-degree sectors are used? Should 

wind loads be reduced by a directionality factor in hurricane-prone regions? (Simiu 

1982,1983; Simiu and Heckert 1997; Simiu et al. 1985; Simiu and Filliben 1981, 2005).  

Some of these questions were investigated in this research and contrasts are made in 

Section 6.8.  The more recent literature regarding wind directionality is that of Kasperski 

(2007) who offers an excellent summary of the directionality problem, including the 

iterative solution of the convolution integral (i.e. that combine aerodynamic and climatic 

information) and considering the mixed climate of Düsseldorf, Germany fitted to an FT3 

distribution as a function of direction. 
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6.3.2 Calculation methods for wind directionality effects 

Four main methods are applicable to the estimation of wind directionality effects.  

They are: (1) the method of the one-dimensional sample of largest yearly wind effects, (2) 

the sector-by-sector approach, (3) the out-crossing of the limit-state boundary method, 

and (4) the method utilized by the NBCC (2005) and ASCE 7 Standards (2005), which is 

irrespective of wind directionality or building orientation.  These methods are now briefly 

discussed. 

The one-dimensional sample of largest yearly wind effects method is considered a 

simple yet rigorous estimation procedure in the calculation of extreme wind load effects 

based on directional properties of extreme winds, building aerodynamics and given 

building orientation.  The method is based on the creation of a wind effect time-series 

from annual directional maxima wind speeds that have been previously allocated to 

directional sectors and allocation of a peak (or pseudo-steady) pressure coefficient to 

respective sectors for a predefined building orientation.  Equation 6.6 depicts the 

calculation used in this method. 

 

     (6.6) 

 

After selection of peak (or pseudo-steady) loading coefficients Cp for each 

direction from wind-tunnel or full-scale measurements and extraction of wind speed 

annual maxima V for each direction from meteorological records that contain a large 

number of years (typically in the order of more than 20 years), the wind load effect can 

be calculated as a function of direction for a given building orientation.  Then only 

maxima (or minima) wind load effect from all directions in each extreme wind event is 

extracted converting the multidimensional analysis into a “one-dimensional sample of 

largest wind effects”; the extreme value analysis is then rendered using such sample of 

wind effects (or alternatively using equivalent wind speeds) to predict wind effect or 

speed at longer return periods used for design.  The method is also applicable for 

hurricane-prone regions by extracting hurricane maxima wind speeds (simulated using 
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Monte Carlo methods) for each directional sector instead of yearly maxima.  However, it 

is clear that analysis rendered for hurricane-prone regions are highly influenced by the 

inherent sampling errors encountered when using Monte Carlo simulations for a multi-

dimensional problem.  The method was originally described for yearly maxima but Simiu 

and Miyata (2006) add that the peaks over threshold method is applicable too, and as a 

result the method takes a new name: the ‘one-dimensional samples of wind effects’.  With 

the appropriate extreme value analysis, such as described in the previous chapter, the 

‘one-dimensional samples of wind effects’ method could be easily implemented using the 

Method of Independent Storms.  It is in the context of the ‘one-dimensional samples of 

wind effects’ that the ‘equivalent wind speed’ is typically defined.  The equivalent wind 

speed can be defined by Equation 6.7. 

 

       (6.7) 

 

A hidden limitation of the method is that it does not consider variations in the 

peak or pseudo-steady loading coefficients within a given sector and similar to the ASCE 

7 Standard assumes deterministic values (although for various directions) that assume the 

extreme wind speed occurs simultaneously with the maximum loading coefficient ever 

recorded.  This consideration then opens the door to another possibility; namely for the 

second highest, or M-highest, wind speed in a year to occur with a higher loading 

coefficient, which in turn could produce a load effect unaccounted in the original method.  

Should consideration of these contrapositions balance off by assuming maximum speed 

and loading coefficient, it remains unproven.  Since peak (or pseudo-steady) pressure 

coefficients vary considerably even within a particular sector of small width (say 22.5-

degrees), as shown in Appendices K and L, and since the analysis is based on the highest 

wind speed in a year alone, the one-dimensional method seem to fall short to describe the 

inherent variations in the predicted loads at predefined mean recurrence intervals, and 

perhaps distorting the definition of risk in the structural reliability analysis.  Simiu and 

Scanlan (1996) recognize the variability of loading coefficients and wind speeds in the 



Texas Tech University, Rolando E. Vega, August 2008 

173 

separate analysis of the structural reliability problem, however, they indicate that even 

then the wind load effects estimated via this method are approximate because (1) terms of 

order higher than ‘two’ are neglected [this author sees only first-order considerations 

being undertaken] and (2) it is assumed that variability of the factors that determine the 

coefficient of variation of Cp depend negligibly upon direction (Simiu and Scanlan 1996, 

p.320); a condition that does not seem appropriate knowing that fluctuations in pressure 

coefficients vary from sector to sector. 

Confidence intervals of wind load effects could be drawn if alternatively pressure 

coefficients of several samples/runs in the wind tunnel or full-scale are analyzed 

simultaneously with extreme wind data, such that statistical information of wind load 

effects are not lost in the calculation process.  In essence, this would create multiple one-

dimensional samples for the maxima and minima of loading coefficients from which after 

considering the M-highest wind speeds in a year, inferences can be made based on 

probability functions at the desired return period or mean recurrence interval.  This 

suggests a solution using Monte Carlo simulations since the number of samples/runs is 

generally insufficient to recreate the M-highest order statistics of extreme winds.  This 

would be similar to the Cook-Mayne approach (1980), which accounts for both variations 

in extreme wind speed and loading coefficients.  This is covered in detail in the following 

section. 

 The second method, the sector-by-sector approach, is conceptually similar to the 

first one with the exception that extreme value analysis is done for each direction 

separately assuming data allocated in sectors is independent.  The previous method, 

named ‘one-dimensional sample of wind effects’, only takes the maximum (positive) and 

minimum (negative) wind load effect to create two one-dimensional samples from where 

inferences are drawn directly for higher mean recurrence intervals irrespective of wind 

direction.  The sector-by-sector approach retains the multi-dimensional information 

provided by the directionality of extreme winds and loading coefficients.  In essence, it 

creates n number of one-dimensional samples where n is the number of sectors defined 

(often defined by limitations imposed by the data resolution); the number of sectors n 

typically being 8 (45 degree-sectors) or 16 (22.5 degree-sectors).  A similar undertaking 
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of this method is used by Cook and Miller (1999) for the analysis of climatic 

directionality factors, and to improve reliability of loading coefficients specified in the 

British Standard (1997).  A combination of the sector-by-sector approach with the one-

dimensional approach described in the previous paragraph is used in the directional 

analysis of this investigation for the estimation of the wind directionality factor.  The 

specific method used in this investigation is discussed in detail in Section 6.4. 

 The third method, the out-crossing of the limit-state boundary method, was the 

method introduced by the pioneer of the wind directionality issue, Davenport (1977), and 

later used by Holmes (1981).  This method is a form of reliability analysis with certain 

assumptions that warrant special attention.  A function of structural failure (called the 

failure boundary - in the velocity space) and wind loads (based on the vector of 

‘equivalent wind speeds’) are defined for the estimation of the mean failure rate or out-

crossing rate.  The critical aspect of this method is precisely in the estimation of the mean 

out-crossing rate.  Determination of this rate requires a sound definition of the joint 

probability distribution of wind speed and direction and its derivatives in time (or 

alternatively knowledge of its frequency spectrum).  If the joint probability distribution 

function of wind speed and direction is defined for the extreme winds and its derivative 

can be estimated as a function of time (based on independent events) then the method 

would be promising.  Otherwise, the method as of right now uses information of the 

mean wind vector assuming it is a random stationary process.  The current version of this 

method creates the joint probability density function of mean wind speed and direction 

from continuous records (i.e. also known as parent wind data), or using records that are 

strongly correlated in time.  This method, without allowance for correlated data, has been 

compared (Wen 1984) to those derived from the theory of extremes and measurements, 

indicating that unacceptable discrepancies are found.  Unless a sound validation of the 

method is given showing that extremes in the region are in fact defined from the parent 

population, this method is generally regarded as un-conservative and is not recommended 

according to Simiu and Miyata (2006). 

 The last method is that utilized by the NBCC (2005) and ASCE 7 Standards 

(2005).  The method used in both of these Standards is based on the fact that there must 
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be a probability smaller than 100% that the most aerodynamically unfavorable direction 

of a building coincides with the wind direction of strongest winds.  Since these Standards 

define wind climatology irrespective of wind direction and pressure coefficients based on 

maximum pressure coefficients irrespective of direction, then it would seem obvious to 

reduce the loads by some amount.  Presently, these reductions are 20% and 15% for most 

of the structures using the Canadian and American building standards, respectively.  

However, the probabilistic apparatus needed for its estimation considering extreme 

distributions is not available in the literature.  The latter standard allows less reduction for 

buildings exhibiting structural responses that are more uniform with direction, such as 

chimneys and cylindrical-type structures.  Both Standards treat the directional behavior of 

loads as being the same for both Components and Cladding (C&C) and portal frames or 

also known as the Main Wind Force Resisting System (MWFRS).  If extreme wind 

speeds and loading coefficients are treated as being just one value irrespective of wind 

direction, i.e. selecting the highest value from wind directions (or angles of attack), 

Equation 6.6 must be transformed into Equation 6.8 with inclusion of a wind 

directionality reduction factor, Kd, as a mean to say that the detailed directional analysis 

is not being performed.  Equation 6.15 shows a more detailed expression for the 

estimation of the wind directionality factor. 

 

     (6.8) 

 

Whether a wind directionality factor can be objectively defined from the other 

three methods still remains to be answered, and now follows.  The array of buildings for 

which wind-tunnel data are now available and climatologic data are presently available, 

could be systematically analyzed to provide more specific values of the wind 

directionality factor.  If agreement is found regarding the definition of the ‘wind 

directionality reduction factor’ such a study is simply awaiting for the appropriate 

treatment and analysis.  However, as suggested later a climatic directional factor as a 

function of direction is preferred. 
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6.4 Probabilistic approach to wind loading of structures and the directionality issue 

When the wind load estimate is based on the analysis of extreme wind speeds 

recorded at meteorological stations and full- or model-scale pressure data for the building 

are available the non-deterministic nature of both extreme winds and loading coefficients 

is rapidly encountered even for a given mean wind direction or angle of attack.  If data 

are not available for a detailed analysis, the engineer in the United States and Canada is 

left with the alternative of using design standards with a prescribed probability of 

exceedance based solely on extreme wind speed analyses and a not so clear risk of 

exceedance in the peak loading coefficient.  In the United Stated and Canada a 15-20% 

reduction in risk is suggested to account for the reduced probability of a building being 

located in open exposure terrain (i.e. the exposure for which most the wind tunnel data 

was obtained) in the direction of most critical aerodynamics of the building (i.e. the angle 

likely to produce failure).  The latter approach assumes the loading coefficient as a 

deterministic variable and thus its actual deviations from the mean peak loading 

coefficient are at best captured by selecting, generally conservatively, a proportion from 

the mean peak value but the method fails to quantify the actual probability of exceedance 

or risk.  The actual likelihood of exceedance is to be defined as the joint probability 

distribution of loading coefficients and extreme wind speeds, as given by the wind load 

calculation which is a joint effect of these variables.  The analysis given in the subsection 

6.4.1 is that of Cook and Mayne (1979, 1980) with a slight modification to account for a 

peak wind speed and pseudo-steady loading coefficient, rather than mean wind speed and 

peak loading coefficient.  Section 6.4.1 covers the case irrespective of wind direction; 

Section 6.4.2 is an extension to account for wind direction. 

 

6.4.1. Probabilistic assessment irrespective of wind direction 

If the extreme winds (Vpeak) and loading coefficients (Cp-pseudo) were to behave equally in 

all directions (i.e. with the same likely extreme value and variation for all directions) then 

the joint probabilistic analysis can be rendered in a non-directional sense by 

multiplication of its individual probability distribution functions (pdf’s); and this is only 
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possible when the two variables are independent.  Since peak loading coefficients are 

‘decoupled’ from the turbulence produced by the atmospheric boundary layer (via the 

pseudo-steady conversion described in Section 6.2.1) then it can be said that the two 

variables needed for the calculation of wind load effects are independent and the joint 

probability distribution can be obtained straightforwardly.  If both probability 

distributions are assumed of the Fisher-Tippet Type 1 form, then the joint pdf of Vpeak 

and Cp-pseudo are representatively illustrated by Figure 6. 1.  The dashed lines depict 

constant wind load of Xpeak = 1/2∙ρair∙Cp-pseudo∙V2
peak for each of the various combinations 

of Cp and Vpeak values in the respective coordinate axis.  The area under the joint pdf 

along the constant wind load effect Xpeak is tantamount to a point estimate of probability 

in the conventional one-dimensional pdf.  For the determination of probabilities of 

exceedance (i.e. P(extreme_load>Xpeak)) from the joint pdf, certain constant wind load 

effect Xpeak is used as the lower threshold to estimate the volume under the surface of the 

joint pdf; and this being analogous to determining the area under the curve beyond certain 

value on the conventional one-dimensional pdf. 

 
Figure 6. 1: Joint probability density function of building loading coefficient, C, and 

extreme wind speed, V (after Cook and Mayne (1979), reproduced with permission) 
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Thus the probability of exceedance of certain wind load effect (P) can be 

estimated to a first-order accuracy with the convolution integral of (pdf(Cp) * pdf(Vpeak)) 

given in Equation 6.9. 

 

   (6.9) 

 

Where dPv/dVpeak is the pdf of peak wind speed, dPc/dCp-pseudo is the pdf of the 

pseudo-steady coefficients, dl is an infinitesimal element along the line of constant Xpeak, 

and dxpeak is an infinitesimal element in the direction of increasing load effect Xpeak and 

parallel to the constant load.  Analytical solution of this double integration is difficult but 

numerical estimation ease the problem.  As it was mentioned before, the direct 

integration of the joint pdf only provides a first-order approximation. The reason is that 

the joint pdf with the methodology just outlined assumes that the maximum peak load 

effect Xpeak attained in any given hour will be obtained by the single highest extreme 

wind in a year.  However, it is well known that the loading coefficient is non-

deterministic and thus this allows the possibility that the highest wind speed in a year 

may not occur simultaneously with the specified mean peak loading coefficient.  Since it 

is possible that the second-highest extreme wind in a year occur with a higher loading 

coefficient and thus produce a higher peak wind load then the allowance should be made 

in the probabilistic approach.  This is important in the estimation of wind loads when 

described as a function of probability of non-exceedance, because with a first-order 

approximation extreme wind loads that possess a slightly reduced probability of 

exceedance are included in the analysis where these do not comply with the requirement 

of a load being the true maximum in a year for the combined extreme value analysis.  A 

very large number of years would be required to extract the M-highest from each year, 

and also requires use of the Method of Independent Storms.  A sound approach is to 

generate the data via a multi-order Monte Carlo simulation that replicates the FT1 

distribution with the appropriate order statistic used in the Method of Independent Storms 

(described in the previous chapter).  To accomplish this, the analyst must state the 
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problem in terms of the reduced variate, y, of both extreme wind speed and loading 

coefficient.  The method is presented in the following way: 

Assuming probability distributions for extreme wind speeds, V, and loading 

coefficients, C, of the FT1 form, the cumulative distribution function (probability of non-

exceedence) is given by Equation 6.10.  The resemblance of the extreme wind speeds to 

the FT1 distribution was covered in the previous chapter and regarding its use for 

extreme loading coefficients Section 6.6 discusses in more detail. 

 

        (6.10) 

 

Where y is the reduced variate of the variable in consideration, given by Equation 

6.11 for the case of loading coefficient, C.  Substituting C for V gives the reduced variate 

for extreme wind speeds, V, as used in the previous chapter. 

 

        (6.11) 

 

The mode, U, and dispersion, 1/α, are the FT1 parameters.  If the reduced variates 

yC and yV are solved for C and V, respectively in Equation 6.11, the extreme peak wind 

pressure ppeak of Equation 6.5 can now be obtained as a function of its FT1 parameters 

and respective reduced variates (or probabilities of non-exceedance, P).  The FT1 

parameters give statistics of the likely extreme value, namely by the mode U, and 

information about the variations of extremes, namely the dispersion 1/α.  These are the 

most common statistical parameters of extreme values and they are analogous to the 

mean and standard deviation in the parent population of data, respectively.  In expressing 

the extreme wind loads in this form, the problem is being solved in a fully probabilistic 

sense.  It was opted to give the wind load the variable X as it is applicable to any kind of 

loading (e.g. forces, pressures, bending moments, shears, etc.) once the appropriate 

conversion is applied. Equation 6.12 presents the peak wind load in the probabilistic 

form. 
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      (6.12) 

 

FT1 mode and dispersion UC and 1/αC, respectively, are dimensionless as the 

loading coefficient is dimensionless; however, wind speed FT1 parameters have wind 

speed units.  The peak wind load can be made non-dimensional after some factorization, 

as shown in Equations 6.13 and 6.14. 

 

        (6.13) 

 

Where the non-dimensional load, xpeak, is given by: 

 

       (6.14) 

 

The non-dimensional load is only a function of the characteristic product αU (the 

ratio of mode U, to dispersion, 1/α).  In fact, the shape of the joint cumulative distribution 

function of peak wind loads is entirely dependent upon these characteristic products (αU). 

When the peak wind load equation (Equation 6.14) is solved the extreme loads can now 

be fitted by a polynomial of order 2 as the wind speed component is squared.  Finding the 

most appropriate binomial coefficients with corrections up to the fifth-order for a large 

number of simulations (N = 50,000 trials*) is the case presented by Cook and Mayne 

(1980) in their refined approach to the probabilistic estimate of wind loads.  Although 

from a theoretical standpoint Harris (1982) applied corrections of more than 100th-

orders, according to Cook and Mayne (1980) corrections up to the 5th-order are 

appropriate for design purposes where the return periods of interest are in the order of 50-

years or higher.  Therefore, the extreme wind loads will be calculated here applying up to 

the fifth-order only, but the same methodology applies for higher order of corrections.  
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The Monte Carlo simulation of peak wind loads consists of the following procedure: 

 

1. With the FT1 parameters of loading coefficients and wind speeds the 

characteristic product, αU, is determined for both variables. 

2. Generate a trial (year) of probabilities P (between 0 and 1) using a uniform 

random number generator with size n, where n is to be defined from the 

Method of Independent Storms described in the previous chapter (e.g. n = 85 

storms/year). 

3. Solving Equation 6.8, obtain reduced variate yV and sort in ascending order. 

4. Select the 5-highest* values of yV (*this depends on the M-highest corrections 

to be applied). 

5. Generate a trial of 5* probabilities between 0 and 1 using a uniform random 

number generator and solve Equation 6.8 for the reduced variate yC (yC is not 

to be sorted as this is exactly the point of the method). 

6. Using the characteristic products of step 1, and reduced variates of step 3 and 

5 calculate the non-dimensional load xpeak using Equation 6.12. 

7. From the five generated peak wind loads for a single year (trial) only keep the 

maximum value for extreme value analysis of step 9. 

8. Repeat steps 2 – 7 N times, where N is the number of simulations. N should 

be a large value (typically in the order of 10,000 or more). 

9. With the N maximum non-dimensional peak wind loads, xpeak, arrange in 

ascending order. 

10. Plot these values in the Gumbel plot using order statistics  

(i.e. y = -LN(-LN(m/(N+1)))) and extract the desired peak wind load for a 

predefined probability of exceedance directly or alternatively fit a binomial 

(i.e. of the type x = A + B*y + C*y2) for a mathematical representation of 

wind loads as a function of reduced variate and thus probabilities of non-

exceedance. This is useful when the extrapolations go beyond the generated 

data itself. 
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According to Cook and Mayne (1980) once this procedure is done once for a 

varied number of characteristic products, αU, the binomial coefficients (i.e. A, B, C) can 

be used by others without resort to Monte Carlo simulations.  The direct Monte Carlo 

simulation process was done in our analyses as one must use the pre-determined values of 

characteristic products or otherwise resort to interpolation for values in between those 

given in their look-up table (Cook and Mayne 1980).  For corroboration of our results the 

method was repeated using the same parameters used by Cook and Mayne (1980).  The 

values used in their model are as follow: characteristic products, αU, between 5 and 20 in 

intervals of 5; an n of 100 storms per year, and 50,000 simulations.  Our results are given 

in Table 6.1 along with Cook and Mayne’s (1980) results.  In their work they generated 

5000 simulations 10 times (for a total of 50,000 simulations).  Therein, each ranked 

extreme (out of 5000) was averaged for the 10 repetitions and a binomial was fitted to the 

5000 averaged extremes using the least-mean-squares method.  To the knowledge of this 

author, an average of 10 times 5000 extremes (total of 50,000 simulations) to fit a 

polynomial of the ensemble average is not to supersede a direct simulation and fit of the 

same amount of trials.  A possible reason might be to produce, in a sense, a more robust 

number of trials in the range of interest for probabilities of exceedance (e.g. 50-years to 

5000-years).  Other than that, the author lacks the knowledge to justify their reasoning, 

perhaps computer power limitations?  Consequently, this author chooses to render the 

analysis using 50,000 simulations directly with no averaging.  In the end, the difference 

between these two undertakings is in the order of 1, 2, and 3 percent for 50-, 100-, and 

500-years, respectively, in the estimation of design peak wind loads.  Since this can be 

considered a negligible effect in design, it seems trivial to continue with the discussion 

(however, notice that for very large MRIs this becomes important).  Direct simulations, 

i.e. with no averaging, are used henceforth in this chapter.  The simulation process was 

also repeated for n = 85 storms per year rather than 100 storms per year in Cook and 

Mayne’s (1980) work and the difference between these is less than 0.5% for estimates of 

500-years; smaller differences were observed for smaller return periods. 

 

 



Texas Tech University, Rolando E. Vega, August 2008 

183 

Table 6. 1: Binomial coefficients of nondimensional extreme wind loading,  

x = A + B*y + C*y2 

 
 

6.4.2 Probabilistic assessment considering wind directionality 

The previous subsection outlines the probabilistic assessment when the analysis is 

made irrespective of wind direction.  In the sector-by-sector approach of the directional 

A 1.2600 1.1269 1.0877 1.0699
B 0.2104 0.1256 0.1043 0.0964
C 0.0021 0.0030 0.0036 0.0037

A 1.2494 1.1265 1.0904 1.0759
B 0.2220 0.1464 0.1300 0.1240
C 0.0063 0.0071 0.0069 0.0067

A 1.2357 1.1338 1.1046 1.0909
B 0.2571 0.1996 0.1851 0.1779
C 0.0176 0.0152 0.0144 0.0159

A 1.2477 1.1764 1.1576 1.1456
B 0.4214 0.3741 0.3730 0.3647
C 0.0609 0.0524 0.0445 0.0495
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method Simiu and Miyata (2006) refer to, two different types of analysis; namely the (1) 

single-sector design criterion and (2) the multi-sector design criterion.  The single-sector 

approach considers the single direction (sector) with strongest winds and wind load is 

defined at varying mean recurrence intervals or return periods assuming that the 

information from that single sector relates to all other sectors by their mutual correlation.  

This approach is found to be un-conservative because it does not take into account the 

effects and contribution from all other contributing sectors.  In this author’s opinion, the 

main problem with the single-sector approach is the definition of directional or pseudo-

MRIs which is discussed in the next paragraphs.  On the other hand, the multi-sector 

approach assumes that extreme wind speeds are uncorrelated in adjacent sectors.  

Therefore, after extreme value analyses are done in each separate directional sector, the 

combined probability of exceedance is overly conservative as it assumes participation 

from all sectors in 360-degrees.  The method proposed here is the sector-by-sector 

approach, but it does not fully satisfy the requirements of either variant (single-sector or 

multi-sector) mentioned and described by Simiu and Miyata (2006); rather the solution is 

between these two, i.e. between the unconservative and overly conservative solutions.   

More than one single sector participates in the calculation of extreme wind speeds 

but not all the 8 or 16 sectors (i.e. 360 degrees) participate in the calculation as no strong 

single storm will ever contribute with extreme wind speeds in more than a limited 

number of sectors.  It was found in the previous chapter than on average three 22.5-

degree sectors contribute for extreme value analysis of independent events (Figure 5.16).  

However, if 45-degree sectors are used two sectors (90-degrees) are required on average 

to define the extreme climatology as a single 45-degree sector does not capture the 

required information (67.5 degrees = 3@22.5-degrees).  The definition of 67.5-degree 

participation may be improved with further analyses and using smaller sector widths, but 

the 22.5-degree sectors were chosen, as smaller sector widths are very rarely used in 

practice.  Since in this proposed methodology more than one single-sector must be used 

to account for contributions from other directions it is the decision of this author to also 

consider it as the ‘multi-sector approach’, given the condition that Simiu and Miyata’s 

(2006) definition is considered in light of the modifications indicated herein this chapter. 
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As a result, a false or pseudo-MRI must be set for directional extreme value 

analysis such that the exclusive directional sector of strongest winds ‘finds the necessary 

time span’ to reach the value of extreme wind speed obtained irrespective of wind 

direction.  The latter is necessary as approximately three 22.5-degree sectors contribute 

on average to the extreme value analysis irrespective of direction and it is unrealistic to 

either increase or decreases the actual magnitude of wind speeds in a given sector from 

that obtained in the non-directional analysis.  Then, for instance, if a combined 

probability of exceedance of 0.02 (1/50-years) is desired, the risk is distributed uniformly 

among the three 22.5-degree sectors in such a way that for a single sector one minus the 

directional probabilities of non-exceedance raised to the power of 3 (the number of 

contributing sectors) is equal to the desired combined probability of 0.02 (i.e. 1-(1-

0.00667)3=0.02).  This illustration shows that for a combined probability of exceedance 

of  0.02 (i.e. MRI=50-years) a directional extreme value analysis requires a smaller 

probability of exceedance of 0.00667, suggesting a longer pseudo-MRI for directional 

extreme value analysis of approximately 150-years when 22.5-degree sectors are used to 

achieve the combined risk of 50 years.  Table 6.2 presents pseudo-MRIs for directional 

analysis using 22.5- and 45-degree sectors with respect to combined probabilities of 

exceedance.  It can be seen from these two sector widths that the pseudo-MRI is n times 

longer than the nominal MRI used in the non-directional analysis, where n is the number 

of contributing sectors in the average storm.  The combined experience gained by n 

contributing members (sectors) of a system can only be substituted by allowing a 

particular member (sector) to gain n times more experience; this is what is called the 

‘pseudo-MRI concept’ for Wind Engineering; a concept that is well known from an 

organizational point of view. 
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Table 6. 2: Combined and directional probabilities of exceedance used for directional 

extreme value analysis 

 
 

The probabilistic method to account for wind direction is exactly the same as that 

for irrespective of wind direction, except that it needs to be repeated for as many sectors 

that contribute to the estimate of extreme probabilities of exceedance.  One question 

might be raised: which 3 directional sectors out of 16 should form the combined risk to 

which a structure is being exposed?  It does not matter, what matters is that the right 

pseudo-MRI is used for the directional predictions, the maximum load effect obtained 

from all directions is considered in the definition of the wind directionality factor.  In the 

following exercise only the three sectors composed of the extreme prevailing wind 

directions were used.  These three sectors are called here the ‘design wind directions’ 

(sometimes called prevailing winds for design).  Similarly to the 5-highest extremes in 

the non-directional probabilistic approach of Cook and Mayne (1980), it is assumed here 

that the 3-highest extreme directions (i.e. using their FT1 modes and dispersion) will 

allow enough juxtaposition with directional loading coefficients so that contributions to 

wind load effects produced by other wind directions with smaller wind speed magnitudes 

are insignificant.  The assumption is not expected to have a significant impact on 

accuracy of the wind directionality factors, for which the formulated expression (not the 

calculations performed here) accounts for contribution from all directions.  This 

assumption is awaiting a future demonstration. 

 Another important consideration regarding the wind directionality reduction 

factor is that of building orientation; for which a separate subsection is dedicated (Section 

6.7.2).  For purposes of continuity, some aspects are discussed here.  A building could be 

P(v(θ)>V) Pseudo-MRI P(v(θ)>V) Pseudo-MRI

0.02 50                        0.0100000 100                 0.0066667 150                 
0.01 100                      0.0050000 200                 0.0033333 300                 

0.002 500                      0.0010000 1,000              0.0006667 1,500              
0.001 1,000                  0.0005000 2,000              0.0003333 3,000              

0.0002 5,000                  0.0001000 10,000           0.0000667 15,000           
0.0001 10,000                0.0000500 20,000           0.0000333 30,000           

Using 22.5-degree sectorsUsing 45-degree sectors
Combined probability of 
exceedance (in a year)

Nominal MRI
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oriented in such a way that a certain building zone would attain the load for which it was 

designed, suggesting that no reduction in the load was necessary for that zone.  However, 

while that building zone reached its design load many other building zones will not have 

experienced design loads because the critical angle of attack of one building zone is not 

the same for all the other building components or zones.  If the design storm happens at 

least once during the life of the building, which is the typical case for which engineers 

design, that means that many building components were over-designed and 

conservativeness ruled over economy.  It then seems obvious to compare those 

components that possess more likelihood to achieve design loads versus those than not.  

To a great extent, how wide or narrow, or how few or many different critical angles of 

attack are present for a given building zone will dictate how likely it is to reach design 

wind loads in that particular component.  Therefore, for codification purposes it would 

seem attractive to assume that a building is oriented in a random manner and see how 

much reduction can be given to certain building component or zone based on the 

probabilistic assessment described here. 

 The following description pertains to the estimate of the wind directionality factor 

as defined by Equation 6.15.  For a given building zone, there is one or just a couple of 

‘design wind directions’, θV=j, that combined with a randomly drawn loading coefficient 

mode (UC(α)) and dispersion (1/αC(α)) from all directions’ database, then a maximum 

peak wind load can be calculated to form sample i (note: in selecting the maximum load 

effect from all directions, the sector-by-sector approach is also reduced to the one-

dimensional approach so information for the estimation of the wind directionality factor 

should not be confused with the sector-by-sector approach described up to this point).  

The peak wind load, Xpeak,i, is calculated using the probabilistic assessment described in 

the previous subsection for the ‘design wind directions’ (j=1, 2, 3).  If 16 sectors are used 

in the directional analysis (a favorable case when good data resolution is available), each 

sector is assigned a number from 1 – 16.  The purpose in doing this is to draw randomly 

from all directions’ database a single single set of FT1 parameters (mode and dispersion) 

of loading coefficients with a particular angle of attack.  For each design wind direction 

(e.g. j=1,2,3) a single set of randomly drawn FT1 parameters, i.e. one value of mode and 
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dispersion for the randomly selected AOA (not necessarily the AOA with maximum 

loading coefficients), of loading coefficients is used to form sample sample i.  Then for 

each sample i, only the maximum peak load effect is kept from all the wind directions 

being analyzed.  Once this process is repeated N number of times (N being large, say 

N=1000) sample statistics could be drawn for the wind directionality factor defined in 

Equation 6.15.  Similar equations to Equation 6.15 have been proposed before (Simiu and 

Heckert 1997; Holmes 1981).  One of which (Simiu and Heckert 1997) considered the 

ratio of the equivalent wind speed from a directional analysis to the design wind speed 

irrespective of wind direction.  The problem with this proposition is that it does not apply 

knowledge of the pseudo-MRI concept for the directional analysis performed in the 

numerator of Equation 6.15, nor do they select random building orientations as discussed 

here, or consider the combined probabilities of extreme winds and loading coefficients.  

Basic statistics of the wind directionality factor are given in Equations 6.16 and 6.17.   

The definition used in building standards where the ‘worst’ loading coefficient 

from all directions is set in the same direction of strongest winds aligns perfectly with the 

undertaken approach to select the maximum peak directional load based on random 

selection of building orientation.  Such that when the building is virtually rotated a large 

number of times the mean AOA that correspond to the mean building orientation from 

the large population will align the critical AOA of loading coefficients with the wind 

direction of strong winds being analyzed.  In any case, all randomly selected building 

orientation sectors between 1 – 16, and with mean critical angle of attack of loading 

coefficient at the ‘prevailing’ wind direction (or technically the direction j being analyzed 

in Equation 6.15) must submit to the domain of circular variables.  In other words, when 

the mean of the randomly selected sector between 1 – 16 is shifted from its normal value 

of 8.5 (i.e. the mean of the two middle sectors 8 and 9) to the integer sector number of the 

prevailing direction (or direction being analyzed) all sectors from 1-16 must be within the 

domain of the random number generator (i.e. no sector number out of this range will ever 

be drawn in the random selection, albeit the uniform distribution will still have its shape 

but now in a circular domain). 
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 The denominator of Equation 6.15 must agree with the reason to have a separate 

wind directionality factor, that is, selecting the ‘worst’ loading coefficient and the ‘worst’ 

wind speed at given MRI and building zone.  After the analysis is rendered for all 

building zones, wind directionality factors are recommended by zone – and for general 

application of a low-rise structure located in ‘well-behaved climates’ (i.e. non-hurricane 

regions).  This makes the assumption that climate does not affect considerably the wind 

directionality factor from one location to the other, for as long as the climate is not 

governed by hurricanes.  The results which are based on full-scale pressure data are 

presented in Section 6.7.3. 

 

 

        …(6.15a) 

        

 

        …(6.15b) 

 

       (6.16) 

 

 

    (6.17) 
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6.5 Texas Tech Wind Engineering Research Field Laboratory (WERFL) 

WERFL is a research facility of the Wind Science and Engineering (WISE) 

Research Center at Texas Tech University (TTU), Lubbock, Texas, USA.  WERFL is a 

full-scale instrumented building and meteorological tower termed after the Wind 

Engineering Research Field Laboratory.  In 1986 the National Science Foundation first 

awarded a grant for the investigation of surface building pressures to advance the 

understanding of wind effects on low-rise buildings.  By 1989 the research facility 

became fully-operational, and has been used in a wide number of investigations (e.g. 

wind pressures on building surfaces, internal pressures, performance of roofing, 

ventilation, exhaust studies, wind flow around buildings, structural response to wind 

loading corner studies, and wind engineering meteorology (Carter and Smith 2005)).  

Nine (9) years later, in 1998 the WISE Research Center entered a cooperative agreement 

with the National Institute of Standards and Technology (NIST) to mitigate windstorm’s 

effects on low buildings and structures.   

The facilities were located near the TTU campus by the time the data used in this 

study was collected.  It consists of a 9.1m (30 ft) wide, 13.7m (45 ft) long and 4m (13 ft) 

high building instrumented with pressure transducers over its surface and a 49m (160 ft) 

high meteorological tower next to the building, both portrayed in Figure 6. 2.  The 

WERFL building is mounted on a turntable which allows rotating the building and 

controlling the angle of attack of the approaching wind.  The 49m (160 ft) meteorological 

tower is located 46m (150 ft) to the west of the center of the building and collects wind 

data at 6 height levels. 

 

 
Figure 6. 2: WERFL building and meteorological tower 
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6.5.1 Measuring system 

The WERFL building is instrumented with 204 differential pressure transducers, 

uniformly distributed over all surfaces except at the roof ends and corners where the tap 

spatial densities are higher.  Pressure taps are assigned a 5-digit identification number to 

indicate the surface number, x-, and y-coordinates in the local surface coordinates, in feet 

(e.g. tap 51005 depicts surface 5 with coordinates x=10 ft and y=05 ft).  Tap locations 

and identification numbers are shown in Figure 6. 3.  The meteorological tower is 

instrumented at six levels: 1m, 2.5m, 4m, 10m, 21m, 49m (3, 8, 13, 33, 70, 160 ft) with 

both Gill UVW anemometers and 3-cup anemometers with vanes to measure wind speeds 

and directions.  Barometric pressure, relative humidity and temperature sensors are 

mounted at 4m.  Details about the sensors installed are found elsewhere (Levitan and 

Mehta 1992a, 1992b).  Both the building surface pressure and meteorological parameters 

are collected and stored simultaneously in each run.  The data are collected at a sampling 

rate of 30 Hz (i.e. 30 samples per second) and stored every 15-minutes as independent 

files. 
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Figure 6. 3: WERFL pressure tap locations and identification numbers 

 

6.5.2 Description of terrain exposure 

The terrain characteristics surrounding the WERFL research facility were first 

documented with photographs by Levitan and Mehta (1992b).  No new features in the 

vicinity of the WERFL building have been built and the exposure description given 
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therein has not changed significantly. Here a quantitative estimate of the directional 

aerodynamic roughness, z0, is given in Figure 6. 4 as defined by the turbulence-derived 

methodology presented in Chapter 3.  The data used from the WERFL building can be 

coupled with longer wind data periods collected at the West Texas Mesonet station to 

estimate a precise aerodynamic surface roughness that captures the typical turbulent 

characteristics seen by the building.  The WTM station is located just 78 meters to the 

northwest of the WERFL building center.  The aerodynamic surface roughness as a 

function of direction could also be defined using the meteorological tower that forms part 

of WERFL system, and in fact, it would be of interest to contrast the values presented 

here with those obtained using other methodologies (e.g. profile-derived); but the analyst 

should be aware of any building-generated interference produced by the WERFL 

building itself if the low-level anemometers are to be used.  Differences are expected but 

estimates should be optimal as the threshold wind speed of 8 m/s was used to reduce the 

effects of atmospheric stability.  The use of WTM was adopted here because longer data 

periods are available and therefore seasonal variations of the surface roughness could be 

assessed accordingly.  Furthermore, it is convenient to have a measure of the 

aerodynamic roughness that does not need multiple-height wind speed measurements, 

and a methodology to correct the gust wind speeds used in the extreme value analysis that 

is readily available, as discussed in Chapter 3.  The data used to estimate the aerodynamic 

roughness shown in Figure 6. 4 uses data from October 1, 2002 to September 31, 2004, 

which covers one year before and after the WERFL data was collected.  In February 2006 

the WTM Lubbock station was moved 1.4 kilometers to the north.  Also shown in Figure 

6. 4 the aerodynamic roughness of the new WTM location to see if there were any local 

features affecting the estimation of aerodynamic roughness.  The new surface roughness 

is more uniform across all directions suggesting that some local features have a slight 

influence on the turbulence characteristics in some directions (e.g. at 45 degrees), but in 

general both exposures show reasonable agreement (average z0 is between 0.02 – 0.04 

meters).  Also in the same figure is the estimate of aerodynamic roughness for the new 

WERFL location at the Reese Technology Center for future reference. 
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Figure 6. 4: Directional aerodynamic surface roughness at the original and new WERFL 

site 

 

6.5.3 Data quality assurance and quality control 

Multiple experimental setups have been undertaken at the WERFL facility in the 

past to fulfill the needs of unique research questions.  The experimental setup used in this 

study is called the Mode 1001 and originally it contained over 4700 runs of 15-minutes of 

data.  Mode 1001 is formed by two separate sets, Mode 1001.01 and 1001.02 from which 

after some quality control there were 52 and 641 runs of 15-minutes, respectively, for a 

total of 693 runs.  This is the data used in this study. 

The quality control performed by the WERFL team consists of daily inspection of 

the field instrumentation, frequent instrument calibrations and maintenance, and timely 

preliminary data analysis for validation.  An important part of the quality assurance is to 

check for data stationarity.  Wind speed and direction stationarity is verified and only 

those datasets that possess statistical significance are accepted as ‘qualified runs’. The 
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statistical significance is typically measured through hypothesis testing and the ‘run and 

reverse arrangement test’ (Bendat 2000) is used to check data stationarity. 

Checking for stationarity alone does not assure that the data are significant 

because weak wind conditions, of no importance in the determination of wind loading of 

structures may still be part of the datasets.  Therefore a minimum threshold of 7 m/s (15.7 

mph) is set such that weak wind conditions and thus most, if not all, of the issues 

associated with atmospheric stability are excluded from the datasets.  A more detailed 

discussion of wind speed as a proxy for atmospheric stability is discussed in Chapter 3.  

This quality assurance procedure gives a number of 693 runs. 

 Furthermore, some particular runs had pressure sensors that were not working 

properly in some instances.  Daily reports generated by the WERFL team indicate the 

specific pressure taps that were malfunctioning and thus such data are excluded from the 

analysis. Building zones used in the analysis are shown in Section 6.6.  If a particular 

building zone had less than 50% of the pressure taps working properly such runs will not 

have a contribution for the calculation of wind loads on the given zone.  However, these 

runs are not excluded from the database because there are other buildings zones where 

the pressure taps were all functioning properly.  The next section discusses the details of 

the experimental mode utilized in the investigation.  The seemingly bimodal distribution 

of wind pressure (force) coefficients, shown later, are attributed to slight differences in 

surface roughness for different wind directions and the use of symmetrical properties of 

the building to augment the sample size as a function of angle of attack; and not 

attributable to data quality issues.  In the occasions or directions were this happens only 

the values that were clearly from the set with highest pressure coefficients were used, and 

this something easier to identify from the extreme value analysis point of view. 

 

6.5.4 Characteristics of experimental mode used 

The experimental mode used, Mode 1001, is the experimental set up with the 

largest number of pressure transducers in the Texas Tech WERFL history, as of 2008.  

As a result, the experimental set up used in this investigation for the study of wind 
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directionality in the WERFL full-scale environment is optimal because instrumentation 

and thus calculation of area-averaged loading coefficients are robust.  As a way to present 

general characteristics of the experimental mode, mean wind speed and direction for each 

of the 693 runs (i.e. averaged in 15-minutes) is shown in Figure 6. 5.  The 3-second gust 

wind speeds and gust factors, G, (defined as the ratio of the 3-second gust wind speed 

over the 15-minute mean wind speed) are shown in Figure 6. 6.  Gust factors, G, 

measured during the 693 runs range between 1.30 and 1.96 with an average of 1.50.  For 

a more detailed discussion of gust factors under different terrain exposures refer to 

Chapter 3.  The gust factors of Figure 6. 6 for each run are the values used to calculate 

the pseudo-steady pressure (force) coefficients later (and given by Equation 6.3).  As 

discussed previously, one of the unique capabilities of using WERFL is that the building 

is mounted on a turntable.  Five different building orientations were used during this 

experimental mode (i.e. β = 0, 195, 240, 270 and 285 degrees w.r.t. true north) from 

which the angle of attack can be defined in local building coordinates (see Figure 6. 13).  

Figure 6. 7 and Figure 6. 8 portray the building orientations and angles of attack, 

respectively, available for the experiment.  The frequency distribution of samples as a 

function of wind direction (w.r.t. North) and angle of attack (w.r.t. long building axis) are 

given in Table 6.3. 
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Table 6. 3: Number of samples as a function of wind direction (w.r.t true North) and angle 

of attack (w.r.t. long building axis) 

 
   

 
Figure 6. 5: Mean wind speed and direction for the 693 runs of 15-minute data 

Angle (degrees) Per wind direction Per angle of attack (AOA)
0 59 84

22.5 52 48
45 51 49

67.5 10 62
90 8 77

112.5 1 50
135 13 24

157.5 40 55
180 47 42

202.5 14 9
225 49 2

247.5 110 9
270 94 8

292.5 84 19
315 25 74

337.5 36 81
TOTALS: 693 693

Number of 15-minute runs
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Figure 6. 6: Wind gust factors for the 693 runs of 15-minute data 

 

 
Figure 6. 7: Building orientations, β, used in the experimental mode 
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Figure 6. 8: Angle of attack for the 693 runs of the 15-minute data 

 

6.6 Calculation of wind loading coefficients 

Just as important as describing the wind speed measurements and the way 

extreme value analysis is carried out using such information, the examination of induced 

pressures over a building and estimation of loading coefficients for design practice 

require a careful attention.  This section describes the area-average method used in the 

creation of building zone pressure coefficients, the building zones defined for the study, 

and the coordinate system used. 

 

6.6.1 Area-averaged pressure (and force) coefficients 

Wind loads on the WERFL building are measured as point pressure coefficients 

which are calculated as the ratio of induced pressure in a point location of the surface to 

the dynamic pressure at the eave height, just as described by Equation 6.3.  In 

engineering, where loads over an area such as the roof, roof corners, and walls are the 
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interest for design considerations, area-averaged pressures are used for wind load 

calculations.  Therefore, with the given pressure tap density and location shown in Figure 

6.3 the tributary area of each tap is calculated and used for the determination of pressure 

time-series over predefined building zones.  This is done by assigning a weighting factor, 

, for each pressure tap given certain building zone.  The weighting factor, , is defined 

as the ratio of tributary area of a particular tap to the total area of the wall, roof or 

building zone where the sum of all weighting factors for a given area is one, such as 

described by Equation 6.18.   

 

         (6.18) 

 

Where Ai, is the tributary area of pressure tap i, and n is the number of pressure 

taps in the predefined building zone (Bi 2006).  Each pressure coefficient time series 

Cp(t) of a given pressure tap is then multiplied by the respective weighting factor and 

summed with all those taps that compose the building zone.  This new time-series is 

called the area-averaged pressure time-series for a given building zone, as given by 

Equation 6.19.   

 

     (6.19) 

 

The area-averaging process functions as a filter on the data and it has been found 

that the new time-series conforms better to the Gaussian probability distribution (the 

actual distribution expected from a Gaussian random wind speed) than the point pressure 

coefficient time-series (Letchford et al. 1993), albeit recommendations were made by 

Letchford et al. (1993) to incorporate non-linear terms into the quasi-steady linearised 

model to improve the fit.  Notwithstanding this, area-averaged pressure coefficients in the 

separated flow region of the building (e.g. roof peripheries) are not expected to follow the 

‘normal’ probability distribution as turbulence in these regions are affected by the 

structure itself and not only by the wind turbulence.  Point pressure probability 

distributions, as opposed to area-averaged, are best fitted by the lognormal distribution 
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(Yin 1996) and separated flow regions are best fitted by the exponential distribution 

(Peterka and Cermak 1975).  Having defined the method to calculate the area-averaged 

pressure coefficients, it is important to define the building zones considered in this 

investigation; this is the subject of the next subsection. 

 

6.6.2 Definition and grouping of building zones 

It is well-known that surface areas on the envelope of a building are not exposed 

to the same magnitude of wind loads for a given wind speed and direction.  Because of 

this fact, the building surfaces (i.e. walls and roof) must be separated in regions where the 

wind flow behaves in unique ways so that the area-averaging procedure described does 

not minimize excessively the actual wind loads imposed over the building.  As discussed 

previously, bluff-body structures are unique because they possess sharp edges and do not 

provide a transition for the flow to stay attached along the building envelope.  The result 

of this is the creation of flow regions called separated, as opposed to attached flow, and 

the separated flow creates zones of low pressures relative to the rest of the building.  

These low pressure regions are located downwind of the leading edges of walls and roofs 

up to the location of a possible re-attachment if the bluff-body is long enough downwind.  

The separated flow effect creates suctions in roof corner regions where conical vortices 

are formed at oblique wind angles of attack.  To account for these unique properties of 

the flow around a bluff-type structure, the WERFL building is divided in 21 building 

zones and 4 pressure point locations at the roof corners, for a total of 25 zones.  In trying 

to obtain a building zone distribution that balances applicability of WERFL data and the 

current building standards, the actual WERFL pressure tap density and locations of 

Figure 6.3, the zones shown in Figure 6.9 were defined. 

 Since the building has a symmetrical plan along the building axes and exposures 

are approximately constant (z0 between 0.015 and 0.05) for all wind directions, after 

appropriate calculations of loading coefficients were performed for each respective 

building zone, the building zones were grouped to augment the number of loading 

coefficient data as a function of wind direction.  In doing so, the grouping of zones was 
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then composed of those building zones that exhibit similar, if not exactly the same, 

quantitative aerodynamic properties; this is illustrated by Figure 6.10 where the shaded 

regions are the only zones to which reference is made in this dissertation, albeit it 

includes data from other zones.  This approach of consolidation was undertaken to 

maximize data across all 360 degrees of angles of attack.  Some other assumptions could 

have been undertaken, such as defining the aerodynamics in only 90 or 180 degrees, but 

these other approaches would discard a large number of data and the directional analysis 

considering climatology would be limited in scope.  The numbering of building zones of 

Figure 6.9 is retained after regrouping. 

In addition, some forces along building-axes are defined for the calculation of 

building force coefficients.  Drag force coefficients are greater than zero and always 

oriented in the direction of the wind; this relationship with direction makes the 

aerodynamic properties to be poorly defined as a function of direction and as will be 

shown later the estimated values of wind directionality factors approach unity for drag.  

Lift force coefficients are also positive and its values represent forces upward away from 

the roof surface.  Two other overall force coefficients along building-axes were defined; 

Fx and Fy, and they are equal to the drag force when the wind angle of attack is 0 and 90 

degrees, respectively. 
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Figure 6. 9: Definition of building zones for wind loading calculation 
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Figure 6. 10: Zones utilized after grouping and reconciliation of symmetrical building 

properties 

 

6.6.3 Sign convention used 

For the sign conventions used throughout this chapter refer to Table 6.4.  Figure 

6.11 and Figure 6.12 show the location and direction of force coefficients.  Figure 6.13 

show the definition used for angles relative to the True North and building axis. 
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Table 6. 4: Sign convention used for wind loading coefficients 

Wind loading coefficient Positive sign Negative sign 

Pressure coefficients, Cp 
Towards the surface 

(see Figure 6.9) 

Away from surface 

(see Figure 6.9) 

Localized force 

coefficients 
Shown in Figure 6.11 Shown in Figure 6.11 

Overall building force 

coefficients 
Shown in Figure 6.12 Shown in Figure 6.12 

 

 
(a) 

 
(b) 

Figure 6. 11: Building zones for the analysis of horizontal force coefficients along the (a) 

long building axis and (b) short building axis 

 
Figure 6. 12: Coordinate system used for the overall building force coefficients (i.e. x-axis, y-

axis) 
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Figure 6. 13: Definition of wind direction θ, building orientation β, and angle of attack α. 

 

6.7 Results 

This section presents the general results including intermediate results after data 

processing and the steps followed to perform extreme value analysis of loading 

coefficients as a function of direction.  This section also covers the results of the 

integration of probabilities of climatology and aerodynamics.  Wind directionality factors 

are also given for the predefined components of the building. 

 

6.7.1 General results 

Each one of the 693 runs can now be assessed as a function of angle of attack.  

Each 15-minute run possess loading coefficient data that is related to certain angle of 

attack, from which each building zone area-averaged pressure time-series is defined and 

the maximum, minimum and mean are extracted.  These results are illustrated here in 

Figure 6.14 for the Interior Zone number 3 of the Wall (all other grouped zones are given 

in the Appendix K).  As it was mentioned in Section 6.6.1, the parent probability 

distribution of pressure loading coefficients is of the Gaussian type for the attached flow 

and Exponential for the separated regions.  This virtue, allows for the extreme value 
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distribution to be of the Fisher-Tippet Type 1 function (Cook 1985).  By using maximum 

or minimum data from the parent wind pressure dataset collected at 30 Hz, the extreme 

value analysis can then rendered using the classical extreme value FT1 distribution (also 

known as Gumbel distribution). 

The sector definition shown in Figure 4.4 is undertaken here for the angles of 

attack, such that statistics of extremes for sectors can be drawn.  In doing so, the 

aerodynamics of the WERFL building is divided in 16 sectors of 22.5-degrees.  For each 

sector the mean loading coefficient is calculated and any sector containing a positive 

mean loading coefficient will only take all the maximum loading coefficients whereas a 

negative mean loading coefficient for a given sector will assign that sector with all the 

minimum loading coefficients found.  This is disadvantageous for sectors where both 

positive and negative extreme values may be expected, but since this would only occur in 

regions where the mean loading coefficient is near zero, extreme loading coefficients in 

these regions are usually of lesser relevance for design purposes of that particular 

component or building zone.   

 With maxima and minima readily defined for each sector, then the pseudo-steady 

coefficient is calculated based on Equation 6.4 and gust factors previously shown in 

Figure 6.6.  Both mean and pseudo-steady loading coefficients of the Interior Wall – 

Zone 3 are shown in Figure 6.15.  This figure was also created for all other building 

zones and shown in Appendix L for comparison between mean and pseudo-steady 

loading coefficients, which as said before should be approximately equal.  An 

observation worth mentioning is that rarely do the building zones have highest wind 

pressures at the same angle of attack.  In general, it was found that for walls the pseudo-

steady coefficient predicts very well the mean loading coefficient in the leeward side, 

while it is slightly higher than the mean for sidewalls and generally higher than the mean 

loading coefficient in the windward side of the building.  For roof regions the pseudo-

steady coefficient is significantly higher than the mean.  As a result, the use of the 

pseudo-steady loading coefficient from the maxima (and minima) to estimate peak wind 

loads when combined with peak wind speeds is preferred over the use of the mean 

loading coefficients, i.e. mean loading coefficients do not appropriately define the peak 
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wind load in separated regions where suction occurs.  This is because the structure-

generated turbulence increases load fluctuations to the extent that the mean when 

combined with a gust wind speed no longer represents the true peak load.  The statistics 

shown on Table 6.5 and Appendix L support these conclusions.  While the quasi-steady 

approach is valid when used in wind-tunnel testing as well, one difficulty that arises is 

that while mean loading coefficients are reasonably well represented compared to full-

scale data, comparison of the peak pressure coefficients is less satisfactory (Krishna 

1995). 

 Using the pseudo-steady loading coefficients an extreme value analysis can now 

be rendered as a function of angle of attack.  Relevant statistical parameters of pseudo-

steady coefficients as a function of angle of attack are given in Table 6.5; this includes 

the FT1 parameters, coefficient of determination, and the number of samples used in each 

sector.  Also given in the table are the 15th, 37th, 50th, 63th, 80th, and 95th percentiles 

from extremes in a given sector assuming an FT1 distribution.  According to Holmes 

(1981) the FT1 mode (or 37th percentile) “will closely approximate the value of the 

loading coefficient obtained when a single “deterministic” value is obtained in a wind-

tunnel or full-scale test.”  On the other hand, Cook and Mayne (1980) suggest the 78th 

percentile (i.e. using Equation 6.10 and a reduced variate of approximately y~1.4) as is 

very well pointed out by Kasperski (2007).  Kasperski (2007) indicates that the new ISO 

4354 recommends the 80th percentile; the ISO 4354 being the first design standard for 

wind that considers the convolved integration of probabilities of climatology and 

aerodynamics. As will be seen later almost all the specified loading coefficients in ASCE 

7-05 are below the 37th percentile (or FT1 mode).  If an FT1 distribution is assumed any 

desired percentile of loading coefficients can be estimated from Equation 6.20 with the 

FT1 parameters (mode, U,  and dispersion, 1/α).  The Xth percentile is entered in decimal 

units, e.g. 80th percentile (or 80%-fractile) = 0.80. 

 

  (6.20) 
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The extreme value analysis of loading coefficients was based on order statistics 

for the time period of 1-hour.  Similarly to the MIS method discussed in Chapter 5 where 

the order statistics of all independent events in a year are raised to the average number of 

events in one year as given by Equation 5.4 to have statistics based on the epoch of one 

year, the order statistics obtained from 15-minute extremes loading coefficient are raised 

to the number of observations in 1-hour (i.e. order statistics are raised to an r = 4 for 1-

hour predictions from 15-minute observations).  The latter can also be obtained from the 

conversion of the 15-minute predictions to 1-hour through the logarithmic expression:  

U1-hour = U15-minute + LN 4 · (1/α). 

Certain pressure (and force) loading coefficients do not possess data for the full 

360-degrees using the assumptions given in Section 6.6.2.  This was the case for pressure 

coefficients on the Interior Roof Zone-21, Force coefficients Fx and Fy, and building drag 

and lift force coefficients.  In any case, if the number of samples was 10 or less the 

particular sector was identified and given the ‘---’ identifier to have only statistical 

information that is representative.  For the estimation of the wind directionality factors 

given in the next subsection, those building zones with too few data for particular angles 

of attack, were assigned with FT1 parameters from angles of attack where data are 

available using the symmetrical properties of the building.  Once the least-squares 

regression to the FT1 distribution using full-scale data was obtained, coefficients of 

determination, R2, were calculated and having obtained values near unity in almost all 

building zones and directions it was concluded that experimental data validate the 

previous assumption (as stated at the beginning of this subsection) of the FT1 distribution 

for wind loading coefficients. Refer to Subsection 6.5.3 on QA/QC procedures for 

comments about the seemingly bimodal distribution seen in Figure 6.15. 
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Figure 6. 14: Maximum, minimum and mean pressure coefficients as a function of AOA for 

the Wall Interior Zone 3 

 

 
Figure 6. 15: Mean and pseudo-steady pressure coefficients as a function of AOA for the 

Wall Interior Zone 3 
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Table 6. 5: Directional analysis for the prediction of extreme loading coefficients – Wall 

Interior Zone 3 

 
 

The maximum and minimum of the mode, and Xth percentiles were extracted 

over all directions and all building zones.  These values are shown at the foot of Table 6.5 

and similarly in Appendix L for all building zones.  Table 6.6 summarizes these values to 

make a comparison with the specified values of the ASCE 7 Standard.  Generally 

speaking, the pressure loading coefficients used for cladding design, and lateral force 

coefficients of the Main Wind Force Resisting System are unknown but below the 15th 

Percentile.  For clarity, the mode, UC(θ), is the most likely value for a given building 

zone and direction, but even this value, being more conservative than almost all values 

provided in the ASCE 7-05, it is expected to be exceeded more often (63%) than not 

(37%).  The FT1 mode of the extreme loading coefficients is equal to the 37th Percentile.  

Wind directionality factors that exceed unity are then possible and after calculating the 

wind directionality factors this is in fact proven to be the case.  Regardless of the 

probability measure used to define the loading coefficients of the standard, the definition 

of the wind directionality factor requires for the so-called ‘worst’ pressure coefficients to 

have a definition that is unambiguous.  Since the wind directionality factor is a function 

of the so-called ‘worst’ loading coefficient, the ASCE 7 Task Committee on Wind Loads 

must decide what this definition is before adopting a new wind directionality factor.

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.06 0.11 9.73 0.98 122 0.99 1.06 1.10 1.14 1.22 1.38
22.5 0.90 0.12 7.33 0.87 54 0.82 0.90 0.94 0.99 1.08 1.26
45 0.73 0.12 5.87 0.99 51 0.65 0.73 0.77 0.82 0.91 1.09

67.5 -0.60 -0.10 6.16 0.97 63 -0.54 -0.60 -0.63 -0.67 -0.74 -0.89
90 -0.95 -0.12 7.84 0.97 83 -0.87 -0.95 -0.99 -1.04 -1.13 -1.31

112.5 -0.88 -0.10 8.95 0.96 67 -0.82 -0.89 -0.92 -0.96 -1.03 -1.18
135 -0.66 -0.08 7.95 0.96 86 -0.61 -0.66 -0.69 -0.73 -0.79 -0.91

157.5 -0.60 -0.08 7.23 0.92 136 -0.54 -0.60 -0.63 -0.66 -0.72 -0.84
180 -0.55 -0.08 6.83 0.84 121 -0.50 -0.55 -0.58 -0.61 -0.67 -0.79

202.5 -0.55 -0.07 8.11 0.91 57 -0.51 -0.55 -0.58 -0.61 -0.66 -0.76
225 -0.70 -0.11 6.29 0.98 49 -0.63 -0.70 -0.74 -0.79 -0.87 -1.03

247.5 -0.94 -0.15 6.32 0.77 70 -0.85 -0.94 -1.00 -1.06 -1.17 -1.39
270 -0.92 -0.10 8.83 0.95 85 -0.85 -0.92 -0.96 -1.00 -1.08 -1.23

292.5 -0.76 -0.14 5.46 0.95 64 -0.67 -0.77 -0.82 -0.87 -0.97 -1.18
315 0.86 0.12 7.20 0.93 92 0.79 0.86 0.91 0.95 1.04 1.22

337.5 1.01 0.11 9.56 0.96 140 0.94 1.01 1.05 1.09 1.17 1.33
MAX: 1.06 0.99 1.06 1.10 1.14 1.22 1.38
MIN: -0.95 -0.87 -0.95 -1.00 -1.06 -1.17 -1.39

Cp-pseudo 
37th 

Percentile

Cp-pseudo 
50th 

Percentile

Cp-pseudo 
63th 

Percentile

Cp-pseudo 
80th 

Percentile

Cp-pseudo 
95th 

Percentile

Cp-pseudo 
15th 

Percentile

Angle of 
Attack

FT1 Parameters 
(Cp-pseudo) Characteristic 

product, Пc

Coefficient of 
Determination, 

R2

Samples 
(15-min 

runs)
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Table 6. 6: WERFL (Xth-Percentile) vs. ASCE 7-05 loading coefficients for different building zones 
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6.7.2 Unknown versus known building orientation 

The methodology to estimate wind loads based on the ‘directional method’ vary 

considerably depending if the building orientation is known or unknown.  If the building 

orientation is known this implies, the engineer can perform a detailed analysis.  If the 

building orientation is unknown, it is typically considered that the critical direction of 

every building component or structural frame is aligned with the ‘design wind directions’ 

(i.e. directions of strongest winds), and thus conservativeness would seem to be 

unavoidable.  However, the definition of ‘worst’ loading coefficient is critical in 

determining if certain building was designed conservatively or unsafely.  In current 

engineering practice in the United States and Canada such critical pressure coefficients 

are reduced by some amount (e.g. 15-20%) due to the reduced probability that the critical 

direction of a building component will align with the strongest wind direction. 

If building orientation is known and databases of building pressures and 

meteorological records are available the design is based on the detailed directional 

analysis.  Once building orientation is defined, measured pressure coefficients are 

referenced to the ‘absolute’ coordinate system, i.e. with respect to the true North.  With 

meteorological data, all independent extremes are extracted from the dataset carefully and 

the probabilistic apparatus described in Section 6.4 is used for each direction.  The result 

would consist of a set of design pressures or forces on the building with a predefined 

probability of exceedance for which structural members or components are chosen based 

on their resistance.  If building orientation is known but databases are unavailable, the 

detailed analysis is certainly not possible and the engineer must resort to the 

recommendations given in the Standard. 

 If building orientation is unknown and databases are available for the estimate of 

pressure coefficients and extreme wind speeds, then one can assume the building 

orientation as an additional variable for which some probability distribution is assumed.  

The latter is useful for reliability analysis of entire population of buildings, as opposed to 

the reliability analysis of a single building; this is clearly attractive for codification 

purposes.  However, if climatologic and aerodynamic assessments are done for small 
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populations then it is recommended to perform the design for the few building 

orientations that might be of interest or feasible for the site.  As a result, the following 

discussion is only relevant for codification purposes. 

 

6.7.3 Results of probabilistic assessment of wind directionality factor with unknown 

building orientation 

It was mentioned in Section 6.4.2 that if the building orientation is unknown it 

could be treated as an additional random variable.  In addition, it was said that for a 

particular building component the angle of attack sector for which the higher pressure 

coefficients are found, is aligned with the ‘design wind directions’.  The ‘design wind 

directions’ are those three 22.5-degree or two 45-degree sectors that after input of the 

sectorial FT1 parameters into the prediction of design wind speeds (e.g. say in pseudo-

MRIs of 150-years for 22.5-degree sectors or 100-years for 45-degree sectors) produce 

the three or two highest wind speeds, respectively.  To do this task the building has to be 

virtually rotated for has many building components are being analyzed as most have 

different critical AOAs.  An unavoidable task at this stage is to identify all the angles of 

attack for which the building component being analyzed possesses the highest pressure 

coefficients; and this is presented in Table 6.7.  This task is done similarly for the 

selection of the ‘design wind directions’, for ease the sector with highest FT1 modal 

value was chosen.  There may be one, two or more critical angles of attack in which case 

there is typically one highest mode to the decimal place.  Of course, a component with 

multiple critical AOAs is more likely to be exceeded in the building life, but one must 

bear in mind that the random selection of AOA sectors takes care of this fact in a 

probabilistic fashion.  A reasonable argument made by Hanzlik et al. (2005) regarding 

building orientations is that certain sites, for example, along the coastline where buildings 

have some preference towards some building orientations, the assumption of uniform 

distribution is not warranted.  Lubbock, Texas may be another case of building 

development where preference for building orientations are almost entirely dictated by 

road networks going from North to South and East to West.  In these cases some 
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‘customized’ frequency distributions considering two or more peaks could be 

implemented into the models to extract the ‘randomly’ selected building orientations.  At 

the regional level, the actual evaluation of building orientations would need to be 

quantified for specific locations.  In the mean time, a sufficiently large population of 

buildings such as at the national level would be expected to be random with a normal 

distribution, albeit the study is needed for verification. 

Results of the probabilistic analysis for the wind directionality factor for the 

overall building lift force is presented in Figure 6.16 as a series for the simulated building 

orientations.  The frequency distribution for this particular component (i.e. overall 

building lift) is shown in Figure 6.17.  The means and coefficients of variation (c.o.v.) for 

all other building components analyzed are given in Table 6.8 and Table 6.9, 

respectively.  These were obtained performing 10,000 Monte Carlo simulations as 

described in Section 6.4.1 for directions j=1, j=2, and j=3 corresponding to West (270°), 

West-Northwest (292.5°) and Northwest (315°), respectively.  The fit to a binomial is 

superseded by the direct extraction of peak wind load from Monte Carlo simulation for 

the predetermined mean recurrence interval (MRI) or return period.  For each direction a 

loading coefficient was defined based on the FT1 parameters of the sector selected 

randomly and that possess a mean sector equivalent to the critical AOA.  The maximum 

peak wind load is selected from the three j=1, 2, 3 ‘design wind directions’ and the 

randomly selected AOA; let it be called sample i of peak wind load.  This process to get 

sample i is repeated a large number of times (e.g. say N=1000 times) simulating 1000 

building orientations.  This Monte Carlo simulation process can be interpreted in two 

ways: (1) the building is being virtually rotated 1000 times or (2) certain population of 

1000 identical buildings with random building orientations is being defined.  With 1000 

samples of peak wind loads, the wind directionality factor can be calculated for each 

sample and sample statistics can be drawn from the set.  This is also illustrated by 

Equations 6.15 – 6.17. 

 From Table 6.8 it can be concluded that mean wind directionality factors, Kd, 

based on the calculation of wind loads on building components have values fluctuating 

between 0.45 and 1.02 with an overall (cladding and external forces) average of 0.68 
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depending on the components being analyzed.  The average wind directionality factor for 

cladding is 0.59 and the average wind directionality factor for external forces is 0.81.  

The mean directionality factor is inversely proportional with the c.o.v. (shown in Table 

6.9) suggesting an approximately constant standard deviation of 0.2.  Table 6.10 show the 

probabilities of exceedance of peak wind loads when the wind directionality is 0.8 and 

0.85.  These results suggest that for an average wind directionality factor of 0.8 and 0.85 

as currently recommended in the NBCC (2005) and ASCE 7 (2005), approximately 18% 

and 12% (i.e. the average of all probabilities of exceedance for non-structural 

components in Table 6.10) of the building population located in relatively open terrain 

are under-designed for non-structural building components.  On the other hand, according 

to calculations of local and overall lateral and vertical forces some structural components 

of this low-rise building will see wind loads in their lifetime that are exceeded for 53% 

and 43% (i.e. the average of all probabilities of exceedance for structural components in 

Table 6.10) of the building population, on average, when using 0.8 and 0.85 as wind 

directionality factors, respectively.  For a 1 in 50 year design, as is commonly assumed 

(but without a safety wind load factor), a building is expected to be exceeded in 64% of 

the time in 50-years (~32years).  The latter is illustrated with the relationship given by 

Equation 6.21. 

 

    (6.21) 

 

For design wind loads with unique probabilities of exceedance in one year (as 

defined by the Mean Recurrence Interval (MRI)) and during a predetermined lifetime (L) 

of the structure, there is a probability of exceedance in the lifetime of the structure 

defined by the latter equation.  Table 6.11 shows the probability of a 1/MRI wind speed 

being exceeded in L years for different combinations of MRI and L.  For example, if a 

structure is designed using a predefined nominal MRI of 50 years and a safety wind load 

factor of 1.4 (i.e. from Table 5.18 this corresponds to a nominal MRI = 500 years), the 

wind load specified in design is expected to be exceeded 9.5% of the time in 50 years (i.e. 

~5 years).  This may seem acceptable for the probability of exceedance in 50 years; 
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however, to this author’s knowledge a comprehensive economic analysis to justify this 

‘acceptable’ probability of exceedance is not available in literature. 

The discussion in the last paragraph is based on the probabilities of exceedance 

for a single building.  If the number of buildings is now increased, such that the design 

specifications consider building populations rather than isolated buildings, then the 

probability of exceedance of a population of buildings having a wind load being 

exceeded in their lifetime will be equal to the isolated building only if it is assumed that 

failure in an isolated building is perfectly correlated to failure in the population being 

analyzed (something that is rarely seen in reality).  Consequently, it is being assumed that 

the whole population can acceptably be at risk 9.5% of the time in 50 years.  This means 

that while some buildings of population Z with X building orientation are at risk during 

extreme wind event A, there is a proportionally equal amount of buildings in Z with Y 

building orientation that during the same 50 years will be at risk during extreme wind 

event B.  If A and B are defined as a function of direction then the probabilities of 

exceedance of wind loading for buildings with X and Y building orientations can be 

quantified and are assumed to be equal in the lifetime of 50 years.  It is recognized that 

more variables need to be considered; the geographical size (not only meteorological 

scale) of atmospheric events, the correlation of damage/failure to extreme wind speeds 

and direction (similar to Cook’s (1985) damage investigations), relationships of 

damage/failure to: building population size, density and building orientations (in addition 

to variables that affect the resistance side of the reliability analysis).  These tasks seem 

appropriate for the use of Remote Sensing techniques and Geographical Information 

Systems (GIS) but are out of the scope of this investigation.  For this reason, the failure 

of one isolated building is assumed perfectly correlated to the failure of a population of 

approximately 1000 buildings irrespective of building orientation. 

Results indicate that while the use of a wind directionality factor is unacceptable 

for structural building components, if non-structural components (which have a more 

pronounced directionality effect) get a discount of approximately 20% in the wind load, 

roughly 18% of the building population in open terrain is seeing wind loads that exceed 

the specified design and thus will be exposed to larger risk than the 9.5% in 50 years 
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discussed previously.  These results may be acceptable but are based on the assumption 

that the code has a consistent definition of loading coefficients on the 37th percentile (or 

FT1 mode).  Since the ASCE 7 Standard was found to possess loading coefficients with 

smaller percentiles (i.e. most below the 15th percentile) the risk is actually larger.  Due to 

the large uncertainties in the wind directionality factor produced by: (1) unknown random 

building orientations and (2) large probabilities of exceedance in the loading coefficients 

specified in the standard, the true directionality issue is preferably accounted through 

detailed analysis and not by a wind directionality reduction factor irrespective of wind 

direction. 

 Another general result was that wind directionality effects were of lesser 

importance in interior portions of the walls as opposed to the ends where clearly sharp 

changes in loading coefficients as a function of wind direction are seen.  All the 

remaining non-structural building components including point pressures seen at roof 

corners, and area-averaged pressures at the roof ends and wall ends may see some benefit 

of a wind directionality factor if a defined probability of loading coefficients (i.e. Xth 

percentile) is specified in the Standard.  If the ‘worst’ loading coefficient is not defined at 

the modal FT1 value (37th percentile) but at the Xth percentile, a calibration between the 

wind directionality factor and the chosen definition of the ‘worst’ loading coefficient 

irrespective of direction is required.  To do such calibration the mean wind directionality 

factors given here need to be multiplied by the ratio shown in Equation 6.22.  After 

inspection of Equations 6.15-6.17 standard deviations of wind directionality factor need 

the same corrections. 

 

   (6.22) 

 

 Since there is a possibility that building orientations are not randomly distributed 

these approximations are only valid if this assumption holds, nevertheless the 

methodology is still applicable after appropriate definition of the building orientation 

probability distribution.  The peaky nature of the frequency distribution of wind 

directionality factors is believed to be produced by the selection of a finite sector width 
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size for extreme wind speeds and aerodynamic assessments, and thus 3 major peaks are 

seen corresponding to the average participating number of 22.5-degree sectors (discussed 

in Section 5.6).  Wind directionality factors in excess of one for any given building 

component is simply due to the fact that specifying the FT1 modal value as the loading 

coefficient for codification means that there is a probability of 37% of being exceeded for 

large sample sizes upon consideration of extreme value analysis.  If there were not a 

safety wind load factor those values of the wind directionality factor exceeding one 

would translate to failure in the cladding or structural component. 

 In addition Table 6.8 and Table 6.9 illustrate the degree of variability in the wind 

directionality factor for all the building components being analyzed as a function of MRI 

in non-hurricane regions.  In contrast to results obtained for hurricane-regions (Simiu and 

Heckert 1997) where the wind speeds were generated using Monte Carlo techniques and 

thus sensitive to large sampling errors for the directional assessment, results found here 

show that the wind directionality factor is less-sensitive to the MRI as opposed to 

previous allegations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Rolando E. Vega, August 2008 

220 

Table 6. 7: Critical angles-of-attack (AOA) sectors experiencing the higher loading 

coefficients 

 
 

Critical AOA sector 
(in degrees)
(see Note)

End 1 90
End 2 292.5
Interior 3 0
End 4 180
End 5 0
Interior 6 112.5
Roof corner 14 337.5
Roof corner 15 22.5
Roof end 19 337.5
Roof end 20 90
Roof interior 21 90
Corner tap 23 337.5
Corner tap 24 22.5
Lateral Location 1 135
Lateral Location 2 315
Lateral Location 3 0
Lateral Location 4 225
Lateral Location 5 45
Lateral Location 6 112.5
X-Axis 0
Y-Axis 292.5
Drag force 292.5
Lift force 90

Note: Critical AOA sector is determined by the absolute magnitude of 
the most likely value to occur (i.e. FT1 mode) relative to all other AOA 
sectors.
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Figure 6. 16: Wind directionality factor, Kd, for building lift as a function of simulated 

building orientation 

 

 
Figure 6. 17: Frequencies of wind directionality factors, Kd, for building lift 
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Table 6. 8: Mean wind directionality factors, Kd, for all building components as a function 

of MRI based on the definition of the FT1 mode of Cp for codification 

 
 

 

 

 

 

 

 

 

 

 

 

Kd mean
(MRI=50-yr)

Kd mean
(MRI=100-yr)

Kd mean
(MRI=500-yr)

Kd mean
(MRI=1000-yr)

End 1 0.51 0.51 0.53 0.54
End 2 0.62 0.62 0.65 0.66
Interior 3 0.79 0.79 0.82 0.84
End 4 0.45 0.46 0.47 0.48
End 5 0.64 0.64 0.66 0.67
Interior 6 0.74 0.74 0.77 0.78
Roof corner 14 0.59 0.59 0.62 0.63
Roof corner 15 0.58 0.58 0.60 0.61
Roof end 19 0.67 0.67 0.70 0.71
Roof end 20 0.50 0.51 0.52 0.53
Roof interior 21 0.65 0.65 0.68 0.69
Corner tap 23 0.45 0.46 0.48 0.48
Corner tap 24 0.47 0.47 0.49 0.50
Lateral Location 1 0.73 0.74 0.76 0.78
Lateral Location 2 0.73 0.74 0.77 0.78
Lateral Location 3 0.81 0.82 0.85 0.86
Lateral Location 4 0.70 0.71 0.73 0.74
Lateral Location 5 0.71 0.71 0.74 0.75
Lateral Location 6 0.80 0.80 0.83 0.85
X-Axis 0.86 0.86 0.89 0.91
Y-Axis 0.82 0.82 0.85 0.87
Drag force 1.02 1.02 1.05 1.07
Lift force 0.86 0.87 0.89 0.91
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Table 6. 9: Coefficients of variation (c.o.v.) of wind directionality factors, Kd, for all 

building components as a function of MRI based on the definition of the FT1 mode of Cp 

for codification 

 
 

 

 

 

 

 

 

 

 

 

 

Kd c.o.v.
(MRI=50-yr)

Kd c.o.v.
(MRI=100-yr)

Kd c.o.v.
(MRI=500-yr)

Kd c.o.v.
(MRI=1000-yr)

End 1 0.37 0.37 0.37 0.38
End 2 0.32 0.32 0.33 0.33
Interior 3 0.26 0.26 0.26 0.27
End 4 0.50 0.50 0.50 0.51
End 5 0.25 0.25 0.26 0.26
Interior 6 0.27 0.27 0.27 0.28
Roof corner 14 0.35 0.35 0.36 0.36
Roof corner 15 0.38 0.38 0.38 0.39
Roof end 19 0.26 0.27 0.27 0.28
Roof end 20 0.41 0.41 0.41 0.41
Roof interior 21 0.25 0.25 0.26 0.27
Corner tap 23 0.61 0.61 0.61 0.61
Corner tap 24 0.55 0.55 0.55 0.55
Lateral Location 1 0.25 0.25 0.26 0.26
Lateral Location 2 0.31 0.31 0.31 0.32
Lateral Location 3 0.21 0.21 0.21 0.22
Lateral Location 4 0.24 0.24 0.24 0.25
Lateral Location 5 0.33 0.33 0.33 0.34
Lateral Location 6 0.19 0.19 0.20 0.20
X-Axis 0.18 0.18 0.18 0.19
Y-Axis 0.17 0.17 0.18 0.19
Drag force 0.09 0.09 0.11 0.13
Lift force 0.17 0.17 0.18 0.19
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Table 6. 10: Probabilities of exceedance for the wind directionality factors, Kd, per building 

zone at the Mean Recurrence Interval of 50-years 

 
 

P(Kd>0.8) P(Kd>0.85)
End 1 6% 3%

End 2 19% 13%

Interior 3 47% 38%

End 4 6% 4%

End 5 15% 9%

Interior 6 37% 28%

Roof corner 14 15% 10%

Roof corner 15 16% 11%

Roof end 19 23% 15%

Roof end 20 7% 5%

Roof interior 21 18% 11%

Corner tap 23 11% 8%

Corner tap 24 10% 7%

Lateral Location 1 36% 26%

Lateral Location 2 39% 31%

Lateral Location 3 53% 42%

Lateral Location 4 28% 19%

Lateral Location 5 35% 27%

Lateral Location 6 50% 37%

X-Axis 65% 52%

Y-Axis 55% 41%

Drag force 99% 97%

Lift force 67% 54%
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Table 6. 11: Probability of exceedance of wind load with predefined MRI in the lifetime L of 

the structure 

 
 

Assuming that all previous methods that provide an estimate of the wind 

directionality factor are based on the assumption of a random building orientation a 

comparison is made here.  The first method for comparison is that of Davenport et al. 

(1993) where after a careful evaluation of the aerodynamics of low-rise buildings under 

different exposures (Ho 1992) a circular wind climate model is assumed to combine with 

the directional aerodynamics.  Clearly, in this case a constant wind speed probability 

distribution is considered as a function of direction.  The second is that of Rigato (2000) 

where using the one-dimensional samples approach and simulated storm hurricane data, 

wind directionality factors were estimated based on bending moments of frames of a low-

rise building.  The third method compared is that of Holmes (1981) which extends 

Davenport’s (1977) original work regarding wind directionality.  Holmes (1981) assumed 

a parent wind speed distribution and used the out-crossing of the limit-state approach to 

estimate wind directionality factors of some hypothetical aerodynamic functions 

dependent on angle of attack.  For comparison purposes the averages of cladding and 

external forces from Table 6.8 are considered.  Table 6.11 shows all the results when only 

external pressures are considered at the 50-year MRI. 

 

 

 

MRI (years) L (years)
Probability of 

exceedance of design 
wind load in L years

50 50 63.6%
100 50 39.5%
500 50 9.5%

1000 50 4.9%
50 100 86.7%

100 100 63.4%
500 100 18.1%

1000 100 9.5%
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Table 6. 12: Wind directionality factors for open exposure of an isolated building  

 
 

None of the previous research provides a measure of uncertainty for the wind 

directionality factor although Rigato (2000) recognizes a high degree of variability.  This 

section provides an estimate of mean wind directionality factors with its respective 

uncertainties.  Davenport et al. (1993) and Holmes (1981) show higher values for the 

mean wind directionality factor for cladding.  In the case of Davenport et al. (1993) this 

may be because their models are based on wind tunnel testing where peak wind load 

coefficients are not well simulated when compared to full-scale results.  In the case of 

Holmes (1981) it may be because his aerodynamic models are based on hypothetical 

trigonometric formulas as a function of direction that provides no variations for a given 

load coefficient at any given direction.  The mean value of wind directionality factor 

obtained at the three references for external forces match reasonably well. 

 

6.8 Concluding remarks 

The probabilistic approach to consider wind directionality of wind loads is 

presented.  Aerodynamic data from the TTU full-scale instrumented building and 

climatologic data from a TTU meteorological station containing 7-years of continuous 

records were used to illustrate and provide a reliable methodology to account for wind 

direction in design.  The history of a wind directionality reduction factor for inclusion in 

design standards in the United States and Canada is given.  Based on the assumption of 

unknown building orientation, if sufficiently large loading coefficients are specified in 

building standards, i.e. with low probabilities of exceedance, then the possibility of a 

wind directionality reduction factor as a general design practice can be re-considered in 

the future, especially for certain regions of the cladding.  Conversely, the use of a wind 

Positive Negative Positive Negative
Davenport el al. 1993 0.73 0.74 0.74 0.77

Rigato 2000 N/A N/A 0.71-0.99 0.71-0.99
Holmes 1981 0.86 0.86 0.91 0.91

Vega 2008 (this dissertation) 0.59 0.59 0.81 0.81

Cladding External forces
Reference
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directionality reduction factor poses an unacceptable risk for structural building 

components of buildings located in open terrain and since the public welfare is at stake 

the wind directionality factor should be eliminated from building standards immediately.  

Engineers or architects looking to get a discount via the wind directionality factor should 

render the detailed directional analysis with known building orientation. 

Another possibility before the ASCE 7 and NBCC Standard Committees on Wind 

Loads  is to consider directional climatic factors as a function of wind direction such that 

the designer could assign loads based on regional climatic assessments.  Such approaches 

are currently used in the British (British Standard 1997), Australian (Australia/New 

Zealand Standard 2002) and Japanese (A.I.J 1996) building Standards.  For ASCE 7 this 

implies re-assessment of climatic records in the United States but if databases are readily 

available for the new ‘directional method’ to be included in the next revision of the 

Standard in 2010 such analysis (specially using methodology of Chapter 5) would be in 

order for a future revision of the standard. 

In considering the extreme climatology described in this dissertation as a function 

of wind direction wind pressures can be reduced in average 50% for approximately 180-

degrees and an average of 20% reductions are common for other directions; except for 

the direction of strongest winds where no reduction should be given.  This suggests that a 

safe and risk-consistent design for wind can be obtained with considerable cost savings 

for both structural and cladding components. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

The wind directionality factor has been estimated in the past using different 

methodologies.  The methodology proposed in this investigation is different from the 

methods used previously.  It uses information of the extreme wind speed probability 

distributions as a function of wind direction, suggesting that the sector-by-sector 

approach is appropriate for both mean and extreme climates.  A critical finding in the 

sector-by-sector approach for extreme winds was outlined after finding that the often 

cited statement of correlated directional data are not really the correlation but adjustments 

needed in a virtual time frame for the direction-specific analysis.  The pseudo-MRI 

concept was developed for the two sector widths often used in practice (i.e. 22.5-degree 

and 45-degree sectors).  A novel approach was proposed to separate extreme wind events 

synoptically from short-term records using atmospheric pressure.  The methodology to 

correct mean wind speeds for exposure was outlined using available literature and for 

corrections for exposure of peak wind speeds a new empirical methodology was 

presented using continuous wind records collected at 5-minutes.  The extreme value 

analysis was carried out using the Method of Independent Storms and after comparisons 

with results obtained from long-term records from a nearby ASOS station, the error is 

reduced by a factor of 2 for long design MRIs.  For the mean wind assessment it was 

found that an absolute minimum time of 2 years is required to get precise estimates of the 

parent probability distribution in a directional basis. 

After comparison with other methods that estimate the wind directionality factor 

it was found that, generally speaking, the wind directionality factor was estimated 

previously within the range of results found in this investigation for structural 

components (i.e. external forces).  The wind directionality factor for non-structural 

components (i.e. cladding) were being overestimated but at the same time these posses a 
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high degree of variability compared to structural loads.  In addition, none of the 

methodologies available give an estimate of the reliability of estimates of the wind 

directionality factor.  One methodology to estimate the factor is proposed and large 

coefficients of variation were found based on the assumption of random building 

orientations.  Results found here show that the wind directionality factor is less-sensitive 

to the MRI as opposed to previous allegations for hurricane prone regions.  For a fixed 

building orientation the methodology is outlined to perform a directional analysis of low-

rise buildings in a probabilistic manner. 

 

The research question of this investigation has been answered.   

 

Research question: 

Will the integration of aerodynamic data from WERFL1 and the climatologic data from 
WTM2 give us a reliable approach to establish a better estimation of the wind 
directionality factor in the ASCE 7? 

 

Answer:  

 

Indeed, continuous meteorological data from WTM together with aerodynamic 

data from WERFL can used to define a reliable approach to provide a detailed 

methodology and estimation of the ASCE 7 wind directionality factor using conditional 

distribution functions.  With the data at hand, the accuracy in determining the true wind 

directionality factor is mainly influenced by the knowledge of uncertainties associated 

with the actual building orientations and uncertainties in the provisions for loading 

coefficient.  This is validated in light of larger/smaller values of mean and c.o.v. of wind 

directionality factor in different building zones as shown in Tables 6.8 and 6.9.  Results 

indicate that while a wind directionality factor might be justified for cladding design after 

an appropriate definition of loading coefficients based on their percentiles, the wind 

                                                 
1 Wind Engineering Research Field Laboratory 
2 West Texas Mesonet 
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directionality factor is not recommended for design of structural components unless an 

even larger percentile of loading coefficients compared to the definition for cladding is 

used.  Without the proper calibration of wind directionality factors and codified wind 

loading coefficients, the wind directionality factor should be eliminated from Standards 

immediately. 

 

7.2 Recommendations 

Future research regarding wind directionality would involve the consideration of 

several building shapes, such as those analyzed by Ho (1992), with the probabilistic 

treatment that considers the actual variations in wind climate as a function of direction 

and the joint probability distribution of climatologic and aerodynamic data; such as 

outlined here.   

The assumption of a normal random distribution is assumed for building 

orientations of a large building population, such as at the national level; however, the 

study is needed and recommended for verification.   

In addition, it would be of interest to define the directional extreme climatology 

from continuous records available in the United States at several stations for future 

consideration in the ASCE 7 (ASCE 7-05 2005) as climatic directional factors for two or 

three regions based on their latitude.  Although less significant changes in climatology of 

non-hurricane regions would be expected with stations at the same latitude and different 

longitudes, this is certainly subject to interrogation.  Coastal hurricane-prone regions of 

the United States require a special treatment for wind directionality due to inherent large 

sampling errors in the models.  More data collected at hurricane landfalls is needed to 

validate such approach in a probabilistic sense; however, it may be too long until we have 

the required data.  In the mean time, if in relatively easier to characterize climates, such 

as those in non-hurricane non-tornadic regions, the use of a wind directionality reduction 

factor is not recommended, in hurricane regions such wind direction reduction factors are 

even less likely to be acceptable.  Since the wind directionality factor is a function of the 

so-called ‘worst’ loading coefficient, the ASCE 7 Task Committee on Wind Loads must 
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decide what this definition is before adopting a new wind directionality factor.  Again, 

directional climatic factors to reduce design wind speeds as a function of wind direction 

are a transparent and recommended approach to consider wind directionality. 
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APPENDIX A: Derivation of turbulence-derived roughness 

 
With drag coefficient (CD) given by Equation A.1, 
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Substituting Equation 2 into Equation A.1 and simplifying we get, 
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Empirical studies (Simiu and Scanlan 1996; Lumley and Panofsky 1964; Bietry et al. 
1978; Duchene-Marullaz 1975) recognize a proportionality between longitudinal root 
mean square (σu) and friction velocity (u*) that depends on the terrain characteristics. If 
turbulence is generated purely by a mechanical process σu follows similarity theory and 
σu/ u* is constant in that case (De Bruin 1993).  Equation A.3 depicts this relationship and 
in Equation 3.4 is given a more useful format of Equation A.2. 
 

( ) *0 uzu ⋅=ησ           (A.3) 
 

APPENDIX B: Description of surroundings for 41 Mesonet stations and 

approximate fetch distances 

 

Table B.1 presents the survey to the stations used in this study.  This survey is by no 
means exhaustive but aims an understanding of the surroundings of Mesonet stations.  
The examination is based on site inspection using aerial pictures and the United States 
Geological Survey quadrangles (USGS quadrangles).  Four main features are considered 
in the evaluation: (1) isolated bluff-type structures within 1 km of the station, (2) location 
of towns in the region, (3) significant trees or bushes within 2km and (4) topography of 
the region.  USGS quadrangles are used to better understand the topography while aerial 
pictures were used to estimate the current location of nearby obstructions.  Aerial pictures 
used were taken between 2003 and 2006 which coincides with the dates of the data used 
in the study.  A few stations were visited as needed to better describe surroundings.  
Station ID and descriptions are given below including approximate fetch distances per 
direction as appropriate.  For those directions where obstructions are not pointed out there 
were no obvious features found in the vicinity (at least within 2 kilometers).  Directions 
are referred to as their abbreviation: N=North, NNE=North-northeast, NW=Northwest, 
etc. 
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Table B.1: Description of surroundings for Mesonet stations used in this study 

Description
1 ABER Flat terrain over >10 km (all directions)

Housing nearest border ~ 0.8 km (SW)
Flat terrain over >10 km (all directions)

3 ANTO Flat terrain over >10 km (all directions)

Bushes nearest border ~ 15m (E)
Small town nearest border 3km (SW)
Flat terrain over 6 km (all directions)

Small town nearest border 2km (NNE)
Flat terrain over >10 km (all directions)

Housing nearest border ~ 2 km (ENE)
Flat terrain over 2 km (all directions)

Housing nearest border ~ 2 km (SW)
Flat terrain over >10 km (all directions)

Some buildings nearest border ~ 200 meters
Sparse Housing nearest border ~ 1km (S)

Housing nearest border ~ 1.5 km (SW)
Cementery nearest border ~ 0.3 km (N)

Bushes nearest border ~ 85 m (N,NNW,NW)
Flat terrain over >10 km (all directions)

Flat terrain over 0.8 km (all directions)
Apparent change in surface cover ~ 70m (E)

Low-rise buildings ~ 750m (SSW)
Housing nearest border ~ 2 km (WSW)
Flat terrain over >10 km (all directions)

Bushes nearest border ~ 30 m (N,NNE,NE)
More dense allocation of bushes ~ 250m (NE,ENE)

Flat terrain over 2 km (all directions)

One house and 4 trees nearest border ~ 90 m (S)
One house nearest border ~ 180m (SW)
Small town nearest border ~ 3.4 km (S)
Flat terrain over >10 km (all directions)

Small town nearest border ~ 1.3 km (NNW)
Two low-rise buildings nearest border ~ 90m (NE)

Dense bushes nearest border ~ 270 m (NNE,NE,ENE)
Flat terrain over 2 km (all directions)

Flat terrain over >10 km (all directions)

6

WTM station

11

12

13

14

7

8

9

10

2

4

DIMM

FLOY

FRIO

GAIL

AMHE

ASPE

BROW

CLAR

FLUV
Complex terrain after 800m (S,SSW,SW,WSW,W) and 

1.6km (NNW,N,NNE,NE,ENE)

Dense allocation of bushes nearest border ~ 700m 
(S,SSW,SW,WSE)

HART

JAYT

LAMS
Golf course with sparse bushes: nearest border ~ 120m 

(N,NNE,NE,ENE,E)
 

 



Texas Tech University, Rolando E. Vega, August 2008 

249 

(Continued)

Description
Within suburbs of Lubbock, TX

Free of obstacles ~360m (all directions)
Longer range of housing is to the south ~ 12km

Flat terrain over >10 km (all directions)

Bushes/ house nearest border ~ 250 m (SE)
Flat terrain over >10 km (all directions)

17 MACY Nearest border of escarpment ~ 10m (SSW,S,SSE,E)

No noticeable obstructions closer than 5km (NE)
Flat terrain over >10 km (all directions)

Bushes/trees nearest border ~ 360 m (W)
Bushes/trees nearest border ~ 500 m (S)

Flat terrain over ~2 km (all directions)

Building nearest border ~ 550m (SSE)
House nearest border ~ 1km (NE)

Small town nearest border ~ 1.2 km (SW)
Flat terrain over >10 km (all directions)

House nearest border ~ 830 m (NE)
Small town nearest border ~ 1.8 km (SW)

Flat terrain over >10 km (all directions)

House nearest border ~ 0.2km (E, SSE)
Small town nearest border ~0.9km (S,SSW)

Flat terrain over >10 km (all directions)

House and small trees ~ 800 m (N) and 1km (S)
Small town nearest border ~9km (N,NNW)

Flat terrain over >10 km (all directions)

House nearest border ~400 m (S)
Slighly undulated terrain over 60 km (all directions)

Caprock nearest border ~ 60 km (NW,WNW,W,WSW)

Small town 1.7 km (WSW,W,WNW,NW,NNW)

Flat terrain over > 10km (E, W,WSW,SW)

Slightly undulated terrain over 50 km (all directions)
Caprock nearest border ~ 50 km (NW,WNW,W,WSW)

Complex terrain within ~100 m

Small town nearest border ~3.5km (S,SSE)
Bushes 250 m and 680 m(NE)

Houses at 280 m (N), 400 m (SE) and 280 m (WNW)
Building 470 m (E)

Flat terrain over >10 km (all directions)

Within suburbs of a small town (all directions)
Local airport to 700m (SSW)

Flat terrain over >10 km (all directions)

Building 90 m (S) and 600m (NW)
Trees and bushes starting at 200m (W,NW,NNW)

City border 1.3 km (NNW,N,NNE)
Gradual change in elevation within 1km

LBBW

LEVE

MALL

MEMP Small sparse bushes nearest border ~ 500 m 
(NE,ENE,E,ESE)

MORT

MULE

ODON

OLTO

PADU

PITC

PLAI

Complex terrain 2-3 km in 
(SE,SSE,S,SSW,SW,WSW,W,WNW,NW)

Building 220 m (W), 110 m (NW), 120 m (SW) and 760 m 
(ENE)

Complex terrain after 2-3 km 
(NE,WNE,ESE,SE,SSE,S,SSW)

24

PLVW

POST

PAMP

15

16

18

19

20

21

22

23

28

29

25

26

27

WTM station
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(Continued)

Description
Building 200m (N)

Small town nearest border ~400m (N,NNW)
Flat terrain over >10 km (all directions)

City border 8.5km (E,ESE)
Building 340 m (SW) and 320 m (NNW)

Small complex of buildings 1.7 km (SE) and 2.75km (ENE)
Flat terrain over >10 km (all directions)

Bushland all directions except SE
Small town 3.5 km (SSW) and 8 km (N)

House 740m (S)
Caprock 16km (SW,WSW,W,WNW,NW)

Gradual change in elevation at 2.5km (SW)

Flat terrain over >10 km (all directions)
Small town nearest border 150m (N,NNE,NE,ENE,E)

Flat terrain over >10 km (all directions)
Town nearest border 1.3 km (SE)

Building 110m (SSW)

Town nearest border 2.4 km (SW)

Town nearest border 2.4 km (W)
Slightly undulated terrain over >10km

Local area of small bushes all directions
Elevated water tank 200m ENE

Building 470m (SW)

Small town nearest border 200m (E, ESE)
House+ trees 35 m (W)

Building 100 m (E,ESE,SE)
Bushes 190 m (N,NNW,NW) and 70 m (SSE)

House 200m (SW)
Flat terrain over 10 km (all directions)

Small town 4 km (SSW)
Flat terrain over >10 km (all directions)

Small town 1.5 km (SW,WSW,W,WNW,NW)
House 600 km (W)

Flat terrain over >10 km (all directions)

Caprock 5 km (NW,WNW,W,WSW,SW)
Undulated terrain over 10km (all directions)
Complex terrain after 500 m (all directions)

Water tank 70m (E)

34 SEMI

40

41

WTM station

36

37

38

39

32

33

WHIT

35

30

31

TULI

SILV

RALL

REES

ROAR

SEAG

SLAT

SNYD

SPUR

TAHO

Flat terrain over >10 km in 
(NW,WNW,W,WSW,SW,SSW,S,SSE)

Caprock nearest limit 5 km in 
(NNW,N,NNE,NE,ENE,E,ESE,SE,SSE,S)

Slightly undulated terrain within 16km all directions except 
ENE,E,ESE,SE

Building nearest border 290m (W), 190m (WSW) and 220m 
(SSW)

Complex terrain (off Caprock) 100m 
(NNW,N,NNE,NE,ENE,E,ESE,SE)
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APPENDIX C: Derivation of weighted least squares method 

The weighted least squares fitting proceeds by finding the sum of the weighted squares of 
deviations R2 of a set of n data points.  
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The condition for R2 to be a minimum is that 
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For i=1, 2,…, n and the linear fit of the Weibull distribution (from Equation 3) 
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From Eq. 10 the shape and scale parameters of the Weibull distribution are obtained from 
the slope a, and the intercept b, of the best fit to the linear regression.  The WLS method 
is used here for the determination of a and b.  The WLS method is described as follows, 
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Where wi is the number of observations corresponding to the wind speed range vi, 
))1ln(ln(

ivi Py −−= and )ln( ii vx =  
 
From equations 11 and 13, 
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Solving equations 14 and 15 we get the analytic form for the slope a, and intercept b of 
the weighted least squares method.  For i=1, 2,…, n 
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APPENDIX D: Weibull parameters for several stations in west Texas 

 

Table D.1: Weibull shape parameters, K, for the 41 meteorological stations as a function of 

direction 
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Table D.2: Weibull shape parameters, C, for the 41 meteorological stations as a function of 

direction 
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Table D.3: Directional probability of winds greater than zero, A, for the 41 meteorological 

stations 
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APPENDIX E: Comments on the physical explanations for the prediction of 

extremes by C.W. Anderson – Univ. of Sheffield. [emphasis added] 

 

“The authors note that some statisticians have reservations about statistical methods for 
extremes.  I think that these reservations go deeper than merely a feeling that flexible 
practical methods have up to now been lacking. They are rather about whether any 
statistical methods, however sophisticated, can contribute usefully to the study of real 
extremes. The cause of the worry is, I think, that many extreme value problems demand 
extrapolation far beyond the range of the data. (There are fewer misgivings, I imagine, 
about a MESOS kind of application, in which a concise description rather than 
extrapolation is required.) It is a serious worry, and I think that these kinds of 
extrapolation can be defended only by a recognition that they are based not just on the 
data but also on the assumption of a certain homogeneity and regularity in the underlying 
physical mechanism which generates observations. The assumption is that the complex 
workings out of the laws of physics as they apply to the process under investigation 
remain valid over a wider range of conditions than the data alone span, and that this 
regularity induces regular behaviour in the tail of the distributions which govern 
observed extremes. It is important for users to be aware of this hidden assumption (and to 
seek to justify it), and it is important for statisticians to develop tools which will enable 
statistical analysis of extremes to be tied more closely to the true structure of the 
underlying physical processes which generate the data, so that the analysis is based as 
firmly as possible on the assumed physical regularity.” C. W. Anderson (University of 
Sheffield) in a discussion of the paper by Davidson and Smith (1990). 
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APPENDIX F: Run test for hypothesis of storm data independency 

Table F.1: Run test 

 

Event SMa
Cat. Run Event SMa

Cat. Run Event SMa
Cat. Run Event SMa

Cat. Run
1 12.06 - 1 51 8.75 - 23 101 13.79 - 45 151 19.81 + 70
2 35.53 + 2 52 13.66 - 23 102 12.78 - 45 152 17.59 + 70
3 18.49 + 2 53 11.79 - 23 103 16.01 - 45 153 18.45 + 70
4 15.22 - 3 54 24.12 + 24 104 16.38 - 45 154 20.62 + 70
5 22.49 + 4 55 12.06 - 25 105 19.74 + 46 155 20.03 + 70
6 23.46 + 4 56 12.63 - 25 106 12.77 - 47 156 17.20 + 70
7 14.92 - 5 57 18.42 + 26 107 24.42 + 48 157 19.03 + 70
8 13.67 - 5 58 12.24 - 27 108 16.87 - 49 158 20.55 + 70
9 16.79 - 5 59 14.08 - 27 109 15.88 - 49 159 16.04 - 71

10 14.65 - 5 60 19.42 + 28 110 14.80 - 49 160 17.12 + 72
11 17.72 + 6 61 12.23 - 29 111 11.65 - 49 161 17.58 + 72
12 14.71 - 7 62 15.24 - 29 112 20.49 + 50 162 22.37 + 72
13 19.13 + 8 63 21.69 + 30 113 16.28 - 51 163 20.09 + 72
14 11.35 - 9 64 11.19 - 31 114 19.40 + 52 164 18.93 + 72
15 17.20 + 10 65 13.94 - 31 115 15.75 - 53 165 17.73 + 72
16 12.79 - 11 66 16.11 - 31 116 17.03 + 54 166 20.25 + 72
17 15.61 - 11 67 25.21 + 32 117 13.07 - 55 167 19.71 + 72
18 13.98 - 11 68 14.29 - 33 118 19.44 + 56 168 13.84 - 73
19 13.22 - 11 69 15.60 - 33 119 19.60 + 56 169 33.11 + 74
20 15.24 - 11 70 18.83 + 34 120 20.33 + 56 170 24.64 + 74
21 13.23 - 11 71 17.79 + 34 121 19.08 + 56 171 34.84 + 74
22 14.77 - 11 72 22.21 + 34 122 22.00 + 56 172 18.10 + 74
23 19.90 + 12 73 20.28 + 34 123 20.55 + 56 173 15.62 - 75
24 16.37 - 13 74 13.87 - 35 124 17.49 + 56 174 24.12 + 76
25 11.85 - 13 75 19.16 + 36 125 19.45 + 56 175 13.72 - 77
26 18.05 + 14 76 12.50 - 37 126 13.07 - 57 176 15.52 - 77
27 18.94 + 14 77 16.15 - 37 127 17.87 + 58 177 14.17 - 77
28 19.95 + 14 78 31.45 + 38 128 15.43 - 59 178 18.65 + 78
29 14.11 - 15 79 25.32 + 38 129 19.51 + 60 179 15.41 - 79
30 22.97 + 16 80 20.64 + 38 130 18.86 + 60 180 20.37 + 80
31 27.08 + 16 81 20.59 + 38 131 15.96 - 61 181 15.44 - 81
32 17.31 + 16 82 25.53 + 38 132 6.62 - 61 182 14.86 - 81
33 12.30 - 17 83 25.85 + 38 133 16.34 - 61 183 18.29 + 82
34 18.41 + 18 84 16.70 - 39 134 20.41 + 62 184 12.92 - 83
35 14.03 - 19 85 19.57 + 40 135 17.89 + 62 185 21.79 + 84
36 16.79 - 19 86 19.79 + 40 136 12.82 - 63 186 11.47 - 85
37 13.00 - 19 87 25.07 + 40 137 13.65 - 63 187 12.55 - 85
38 10.64 - 19 88 12.80 - 41 138 24.37 + 64 188 13.66 - 85
39 14.43 - 19 89 17.08 + 42 139 16.92 - 65 189 25.21 + 86
40 8.97 - 19 90 48.53 + 42 140 17.51 + 66 190 18.83 + 86
41 21.41 + 20 91 18.12 + 42 141 9.79 - 67 191 16.70 - 87
42 12.54 - 21 92 23.49 + 42 142 10.24 - 67 192 17.32 + 88
43 15.26 - 21 93 17.01 - 43 143 21.96 + 68 193 14.55 - 89
44 14.78 - 21 94 20.84 + 44 144 16.13 - 69 194 13.67 - 89
45 22.02 + 22 95 20.40 + 44 145 18.55 + 70 195 6.98 - 89
46 17.51 + 22 96 14.24 - 45 146 24.64 + 70 196 18.54 + 90
47 17.99 + 22 97 15.96 - 45 147 20.47 + 70 197 15.05 - 91
48 16.31 - 23 98 16.85 - 45 148 24.15 + 70 198 15.04 - 91
49 7.06 - 23 99 15.90 - 45 149 23.64 + 70 199 16.75 - 91
50 9.34 - 23 100 12.22 - 45 150 24.66 + 70 200 13.68 - 91

a Storm maxima (m/s) Totals:       n1= 100 (+)

                     n2= 100 (-)
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APPENDIX G: Results of extremes value analysis obtained by resolving wind 

speeds into components 

 
Figure G.1: Illustration of the resolution of wind speeds into components 

 

 

 
(a) 

 
(b) 

Figure G.2: Directional analysis with resolved wind speed data for (a) direction with 

strongest winds (West) and (b) direction with weakest winds (South-Southeasterly) 
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Figure G.3: Climatic directional factors when wind speed data are resolved into 

components, VMRI=T,θ/VMRI=T,all 

 

 

APPENDIX H: Average correlation when extreme wind data are resolved into 

components 

 
Figure H.1: Average correlation between 22.5-degree sectors when wind speed data are 

resolved into components 
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APPENDIX I: Assumption made by Cook suggesting that preconditioned data 

should form a circle with the same risk for all directions. 

 
Figure I.1: Corroboration of assumption made by Cook indicating that preconditioned 

wind speed data by the climatic directional factors will make risk uniform for all directions. 

 

APPENDIX J: Derivation of the pseudo-steady pressure coefficient 

From Equation 6.3, both sides are divided by the mean dynamic pressure in the time T,  

  

 
Simplifying we get, 

  

 
Where the fluctuations in pressure that were due to fluctuations in wind speed are now 
dependent upon fluctuations on mean dynamic pressure, and as a result measurements of 
induced pressure are in essence decoupled from boundary layer turbulence, but not 
without a correction of the previously calculated loading coefficient of Equation 6.3.  The 
following equation becomes Equation 6.4 with certain assumptions, some of which are 
presented in the text, but the reader must understand that major simplifications to the 
quasi-steady theory are utilized here for brevity. 
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APPENDIX K: Maximum, Minimum and Mean pressure coefficients as a 

function of Angle of Attack 

Table K.1: Pressure coefficients as a function of AOA and building zone 
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Table K.2: Lateral force coefficients as a function of AOA and location 
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Table K.3: Overall building force coefficients as a function of AOA. 
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APPENDIX L: Analysis of pseudo-steady pressure coefficients as a function 

of AOA. 

 
Figure L. 1: Mean and pseudo-steady pressure coefficient - Wall End 01 

 
 
 

Table L. 1: Analysis results – Wall End 01  

 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 0.80 0.07 10.69 0.96 121 0.75 0.80 0.83 0.86 0.91 1.02
22.5 0.86 0.08 10.96 0.96 49 0.81 0.86 0.89 0.92 0.97 1.09
45 0.88 0.12 7.28 0.97 49 0.80 0.88 0.92 0.97 1.06 1.23

67.5 -1.42 -0.17 8.40 0.96 68 -1.31 -1.42 -1.48 -1.55 -1.67 -1.92
90 -1.79 -0.20 8.94 0.96 82 -1.66 -1.79 -1.86 -1.94 -2.09 -2.38

112.5 -1.49 -0.23 6.59 0.98 66 -1.35 -1.49 -1.58 -1.67 -1.83 -2.17
135 -0.89 -0.12 7.49 0.95 86 -0.81 -0.89 -0.93 -0.98 -1.06 -1.24

157.5 -0.93 -0.16 5.85 0.87 138 -0.83 -0.93 -0.99 -1.05 -1.17 -1.40
180 -0.88 -0.15 5.70 0.78 119 -0.78 -0.88 -0.94 -1.00 -1.11 -1.34

202.5 -0.70 -0.09 7.94 0.83 57 -0.64 -0.70 -0.73 -0.76 -0.83 -0.96
225 -0.66 -0.09 7.38 0.95 47 -0.60 -0.66 -0.69 -0.73 -0.79 -0.92

247.5 -0.71 -0.08 9.19 0.95 64 -0.66 -0.71 -0.74 -0.77 -0.83 -0.94
270 -0.72 -0.11 6.35 0.98 79 -0.64 -0.72 -0.76 -0.80 -0.89 -1.05

292.5 -0.48 -0.08 6.03 0.99 58 -0.43 -0.48 -0.51 -0.54 -0.60 -0.72
315 -0.41 -0.04 10.16 0.98 89 -0.38 -0.41 -0.42 -0.44 -0.47 -0.53

337.5 0.71 0.09 7.66 0.97 138 0.65 0.71 0.74 0.78 0.85 0.98
MAX: 0.88 0.81 0.88 0.92 0.97 1.06 1.23
MIN: -1.79 -1.66 -1.79 -1.86 -1.94 -2.09 -2.38

Cp-pseudo 
95th 

Percentile

Cp-pseudo 
50th 

Percentile

Cp-pseudo 
15th 

Percentile

Cp-pseudo 
80th 

Percentile

FT1 Parameters 
(Cp-pseudo)Angle of 

Attack

Coefficient of 
Determination, 

R2

Samples 
(15-min 

runs)

Characteristic 
product, Пc

Cp-pseudo 
37th 

Percentile

Cp-pseudo 
63th 

Percentile
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Figure L. 2: Mean and pseudo-steady pressure coefficient for - Wall End 02 

 
 
 

Table L. 2: Analysis results – Wall End 02 

 
 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 0.92 0.11 8.61 0.99 121 0.85 0.92 0.95 1.00 1.08 1.23
22.5 0.59 0.08 7.31 0.96 51 0.54 0.59 0.62 0.65 0.71 0.83
45 -0.49 -0.07 7.07 0.96 51 -0.44 -0.49 -0.51 -0.54 -0.59 -0.69

67.5 -0.49 -0.07 7.42 0.99 63 -0.45 -0.49 -0.52 -0.54 -0.59 -0.69
90 -0.81 -0.12 6.51 0.99 79 -0.73 -0.81 -0.86 -0.91 -1.00 -1.18

112.5 -0.99 -0.15 6.40 0.89 63 -0.89 -0.99 -1.05 -1.11 -1.22 -1.45
135 -1.01 -0.14 7.19 0.93 88 -0.92 -1.01 -1.06 -1.12 -1.22 -1.43

157.5 -1.06 -0.18 6.02 0.88 136 -0.94 -1.06 -1.12 -1.19 -1.32 -1.58
180 -0.88 -0.15 5.86 0.86 123 -0.79 -0.88 -0.94 -1.00 -1.11 -1.33

202.5 -0.66 -0.10 6.60 0.86 57 -0.59 -0.66 -0.69 -0.73 -0.81 -0.95
225 -0.62 -0.11 5.82 0.98 47 -0.55 -0.62 -0.66 -0.70 -0.78 -0.94

247.5 -1.08 -0.17 6.44 0.98 58 -0.98 -1.09 -1.15 -1.21 -1.34 -1.58
270 -1.42 -0.16 8.70 0.98 81 -1.31 -1.42 -1.48 -1.55 -1.66 -1.90

292.5 -1.48 -0.23 6.41 0.95 58 -1.33 -1.48 -1.57 -1.66 -1.83 -2.17
315 1.07 0.14 7.85 0.82 90 0.98 1.07 1.12 1.18 1.28 1.48

337.5 1.05 0.11 9.59 0.94 138 0.98 1.05 1.09 1.13 1.21 1.37
MAX: 1.07 0.98 1.07 1.12 1.18 1.28 1.48
MIN: -1.48 -1.33 -1.48 -1.57 -1.66 -1.83 -2.17

Cp-pseudo 
37th 

Percentile

Cp-pseudo 
50th 

Percentile

Cp-pseudo 
63th 

Percentile

Cp-pseudo 
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Percentile
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Attack
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(Cp-pseudo) Characteristic 
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Coefficient of 
Determination, 
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Samples 
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Figure L. 3: Mean and pseudo-steady pressure coefficient for - Wall End 04 

 
 
 

Table L. 3: Analysis results – Wall End 04 

 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 0.44 0.07 6.09 0.97 117 0.39 0.44 0.47 0.50 0.55 0.65
22.5 -0.38 -0.07 5.24 0.87 54 -0.34 -0.38 -0.41 -0.44 -0.49 -0.60
45 -0.39 -0.07 5.40 0.93 49 -0.34 -0.39 -0.41 -0.44 -0.50 -0.60

67.5 -0.50 -0.07 7.63 0.95 69 -0.46 -0.50 -0.53 -0.55 -0.60 -0.70
90 -0.63 -0.08 8.30 0.98 84 -0.58 -0.63 -0.66 -0.69 -0.74 -0.85

112.5 0.77 0.11 7.23 0.98 63 0.70 0.77 0.80 0.85 0.92 1.08
135 0.74 0.10 7.26 0.97 89 0.68 0.74 0.78 0.82 0.90 1.05

157.5 -1.53 -0.18 8.56 0.92 138 -1.41 -1.53 -1.59 -1.66 -1.79 -2.06
180 -1.82 -0.25 7.29 0.75 119 -1.66 -1.82 -1.91 -2.01 -2.19 -2.56

202.5 -1.58 -0.26 6.12 0.79 57 -1.42 -1.58 -1.68 -1.78 -1.97 -2.35
225 -1.07 -0.12 9.02 0.97 50 -0.99 -1.07 -1.11 -1.16 -1.25 -1.42

247.5 -1.03 -0.14 7.11 0.97 64 -0.94 -1.03 -1.08 -1.14 -1.25 -1.46
270 -0.79 -0.08 9.83 0.93 81 -0.74 -0.79 -0.82 -0.85 -0.91 -1.03

292.5 -0.71 -0.09 8.29 0.96 68 -0.66 -0.71 -0.74 -0.78 -0.84 -0.96
315 -0.56 -0.06 9.54 0.98 90 -0.52 -0.56 -0.58 -0.60 -0.64 -0.73

337.5 -0.55 -0.08 7.05 0.94 134 -0.50 -0.55 -0.58 -0.61 -0.67 -0.79
MAX: 0.77 0.70 0.77 0.80 0.85 0.92 1.08
MIN: -1.82 -1.66 -1.82 -1.91 -2.01 -2.19 -2.56

Cp-pseudo 
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Percentile

Cp-pseudo 
37th 

Percentile
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Figure L. 4: Mean and pseudo-steady pressure coefficient for - Wall End 05 

 
 
 

Table L. 4: Analysis results – Wall End 05 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -1.36 -0.15 9.31 0.92 115 -1.27 -1.36 -1.41 -1.47 -1.58 -1.79
22.5 -1.33 -0.19 6.91 0.91 56 -1.20 -1.33 -1.40 -1.47 -1.61 -1.90
45 0.88 0.11 8.06 0.94 49 0.81 0.88 0.92 0.97 1.05 1.21

67.5 0.91 0.13 7.26 0.97 69 0.83 0.91 0.95 1.01 1.10 1.28
90 -0.70 -0.09 7.63 0.99 80 -0.64 -0.70 -0.73 -0.77 -0.83 -0.97

112.5 -0.77 -0.10 7.45 0.98 70 -0.70 -0.77 -0.80 -0.84 -0.92 -1.07
135 -0.60 -0.08 7.32 0.91 90 -0.55 -0.60 -0.63 -0.66 -0.72 -0.84

157.5 -0.63 -0.09 7.45 0.90 138 -0.58 -0.63 -0.67 -0.70 -0.76 -0.89
180 -0.85 -0.13 6.63 0.91 118 -0.77 -0.85 -0.90 -0.95 -1.05 -1.24

202.5 -0.84 -0.09 9.91 0.89 57 -0.79 -0.84 -0.87 -0.91 -0.97 -1.10
225 -0.80 -0.09 8.67 0.95 48 -0.74 -0.80 -0.83 -0.87 -0.94 -1.07

247.5 -0.84 -0.09 9.43 0.88 64 -0.78 -0.84 -0.87 -0.90 -0.97 -1.10
270 -0.85 -0.09 9.37 0.93 81 -0.79 -0.85 -0.88 -0.92 -0.98 -1.12

292.5 -0.89 -0.14 6.20 0.99 62 -0.80 -0.89 -0.94 -1.00 -1.10 -1.31
315 -0.91 -0.09 9.91 0.99 90 -0.85 -0.91 -0.95 -0.98 -1.05 -1.18

337.5 -1.19 -0.15 7.98 0.98 133 -1.09 -1.19 -1.24 -1.30 -1.41 -1.63
MAX: 0.91 0.83 0.91 0.95 1.01 1.10 1.28
MIN: -1.36 -1.27 -1.36 -1.41 -1.47 -1.61 -1.90

Cp-pseudo 
37th 

Percentile
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Figure L. 5: Mean and pseudo-steady pressure coefficient for - Wall Interior 06 

 
Table L. 5: Analysis results – Wall Interior 06 

 
 
 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -0.72 -0.09 8.41 0.95 123 -0.67 -0.72 -0.75 -0.79 -0.85 -0.98
22.5 -0.50 -0.08 5.95 0.97 56 -0.45 -0.50 -0.53 -0.56 -0.62 -0.75
45 0.57 0.07 8.04 0.98 48 0.52 0.57 0.59 0.62 0.67 0.78

67.5 0.74 0.09 8.05 0.99 69 0.68 0.74 0.77 0.81 0.87 1.01
90 0.87 0.10 8.44 0.99 80 0.81 0.87 0.91 0.95 1.03 1.18

112.5 1.00 0.15 6.45 0.87 63 0.90 1.00 1.05 1.12 1.23 1.46
135 0.70 0.10 7.13 0.98 91 0.64 0.70 0.74 0.78 0.85 1.00

157.5 -0.59 -0.10 5.80 0.98 127 -0.53 -0.59 -0.63 -0.67 -0.75 -0.90
180 -0.83 -0.12 6.91 0.93 122 -0.76 -0.83 -0.88 -0.93 -1.01 -1.19

202.5 -0.89 -0.12 7.65 0.78 57 -0.82 -0.89 -0.93 -0.98 -1.06 -1.24
225 -0.71 -0.09 8.24 0.98 50 -0.66 -0.71 -0.74 -0.78 -0.84 -0.97

247.5 -0.66 -0.10 6.51 0.99 64 -0.59 -0.66 -0.69 -0.73 -0.81 -0.95
270 -0.41 -0.05 9.13 0.99 81 -0.38 -0.41 -0.43 -0.45 -0.48 -0.55

292.5 -0.68 -0.12 5.76 0.97 65 -0.60 -0.68 -0.72 -0.77 -0.85 -1.02
315 -0.78 -0.08 9.29 0.98 89 -0.73 -0.79 -0.82 -0.85 -0.91 -1.04

337.5 -0.82 -0.09 9.12 0.92 136 -0.76 -0.82 -0.85 -0.89 -0.96 -1.09
MAX: 1.00 0.90 1.00 1.05 1.12 1.23 1.46
MIN: -0.89 -0.82 -0.89 -0.93 -0.98 -1.06 -1.24
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Percentile
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FT1 Parameters 
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Figure L. 6: Mean and pseudo-steady pressure coefficient for – Roof corner 14 

 
 
 

Table L. 6: Analysis results – Roof corner 14 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -2.37 -0.24 10.00 0.85 118 -2.22 -2.38 -2.46 -2.56 -2.73 -3.08
22.5 -2.12 -0.22 9.44 0.89 55 -1.97 -2.12 -2.20 -2.29 -2.45 -2.78
45 -1.91 -0.39 4.93 0.81 49 -1.67 -1.92 -2.06 -2.21 -2.50 -3.07

67.5 -1.43 -0.24 6.00 0.96 64 -1.27 -1.43 -1.51 -1.61 -1.78 -2.13
90 -0.99 -0.13 7.83 0.98 84 -0.91 -1.00 -1.04 -1.09 -1.18 -1.37

112.5 -1.01 -0.14 7.12 0.95 68 -0.91 -1.01 -1.06 -1.11 -1.22 -1.42
135 -0.87 -0.15 5.82 0.98 88 -0.78 -0.88 -0.93 -0.99 -1.10 -1.32

157.5 -0.90 -0.13 7.10 0.98 138 -0.82 -0.90 -0.95 -1.00 -1.09 -1.28
180 -1.08 -0.17 6.43 0.91 122 -0.97 -1.08 -1.14 -1.21 -1.34 -1.58

202.5 -1.25 -0.20 6.38 0.86 57 -1.12 -1.25 -1.32 -1.40 -1.54 -1.83
225 -1.83 -0.35 5.26 0.84 50 -1.61 -1.84 -1.96 -2.10 -2.36 -2.87

247.5 -2.02 -0.32 6.30 0.80 66 -1.81 -2.02 -2.14 -2.27 -2.50 -2.97
270 -2.62 -0.36 7.30 0.86 83 -2.39 -2.62 -2.75 -2.89 -3.16 -3.68

292.5 -2.68 -0.30 8.90 0.96 63 -2.48 -2.68 -2.79 -2.91 -3.13 -3.57
315 -2.78 -0.25 11.05 0.98 90 -2.62 -2.78 -2.88 -2.98 -3.16 -3.53

337.5 -2.97 -0.36 8.35 0.87 132 -2.74 -2.97 -3.10 -3.24 -3.50 -4.03
MAX: -0.87 -0.78 -0.88 -0.93 -0.99 -1.09 -1.28
MIN: -2.97 -2.74 -2.97 -3.10 -3.24 -3.50 -4.03
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Figure L. 7: Mean and pseudo-steady pressure coefficient for - Roof corner 15 

 
 
 

Table L. 7: Analysis results – Roof corner 15 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -2.81 -0.28 9.90 0.95 119 -2.62 -2.81 -2.91 -3.02 -3.23 -3.65
22.5 -3.12 -0.25 12.51 0.96 55 -2.96 -3.12 -3.21 -3.31 -3.49 -3.86
45 -3.08 -0.31 9.98 0.97 51 -2.88 -3.08 -3.19 -3.32 -3.54 -3.99

67.5 -2.77 -0.28 9.86 0.94 67 -2.59 -2.77 -2.87 -2.98 -3.19 -3.60
90 -2.68 -0.31 8.67 0.99 79 -2.48 -2.68 -2.79 -2.92 -3.14 -3.60

112.5 -2.10 -0.26 8.25 0.96 64 -1.94 -2.11 -2.20 -2.30 -2.49 -2.86
135 -1.39 -0.20 7.03 0.99 88 -1.26 -1.39 -1.46 -1.54 -1.68 -1.97

157.5 -1.14 -0.16 7.15 0.98 136 -1.04 -1.14 -1.20 -1.26 -1.38 -1.62
180 -1.01 -0.14 7.33 0.91 117 -0.92 -1.01 -1.06 -1.11 -1.21 -1.42

202.5 -1.09 -0.15 7.01 0.82 56 -0.99 -1.09 -1.14 -1.20 -1.32 -1.55
225 -1.02 -0.13 7.90 0.92 46 -0.94 -1.02 -1.07 -1.12 -1.21 -1.40

247.5 -1.15 -0.16 7.08 0.89 62 -1.05 -1.15 -1.21 -1.27 -1.39 -1.63
270 -1.00 -0.12 8.51 0.95 80 -0.93 -1.00 -1.05 -1.09 -1.18 -1.35

292.5 -1.66 -0.32 5.14 0.89 63 -1.45 -1.66 -1.77 -1.91 -2.14 -2.61
315 -2.02 -0.27 7.48 0.98 89 -1.85 -2.02 -2.12 -2.23 -2.43 -2.82

337.5 -2.44 -0.27 9.07 0.98 134 -2.27 -2.45 -2.54 -2.65 -2.85 -3.25
MAX: -1.00 -0.92 -1.00 -1.05 -1.09 -1.18 -1.35
MIN: -3.12 -2.96 -3.12 -3.21 -3.32 -3.54 -3.99
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Figure L. 8: Mean and pseudo-steady pressure coefficient for - Roof end 19 

 
 
 

Table L. 8: Analysis results – Roof end 19 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -2.18 -0.21 10.29 0.85 119 -2.05 -2.18 -2.26 -2.35 -2.50 -2.81
22.5 -2.16 -0.20 10.88 0.87 55 -2.04 -2.16 -2.24 -2.32 -2.46 -2.75
45 -1.95 -0.33 5.96 0.85 45 -1.74 -1.95 -2.07 -2.20 -2.44 -2.92

67.5 -1.46 -0.19 7.81 0.94 64 -1.34 -1.46 -1.53 -1.60 -1.74 -2.01
90 -1.37 -0.17 8.01 0.98 80 -1.26 -1.38 -1.44 -1.51 -1.63 -1.88

112.5 -1.38 -0.19 7.25 0.94 67 -1.26 -1.38 -1.45 -1.52 -1.66 -1.94
135 -0.96 -0.15 6.53 0.98 90 -0.87 -0.96 -1.02 -1.08 -1.18 -1.40

157.5 -0.85 -0.11 7.99 0.99 135 -0.78 -0.85 -0.88 -0.93 -1.00 -1.16
180 -0.97 -0.13 7.59 0.93 119 -0.89 -0.97 -1.02 -1.07 -1.16 -1.35

202.5 -1.07 -0.11 9.47 0.98 57 -0.99 -1.07 -1.11 -1.15 -1.23 -1.40
225 -1.23 -0.17 7.16 0.89 48 -1.12 -1.23 -1.29 -1.36 -1.48 -1.74

247.5 -1.58 -0.24 6.61 0.86 67 -1.43 -1.58 -1.67 -1.76 -1.94 -2.29
270 -1.57 -0.21 7.39 0.93 85 -1.44 -1.57 -1.65 -1.74 -1.89 -2.20

292.5 -1.95 -0.30 6.44 0.97 64 -1.76 -1.95 -2.06 -2.19 -2.41 -2.85
315 -2.14 -0.21 10.11 0.96 89 -2.01 -2.14 -2.22 -2.31 -2.46 -2.77

337.5 -2.25 -0.23 9.95 0.98 135 -2.10 -2.25 -2.33 -2.42 -2.59 -2.92
MAX: -0.85 -0.78 -0.85 -0.88 -0.93 -1.00 -1.16
MIN: -2.25 -2.10 -2.25 -2.33 -2.42 -2.59 -2.92
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Figure L. 9: Mean and pseudo-steady pressure coefficient for - Roof end 20 

 
 
 

Table L. 9: Analysis results – Roof end 20 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -0.88 -0.12 7.61 0.99 123 -0.80 -0.88 -0.92 -0.96 -1.05 -1.22
22.5 -1.14 -0.13 8.50 0.98 57 -1.05 -1.14 -1.19 -1.24 -1.34 -1.54
45 -1.44 -0.16 9.01 0.97 50 -1.34 -1.44 -1.50 -1.57 -1.68 -1.92

67.5 -1.64 -0.19 8.74 0.94 70 -1.52 -1.64 -1.71 -1.78 -1.92 -2.19
90 -1.94 -0.22 8.87 0.92 83 -1.80 -1.94 -2.02 -2.11 -2.27 -2.59

112.5 -1.75 -0.18 9.59 0.95 62 -1.64 -1.75 -1.82 -1.89 -2.03 -2.30
135 -1.39 -0.14 9.64 0.98 90 -1.30 -1.39 -1.44 -1.50 -1.60 -1.82

157.5 -1.27 -0.17 7.58 0.98 137 -1.16 -1.27 -1.33 -1.40 -1.52 -1.77
180 -0.80 -0.10 8.26 0.98 123 -0.74 -0.80 -0.84 -0.88 -0.95 -1.09

202.5 -0.69 -0.07 10.38 0.92 57 -0.65 -0.69 -0.71 -0.74 -0.79 -0.89
225 -0.62 -0.10 6.00 0.93 50 -0.55 -0.62 -0.66 -0.70 -0.77 -0.93

247.5 -0.58 -0.08 7.63 0.94 64 -0.53 -0.58 -0.61 -0.64 -0.70 -0.81
270 -0.52 -0.05 9.55 0.92 82 -0.48 -0.52 -0.53 -0.56 -0.60 -0.68

292.5 -0.60 -0.08 7.59 0.97 63 -0.55 -0.60 -0.63 -0.66 -0.72 -0.83
315 -0.68 -0.07 9.11 0.98 90 -0.63 -0.68 -0.70 -0.73 -0.79 -0.90

337.5 -0.71 -0.08 9.30 0.96 136 -0.66 -0.71 -0.73 -0.77 -0.82 -0.93
MAX: -0.52 -0.48 -0.52 -0.53 -0.56 -0.60 -0.68
MIN: -1.94 -1.80 -1.94 -2.02 -2.11 -2.27 -2.59
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Figure L. 10: Mean and pseudo-steady pressure coefficient for - Roof interior 21 

 
 
 

Table L. 10: Analysis results – Roof interior 21 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -0.56 -0.05 12.04 0.91 84 -0.53 -0.56 -0.57 -0.59 -0.63 -0.70
22.5 -0.59 -0.08 7.55 0.81 48 -0.54 -0.59 -0.62 -0.65 -0.71 -0.82
45 -0.69 -0.11 6.03 0.94 42 -0.61 -0.69 -0.73 -0.77 -0.86 -1.03

67.5 -0.87 -0.12 7.05 0.91 59 -0.79 -0.87 -0.91 -0.96 -1.05 -1.24
90 -0.98 -0.11 8.50 0.94 75 -0.90 -0.98 -1.02 -1.06 -1.15 -1.32

112.5 -0.90 -0.10 8.79 0.95 50 -0.84 -0.91 -0.94 -0.98 -1.06 -1.21
135 -0.59 -0.10 6.25 0.90 23 -0.53 -0.59 -0.63 -0.67 -0.74 -0.88

157.5 -0.51 -0.09 5.98 0.98 48 -0.46 -0.51 -0.54 -0.58 -0.64 -0.76
180 -0.46 -0.07 6.24 0.98 34 -0.42 -0.47 -0.49 -0.52 -0.58 -0.69

202.5 --- --- --- --- --- --- --- --- --- --- ---
225 --- --- --- --- --- --- --- --- --- --- ---

247.5 --- --- --- --- --- --- --- --- --- --- ---
270 --- --- --- --- --- --- --- --- --- --- ---

292.5 -0.60 -0.11 5.47 0.98 14 -0.53 -0.60 -0.64 -0.68 -0.76 -0.92
315 -0.54 -0.05 10.10 0.93 67 -0.51 -0.54 -0.56 -0.58 -0.62 -0.70

337.5 -0.56 -0.05 11.12 0.98 82 -0.53 -0.56 -0.58 -0.60 -0.63 -0.71
MAX: -0.46 -0.42 -0.47 -0.49 -0.52 -0.58 -0.69
MIN: -0.98 -0.90 -0.98 -1.02 -1.06 -1.15 -1.32

Note: '---' means that there were less than 10 samples available.
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Figure L. 11: Mean and pseudo-steady pressure coefficient for – Corner tap 23 

 
 
 

Table L. 11: Analysis results – Corner tap 23 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -6.79 -0.84 8.10 0.99 116 -6.26 -6.80 -7.10 -7.44 -8.05 -9.28
22.5 -4.78 -0.61 7.80 0.89 51 -4.39 -4.79 -5.01 -5.25 -5.70 -6.60
45 -3.60 -0.87 4.12 0.94 30 -3.04 -3.60 -3.92 -4.27 -4.90 -6.19

67.5 -2.11 -0.37 5.78 0.97 62 -1.88 -2.11 -2.24 -2.39 -2.66 -3.19
90 -1.62 -0.25 6.58 0.99 78 -1.46 -1.62 -1.71 -1.81 -1.99 -2.35

112.5 -1.83 -0.31 5.82 0.99 65 -1.63 -1.83 -1.94 -2.07 -2.30 -2.76
135 -0.98 -0.16 6.07 0.97 82 -0.88 -0.98 -1.04 -1.11 -1.23 -1.46

157.5 -0.96 -0.14 6.92 0.98 126 -0.87 -0.96 -1.01 -1.06 -1.16 -1.37
180 -1.15 -0.19 6.17 0.90 106 -1.03 -1.15 -1.22 -1.29 -1.43 -1.70

202.5 -1.46 -0.24 6.14 0.99 51 -1.30 -1.46 -1.54 -1.64 -1.81 -2.16
225 -2.22 -0.27 8.23 0.94 47 -2.05 -2.23 -2.32 -2.43 -2.63 -3.03

247.5 -3.16 -0.42 7.53 0.85 67 -2.90 -3.17 -3.32 -3.49 -3.79 -4.41
270 -5.49 -0.86 6.35 0.97 80 -4.93 -5.49 -5.80 -6.15 -6.78 -8.05

292.5 -6.60 -0.95 6.92 0.98 59 -5.99 -6.60 -6.95 -7.33 -8.03 -9.43
315 -7.75 -0.92 8.44 0.98 87 -7.16 -7.75 -8.08 -8.45 -9.12 -10.47

337.5 -7.89 -0.82 9.61 0.97 136 -7.37 -7.90 -8.19 -8.53 -9.12 -10.33
MAX: -0.96 -0.87 -0.96 -1.01 -1.06 -1.16 -1.37
MIN: -7.89 -7.37 -7.90 -8.19 -8.53 -9.12 -10.47
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Figure L. 12: Mean and pseudo-steady pressure coefficient for - Corner tap 24 

 
 
 

Table L. 12: Analysis results – Corner tap 24 

 
 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -6.80 -0.84 8.10 0.96 123 -6.26 -6.81 -7.11 -7.45 -8.06 -9.30
22.5 -7.92 -0.79 10.05 0.88 53 -7.41 -7.92 -8.21 -8.53 -9.10 -10.26
45 -7.10 -1.02 6.96 0.98 43 -6.44 -7.10 -7.47 -7.89 -8.63 -10.13

67.5 -7.08 -0.86 8.28 0.93 68 -6.53 -7.09 -7.40 -7.74 -8.36 -9.62
90 -6.07 -0.85 7.16 0.98 80 -5.53 -6.07 -6.38 -6.72 -7.34 -8.58

112.5 -4.12 -0.53 7.82 0.99 65 -3.79 -4.13 -4.32 -4.53 -4.91 -5.69
135 -2.97 -0.38 7.82 0.96 89 -2.73 -2.97 -3.11 -3.27 -3.54 -4.10

157.5 -2.30 -0.37 6.23 1.00 137 -2.06 -2.30 -2.43 -2.58 -2.85 -3.39
180 -1.09 -0.14 7.56 0.99 120 -1.00 -1.10 -1.15 -1.21 -1.31 -1.52

202.5 -0.97 -0.11 8.56 0.98 57 -0.89 -0.97 -1.01 -1.05 -1.13 -1.30
225 -1.31 -0.24 5.42 0.92 49 -1.15 -1.31 -1.40 -1.50 -1.67 -2.03

247.5 -1.52 -0.23 6.55 0.96 70 -1.37 -1.52 -1.60 -1.70 -1.87 -2.21
270 -1.73 -0.29 5.93 0.97 85 -1.55 -1.74 -1.84 -1.96 -2.17 -2.60

292.5 -2.67 -0.54 4.90 0.96 63 -2.32 -2.68 -2.87 -3.09 -3.49 -4.29
315 -4.19 -0.59 7.08 0.96 92 -3.81 -4.19 -4.40 -4.64 -5.07 -5.94

337.5 -5.00 -0.59 8.52 0.97 135 -4.63 -5.01 -5.22 -5.46 -5.88 -6.75
MAX: -0.97 -0.89 -0.97 -1.01 -1.05 -1.13 -1.30
MIN: -7.92 -7.41 -7.92 -8.21 -8.53 -9.10 -10.26
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Figure L. 13: Mean and pseudo-steady pressure coefficient for – Horizontal force coefficient 

– Location 1 
 
 
 

Table L. 13: Analysis results – Horizontal force coefficient – Location 1 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.33 0.17 7.98 0.85 121 1.22 1.33 1.39 1.46 1.58 1.83
22.5 1.24 0.10 11.85 0.93 48 1.17 1.24 1.28 1.32 1.39 1.55
45 1.11 0.13 8.41 0.98 45 1.02 1.11 1.15 1.21 1.30 1.50

67.5 1.00 0.15 6.72 0.93 65 0.91 1.00 1.06 1.12 1.23 1.44
90 -1.42 -0.17 8.23 0.99 80 -1.31 -1.42 -1.48 -1.55 -1.68 -1.93

112.5 -1.32 -0.16 8.04 0.98 60 -1.21 -1.32 -1.38 -1.45 -1.57 -1.81
135 -1.63 -0.19 8.41 0.87 84 -1.50 -1.63 -1.70 -1.77 -1.92 -2.20

157.5 -1.60 -0.18 8.75 0.90 136 -1.48 -1.60 -1.67 -1.74 -1.88 -2.15
180 -1.28 -0.13 10.01 0.95 119 -1.19 -1.28 -1.32 -1.37 -1.47 -1.65

202.5 -1.05 -0.14 7.68 0.88 52 -0.97 -1.05 -1.10 -1.16 -1.26 -1.46
225 -0.61 -0.08 7.84 0.97 47 -0.56 -0.61 -0.64 -0.67 -0.73 -0.84

247.5 -0.54 -0.06 8.94 0.96 62 -0.50 -0.54 -0.56 -0.58 -0.63 -0.72
270 0.87 0.13 6.54 0.97 76 0.78 0.87 0.92 0.97 1.07 1.26

292.5 1.03 0.17 6.16 0.92 60 0.92 1.03 1.09 1.16 1.28 1.52
315 1.11 0.15 7.19 0.94 88 1.01 1.11 1.16 1.22 1.34 1.56

337.5 1.27 0.17 7.34 0.92 135 1.16 1.27 1.34 1.41 1.53 1.79
MAX: 1.33 1.22 1.33 1.39 1.46 1.58 1.83
MIN: -1.63 -1.50 -1.63 -1.70 -1.77 -1.92 -2.20
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Figure L. 14: Mean and pseudo-steady pressure coefficient for - Horizontal force coefficient 

– Location 2 
 
 
 

Table L. 14: Analysis results – Horizontal force coefficient – Location 2 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.28 0.13 10.01 0.95 119 1.19 1.28 1.32 1.37 1.47 1.65
22.5 1.05 0.14 7.68 0.88 52 0.97 1.05 1.10 1.16 1.26 1.46
45 0.61 0.08 7.84 0.97 47 0.56 0.61 0.64 0.67 0.73 0.84

67.5 0.54 0.06 8.94 0.96 62 0.50 0.54 0.56 0.58 0.63 0.72
90 -0.86 -0.13 6.74 0.98 75 -0.78 -0.86 -0.90 -0.96 -1.05 -1.24

112.5 -1.01 -0.16 6.42 0.93 59 -0.91 -1.01 -1.07 -1.13 -1.25 -1.48
135 -1.11 -0.15 7.19 0.94 88 -1.01 -1.11 -1.16 -1.22 -1.34 -1.56

157.5 -1.27 -0.17 7.34 0.92 135 -1.16 -1.27 -1.34 -1.41 -1.53 -1.79
180 -1.33 -0.17 7.98 0.85 121 -1.22 -1.33 -1.39 -1.46 -1.58 -1.83

202.5 -1.23 -0.10 12.73 0.96 47 -1.16 -1.23 -1.26 -1.30 -1.37 -1.51
225 -1.14 -0.15 7.37 0.93 47 -1.04 -1.14 -1.19 -1.26 -1.37 -1.59

247.5 -0.98 -0.14 7.10 0.95 64 -0.89 -0.98 -1.03 -1.09 -1.19 -1.39
270 1.42 0.17 8.23 0.99 80 1.31 1.42 1.48 1.55 1.68 1.93

292.5 1.32 0.16 8.04 0.98 60 1.21 1.32 1.38 1.45 1.57 1.81
315 1.63 0.19 8.41 0.87 84 1.50 1.63 1.70 1.77 1.92 2.20

337.5 1.60 0.18 8.75 0.90 136 1.48 1.60 1.67 1.74 1.88 2.15
MAX: 1.63 1.50 1.63 1.70 1.77 1.92 2.20
MIN: -1.33 -1.22 -1.33 -1.39 -1.46 -1.58 -1.83
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Figure L. 15: Mean and pseudo-steady pressure coefficient for - Horizontal force coefficient 

– Location 3 
 
 
 

Table L. 15: Analysis results – Horizontal force coefficient – Location 3 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.30 0.11 11.42 0.95 120 1.22 1.30 1.34 1.38 1.47 1.63
22.5 1.15 0.09 12.95 0.97 50 1.09 1.15 1.18 1.22 1.28 1.41
45 0.95 0.12 7.89 0.94 49 0.87 0.95 0.99 1.04 1.13 1.31

67.5 0.74 0.07 9.92 0.92 64 0.70 0.74 0.77 0.80 0.86 0.97
90 -0.80 -0.13 6.12 0.90 81 -0.72 -0.80 -0.85 -0.90 -1.00 -1.19

112.5 -0.98 -0.14 7.26 0.98 61 -0.90 -0.98 -1.03 -1.09 -1.19 -1.39
135 -1.19 -0.14 8.60 0.97 86 -1.10 -1.19 -1.24 -1.30 -1.40 -1.60

157.5 -1.26 -0.11 11.46 0.94 136 -1.19 -1.26 -1.30 -1.34 -1.42 -1.59
180 -1.30 -0.11 11.42 0.95 120 -1.22 -1.30 -1.34 -1.38 -1.47 -1.63

202.5 -1.14 -0.08 13.89 0.99 49 -1.09 -1.14 -1.17 -1.20 -1.26 -1.38
225 -0.95 -0.12 7.89 0.94 49 -0.87 -0.95 -0.99 -1.04 -1.13 -1.31

247.5 -0.74 -0.07 9.92 0.92 64 -0.70 -0.74 -0.77 -0.80 -0.86 -0.97
270 0.80 0.13 6.12 0.90 81 0.72 0.80 0.85 0.90 1.00 1.19

292.5 0.98 0.14 7.26 0.98 61 0.90 0.98 1.03 1.09 1.19 1.39
315 1.19 0.14 8.60 0.97 86 1.10 1.19 1.24 1.30 1.40 1.60

337.5 1.26 0.11 11.46 0.94 136 1.19 1.26 1.30 1.34 1.42 1.59
MAX: 1.30 1.22 1.30 1.34 1.38 1.47 1.63
MIN: -1.30 -1.22 -1.30 -1.34 -1.38 -1.47 -1.63
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Figure L. 16: Mean and pseudo-steady pressure coefficient for - Horizontal force coefficient 

– Location 4 
 
 
 

Table L. 16: Analysis results – Horizontal force coefficient – Location 4 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 0.84 0.10 8.73 0.95 114 0.78 0.84 0.88 0.92 0.99 1.13
22.5 0.81 0.06 14.16 0.95 48 0.78 0.81 0.84 0.86 0.90 0.99
45 0.88 0.09 9.39 0.98 48 0.82 0.88 0.92 0.96 1.02 1.16

67.5 0.93 0.10 9.14 0.92 63 0.86 0.93 0.96 1.01 1.08 1.23
90 0.99 0.10 10.28 0.98 80 0.92 0.99 1.02 1.06 1.13 1.27

112.5 1.23 0.17 7.42 0.99 60 1.12 1.23 1.29 1.35 1.47 1.72
135 1.31 0.14 9.42 0.97 88 1.22 1.31 1.36 1.42 1.52 1.73

157.5 1.25 0.18 7.10 0.99 132 1.14 1.25 1.32 1.39 1.52 1.78
180 -1.30 -0.14 9.30 0.98 112 -1.21 -1.30 -1.35 -1.41 -1.51 -1.72

202.5 -1.39 -0.15 8.98 0.96 54 -1.29 -1.39 -1.44 -1.51 -1.62 -1.85
225 -1.62 -0.16 9.95 0.95 48 -1.52 -1.62 -1.68 -1.75 -1.87 -2.11

247.5 -1.55 -0.18 8.56 0.98 62 -1.44 -1.55 -1.62 -1.69 -1.82 -2.09
270 -1.23 -0.15 8.20 0.96 78 -1.13 -1.23 -1.28 -1.34 -1.45 -1.67

292.5 -0.95 -0.15 6.30 0.96 68 -0.85 -0.95 -1.00 -1.06 -1.17 -1.39
315 -0.61 -0.09 7.11 0.97 89 -0.55 -0.61 -0.64 -0.68 -0.74 -0.86

337.5 0.72 0.09 7.67 0.93 136 0.66 0.72 0.75 0.79 0.86 1.00
MAX: 1.31 1.22 1.31 1.36 1.42 1.52 1.78
MIN: -1.62 -1.52 -1.62 -1.68 -1.75 -1.87 -2.11
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Figure L. 17: Mean and pseudo-steady pressure coefficient for - Horizontal force coefficient 

– Location 5 
 
 
 

Table L. 17: Analysis results – Horizontal force coefficient – Location 5 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.30 0.14 9.48 0.98 108 1.21 1.30 1.35 1.40 1.50 1.70
22.5 1.37 0.14 9.54 0.98 53 1.28 1.37 1.42 1.48 1.59 1.80
45 1.62 0.16 9.95 0.95 48 1.52 1.62 1.68 1.75 1.87 2.11

67.5 1.55 0.18 8.56 0.98 62 1.44 1.55 1.62 1.69 1.82 2.09
90 1.23 0.15 8.20 0.96 78 1.13 1.23 1.28 1.34 1.45 1.67

112.5 0.95 0.15 6.30 0.96 68 0.85 0.95 1.00 1.06 1.17 1.39
135 0.61 0.09 7.11 0.97 89 0.55 0.61 0.64 0.68 0.74 0.86

157.5 -0.72 -0.09 7.67 0.93 136 -0.66 -0.72 -0.75 -0.79 -0.86 -1.00
180 -0.84 -0.10 8.73 0.95 114 -0.78 -0.84 -0.88 -0.92 -0.99 -1.13

202.5 -0.81 -0.06 14.16 0.95 48 -0.78 -0.81 -0.84 -0.86 -0.90 -0.99
225 -0.88 -0.09 9.39 0.98 48 -0.82 -0.88 -0.92 -0.96 -1.02 -1.16

247.5 -0.93 -0.10 9.14 0.92 63 -0.86 -0.93 -0.96 -1.01 -1.08 -1.23
270 -0.99 -0.10 10.28 0.98 80 -0.92 -0.99 -1.02 -1.06 -1.13 -1.27

292.5 -1.23 -0.17 7.42 0.99 60 -1.12 -1.23 -1.29 -1.35 -1.47 -1.72
315 -1.31 -0.14 9.42 0.97 88 -1.22 -1.31 -1.36 -1.42 -1.52 -1.73

337.5 -1.25 -0.18 7.10 0.99 132 -1.14 -1.25 -1.32 -1.39 -1.52 -1.78
MAX: 1.62 1.52 1.62 1.68 1.75 1.87 2.11
MIN: -1.31 -1.22 -1.31 -1.36 -1.42 -1.52 -1.78
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Figure L. 18: Mean and pseudo-steady pressure coefficient for - Horizontal force coefficient 

– Location 6 
 
 
 

Table L. 18: Analysis results – Horizontal force coefficient – Location 6 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 -0.71 -0.11 6.40 0.95 120 -0.64 -0.71 -0.75 -0.80 -0.88 -1.04
22.5 0.81 0.08 9.52 0.97 54 0.75 0.81 0.84 0.87 0.94 1.06
45 0.99 0.10 10.14 0.97 47 0.93 1.00 1.03 1.07 1.14 1.29

67.5 1.00 0.10 9.57 0.94 62 0.93 1.00 1.04 1.08 1.16 1.31
90 1.08 0.11 9.85 0.98 78 1.01 1.08 1.12 1.16 1.24 1.40

112.5 1.24 0.17 7.53 0.92 63 1.14 1.25 1.31 1.37 1.49 1.74
135 1.03 0.10 10.35 0.99 89 0.96 1.03 1.06 1.10 1.18 1.32

157.5 0.97 0.12 8.25 0.99 135 0.89 0.97 1.01 1.06 1.15 1.32
180 0.71 0.11 6.40 0.95 120 0.64 0.71 0.75 0.80 0.88 1.04

202.5 -0.81 -0.08 9.52 0.97 54 -0.75 -0.81 -0.84 -0.87 -0.94 -1.06
225 -0.99 -0.10 10.14 0.97 47 -0.93 -1.00 -1.03 -1.07 -1.14 -1.29

247.5 -1.00 -0.10 9.57 0.94 62 -0.93 -1.00 -1.04 -1.08 -1.16 -1.31
270 -1.08 -0.11 9.85 0.98 78 -1.01 -1.08 -1.12 -1.16 -1.24 -1.40

292.5 -1.24 -0.17 7.53 0.92 63 -1.14 -1.25 -1.31 -1.37 -1.49 -1.74
315 -1.03 -0.10 10.35 0.99 89 -0.96 -1.03 -1.06 -1.10 -1.18 -1.32

337.5 -0.97 -0.12 8.25 0.99 135 -0.89 -0.97 -1.01 -1.06 -1.15 -1.32
MAX: 1.24 1.14 1.25 1.31 1.37 1.49 1.74
MIN: -1.24 -1.14 -1.25 -1.31 -1.37 -1.49 -1.74
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Figure L. 19: Mean and pseudo-steady pressure coefficient for – Overall Horizontal force 

coefficient – X-Axis 
 
 
 

Table L. 19: Analysis results – Overall Horizontal force coefficient – X-Axis 

 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.00 0.08 12.16 0.94 84 0.95 1.00 1.03 1.07 1.13 1.25
22.5 0.95 0.06 14.81 0.99 47 0.91 0.95 0.97 1.00 1.05 1.14
45 0.80 0.09 8.88 0.96 46 0.75 0.81 0.84 0.87 0.94 1.07

67.5 0.64 0.06 10.08 0.95 60 0.60 0.64 0.67 0.69 0.74 0.83
90 -0.63 -0.11 5.73 0.92 73 -0.56 -0.63 -0.67 -0.72 -0.80 -0.96

112.5 -0.80 -0.12 6.90 0.94 46 -0.72 -0.80 -0.84 -0.89 -0.97 -1.14
135 -0.82 -0.15 5.56 0.91 22 -0.73 -0.82 -0.88 -0.94 -1.04 -1.26

157.5 -0.95 -0.10 9.39 0.92 53 -0.88 -0.95 -0.99 -1.03 -1.10 -1.25
180 -0.94 -0.10 9.26 0.97 36 -0.87 -0.94 -0.98 -1.02 -1.09 -1.24

202.5 --- --- --- --- --- --- --- --- --- --- ---
225 --- --- --- --- --- --- --- --- --- --- ---

247.5 --- --- --- --- --- --- --- --- --- --- ---
270 --- --- --- --- --- --- --- --- --- --- ---

292.5 0.82 0.11 7.39 0.91 13 0.75 0.82 0.86 0.90 0.98 1.14
315 0.96 0.10 9.62 0.99 65 0.90 0.96 1.00 1.04 1.11 1.26

337.5 0.99 0.08 12.00 0.98 84 0.94 0.99 1.02 1.06 1.12 1.24
MAX: 1.00 0.95 1.00 1.03 1.07 1.13 1.26
MIN: -0.95 -0.88 -0.95 -0.99 -1.03 -1.10 -1.26

Note: '---' means that there were less than 10 samples available.
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Figure L. 20: Mean and pseudo-steady pressure coefficient for - Overall Horizontal force 

coefficient – Y-Axis 
 
 

Table L. 20: Analysis results – Overall Horizontal force coefficient – Y-Axis 

 
 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 0.55 0.08 6.73 0.96 76 0.50 0.55 0.58 0.62 0.68 0.80
22.5 0.72 0.08 8.81 0.97 45 0.67 0.72 0.75 0.78 0.84 0.96
45 0.95 0.10 9.74 0.98 48 0.89 0.95 0.98 1.02 1.09 1.24

67.5 0.90 0.10 9.04 0.97 61 0.83 0.90 0.93 0.97 1.04 1.19
90 0.86 0.09 9.82 0.98 76 0.80 0.86 0.89 0.93 0.99 1.12

112.5 0.92 0.10 8.92 0.96 50 0.85 0.92 0.96 1.00 1.07 1.22
135 0.87 0.10 8.52 0.97 23 0.81 0.87 0.91 0.95 1.02 1.17

157.5 0.84 0.14 5.93 0.97 53 0.75 0.84 0.89 0.94 1.05 1.25
180 0.53 0.09 5.92 0.97 39 0.47 0.53 0.56 0.60 0.66 0.80

202.5 --- --- --- --- --- --- --- --- --- --- ---
225 --- --- --- --- --- --- --- --- --- --- ---

247.5 --- --- --- --- --- --- --- --- --- --- ---
270 --- --- --- --- --- --- --- --- --- --- ---

292.5 -1.07 -0.24 4.37 0.94 15 -0.91 -1.07 -1.15 -1.25 -1.43 -1.79
315 -0.91 -0.09 10.47 0.99 67 -0.86 -0.91 -0.94 -0.98 -1.04 -1.17

337.5 -0.85 -0.11 7.91 0.99 83 -0.78 -0.85 -0.89 -0.93 -1.01 -1.16
MAX: 0.95 0.89 0.95 0.98 1.02 1.09 1.25
MIN: -1.07 -0.91 -1.07 -1.15 -1.25 -1.43 -1.79

Note: '---' means that there were less than 10 samples available.
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Figure L. 21: Mean and pseudo-steady pressure coefficient for - Overall Building Drag 

Coefficient 
 
 
 

Table L. 21: Analysis results – Overall Building Drag Coefficient 

 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 1.01 0.08 13.19 0.97 77 0.96 1.01 1.04 1.07 1.12 1.23
22.5 1.02 0.07 14.27 0.97 45 0.98 1.02 1.05 1.08 1.13 1.24
45 1.08 0.11 9.47 0.96 46 1.00 1.08 1.12 1.16 1.25 1.41

67.5 0.95 0.09 9.97 0.96 60 0.89 0.95 0.98 1.02 1.09 1.23
90 0.90 0.09 10.25 0.97 73 0.84 0.90 0.93 0.97 1.03 1.16

112.5 1.02 0.12 8.29 0.94 43 0.94 1.02 1.06 1.11 1.20 1.38
135 0.98 0.10 9.71 0.97 19 0.91 0.98 1.01 1.05 1.13 1.27

157.5 1.06 0.11 9.32 0.97 51 0.99 1.06 1.10 1.15 1.23 1.40
180 0.95 0.10 9.52 0.98 33 0.88 0.95 0.98 1.02 1.10 1.24

202.5 --- --- --- --- --- --- --- --- --- --- ---
225 --- --- --- --- --- --- --- --- --- --- ---

247.5 --- --- --- --- --- --- --- --- --- --- ---
270 --- --- --- --- --- --- --- --- --- --- ---

292.5 1.13 0.19 5.81 0.93 13 1.00 1.13 1.20 1.28 1.42 1.71
315 1.11 0.10 11.15 0.97 65 1.05 1.11 1.15 1.19 1.26 1.41

337.5 1.13 0.10 11.06 1.00 83 1.06 1.13 1.16 1.21 1.28 1.43
MAX: 1.13 1.06 1.13 1.20 1.28 1.42 1.71
MIN: 0.90 0.84 0.90 0.93 0.97 1.03 1.16

Note: '---' means that there were less than 10 samples available.
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Figure L. 22: Mean and pseudo-steady pressure coefficient for - Overall Building Lift 

Coefficient 
 
 
 

Table L. 22: Analysis results – Overall Building Lift Coefficient  

 
 
 
 
 
 

Mode, 
Uc1-hour

Dispersion, 
1/αc

0 0.71 0.06 11.42 0.99 83 0.67 0.71 0.73 0.76 0.80 0.90
22.5 0.80 0.07 11.62 0.98 48 0.75 0.80 0.82 0.85 0.90 1.00
45 0.95 0.11 9.00 0.98 42 0.88 0.95 0.99 1.03 1.11 1.26

67.5 0.96 0.08 11.51 0.92 56 0.91 0.96 0.99 1.03 1.09 1.21
90 1.07 0.10 10.74 0.95 75 1.00 1.07 1.10 1.15 1.22 1.36

112.5 1.00 0.09 10.57 0.97 50 0.94 1.00 1.04 1.08 1.14 1.28
135 0.79 0.09 8.93 0.94 23 0.73 0.79 0.82 0.86 0.92 1.05

157.5 0.80 0.13 6.17 0.98 56 0.72 0.80 0.85 0.90 0.99 1.18
180 0.56 0.08 7.09 0.96 40 0.51 0.56 0.59 0.62 0.68 0.80

202.5 --- --- --- --- --- --- --- --- --- --- ---
225 --- --- --- --- --- --- --- --- --- --- ---

247.5 --- --- --- --- --- --- --- --- --- --- ---
270 --- --- --- --- --- --- --- --- --- --- ---

292.5 0.65 0.10 6.75 0.91 18 0.59 0.65 0.69 0.72 0.79 0.94
315 0.71 0.07 9.58 0.98 68 0.67 0.71 0.74 0.77 0.83 0.94

337.5 0.68 0.06 11.06 0.99 80 0.64 0.68 0.70 0.73 0.77 0.86
MAX: 1.07 1.00 1.07 1.10 1.15 1.22 1.36
MIN: 0.56 0.51 0.56 0.59 0.62 0.68 0.80

Note: '---' means that there were less than 10 samples available.
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