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ABSTRACT 12 

Non-synoptic winds often exhibit rapid changes during a short period which may be 13 

accompanied by changes in direction. This introduces non-stationarity both in the mean and 14 

the standard deviation of wind fluctuations. Thus, design loads in non-synoptic non-15 

stationary winds obtained from conventional analysis frameworks included in codes and 16 

standards such as the gust loading factor approach may not be appropriate, calling for a 17 

careful examination of traditional design procedures. This study reviews a proposed design 18 

procedure for non-synoptic non-stationary winds. In particular, a codification of gust front 19 

winds originated from thunderstorm/downburst is discussed because the event occurs 20 

frequently and is well-known to exhibit significant non-stationary characteristics. Two major 21 

frameworks reported in the past literature such as the gust front factor and the thunderstorm 22 

response spectrum technique are examined to step toward the codification of gust front winds. 23 

Besides, a comparison is made between the two frameworks to assess the performance of the 24 

two approaches. Finally, a living codification concept through learning and updating 25 

invoking the emerging “Design Thinking” approach is discussed. 26 

 27 

mailto:dkwon@nd.edu
mailto:kareem@nd.edu
mailto:giovanni.solari@unige.it


 2 

Keywords: Wind loads; Non-stationary process; Thunderstorm; Downburst; Gust front; 28 

Codes and standards; Gust front factor; Thunderstorm response spectrum technique. 29 

 30 

INTRODUCTION 31 

Non-synoptic wind storms such as hurricane/typhoon/cyclone, thunderstorm/downburst, 32 

tornado, etc., have been of great interest in structural and wind engineering communities due 33 

to their massive impacts on structures. From the codification viewpoint, hurricane/typhoon 34 

has generally been treated as increased wind speeds (as compared to synoptic winds) in 35 

specific areas where the probability of occurrence of the storm is much higher, e.g., ASCE 36 

7-16 wind map (ASCE 2016). It has been thought that they are a large synoptic-scale event 37 

based on experimental observations (US dropsondes, etc.). However, recent studies reported 38 

the existence of the non-stationarity and its vertical profile showed distinct difference from 39 

synoptic boundary layer winds (e.g., Kareem 2008; Giammanco et al. 2013; Hu et al. 2013, 40 

2017; Zhou et al. 2015; Huang et al. 2015; Wang et al. 2016, 2018, 2019). Recent ASCE 7-41 

16 Commentary includes more information concerning tornado, though it is not considered 42 

in the wind load provision because of their very low probability of occurrence (ASCE 2016). 43 

The Commentary included the Enhanced Fujita (EF) records and design wind speed maps 44 

for tornado safe room in the United States. In addition, it suggested the calculation of 45 

equivalent static wind pressure/load procedure using the gust loading/effect factor. A 46 

simplified method was also introduced in terms of the Tornado Factor (TF).  47 

Thunderstorms are almost ubiquitous around the world, e.g., as many as 40,000 48 

thunderstorm occurrences each day worldwide and an estimated 100,000 thunderstorms 49 
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annually occur in the US as reported by NOAA/NWS (2014). They produce two extreme 50 

wind events such as tornadoes and downbursts, and the latter is known to be much more 51 

frequent than a tornado. Winds associated with thunderstorm/downburst cause a variety of 52 

damage to residential houses, buildings, transmission towers, wind turbines, and temporary 53 

structures, threatening human lives and property losses. Munich Re (2017) shows an 54 

escalation of losses due to thunderstorms. Yet, any guidelines for design practice for 55 

thunderstorm/downburst have thus far not evolved yet. Thus, design loads in gust front winds 56 

obtained from conventional analysis frameworks included in codes and standards, such as 57 

the gust loading/effect factor approach (e.g., Kwon and Kareem 2013b), would not be 58 

appropriate, calling for a careful examination of traditional design procedures. 59 

In an effort to establish a new design procedure for this type of wind load effect on 60 

structures, two frameworks were reported in the past literature. One is a gust front factor 61 

(GFF) based framework firstly proposed by Kwon and Kareem (2009), which accounts for a 62 

description of the genesis of the overall wind load effects on structures under both gust front 63 

and boundary layer winds. Rather than introducing a different framework for such non-64 

synoptic winds, the proposed methodology based on the GFF consisted of a multiplier, 65 

embodying unique kinematic and dynamic features of non-synoptic winds to ASCE 7 gust 66 

loading/effect factor formulation for boundary layer winds.  In the absence of a definitive 67 

procedure to quantify the effect of gust front winds on structures, this approach has offered 68 

an effective framework to capture, in a rational manner, the influence of various distinctive 69 

features of gust fronts that distinguishes those from synoptic winds. A modified framework 70 

for assessing gust front wind loading effects on wind turbine towers has also been presented 71 

in Kwon et al. (2012). A generalized version of the gust front factor (G-GFF) framework was 72 
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later introduced in Kwon and Kareem (2013a), which was intended not only to analytically 73 

encapsulate dynamic load effects associated with gust front winds independent of any 74 

reference design standard (e.g., ASCE 7), but also to highlight other general features like 75 

those found in conventional gust loading factor scheme. In view of the complexity on the 76 

treatment of non-stationarity, a preliminary web-based portal for the evaluation of gust front 77 

factor and associated loads in an e-design format (Kwon et al. 2008) was introduced available 78 

at https://vortex-winds.org to facilitate expeditious utilization of this framework in design 79 

practice. More recently, Kwon and Kareem (2019) revisited the GFF approach in a model-80 

based and data-driven perspective. The other framework is a thunderstorm response spectrum 81 

technique (TRST) reported in Solari (2016). It has been adopted from the concept of the 82 

response spectrum being widely used in the field of earthquake engineering as well as blast 83 

design. For this reason, the TRST also demands several representative datasets to establish a 84 

reliable response spectrum graphically, thus, this is a data-based approach. 85 

This study reviews the gust front factor and the thunderstorm response spectrum 86 

technique frameworks to step toward the codification of gust front winds. Gleaning from the 87 

success of Vickery's study for the original gust loading factor (Vickery 1970) which focused 88 

on its reliability, it is apparent that the codification based on a design framework would 89 

benefit from a study focusing on its development and assessment of its efficacy. A 90 

preliminary uncertainty analysis using the GFF/G-GFF framework is also carried out to 91 

assess the uncertainties associated with the load effects of gust front winds. In addition, a 92 

comparison is made between the two frameworks to assess the performance of the two 93 

approaches. Finally, a living codification concept through learning and updating invoking 94 

the emerging “Design Thinking” approach is discussed. 95 

https://vortex-winds.org/
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 97 

GUST FRONT FACTOR (GFF) AND GENERALIZED GFF (G-GFF) 98 

Concept of the Gust Front Factor 99 

With the exemplary success of the gust loading factor (Davenport 1967) in capturing the 100 

dynamic wind effects introduced by buffeting action of winds and its popularity in design 101 

codes and standards worldwide, Kwon and Kareem (2009) proposed to formulate a 102 

framework along the lines of the gust loading/effect factor formulation existing in ASCE 7 103 

(Solari and Kareem 1998) that encapsulates critical features of gust front winds to capture 104 

their load effects. To accomplish this objective, the gust front factor (GFF) was therefore 105 

introduced for use in conjunction with the existing design codes and standards. The design 106 

wind loading in a gust front (FDesign), which is represented by an equivalent static wind load 107 

(ESWL), is then expressed by: 108 

7 ,
  

Design ASCE z G F G F
F F K G

 
    (1) 109 

where FASCE 7 represents the ESWL in ASCE 7, the GG-F is the GFF that relates FDesign in a 110 

gust front to the FASCE 7 recommendations in conventional boundary layer winds and Kz,G-F 111 

accounts for the velocity/pressure profile in a gust front as opposed to boundary layer winds 112 

in ASCE 7. The GG-F can be best captured in terms of four underlying factors (Kwon and 113 

Kareem 2009): 114 

- 1 2 3 4G F
G I I I I     (2) 115 

In this format, the GG-F explicitly takes into account the following features: variation in the 116 

vertical profile of wind speed – kinematic effects factor (mean load effects), I1; dynamic 117 
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effects introduced by the sudden rise in wind speed - pulse dynamics factor (rise-time effects), 118 

I2; non-stationarity of turbulence in gust front winds - structural dynamics factor (non-119 

stationary turbulence effects), I3; transient aerodynamics – potential load modification factor 120 

(transient aerodynamics effects), I4. It is worth noting that for conventional boundary layer 121 

winds, both the gust front factor (GG-F) and the velocity pressure coefficient (Kz,G-F) in gust 122 

front winds reduce to unity. Therefore, the conventional gust loading/effect factor approach 123 

in ASCE 7 becomes a special case of the proposed gust front factor approach. A schematic 124 

diagram that portrays the genesis of the design wind loads in gust fronts is given in Figure 1.  125 

 126 

Figure 1. Schematic diagram of gust front factor framework (From Kwon and Kareem 127 

2009) 128 

 129 
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 130 

Formulation of GFF and its generalized version (G-GFF) 131 

Assuming that xB-L(z,t) is the structural displacement in boundary layer winds, the 132 

expected maximum response, max[xB-L(z,t)], can be expressed following the gust loading 133 

factor format given in Davenport (1967): 134 

( )
max[ ( , )] max[ ( ) ( , )] ( ) 1 ( )

( )

B L B L

B L B L B L B L B L GLF

B L

g z
x z t x z x z t x z x z G

x z


 

    



 
      

 
 (3) 135 

where, subscript B-L represents boundary layer; superscripts – and ~ represent mean and 136 

fluctuating components of displacement, respectively; gB-L = peak factor; σB-L(z) = root-mean-137 

square (RMS) displacement by fluctuating wind components; GGLF = gust loading factor. As 138 

such, the gust loading factor accounts for the dynamics of wind fluctuations and any load 139 

amplification introduced by the dynamics of the structure, and this factor is utilized to 140 

estimate design loads of structure, i.e., ESWL. 141 

In the case of gust front winds, structural displacement by gust front winds [xG-F(z,t)] may 142 

be described in terms of a non-stationary wind model that includes storm-translation effect 143 

(Kwon and Kareem 2009): 144 

( , ) ( , ) ( , )
G F G F G F s m

x z t x z t x z t x
   

    (4) 145 

where, subscript G-F represents gust front; superscripts – and ~ represent time-varying mean 146 

and non-stationary fluctuating components of displacement, respectively; xs-m = displacement 147 

introduced by the storm-translation speed. The same model does not take into account, in this 148 

stage, the background ABL wind flow into which the downburst is embedded. Accordingly, 149 

the corresponding maximum response may be approximately expressed as: 150 
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 (5) 151 

where gG-F and σG-F(t) represent mean peak factor and time-dependent RMS displacement by 152 

non-stationary fluctuating components of gust front winds.  153 

In terms of the factorized analytical/empirical models of gust front winds (e.g., Kwon and 154 

Kareem 2009, 2013a), the maximum displacement of the time-varying mean component may 155 

be divided into static and dynamic parts for GFF and G-GFF, respectively: 156 
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 (6) 157 

The relationship between gust front factor (GG-F) with associated underlying sub-factors 158 

(Eq. 2) and generalized gust front factor (GG,G-F) can be described as: 159 
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 (7b) 162 

In these formats, the GG-F embodies an intuitive picture of the underlying mechanisms 163 

that represent the fundamental building blocks of both the kinematic (I1) and dynamic (I2, I3, 164 

I4) load effects associated with gust front winds on structures, distinguishing them from those 165 

experienced in conventional boundary layer flows. On the other hand, the GG,G-F can best 166 
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capture the dynamic effects of gust front winds akin to the concept of conventional gust 167 

loading factor. Note that strictly speaking, xs-m may be categorized as a static component, but 168 

since its contribution becomes relatively small due to a large value in the denominator, i.e., 169 

the maximum displacement of time-varying mean component, this term may be treated small 170 

in the consideration of the overall static effect. However, this hypothesis deserves to be 171 

investigated more carefully. 172 

The (I3GGLF) in GG,G-F indeed relates to the non-stationary fluctuating component. Please 173 

note that in order to delineate the influence of CD,G-F on the GG-F, the drag coefficient in the 174 

gust front and boundary layer winds formulations is separated by redefining response x as y 175 

in Eq. (7a), where y response is evaluated by setting the drag force coefficient equal to unity. 176 

Regardless of this format, the relationship in Eq. (7b) remains valid, because, in the 177 

formulation of GG,G-F,  the effect of drag coefficient (CD,G-F) cancels out in each term. It is 178 

worth noting that in the case of boundary layer winds, the sub-factors I2 and I3 become unity 179 

in the absence of gust front wind effects. Accordingly, the resulting generalized gust front 180 

factor (GG,G-F) also reduces to conventional gust loading factor (GGLF) due to the relationship 181 

between the two factors shown in Eq. (7b). Accordingly, the design loads (ESWL) associated 182 

with the G-GFF are expressed in the conventional format as used in the case of boundary 183 

layer winds: 184 

2

, , , ,

1
( ) ( ) ( )

2
G G F G G F G F G G F D G F

F z F z G A V z G C
    

        (8) 185 

where VG-F(z) = gust front wind profile. In this format, the G-GFF can analytically 186 

encapsulate dynamic load effects associated with gust front winds independent of any 187 

reference design standard, unlike the GFF that is specifically associated with ASCE 7 (Eq. 188 
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1). 189 

 190 

 191 

 192 

Towards a simplified codification in the frequency domain 193 

To implement and simplify the frequency domain approach to non-stationary turbulence 194 

of gust front winds in which a closed-form solution for a codification purpose may possibly 195 

be derived, a number of assumptions are introduced for the GFF/G-GFF framework. First, 196 

the non-stationary fluctuating wind is described as a non-stationary model comprised of a 197 

time-varying standard deviation wind component and a normalized fluctuating wind 198 

component, and the latter is assumed to be a zero-mean stationary Gaussian process (e.g., 199 

Howell and Lin 1971; Chen and Letchford 2004; Chay et al. 2006; Kareem 2008; Chen 2008; 200 

Kwon and Kareem 2009, 2013a, 2019). In addition, the non-stationary fluctuating wind is 201 

described by the evolutionary power spectrum (Priestley 1965, 1967). An intrinsic roadblock 202 

in this approach is the presence of time-varying features and spatiotemporal dependency. As 203 

a way to overcome this complexity, a decomposition in space (z) and time (t) is introduced. 204 

This separable type description may be an adequate representation of the velocity field for 205 

codification. Though, recent studies reported that in some cases, spatiotemporal dependence 206 

has been noted for the cases of thunderstorms/downbursts (Lombardo et al. 2014; Scott 207 

Gunter and Schroeder 2015). Certainly, with the provision that this treatment may be 208 

modified should additional data suggest an alternative description.  209 

Second, the normalized fluctuating wind component is represented by the Davenport 210 

wind spectrum and conventional coherence functions in the horizontal and vertical directions 211 
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(Davenport 1967) are used. Initial studies suggest that the fluctuating wind component in 212 

their format is similar to that in boundary layer winds (e.g., Choi and Hidayat 2002; Wang 213 

and Kareem 2005). Owing to height-independent characteristics of the Davenport wind 214 

spectrum, the normalized spectrum can be taken out of the double integration which 215 

alleviates a more extensive calculation.  216 

Third, for simplification purpose, analytical forms of the time function [VG-F(t)] (half-217 

sine function) and time-independent vertical wind profile [VG-F(z)] (Vicroy model, Vicroy 218 

1991, 1992) are introduced for deriving closed-form (Kwon and Kareem 2009, 2013a, 2019).  219 

1 max 2 max( / ) ( / )

max

( ) sin

( )

G F

d

b z z b z z

G F

V t t
t

V z A V e e






 
  

 

    

 (9) 220 

where td = pulse duration of the excitation; Vmax = maximum horizontal wind speed; zmax = a 221 

height where Vmax occurs; A = a constant that can be determined from model constants b1 and 222 

b2: b1 = –0.22, b2 = –2.75, and A = 1.354 following Vicroy (1991). The simplicity of the half-223 

sine function is an attractive feature as it requires only a single parameter, pulse duration, to 224 

define the time function in a gust front wind event while encapsulating the essential features 225 

of a sudden rise and drop in wind speed. Solari et al. (2015a) recently confirmed that the half-226 

sine shape was close to the inner envelope of full-scale data. However, a question in this 227 

regard remains regarding the duration for codification purposes. A recent study by Solari et 228 

al. (2015a) reported from the extensive analysis of full-scale data showed great variability in 229 

duration among the data showed great variability. They also found that the mean value of the 230 

durations was 248 sec while the minimum was 57 sec revealing a possibility of a rapid change 231 

of the wind velocity. These observations imply that a dynamic effect by the pulse duration 232 
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may be negligible based on the relationship between pulse duration and the fundamental 233 

period of a structure (Kwon and Kareem 2009). Although the temporal characteristics of gust 234 

front winds have been well reported in the literature, the spatial features like the vertical wind 235 

profile have rarely been clearly found yet. Recently, Scott Gunter and Schroeder (2015) 236 

attempted high-resolution full-scale measurements using two mobile Doppler radars. Repetto 237 

et al. (2018) implemented ground-based pulsed coherent LiDAR system to measure wind 238 

profiles up to about 250 m height. Junayed et al. (2019) and Hangan et al. (2019) performed 239 

large-scale experiments using WindEEE Dome to identify the characteristics of downburst, 240 

which have successfully simulated temporal-spatial variations of wind profiles. Those would 241 

be promising avenues to better identify the characteristics of the gust front wind profile. Note 242 

that strictly speaking, the vertical profile of the gust front evolves with time due to the 243 

translation of the storm. A rigorous approach may include the effects of profile evolutions in 244 

a probabilistic manner, however, a single profile model with an adjustment in a gust front 245 

wind map may be a better approach at this early stage of a codification.  246 

Finally, another parameter to be considered in a codification of gust front winds is the 247 

potential impact of terrain roughness. For synoptic winds, most codes and standards classify 248 

the exposure as three to five categories for the design purpose (Kwon and Kareem 2013b). 249 

Nonetheless, most studies concerning gust front winds have usually been made under open 250 

terrain. For example, vertical profile models by e.g., Oseguera and Bowles (1988) and Vicroy 251 

(1991, 1992) were derived based on limited full-scale data (Joint Airport Weather Studies, 252 

JAWS), which such airport areas generally represent open terrain exposure. Although the 253 

gust front winds are different from the synoptic winds in many aspects, studies through 254 

preceding wind tunnel experiments have shown that this terrain roughness effect still exists, 255 
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however, the results have been limited in showing trends in different terrain conditions 256 

without any quantitative estimates. The general trends exhibited higher zmax (e.g., Hangan 257 

and Xu 2005) and lower Vmax (e.g., Wood et al. 2001; Choi 2004) in a built-up terrain. In 258 

conjunction with these parameters, the terrain exposure would affect other wind parameters, 259 

e.g., turbulence intensity. Thus, without a general consensus and lack of definitive evidence, 260 

it may be a reasonable assumption that a certain terrain roughness effect on both zmax and 261 

Vmax in the Vicroy model (Eq. 9) is present, whereas the model constants defined in the profile 262 

models are assumed to be constant irrespective of the terrain roughness. Indeed, Kwon and 263 

Kareem (2009) have first attempted to quantitatively address the effects of the terrain 264 

conditions through this approach. They considered two criteria: i) gust front wind speed at 265 

10 m height, [VG-F(10)] is set equal to the boundary layer gust speed at 10 m [Criterion 1: VG-266 

F(10) = VB-L,3-s(10)]; ii) the maximum gust front wind speed (Vmax) is equal to gust speed at 267 

the gradient height (zG) in boundary layer winds [Criterion 2: Vmax = VB-L,3-s(zG)]. Then, the 268 

gradient height defined for boundary layer winds was used to take into account the effects of 269 

terrain conditions. In this definition, Criterion 1 leads to higher Vmax than Criterion 2, which 270 

reflects the distinct feature of each profile. One may conveniently introduce additional 271 

criteria that may better reflect the data or may meet other site-specific requirements when it 272 

becomes available in the future. With proper assumptions, vertical profiles of gust front 273 

winds and turbulence intensity for an arbitrary terrain exposure condition were established. 274 

Details can be found in Kwon and Kareem (2009). Note that the zmax has been reported to be 275 

in the range of 50 to 100 m based on full-scale data, however, a recent study exhibited a 276 

possibility of higher altitude beyond 100 m (e.g., Scott Gunter and Schroeder 2015). 277 
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With these assumptions, more recently, a more complete closed-form solution concerning 278 

non-stationary fluctuations was derived by Kwon and Kareem (2019) to facilitate rapid 279 

assessment of non-stationary turbulence effects for a case of a long pulse duration similar to 280 

typical gust front life cycle (e.g., Solari et al. 2015a). The assumption of the long pulse 281 

duration leads to simplifying the derivation of the root-mean-square (RMS) of the non-282 

stationary fluctuation and complex mean peak factor (Michaelov et al. 2001; Kwon and 283 

Kareem 2009, 2013a, 2019) where detailed information can be found in Kwon and Kareem 284 

(2019): they reported that results from numerical and closed-form solutions showed excellent 285 

agreement, which is promising to possibly take a step toward more simplified codification 286 

for the evaluation of gust front wind effects on structures.  287 

 288 

Preliminary uncertainty analysis 289 

A preliminary uncertainty analysis was performed to assess the uncertainties associated 290 

with the load effects of gust front winds. In view of the GFF/G-GFF formulations, total six 291 

uncertain parameters were chosen: four wind parameters such as 3-sec gust speed (V3-s), 292 

Vicroy profile model parameter (zmax), pulse duration in the time function (td), and turbulence 293 

intensity related parameter (c1) and two structural parameters such as n0 (fundamental natural 294 

frequency) and  (damping ratio). The choice of V3-s parameter was because it was directly 295 

related to the determination of Vmax in the Vicroy profile model (Eq. 9) through the two 296 

criteria (Criterion 1 and 2) as mentioned in the earlier section. The c1 parameter represents 297 

the amplitude modulating coefficient that plays the role of turbulence intensity (Kwon and 298 

Kareem 2009). All parameters were assumed to follow a lognormal distribution and their 299 
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coefficients of variation (COV) were all set to 0.2 except fundamental natural frequency and 300 

damping ratio, in which their COVs were defined as 0.05 and 0.4, respectively, following the 301 

suggestion in Kwon et al. (2015). Note that for this analysis, the Criterion 2 condition was 302 

utilized to determine the Vmax.  303 

To assess the level of uncertainties associated with the wind-induced load effects, a wind 304 

load factor was considered for the base moment. Based on the recent study reported in Kwon 305 

et al. (2015), a load factor definition (w), which assumes that the resulting wind response has 306 

a lognormal distribution, was expressed as:  307 

 2

2

exp ln 1

1

W
W

w

n W

V

W V






 
    

  
 

 (10) 308 

where, W/Wn = the bias or ratio between the mean and the nominal wind loads/response; the 309 

reliability index β = 3.0 based on Ellingwood and Tekie (1999); 72.0  (e.g., Lind 1971; 310 

Haldar and Mahadevan 2000); VW = the COV in the wind loads/response. In this format, for 311 

the case in which no uncertainties are involved, the load factor (w) reduces to unity (1.0).  312 

The CAARC (Commonwealth Aeronautical Advisory Research Council) standard tall 313 

building (e.g., Holmes et al. 1990) was utilized as an example building for this uncertainty 314 

analysis: width B = 46 m; depth D = 30 m; height H = 183 m; building bulk density B = 157 315 

kg/m3. The building was assumed to be located in an open environment within the continental 316 

US, which corresponds to Exposure C defined in ASCE 7. For the load factor defined in Eq. 317 

(10), the nominal wind loads/response (Wn), which is the base moment in this study, was 318 

determined in terms of the GFF/G-GFF approach assuming that there were no uncertainties 319 
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involved, while W and VW were determined by Monte Carlo simulations (10,000 samples) 320 

taking uncertainties in the parameters into account. 321 

Table 1 shows the results of uncertainty analysis, in which the mean values of the 322 

uncertain parameters were also listed. It was observed that the load factor (w) associated 323 

with all uncertainties was significant, more than 3. For reference, the wind load factor defined 324 

in ASCE 7-05 was 1.6 based on an analysis of the performance of rigid buildings, while 325 

Kwon et al. (2015) suggested 1.9 in light of the uncertainties associated with dynamic 326 

characteristics of flexible buildings such as natural frequency and damping ratio. Among 327 

uncertain parameters considered in this study, it was identified that the effect of the basic 328 

wind speed (V3-s) was dominant as its COV of the base moment was much higher than other 329 

individual parameters. This observation can be interpreted as twofold: a) wind loads are 330 

proportional to the square of the wind velocity (e.g., Eq. 10), thus its contribution on the load 331 

effects is considerable; b) dynamic effects by gust front winds are less significant than 332 

static/quasi-static and kinematic effects. Indeed, it turned out that the zmax parameter, which 333 

explains the kinematic effect (profile effect), was another influential parameter next to V3-s. 334 

Although the turbulence intensity (c1) showed some importance (the 3rd most influential 335 

parameter), however, its COV for the base moment was far less than the first two parameters 336 

such as V3-s and zmax, which corroborated less dynamic effects in this example. It is worth 337 

noting that the effects of the fundamental frequency (n0) and damping ratio () were 338 

negligibly small, suggesting less dynamic effects as well. The effect of pulse duration (td) 339 

was rather marginal. From the viewpoint of the generalized gust front factor (GG,G-F) as 340 

shown in the last column of Table 1, which encapsulates dynamic load effects associated 341 
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with gust front winds (Eqs. 7b), the variation of GG,G-F  was governed by the c1 parameter, 342 

implying that the turbulence intensity is a key parameter among other parameters for non-343 

stationary turbulence. Nonetheless, overall uncertainty effects on the GG,G-F were much less 344 

than those observed for the base moment. Uncertainty analysis for the example building 345 

under the city/suburban environment (Exposure B in ASCE 7) was also carried out, however, 346 

almost the same trends with the case under the Exposure C were observed (Table 1).  347 

Cautions should be made that such a high load factor associated with gust front winds 348 

was obtained through the assumption of probability distribution and COV as a result of a 349 

preliminary assessment, mainly focusing on the aleatory random uncertainty. In addition to 350 

this, epistemic uncertainty such as modeling of gust front winds, etc. would certainly exist. 351 

A more accurate evaluation would need to be done through a detailed uncertainty 352 

quantification with more data and better knowledge to support.  353 

 354 

A data-driven approach 355 

A data-driven approach has nowadays gained its popularity in many fields of researches, 356 

mainly owing to the rapid advance in measurement and monitoring system that enables to 357 

collect long-term data. In the context of the treatment of the time-dependent non-stationary 358 

gust front winds, two approaches concerning the term “data-driven” may be feasible: 359 

modeling and simulation. Indeed, any empirical models can be regarded as a data-driven 360 

approach as those models are in general derived from data. From this viewpoint, a data-driven 361 

model differs from mechanics-based models which are generally formulated given basic 362 

mechanics involved. An example of data-driven modeling in the GFF/G-GFF is the use of a 363 

half-sine function for describing a time-varying mean feature of thunderstorm/downburst 364 
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events given in Eq. (4). Data-driven simulation approaches that utilize the instantaneous 365 

features of available data can offer a straightforward and statistically meaningful approach 366 

to non-stationary simulation (e.g., Wang et al. 2013).  367 

A major drawback of such data-driven approaches inevitably involves the paucity of data. 368 

To date, only limited datasets are present due to the inherent nature of 369 

thunderstorm/downburst that is a short time as well as a local event in the spatiotemporal 370 

feature, which often hinders from capturing such events in full-scale. More attempts in full-371 

scale measurements may lead to better identifying time dependency and wind characteristics 372 

along with height such as wind profile, wind spectrum/coherence, turbulence intensity, etc. 373 

Another potential issue is the reliability of measured data and potential biases. For example, 374 

Solari et al. (2015a) reported the characteristics of measured full-scale datasets that showed 375 

significant variability among extreme events as well as measurement locations.  376 

Utilizing the simulation-based approach, one could design structures for a prescribed 377 

event and its statistical emulations to form a suite of time histories. A time-domain approach 378 

may then be pursued to estimate load effects and statistical averages may be derived based 379 

on these simulations. Akin to the earthquake case, one may utilize scaling of the intensity of 380 

the gust front for design purposes to select a most probable event or one associated with a 381 

given return period.  382 

Assuming that a large set of datasets are available, the very first choice for codification 383 

is to extract salient features from datasets then fit to analytical model(s) for a conventional 384 

code and standard format. However, in light of uncertainties, a data-driven design involving 385 

uncertainty quantification may offer a better option to probabilistically evaluate gust front 386 

wind effects on structures. For a better description of such effects, it is desirable to identify 387 
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probabilistic and statistical information of wind parameters from datasets such as statistical 388 

moments (mean, standard deviation, etc.) and probability distributions. Then, this 389 

information involving uncertainties associated with parameters is taken into account in a 390 

design procedure similar to the treatment in codes and standards. With the success of data-391 

enabled designs introduced in recent ASCE 7 (ASCE 7-05, 7-10, and 7-16), a web-enabled 392 

data-driven design in this regard may be a better approach. An example of this approach 393 

regarding the treatment of uncertainties in a web format is a performance-based data-enabled 394 

design for occupant comfort in a high-rise building (PBDED-OC) (Bernardini et al. 2015), 395 

which not only allows users to input structural/wind parameters and their associated 396 

uncertainties but also offers analysis/design on-the-fly through Monte Carlo simulation to 397 

establish the probability of exceedance curve of response owing to the embedded 398 

computational engine in the server. 399 

It is worth noting that the analysis/design framework and its workflow were preliminarily 400 

introduced within a web-based portal to facilitate expeditious utilization of the gust front 401 

factor framework in design practice and potential inclusion in codes and standards (Kwon 402 

and Kareem 2009). This eliminates the need for an in-depth understanding of the background 403 

within the framework as well as associated computational effort. The portal has a user-404 

friendly interface and is available at https://vortex-winds.org (Kareem and Kwon 2017), 405 

permitting convenient analysis of several design scenarios with a host of potential loading 406 

conditions including the ASCE 7-05 procedure in the boundary layer winds for immediate 407 

comparison in an e-design format (e.g., Kwon et al. 2008). Particularly, the current GFF 408 

portal has in part embedded the concept of a data-driven approach by allowing user-defined 409 

profile parameters to be inputted such as Vmax and zmax (Eq. 9). Once the input is completed, 410 

https://vortex-winds.org/
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the following quantities are then displayed in the results interface: input parameters selected 411 

by the user to confirm user inputs; gust front factor (GG-F) and its sub-factors (I1 to I4); a 412 

figure that displays the ESWL given in ASCE 7 and in gust front winds. More generic and 413 

flexible implementation would enable to allowing a better data-driven approach for a host of 414 

models associated with wind parameters.  415 

 416 

THUNDERSTORM RESPONSE SPECTRUM TECHNIQUE (TRST) 417 

Recently, Solari et al. (2015) and Solari (2016) have introduced an alternative approach 418 

for the design of thunderstorm focusing on downburst events. It is referred to as the 419 

thunderstorm response spectrum technique (TRST), which has been adopted from the 420 

concept of the response spectrum being widely used in the field of earthquake engineering 421 

as well as blast design. For this reason, the TRST also demands several representative 422 

datasets to establish a reliable response spectrum, such datasets have been obtained through 423 

a wide range of full-scale wind monitoring networks, Wind, Ports, and Seas (Solari et al. 424 

2012). This is also a data-based approach and is similar to the simulation-based approach 425 

described in the previous section. 426 

In this section, the underlying principles between the gust front factor and the TRST 427 

approaches are examined and discussed at first. For convenience, symbols used in Solari 428 

(2016) are changed to follow the ones employed in the GFF/G-GFF. Akin to the GFF/G-GFF, 429 

the TRST adopted the non-stationary model and decomposition of space (z) and time (t) was 430 

also assumed. The time-varying mean component in the TRST was modeled as:  431 

, max , ,
( , ) ( ) ( ) ( )

G F Sol G F Sol G F Sol
V z t V h V z V t

  
  (11) 432 
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where, Vmax(h) = the maximum value of time-varying mean at a height h; h = the height of 433 

an anemometer that measures the wind velocity or a reference height (e.g., 10 m height); VG-434 

F,Sol(z) = a normalized wind vertical profile used in Solari (2016); VG-F,Sol(z) and VG-F,Sol(t) = 435 

wind profile and time function used in Solari (2016), respectively.  436 

The equivalent static wind load (ESWL) in the TRST has a format similar to Eq. (8) used 437 

in the G-GFF framework, which is expressed as (Solari 2016): 438 

,

2 2 2

max ,

ˆ(z) ( )

1ˆ ˆ( ) ( ) G (h) ( ) A(z) ( )
2

eq d eq

G F sol D

f f z S

f z V h V z C z


 


  (12) 439 

where, ˆ ( )f z  = the peak static wind load by thunderstorm outflows; Sd,eq = the equivalent 440 

response spectrum (ERS); ˆ ( )G h  = gust velocity factor at h. Note that Solari (2016) used 441 

ˆ ( )G h to relate between gust peak wind speed (1-sec moving-average) and Vmax(h) (30-sec 442 

moving-average) as detailed in Solari et al. (2015a). In this format, the peak wind load 443 

defined in Eq. (12) is essentially similar to the one used in the G-GFF framework given in 444 

Eq. (8), provided that the two approaches employ the same normalized vertical profile 445 

[V(z)/Vmax]. Nonetheless, the difference for the peak static wind load lies in the definition of 446 

the maximum wind speed, Vmax. In the GFF/G-GFF, two criteria compared to ASCE 7 gust 447 

profile were established to estimate Vmax (Kwon and Kareem 2009), while Solari (2016) 448 

described it as a product of Vmax(h) and a gust peak factor [ ˆ ( )G h ] (Eq. 12).  449 

Despite the similarity in the description of the peak static wind load, the two frameworks 450 

used different approaches for the treatment of the non-stationary turbulence component. 451 

While the TRST has employed data-based equivalent wind velocity approach in the time 452 
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domain for estimating the ERS (Sd,eq), the GFF/G-GFF utilized a conventional frequency 453 

domain approach involving evolutionary power spectrum model (Priestley 1965, 1967) in 454 

which the spectrum was described as a product of amplitude modulating function and 455 

stationary wind component assuming Davenport wind spectrum and coherence functions. In 456 

the TRST, a reduced equivalent wind velocity (ueq) was introduced as: 457 

max

( , , )
( , )

ˆ( ) ( )

eq

eq

v h t
u t

V h G h


    (13) 458 

where,   and t = the reduced size factor and time defined in Solari (2016), respectively; veq 459 

= the equivalent wind velocity invoking the equivalent wind spectrum (EWS) technique 460 

(Piccardo and Solari 1998), which is a method to replace the actual turbulent fluctuation as a 461 

function of time (t) and space (z) by an equivalent turbulent fluctuation as a function of time 462 

identically coherent in space (Solari 2016). The calculation of the equivalent wind velocity 463 

(veq) needs a rather complex procedure using datasets, which is a key part of the assessment 464 

of the ERS (Sd,eq). Solari (2016) suggested three different methods depending on the use of 465 

dimensional/non-dimensional parameters, though the underlying procedure is similar in each. 466 

For completeness, a summary of the method to use non-dimensional parameters is provided 467 

here. Given the N-representative time series of gust front winds, (NJ) sets of veq need to be 468 

computed individually following the equivalent wind spectrum technique where J is the total 469 

number of the reduced size factors ( ) considered. Then, in light of the combination of the 470 

three key parameters such as the reduced size factor (size of J), the reduced first natural 471 

frequency (
1

n , size of L), and the damping ratio (, size of M), a large set of the reduced 472 

equivalent displacements (deq) are computed by solving an equation of motion. Finally, the 473 
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ERS (Sd,eq) is determined using the relationship, Sd,eq = max(deq) at each case. Similar to the 474 

response spectra in earthquake engineering, the ERS is indeed a graphical representation 475 

portraying the mean ERS and its coefficient of variation (COV) for the above three 476 

parameters (
1

n , , ) where M-sets of plots (for different damping ratios) are provided.  477 

It is worth noticing that the dependence of the response spectrum upon the reduced 478 

frequency 
1

n  and the damping ratio  is a classical and general property of this quantity. The 479 

dependence of Sd,eq on the reduced size factors   derives from the partial correlation of the 480 

wind field on the structural surface exposed to the wind, traduces the concept of aerodynamic 481 

admittance and represents the main difficulty and peculiarity of the generalization of the 482 

response spectrum technique from earthquakes to thunderstorms. 483 

Aside from the applicability of the EWS technique for the thunderstorm/downburst 484 

events, an inherent shortcoming in the TRST framework is currently a lack of representative 485 

datasets. Although Solari et al. (2015a) and Solari (2016) reported the availability of 93 486 

datasets, their monitoring system has measured wind velocity at limited heights (mostly 487 

around a typical reference height, 10 m), implying little information about vertical wind 488 

characteristics such as vertical profiles of wind velocity and turbulence intensity, wind 489 

spectrum and coherence with heights can be found yet. Accordingly, the current TRST 490 

reported in Solari (2016) assumed wind characteristics at the reference height to be used at 491 

each elevation, constant turbulence intensity, Vmax at the reference height, etc., though a non-492 

dimensional wind spectrum was introduced. The wind profile and the coherence function 493 

were also assumed, which will be discussed again in the next section.  494 

Codice campo modificato

Codice campo modificato
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It is worth noting that full-scale spatial information regarding thunderstorms and 495 

downbursts such as vertical profile, turbulence intensity, etc. is also being measured through 496 

a LiDAR system in the range of 40 m to 250 m heights and sampling rate of 1 Hz in the 497 

“Wind, Ports and Sea” project (THUNDERR, Repetto et al. 2018). Therefore, it is anticipated 498 

that additional data would become available in years to come under the project and offer a 499 

better knowledge of the spatial information which has been mostly limited in past studies 500 

concerning thunderstorm/downburst events.  501 

 502 

 503 

COMPARISON OF THE GFF/G-GFF AND THE TRST FRAMEWORKS 504 

As discussed in the previous sections, the two frameworks have adopted different 505 

approaches with different wind characteristics even though some underlying models are quite 506 

close. For this reason, a direct comparison of design loads (ESWL) induced by both 507 

approaches is not feasible, especially because the TRST heavily depends on the availability 508 

of data while the GFF/G-GFF is a model-based approach in which the adopted models may 509 

be improved given additional data in the future. Solari (2016) has demonstrated the TRST 510 

with an application where data-based parametric values such as Vmax(h), ˆ ( )G h , etc. were 511 

given in the study. Therefore, a plausible way for an indirect comparison is to employ those 512 

values in the GFF/G-GFF and compare a non-dimensionalized factor normalized by common 513 

parameters used in both frameworks.  514 

Indeed, the generalized GFF (G-GFF) in Eq. (8) and the TRST in Eq. (12) show some 515 

similarities with each other. Not only the static wind forces defined in both frameworks are 516 
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fundamentally the same, but also GG,G-F in the G-GFF is a similar concept with Sd,eq in the 517 

TRST as both are intended to capture the dynamic effects of gust front winds on structures 518 

akin to the conventional gust loading/effect factor approach for boundary layer winds. In 519 

light of this aspect, a non-dimensional factor () is introduced here as: 520 

2 2

max

(z)

1 / 2 ( ) A(z) ( )

ESWL

G F D

f

V V z C z





   (14) 521 

Note that 2

max
V  in this equation is 2

max
V for the GFF/G-GFF (Eqs. 8, 9) and 2

max
( )V h  for the 522 

TRST (Eq. 12). In an application reported in Solari (2016), a modified format of the Wood 523 

model (Wood et al. 2001) was employed to describe wind profile while the GFF/G-GFF 524 

utilized the Vicroy model (Eq. 9). Two profile models are distinctly different, thus such a 525 

non-dimensionalization by the static load term in Eq. (14) may reduce the related discrepancy 526 

between the two models. To further minimize the difference in profiles, for a comparison 527 

purpose, Vmax(zmax) in the GFF/G-GFF was determined from the Wood model, though it is 528 

expected that some discrepancies due to inherently different profile models between two 529 

approaches still remain in some degrees. Using this treatment, the factor  relating to the two 530 

approaches may be best expressed in terms of Eqs. (8, 12, 14): 531 

2

, ,
ˆ ( )

G G F d eq
G G h S


   (15) 532 

where, ˆ ( )G h  = 1.2 in Solari et al. (2015a) and Solari (2016). 533 

Three example structures with square cross-sections were considered to compare the two 534 

approaches. The following features were common for these examples: linear mode shape; 535 

open terrain condition; air density a = 1.225 kg/m3; reference height h = 13 m; Vmax(h) = 536 

36.5 m/s; zmax = 50 m; Vmax(zmax) = 41.1 m/s (obtained using Wood model for the GFF/G-537 
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GFF framework). Structural dimensions and other parameters are given in: 1) a mid-rise 538 

structure; width and depth B = D = 1 m; height H = 30 m; the first natural frequency n1 = 0.9 539 

Hz; damping ratio 1 = 0.005; structural density B = 67.1 kg/m3. This example simplified 540 

the application used in Solari (2016); 2) a high-rise structure; width and depth B = D = 25 m; 541 

height H = 100 m; the first natural frequency n1 = 0.5 Hz; damping ratio 1 = 0.01; structural 542 

density B = 120 kg/m3; 3) a tall structure; B = D = 40 m; H = 200 m; n1 = 0.2 Hz; 1 = 0.01; 543 

structural density B = 180 kg/m3. Note that since GFF/G-GFF have adopted the half-sine 544 

pulse as a time function, the input of pulse duration (Eq. 9) is additionally required. For the 545 

sake of a reasonable comparison, the mean value of the duration reported in Solari et al 546 

(2015a), td = 248 sec, was used for the GFF/G-GFF in these examples.  547 

Table 2 shows the results of the normalized factor () and COV of 
,d eq

S for the TRST 548 

which was also obtained through the graphs shown in Solari (2016) by computing non-549 

dimension parameters (
1
,n  ) with given example properties. Note that the numerical 550 

solution of the GG,G-F was computed using the web-enabled portal (https://vortex-winds.org) 551 

developed by Kwon and Kareem (2009) owing to the feature allowing user-defined inputs 552 

for Vmax and zmax.  553 

Despite the intrinsic difference between two approaches, an interesting trend was 554 

observed that the GFF/G-GFF resulted in a somewhat larger value than the TRST for 555 

examples 1 and 2, while the two approaches exhibited very close results to each other for 556 

example 3. It is quite intriguing even though the treatment of the non-stationary fluctuation 557 

component between the two differs significantly. As mentioned earlier, the GFF/G-GFF was 558 

formulated based on models and Davenport wind spectrum/coherence function in the 559 

https://vortex-winds.org/
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frequency domain using the evolutionary wind spectrum while the TRST employed a data-560 

based EWS technique in terms of wind velocity data at the measurement heights and non-561 

dimensional parameters in the time domain. As mentioned earlier, the mean duration of 248 562 

sec (td) reported in Solari et al. (2015a) was determined based on 93 measured records in 563 

which its average COV was 0.52 and the minimum duration was 57 sec, while no maximum 564 

was reported. Given this large variation on the duration, the effect of the duration was 565 

examined for the GFF/G-GFF at first. Note that the minimum duration reported in Solari et 566 

al. (2015a) was 1.48 times the standard deviation, thus the maximum duration was assumed 567 

to be the summation of mean value and 1.48 times of the standard deviation that resulted in 568 

439 sec. With these minimum and maximum bounds, three truncated probability distributions 569 

such as uniform, normal, and lognormal distributions were invoked to generate random 570 

samples of durations (10,000 samples) and the non-dimensional factors () were computed 571 

in the GFF/G-GFF. It was observed that the variation effects of durations were marginal for 572 

all three examples and their COVs were negligibly small (Table 3), i.e., mean of samples 573 

were almost identical to those using a single duration (Table 2). It is probably because even 574 

the minimum duration (57 sec) used in the examples is large enough as compared to the 575 

natural periods of example buildings which makes the pulse dynamic effects (I2) become 576 

almost unity for all sampled durations as reported in Kwon and Kareem (2009). In addition, 577 

the results indicated that the variations of the non-stationary turbulence effects (I3) were 578 

relatively small and converged to the results using the single duration (td = 248 sec) for all 579 

three examples. A series of small samples (100 realizations) were also tested to examine the 580 

duration effects given the number of data used in the TRST (93 datasets in Solari 2016), 581 
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however, no discernible difference was found: thus the results were omitted here for the sake 582 

of brevity.  583 

Among many other influencing factors on the observed trend in Table 2, the effect of 584 

turbulence intensity (TI) may be more prominent as observed in the preliminary uncertainty 585 

analysis earlier (Table 2). The alongwind dynamic effects are in general proportional to the 586 

turbulence intensity, e.g., the gust loading factor. Note that the GFF/G-GFF modeled and 587 

employed structural height-dependent TI for different exposure conditions (Kwon and 588 

Kareem 2009). On the other hand, the TRST in Solari (2016) assumed constant turbulence 589 

intensity based on the value estimated at the measurement heights: in most cases, the height 590 

was about 10 m and the mean TI ranged from 0.08 to 0.17 (Solari et al. 2015a). Accordingly, 591 

a mid-rise structure (H = 30 m) in example 1, would be exposed to much higher TI in the 592 

GFF/G-GFF (about 0.18) than in the TRST, which might lead to higher GFF/G-GFF results. 593 

On the other hand, a tall structure (H = 200 m) in the example 3 experiences less significant 594 

effects of TI in the GFF/G-GFF [TI = 0.13 which lies in the middle range of mean TI reported 595 

in the Solari et al. (2015a)]. In view of this perspective, additional normalized factors () for 596 

the examples 1 and 2 were also computed with the TI value of example 3 (0.13) and shown 597 

at parentheses in Table 2, which turned out to be more close to the TRST results in Solari 598 

(2016). The other major factor may be the treatment of a vertical wind profile and wind 599 

spectrum for the calculation of non-stationary fluctuation response, which the GFF/G-GFF 600 

considers Vicroy profile (Vicroy 1991) and Davenport spectrum model inside the 601 

formulation, while the TRST utilizes a data-based EWS approach and Wood profile (Wood 602 

et al. 2001).  603 
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Recently, Solari and De Gaetano (2018) reported improved graphs of the TRST after 604 

recognizing an incorrect computational procedures step in Solari (2016) and comparing to 605 

the results by time-domain analysis. They recommended using the dimensional form of the 606 

spectrum (n1, , ) instead of the non-dimensional form (
1

n , , ) employed in the above 607 

calculations. The size factor, , is expressed as:  608 

max
( )

z

eq

kc H

v z
   (16) 609 

where k = mode shape factor; cz = exponential decay coefficient; zeq = equivalent height 610 

(0.6H). Detailed information can be found in Solari and De Gaetano (2018). 611 

For a comparison purpose, new results of the normalized factor () and COV of 
,d eq

S  612 

obtained through the improved graphs in Solari and De Gaetano (2018) are added in the 613 

parenthesis in Table 2: note that there was no graph for the case of  = 0.005 in the literature, 614 

thus example 1 was excluded in this computation. Overall, it is observed that normalized 615 

factors () by the new TRST are slightly increased while their COVs are decreased as 616 

compared to the ones by Solari (2016). The normalized factor of example 2 becomes 617 

somewhat closer to the GFF/G-GFF and new TRST, while example 3 reveals some 618 

discrepancy despite the previous TRST (Solari 2016) shows good agreement with the 619 

GFF/G-GFF. It is worth noting that with the use of the dimensional size factor (Eq. 16), 620 

certain degrees of profile effects become predominant due to the presence of the denominator 621 

term, 
max

( )
eq

v z , which the profile term was not defined in the non-dimensional size factor 622 

( ): its denominator was simply expressed as zeq. That is, inherent profile discrepancies 623 

between the two approaches, Vicroy (GFF/G-GFF) and Wood profiles (TRST), become more 624 
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relevant in the new TRST because the size factor () is one of the key parameters to select 625 

,d eq
S  and its COV in the TRST graphs. To examine such profile effects, two normalized 626 

factors using Solari and De Gaetano (2018) are computed and shown in the parenthesis of 627 

Table 3 where the first value was obtained using Wood profile and the second utilized Vicroy 628 

profile for the calculation of the dimensional size factor (): more exactly, the denominator 629 

term, 
max

( )
eq

v z  in Eq. (16). As expected, Wood profile based results for both examples (2 630 

and 3) show higher values than Vicroy profile based ones and example 3 with higher building 631 

height than example 2 reveals a larger difference. These trends agree with the profile 632 

difference where the Wood profile model has higher wind velocity than the Vicroy one along 633 

with the height and the wind velocity above zmax shows more discrepancy between the two 634 

profiles with the increase of height. Certainly, Vicroy profile based results in the TRST show 635 

better agreement with GFF/G-GFF than those based on Wood profile, which explains the 636 

inherent profile effects. 637 

Note that both the GFF/G-GFF and TRST approaches have been respectively validated 638 

with Monte Carlo simulations in the time domain (Kwon and Kareem 2013a; Solari and De 639 

Gaetano 2018), thus such discrepancies between the two approaches observed in Table 2 are 640 

rarely caused by respective theoretical/computational deficiency. Rather, it is more likely due 641 

to inherent distinctions between the two approaches, employing different wind characteristics 642 

such as wind spectrum, profile, turbulence intensity, etc. Given all intrinsic differences, they 643 

showed reasonably good agreement with each other, less than 10 % discrepancies when the 644 

GFF/G-GFF results compared to Vicroy profile based ones in TRST. Nevertheless, this calls 645 

for further in-depth comparison to examine the results more systematically. 646 
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 647 

LIVING CODIFICATION THROUGH LEARNING AND UPDATING USING 648 

DESIGN THINKING APPROACH 649 

For a codification, it is vital to critically assess the efficacy of a design framework in light 650 

of the existing knowledge base to embark on the next step toward the codification of gust 651 

front winds to rationally and holistically quantify design loads such as equivalent static wind 652 

loads (ESWL) as those provided in the current codes and standards for boundary layer winds. 653 

This includes quantification of uncertainty associated with the data (meteorological, 654 

aerodynamic, and structural data) and finally the reliability of the frameworks leading to 655 

establishing confidence of users, code/standard writers, and researchers for the codification 656 

of design frameworks. Once a framework is established and implemented, it is suggested that 657 

a working group of potential users is assembled from academia and practice to review, learn, 658 

and in turn introduce additional changes if needed. To facilitate this procedure, it is suggested 659 

that the community engagement in implementing these revisions following the emerging 660 

“Design Thinking” approach that entails identifying options, assessing their impact and 661 

evaluating trade offsets (e.g., Plattner et al. 2010). Accordingly, implementation and analysis 662 

take place concurrently to establish a codification framework through scoping exercise 663 

combined with the advancements through learning and updating (Figure 2). As such, a design 664 

framework would benefit from further refinements over time, as additional knowledge about 665 

the gust front wind field and associated interactions with structures are better understood. It 666 

is anticipated that new datasets and data-based information resulted from recent researches 667 

on thunderstorms/downbursts, e.g., full-scale monitoring of thunderstorms by the European 668 
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Research Council’s project (THUNDERR) (Solari et al. 20122020; Repetto et al. 2018) and 669 

large-scale experiments at WINDEEE Dome (Junayed et al. 2019; Hangan et al. 2019) would 670 

play important roles to offer better understanding and modeling of thunderstorm/downburst 671 

events.  672 

It is worth noting that many subsequent developments to date have been introduced in 673 

gust loading factor approach (e.g., Vickery 1970; Solari 1993; Solari and Kareem 1998; Zhou 674 

and Kareem 2001) since its introduction in 1967 (Davenport 1967), which have enhanced its 675 

accuracy and versatility through learning and updating. It should be noted that the proposed 676 

learning and updating concept (Figure 2) within a web-enabled design framework (e.g., 677 

https://vortex-winds.org; Kareem and Kwon 2017) can be a natural fit for encompassing such 678 

a reliability analysis, which will also offer expeditious utilization of the gust front factor this 679 

and the TRST frameworks in design practice and potential inclusion in codes and standards. 680 

 681 

Figure 2. Codification through learning and updating 682 

https://vortex-winds.org/
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 683 

CONCLUDING REMARKS 684 

Design wind loads based on conventional approaches in codes and standards may not 685 

accurately describe fundamentally different non-synoptic non-stationary wind events that 686 

depart from typical boundary layer winds both in their kinematics and dynamics. To begin 687 

working toward establishing a new design procedure for this type of wind load effect on 688 

structures, this study reviews two design frameworks reported in the past literature such as 689 

the gust front factor (GFF/G-GFF) and the thunderstorm response spectrum technique (TRST) 690 

frameworks concerning gust front winds originated from thunderstorms/downbursts.  691 

The gust front factor and its generalized frameworks that realistically capture 692 

characteristics of gust front winds and their attendant load effects were reviewed to take a 693 

step toward codification, promoting wind design practice that enhances disaster resilience of 694 

the built environment. In light of limited full-scale data to derive a consensus on quantifying 695 

key parameters to date, a model-based approach utilizing analytical models appears to be 696 

more appealing at this early juncture of codification, subject to further refinements of 697 

underlying models over time similar to the many subsequent developments in the original 698 

procedure of conventional gust loading factor for boundary layer winds. A data-driven design 699 

approach involving simulation-based schemes and those capturing uncertainties can also 700 

become an attractive alternative for the cases where a suite of data sets will become available 701 

in the future.  702 

A GFF/G-GFF-based closed-form solution concerning non-stationary fluctuations can 703 

facilitate rapid assessment of non-stationary turbulence effects for a case of a long pulse 704 
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duration similar to a typical gust front life cycle. It is promising to possibly take a step toward 705 

more simplified codification for the evaluation of gust front wind effects on structures. 706 

Besides, the results of a preliminary uncertainty analysis suggested that parameters 707 

concerning the wind profile such as wind velocity (V3-s, Vmax) and zmax were the two most 708 

influential factors for the load effects associated with gust front winds and turbulence 709 

intensity (c1) was a key parameter for non-stationary turbulence effects. Also, it turned out 710 

that dynamic effects in gust front winds were less significant than static/quasi-static and 711 

kinematic effects for the example studied, which is because gust front winds are relatively 712 

short time events as compared to conventional synoptic winds. A more accurate evaluation 713 

will continue through detailed uncertainty quantification with more data and a better support 714 

knowledge base. 715 

Data-based thunderstorm response spectrum technique (TRST) is another promising 716 

design framework given the fact that the amount of full-scale data is increasing over time. A 717 

comparative example between the GFF/G-GFF and the TRST frameworks demonstrated that 718 

both approaches exhibited a reasonably good agreement despite their underlying differences, 719 

thus establishing the efficacy of both frameworks.  720 

Given the lessons learned from the history of the gust loading factor on codes and 721 

standards, it is vital not only to critically assess the efficacy of the two design frameworks in 722 

light of the existing knowledge base to embark on the next step toward the codification of 723 

non-synoptic gust front winds but also to review, learn and in turn introduce additional 724 

changes if needed. It is envisaged that these validations and revisions can be promptly and 725 

efficiently made following through the proposed learning and updating concept invoking the 726 

emerging “Design Thinking” approach that entails identifying options, assessing their impact 727 
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and evaluating trade offsets. It is anticipated that new datasets and data-based information 728 

resulted from recent researches on thunderstorms/downbursts, e.g., full-scale monitoring 729 

(THUNDERR) and large-scale experiments (WINDEEE Dome), would offer better 730 

understanding and modeling of thunderstorm/downburst events in this context. Accordingly, 731 

implementation and analysis can take place concurrently to establish a codification 732 

framework through scoping exercise combined with the advancements through learning and 733 

updating concept. A web-enabled design framework (e.g., https://vortex-winds.org) 734 

embedding the proposed concept can be a natural fit for encompassing such a reliability 735 

analysis, which will also offer expeditious utilization of this framework in design practice 736 

and potential inclusion in codes and standards. The two frameworks may serve as a building 737 

block for such an exercise that would benefit from continued advances and input from the 738 

design community need towards a possible codification in the years to come. 739 
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Figure Captions 891 

Figure 1. Schematic diagram of the gust front factor framework (Kwon and Kareem 2009) 892 

Figure 2. Codification through learning and updating 893 

894 
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Table 1. Results of a preliminary uncertainty analysis 895 

 Inputs 
Load factor 

(w) 
Base moment GG,G-F 

 Mean COV  Mean2 COV Mean COV 

Exposure C 

All1 – – 3.270 2.296 0.629 1.448 0.073 

V3-s 40 m/s 0.20 2.315 2.151 0.427 1.448 0.007 

zmax 60.35 m 0.20 1.269 2.027 0.124 1.449 0.005 

td 200 sec 0.20 1.022 2.065 0.011 1.446 0.011 

c1 0.134 0.20 1.141 2.067 0.062 1.447 0.062 

n0 0.17 Hz 0.05 1.002 2.068 0.001 1.448 0.001 

 0.01 0.40 1.005 2.069 0.002 1.448 0.002 

Exposure B 

All1 – – 3.115 2.499 0.600 1.661 0.094 

V3-s 40 m/s 0.20 2.292 2.377 0.419 1.660 0.006 

zmax 80.47 m 0.20 1.186 2.227 0.092 1.661 0.005 

td 200 sec 0.20 1.027 2.277 0.013 1.658 0.013 

c1 0.201 0.20 1.185 2.278 0.008 1.659 0.080 

n0 0.17 Hz 0.05 1.0047 2.279 0.002 1.660 0.002 

 0.01 0.40 1.003 2.280 0.002 1.660 0.002 
1 All six uncertain parameters were considered 896 
2 unit in [109N·m] 897 

 898 

 899 

900 
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Table 2. Comparison of the GFF/G-GFF and the TRST 901 

 
GFF/G-GFF TRST 

  GG,G-F
   2

,
Ĝ (h)

d eq
S   ,d eq

COV S  

Example 1 

(H = 30 m) 

2.11 

(1.81)a 
1.61 0.185 

Example 2 

(H = 100 m) 

1.65 

(1.58)a 

1.41 

(1.79, 1.73)b 

0.145 

(0.115, 0.110)b 

Example 3 

(H = 200 m) 
1.45 

1.47 

(1.80, 1.65)b 

0.140 

(0.165, 0.155)b 

 a: values in the parenthesis were obtained using Example 3’s turbulence intensity 902 

 b: using Solari and De Gaetano (2018): results obtained through Wood profile (first                903 

                value) and Vicroy profile (second value), respectively 904 

 905 

 906 

Table 3. Non-dimensional factor  of the GFF/G-GFF using randomly generated td with 907 

different truncated probability distributions (10,000 samples for td = 57 ~ 439 sec) 908 

 
Uniform Normal Lognormal 

Mean COV Mean COV Mean COV 

Example 1 2.09 0.031 2.10 0.026 2.07 0.025 

Example 2 1.65 0.022 1.65 0.019 1.64 0.018 

Example 3 1.44 0.023 1.45 0.019 1.44 0.018 

 909 


