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12 Abstract
13 Quasi-Steady (QS) vector models have served as a convenient and effective tool for wind 
14 load estimations for low-rise buildings in the wind engineering community.  In order to 
15 understand the applicability for practice, the physical assumptions of a QS vector model are 
16 investigated in this paper.  The derivation is done through algebraic manipulation of the time-
17 averaged integral momentum equation, which is used to relate mean, area-averaged, roof surface 
18 pressures to the mean flow and turbulence field above a roof.  The two main assumptions of the 
19 QS model are revealed through this process: (i) The streamlines of an instantaneous flow near 
20 the roof are assumed to be the mean streamlines so that the instantaneous direction of the flow 
21 measured at the reference point is equivalent to the mean direction;  (ii) The magnitude of the 
22 instantaneous flow is obtained by amplifying the magnitude of the mean flow at a spatially 
23 uniform rate such that the amplified magnitude of mean velocity is equivalent to the 
24 instantaneous magnitude measured at the reference point. Missing terms in the QS model are 
25 used to develop correction terms to improve QS model performance.
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29 Nomenclature
30 , Area of the target surface  and i-th tap location, , respectively.( )1A S ( )iA x 𝑆1 𝒙𝑖
31 Pressure coefficient.Cp
32 Instantaneous function associated with the quasi-steady model.instCp
33 ,  Spatially averaged pressure coefficient and instantaneous functions, 𝐶𝑝(𝑆1) 𝐶𝑝inst(𝑆1)
34 respectively, over surface .𝑆1
35 Height of the low-rise building model, .H cm8=H
36 Turbulence intensity of streamwise velocity component.uI
37 Integral length scale of streamwise velocity component.uxL
38 Outward normal of the control volume, i.e., .n kjin zyx nnn ++=

39 Outward normal of the target surface portion, , of the control volume.1n 𝑆1
40 Frequency.n
41 Sampling rate.sn
42 Pressure.p
43 Ambient static pressure.p
44 Bounding surface of the control volume.S
45 Target surface on roof where area-averaged pressures are calculated.1S
46 , The spectral density of measured and QS-predicted pressures respectively.CpMS CpQSS
47 The cross-spectral density between the QS-predicted and measured CpMCpQS,S
48 pressures.
49 Time.t
50 Streamwise velocity component (with direction parallel to x-coordinate).u
51 Velocity vector, .u kjiu wvu ++=
52 Velocity measured at point m. mu
53 Upstream streamwise velocity at roof height.𝑢𝐻
54 Reference velocity.refu
55 Vertical velocity component with direction parallel to z-coordinate.w
56 x-coordinate of the space.x
57 Space vector,  .x kjix zyx ++=
58 Vertical coordinate of the space.  z
59 Roughness length.oz
60  Azimuth angle of the wind velocity.𝜃
61 Density of air.�
62 , Estimated or (time) averaged value of .a a a
63 Temporal fluctuation of , i.e.,  .a a aaa =
64 Real part of .( )aRe a
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65 1. Introduction
66 Understanding the physical mechanisms associated with building surface pressures under the 
67 influence of the turbulence in the atmospheric boundary layer (ABL) can greatly help engineers 
68 assess risk levels for severe storms.  The momentum equations (i.e., the Navier-Stokes 
69 equations), which specify the relationship between the velocity and pressure fields, offer a 
70 promising tool from the theoretical point of view.  For example, Wu et al. (2017) connected 
71 mean surface pressures to planar turbulent flow fields obtained from PIV measurements via the 
72 differential momentum equations, for mean flows normal to a building wall.  Through this 
73 process, the effects of the upstream turbulence on the mean surface pressure distributions 
74 observed in Akon and Kopp (2016) were explained.  
75 In general, three-dimensional and temporal flow field measurements of high resolution are 
76 required (e.g., de Kat and van Oudheusden, 2012), if the instantaneous pressure is to be 
77 evaluated theoretically.  Such high costs in the flow field measurements, however, are generally 
78 not practical for typical wind engineering applications.  In contrast, the quasi-steady (QS) theory, 
79 which requires less cost in measurement and calculation, offers a convenient tool in relating the 
80 wind speed and roof surface pressures.  Basically, the QS method estimates the instantaneous 
81 building surface pressure using vector information of the wind measured at a point near a 
82 building.  Because the analytical functions in the model are established via building surface 
83 pressure measurements, the QS approach is semi-empirical.  
84 Because of its relative convenience, QS methods have been applied in determining the wind 
85 loads on various types of structures.  For slender structures such as tall buildings (e.g., Kawai, 
86 1983) and bridges (e.g., Davenport and King, 1984), the QS method is used to relate the local 
87 ‘buffeting’ velocity and wind loads on a finite section, i.e., the so-called ‘strip’ theory (see 
88 Holmes, 2007).  For low-rise buildings, on the other hand, QS methods have been used in 
89 estimating the cladding loads, particularly on roofs, due to the significant consequences of roof 
90 failure.  The simplest model accounts for only the stream-wise component of the velocity 
91 fluctuations (e.g., Uematsu and Isyumov, 1998).  In addition to the streamwise component, 
92 models including the effects of transverse (e.g., Letchford et al., 1993; Richards et al., 1995) and 
93 both transverse and vertical velocities (e.g., Richards and Hoxey, 2004; Asghari Mooeneghi, et 
94 al, 2016; Wu and Kopp, 2016) have been developed as well.  For turbulence with length scales 
95 larger than the building dimension, the QS method is particularly useful in relating the wind field 
96 and building surface pressures (e.g., Tieleman, 2003; Asghari Mooneghi et al., 2016; Wu, 2017). 
97 Although QS approaches have had a somewhat successful record in wind engineering 
98 applications, the underlying physical assumptions have not been explicitly examined with respect 
99 to the Navier-Stokes equations.  In order to bridge this gap, this paper links the QS vector model, 

100 of a relatively simple form, to the integral form of the momentum equations for estimations of 
101 area-averaged surface pressures.  Velocity field measurements, obtained via particle image 
102 velocimetry (PIV), and point velocity measurements, via a Cobra probe, along with synchronized 
103 building surface pressures, are used for the analysis.  These are described in Section 2.  In 
104 Section 3, the integral momentum approach is introduced and validated for estimating area-
105 averaged surface pressures.  The QS vector model is described in Section 4.  In Section 5, the 
106 physical assumptions in the QS model are explained via algebraic manipulations of the integral 
107 momentum equation.  The missing terms in the QS model are further discussed and a correction 
108 is developed to account for these.
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109 2. Experimental setup
110 2.1. Boundary layer flow simulations
111 In order to examine the effects of the upstream turbulence, the six upstream terrain 
112 conditions reported in Akon and Kopp (2016) were used to physically simulate the atmospheric 
113 boundary layer (ABL) wind.  The ABL flows were generated for the experiments conducted in 
114 the high-speed section of BLTW II at UWO, which has a fetch of 39 m for flow development 
115 and cross-sectional dimensions of 3.36 m wide by 2.05 m high at the test location.  Three spires 
116 that are of 1.22 m height and 0.1 m wide at the base were placed at the upstream end of the high-
117 speed section.  Using combinations of three sets of ground roughness elements (labeled as Flat, 
118 Open and Suburban) and the optional 15 inch (38 cm) barrier at the upstream end, six turbulent 
119 flow conditions (labeled as ‘F0’, ‘F15’, ‘O0’, ‘O15’, ‘S0’ and ‘S15’) were generated yielding a 
120 range of turbulence intensities (i.e., ) and length scales (i.e., 27%  to%13=uI HHLux 13  to6=
121 ).  Note that the first characters in the label, i.e., ‘F’, ‘O’ and ‘S’, stand for ‘Flat’, ‘Open’ and 
122 ‘Suburban’ terrain conditions, respectively, and are a description of upstream roughness levels 
123 on the upstream tunnel floor.  On the other hand, the digits ‘0’ and ‘15’ after the character denote 
124 heights of the upstream barrier, in inches.  Table 1 summarizes the mean streamwise flow 
125 characteristics obtained from the six terrain conditions, as reported by Akon and Kopp (2016).  
126 Note that the turbulence intensity is defined as ;  The integral length scale is defined as u u u 

127 , where  and  denote time and time lag respectively;  𝐿𝑢𝑥 = 𝑢∫∞0 𝑢'(𝑡)𝑢'(𝑡+ 𝑡 ∗ ) 𝑢'𝑢' 𝑑𝑡 ∗ t *t
128 Jensen number is defined as the ratio between the building height to the aerodynamic roughness, 
129 .  As can be observed in Table 1, adding a 15-inch barrier at the upstream end significantly ozH
130 increases the length scale of the turbulence while increasing the roughness elements increases the 
131 turbulence intensities.

132 2.2. Velocity and roof surface pressure measurements on a low-rise building model 
133 The surface pressure measurement data used in this paper were obtained on the 1/50 
134 geometrically-scaled model of Texas Tech University Wind Engineering Research Field 
135 Laboratory (TTU WERFL) building (see Levitan and Mehta, 1992), which is shown in Figure 1 
136 (a).  The modelled building has plane dimensions of 18.3 cm × 27.5 cm with an eave height of 
137 7.8 cm.  A Cartesian coordinate used to define the space and velocity components are also 
138 included in this figure.  The origin of the coordinate system is located at the middle bottom of the 
139 building model longer wall.  Based on this definition, wind direction normal to the longer wall is 
140 0˚ in azimuth, whereas the wind direction normal to the shorter wall is 90˚ in azimuth (see the 
141 definition of the wind direction azimuth in Figure 1 (a)).  The upstream mean streamwise 
142 velocities are set to be around 10 m/s at model roof height for each measurement, leading to a 
143 Reynolds number of  based on the roof height.  Detailed tubing system and frequency 5.3 × 104

144 responses for the pressure measurements can be found in Ho et al. (2005).  The pressures 
145 measured on this model have been studied with the velocity measurements on a planar field by 
146 Akon and Kopp (2016) and point velocity measurements by Wu and Kopp (2016) for 
147 understanding the effects of upstream turbulence.  Both of the field and point velocity 
148 measurements are used in current paper and briefly summarized as follows.  
149 The planar velocity field measurements using the time-resolved particle image velocimetry 
150 (TR-PIV) were conducted by Akon and Kopp (2016) for studying turbulent flow field near the 
151 roof.  Instantaneous image pairs of particles with a time-delay of 85 micro-seconds were 
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152 captured by two 1Mb Photron FASTCAM-1024 PCI CMOS cameras.  These images were 
153 transformed to the velocity data via an FFT cross-correlation algorithm in TSI Insight 4G.  
154 During the process, an interrogation window of 32×32 pixels with 50% overlap were 
155 implemented, leading to final grid spacing  for upstream field of view (i.e., cm2.0== zx
156 FOV 1 in Figure 1 (a)) and  for roof field of view (i.e., FOV 2 in Figure 1 cm18.0== zx
157 (a)).  Note that standard cross-correlation algorithms yields a spatial uncertainty less than 0.1 
158 pixels (Huang et al., 1997).  These velocity fields were synchronized to the pressure 
159 measurements and sampled at 500 Hz for a duration of 160 seconds.  More detailed discussion 
160 on the TR-PIV system and the synchronization of velocity and pressure measurements can be 
161 found in Taylor et al. (2010). 
162 In order to study the roof surface pressure fluctuations on the TTU WERFL model (see 
163 Figure 1 (a)), Wu and Kopp (2016) conducted a separate set of measurement of three-
164 dimensional velocity at a point location near building.  A four-hole Cobra probe (TFI Inc., model 
165 no. 900, see TFI Inc., 2017), which is used to measure the 3D velocity, is placed at the location 
166 one building height ( ) above the leading edge and on the symmetry plane dividing the cm8=H
167 long wall, as labeled by m in Figure 1 (a).  In order to measure velocities that are representative 
168 of the roof top flow, the selection of the measurement location m is compromised with its 
169 minimal interference (see also Wu, 2017).  Because one of the uses for this probe is to construct 
170 the quasi-steady (QS) model, the relative location of m with respect to the building is fixed for 
171 each mean wind azimuth direction.  That is, when the building is rotated on the turntable in the 
172 wind tunnel, the location of m is also changed so that it remains directly above the leading edge 
173 (as shown in Figure 1 (a)).  Both of the velocity and pressure measurement were sampled and 
174 synchronized at a rate of 625 Hz for a duration of 200 seconds.  Such synchronized pressure and 
175 velocity measurements were conducted for mean wind azimuths ranges from  to  with �0=� �90
176 an increment of  and all six upstream terrain conditions described in Table 1.�5

177 3. Estimation of area-averaged mean pressure using an integral momentum equation
178 3.1. Background 
179 The area-averaged pressure is an important quantity in wind engineering applications for 
180 determination of cladding loads on, for example, roof panels (e.g., Gavanski et al., 2013).  In 
181 order to assess the area-averaged pressure from the field information of velocities above the roof, 
182 an integral momentum approach is applied by placing a control volume (CV) on top of the target 
183 surface of the roof (see Figure 1 (a)).   Such an approach can be derived by starting with the 
184 equation of conservation of momentum for an instantaneous flow field (see, e.g., Wilcox, 2007), 
185 i.e., 

186 , (1)( ) 









+=+





1

1
1

CV SSS

dspdspdsdV
t

nnunuu
�

187 where  and  are the instantaneous velocity and pressure, respectively;   denotes the bounding 𝐮 𝑝 𝑆
188 surface of the CV excluding the roof surface for area-averaging,  (see Figure 1 (a));   and  𝑆1 𝐧 𝐧1
189 denote the outward unit vector for surfaces  and , respectively;   is the density of the air.  𝑆 𝑆1 𝜌
190 The first term on the left-hand side of Eq. (1) is the time derivative of the volume-integrated 
191 velocity.  The second term on the left is the instantaneous momentum flux out of the control 
192 volume.  Because the velocity near the roof surface, i.e., , is assumed to be zero, the 𝑆1
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193 integration of the momentum flux is conducted only on rest of the surfaces bounding the CV, i.e., 
194 .  On the right-hand side of Eq. (1), the terms are associated with the pressures acting on the 𝑆
195 bounding surfaces, but with contributions of the roof surface separated from the others.  Because 
196 the viscous stress plays a relatively minor role in high Reynolds number flows (e.g., Kurtulus et 
197 al., 2007; van Oudheusden et al., 2007), it is neglected in Eq. (1).  Since the control volume 
198 encloses nothing but air, the force term vanishes in the momentum equation (1), which is 
199 different from the typical applications where solid objects are enclosed by the CV (e.g., Kurtulus 
200 et al., 2007; van Oudheusden et al., 2007).  
201 By taking the time average of Eq. (1), the acceleration term vanishes.  The time-average of 
202 the instantaneous momentum flux becomes a combination of mean and turbulence fluxes, i.e., 
203 , where the overbars denote the time-average,  is the turbulence (𝐮 ∙ 𝐧)𝐮= (𝐮 ∙ 𝐧)𝐮+ 𝐧 ∙ 𝛕 𝛕
204 stress tensor, i.e.,  , and  is the contracted product, i.e., .  The instantaneous 𝜏𝑖𝑗 = 𝑢'

𝑖𝑢'
𝑗 𝐧 ∙ 𝛕 𝑛𝑗𝑢'

𝑗𝑢'
𝑖

205 pressure becomes the mean pressure after time-averaging.  Eventually, the equation for 
206 estimating the mean area-averaged pressure over the roof surface can be obtained by rearranging, 
207 i.e., 

208 (2)( )  =
SSSS

dspdsdsdsp 11

1

1 nτnunun
��

209 Given that the pressure coefficient, , is defined as 𝐶𝑝

210 , (3)2
ref5.0 u

ppCp
�


=

211 the mean pressure coefficient averaged over surface, , of area, , which is denoted by , 𝑆1 𝐴 𝐶𝑝(𝑆1)
212 can be obtained by subtracting the ambient static pressure, , from the time-averaged 𝑝∞
213 momentum equation (2) and dividing by , i.e.,   2

ref5.0 u

214 . (4)

( )
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215 Because the roof surface used here is flat, the surface integration of pressure on the left-hand side 
216 of Eq. (4) is further reduced to the product of the area-averaged value and the outward normal.  
217 Also, note that the mean velocity vector is now normalized by the reference velocity in Eq. (4) 
218 for the consistent definition of pressure coefficient.  In this integral momentum approach, 
219 contributions to the mean area-averaged roof surface pressure coefficients can be categorized by 
220 the three terms on the right-hand side of Eq. (4):  The first term is identified as the mean 
221 convection, the second is due to the turbulence and the third is due to the pressure.  
222 Because the current PIV data are planar, as shown in Figure 1 (a), the ideal three-dimensional 
223 CV (as denoted by the red dashed lines in Figure 1 (a)) is reduced to the two-dimensional area 
224 (as denoted by the red solid lines in Figure 1 (a)) and, hence, the area-averaging becomes a line-
225 averaging process.  The resulting two-dimensional CV on top of the target roof surface is shown 
226 schematically in Figure 1 (b).  Note that such a reduction in the CV dimensions requires that the 
227 flow quantities are symmetric across the measurement plane so that the two out-of-plane 
228 components involved in Eq. (4) cancel each other out.  As will be shown in Section 3.2, this 
229 condition may be satisfied when the mean wind direction is normal to the long wall, i.e., .  =0� �
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230 Since the roof slope is negligible, the outward normal of the bottom face of CV, i.e., face ① in 
231 Figure 1 (b), is  for Eq. (4).  Because the bottom CV face ① is close to the roof surface, kn =1

232 the velocity and turbulence quantities are assumed to be zero and, hence, only the pressure term 
233 is involved in Eq. (4) for this face.  Note that the resulting force obtained from integrating the 
234 mean pressure acting on face ①, as defined by the left-hand side of Eq. (4), has a direction 
235 parallel to the z-axis.  For the CV boundaries normal to the free stream direction, i.e., faces ② 
236 and ④ in Figure 1 (b), the surfaces are exactly aligned with the z-axis and, hence, their outward 
237 normal vectors are parallel to the x-axis.  As a result, the pressure along these two vertical 
238 boundaries are not involved in calculating the area-averaged pressure on face ① because of the 
239 orthogonality.  For the top face ③ shown in Figure 1 (b), a portion of the streamline is selected 
240 as the upper boundary CV face in order to facilitate the calculation.  In this manner, there is no 
241 mass flux across the upper boundary and, hence, the mean convection term vanishes for this face.  
242 Figure 1 (b) also summarizes the terms (in red texts) that need to be considered in the momentum 
243 equilibrium of Eq. (4) for each of the four CV boundary faces.
244 The integration of Eq. (4) can be calculated systematically by starting from the leading edge 
245 along the bottom CV border, progressing in a counter clockwise manner along the remaining CV 
246 boundaries (as indicated by the red arrows in Figure 1 (b)).  The final form of time averaged 
247 momentum equation, as the result of reductions of Eq. (4) for the 2D CV shown in Figure 1 (b), 
248 can be shown to be 

249 (5)

( )
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250 Note that the dimension of  is length in Eq. (5), instead of length square for the ideal 𝐴
251 calculation of Eq. (4).  The ’s in Eq. (5) denote the CV boundary surfaces with subscript 𝑆
252 indicating the specific face labeled in Figure 1 (b), whereas  and  denote the components of 𝑛𝑥 𝑛𝑧
253 the outward normal unit vector along the  and  direction, respectively. 𝑥 𝑧
254 The contributions of mean convection and turbulence stresses to the line-averaged mean roof 
255 pressure can be directly evaluated from the measured PIV data.  The contribution of pressure on 
256 the top face of the CV, however, is not explicitly measured.  Fortunately, the Bernoulli equation 
257 along a streamline far away from the body can be used to relate the mean pressure at an upstream 
258 location and the mean pressure above the roof, as demonstrated by Wu et al. (2017).  Once the 
259 required parameters are obtained along the CV boundaries, area-averaged pressures can be 
260 calculated for various regions by traversing the CV along the roof surface.  The calculated results 
261 will be compared in Section 3.2 to the surface pressure measurement and the estimations 
262 obtained from differential momentum equation (i.e., the Navier-Stokes equation used in Wu et 
263 al., 2017).  The reason for selecting the integral momentum approach is due to its explicit 
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264 relation to the QS theory, which will be addressed in Section 4.  In order to further address this 
265 argument, the integral momentum approach of Eq. (4) needs to be validated first.  

266 3.2. Results and discussion 
267 The integral momentum approach described in Section 3.1 is applied to estimate the area-
268 averaged mean roof surface pressure for a mean wind azimuth of 0˚, i.e., a wind direction normal 
269 to the longer wall.  The control volume (CV) used in the current calculation has a bottom width 
270 of (or 2 cm, where  is the model building ridge height), as schematically H25.0 cm8=H
271 indicated by the 2D solid red box in Figure 1.  Based on the applicability of Bernoulli’s 
272 estimation of mean pressure, as discussed in Wu et al. (2017), the main criteria of selecting a 
273 streamline as the top CV boundary is to avoid its passage through the region of high-turbulence-
274 induced pressure gradients.  Hence, streamlines far above the separated shear layer would be 
275 appropriate for this purpose.  Here, we select the streamlines starting from the upstream point 
276 near .  The area-averaged mean pressures can be obtained once the {𝑥=‒ 1.5𝐻; 𝑧= 1.31𝐻}
277 information of velocity, pressure and turbulence have been extracted for the CV boundaries.  The 
278 red lines in Figure 2 show the integral momentum results for the five non-overlapped segments 
279 covering a (or 10 cm) fetch of roof surface, i.e., .  The measured H25.1 {0≤ 𝑥 ≤ 1.25𝐻,  𝑦= 𝐻}
280 mean roof surface pressures, along with the results integrated from the Navier-Stokes equation 
281 (i.e., Figures 11 and 13 in Wu et al., 2017), are also included for comparison in Figure 2.  
282 The distributions of  estimated from the integral momentum equation are consistent 𝐶𝑝(𝑆1)
283 with both the measurements and differential momentum (i.e., the Navier-Stokes equation) results 
284 for , as can be observed in Figure 2 for terrains ‘S0’, ‘S15’.  For upstream terrain 𝑥 ≥ 0.25𝐻
285 ‘O0’, the integral momentum result is consistent with differential momentum result but 
286 underestimated estimations of  can be observed as compared to the measured values |∆𝐶𝑝|≈ 0.1
287 for .  For terrains ‘F0’, ‘F15’ and ‘O15’, the results obtained from the integral 𝑥 ≥ 0.25𝐻
288 momentum are underestimated by  for , as compared to both the |∆𝐶𝑝|≈ 0.1 𝑥 ≥ 0.25𝐻
289 differential momentum solutions and measurements.  It is noted that the uncertainty of surface 
290 pressure measurement is about  (Quiroga Diaz, 2006) such that the existence of these |∆𝐶𝑝|≈ 0.1
291 differences is generally within the uncertainty band and the integral momentum approach of Eq. 
292 (4) is validated (in terms of the variations of the area-average mean pressures).  For panels near 
293 the leading edge, i.e.,  , the integral momentum approach generally 0 < 𝑥 ≤ 0.25𝐻
294 underestimates the magnitudes by , as compared to the measured values.  The |∆𝐶𝑝|≈ 0.2
295 differential momentum approach of Wu et al. (2017), however, provides relatively better 
296 estimates for this region.  The difference between integral and differential momentum 
297 approaches implies that the treatment of zero velocity and turbulence near the lower boundary of 
298 a horizontally traversed CV at the ridge height may not be precise when the CV is above the 
299 leading-edge panel, since there is a gap of about 2 mm where turbulent flow may exist.  
300 Nevertheless, the detailed differences for treating the leading-edge panel do not alter the final 
301 conclusions derived from the current approach.
302 The contributions of convection, pressure, and turbulence to the area-averaged pressure 
303 estimated using the integral momentum equation are plotted in Figure 3, for all six terrain 
304 conditions.  Generally, the convection term dominates the estimated  values for areas near ( )1SCp
305 the leading edge, with highest contribution of around 60% of the total.  For roof surfaces further 
306 downstream, the contributions of the pressure term increase near linearly, being up to 80% for 
307 panels within the bounds .  The contributions of turbulence terms are generally {𝐻< 𝑥 ≤ 1.25𝐻}
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308 less than 5% and are found to be negative for some of the downstream locations.  Note that these 
309 negative contributions of turbulence term are consistent with the pressure recovery observed 
310 along the leeward region of the separation bubbles described in the differential momentum 
311 approach of Wu et al. (2017).

312 4. The quasi-steady vector model 
313 4.1. Background
314 A relatively simple version of quasi-steady (QS) vector model is introduced in this section to 
315 account for the effects of both the magnitude, , and azimuth, , of the instantaneous wind |𝐮| 𝜃
316 velocity vectors, where the variables are defined as

317      and      . (6a, b)2222 wvu ++=u 





= 

u
v1tan�

318 Typically, a QS model estimates the instantaneous building surface pressures by multiplying the 
319 instantaneous dynamic pressure measured at a point, m, i.e., , with an instantaneous 0.5𝜌|𝐮m|2

320 function .  Note that  is a non-dimensional quantity that is, in fact, equivalent to a 𝐶𝑝inst 𝐶𝑝inst
321 pressure coefficient.  However,  varies according to a functional form which depends on 𝐶𝑝inst
322 input variables such as the instantaneous wind direction.  Because the instantaneous wind 
323 azimuth is variable to be considered, it is included in the instantaneous function, i.e., 𝐶𝑝inst =
324 .  As a result, the QS vector model can be represented as𝐶𝑝inst(𝜃)
325 , (7a)  ( )�� inst

2
m5.0 Cppp u= 

326 or alternatively, in the form of pressure coefficients, i.e., 

327 . (7b)( )�inst2
ref

2
m Cp

u
Cp

u
=

328 A straightforward estimation of the instantaneous function can be obtained by taking the average 
329 of  in Eq. (7b) under the condition of a specific wind azimuth, i.e.,  𝐶𝑝inst

330 . (8)( ) ( )���
�

�� ==== at   evaluated
2

m

2
ref

2
m

2
ref

instinst CpuCpuCpCp
uu

331 Here  and  denote the average velocity squared and roof surface pressure, ⟨|𝐮m|2│𝜃⟩ ⟨𝐶𝑝│𝜃⟩
332 respectively, under the condition of specific wind azimuth.  Because of the existence of the 
333 statistical independence between velocity magnitude and wind azimuth for an ABL turbulent 
334 wind, the conditional average of velocity squared, , can be replaced by the mean value  ⟨|𝐮m|2│𝜃⟩
335  obtained from the measurement of the specific mean wind azimuth, .  On the other |𝐮m|2 𝜃= 𝜃
336 hand, roof surface  values may be statistically dependent of .  However, the conditional 𝐶𝑝 �
337 average of roof surface pressure coefficient, , is assumed to be equivalent to the mean ⟨𝐶𝑝│𝜃⟩
338 pressure coefficient, , obtained from a measurement for the specific mean wind azimuth 𝐶𝑝 𝜃= 𝜃
339 .  This assumption is similar to those presented in earlier applications (e.g., Kawai, 1983; 
340 Letchford et al., 1993) and is easier for manipulations in later discussions.
341 By using Eq. (8), discrete estimations of the instantaneous function can be obtained for each 
342 mean wind azimuth and for each surface pressure tap location.  Because of the periodicity of 
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343 , the continuous form of the instantaneous function can be conveniently established by 𝐶𝑝inst(𝜃)
344 fitting the discrete values with a Fourier series (e.g., Richards et al., 1995), i.e., 

345 , (9)( ) ( ) ( )
=

+=
N

k
kk kakaCp

0
21inst sincos ���

346 where  and  are the k-th order coefficients to be determined while  denotes the maximum 푎1푘 푎2푘 푁
347 order being used.  Such fitting can be done by minimizing the residual between fitted and 
348 measured values while keeping the maximum order, , as low as possible.  푁
349 Although it is applicable for pressure estimation at a single tap location, the QS model has 
350 been found to perform better for area-averaged pressures (e.g., Letchford et al., 1993).  
351 Therefore, the averaged roof surface pressures over a selected area are chosen for analysis and 
352 discussion.  Acquiring the instantaneous function for the area-averaged pressure is relatively 
353 straightforward.  Once the instantaneous function, , is established for each of the 𝐶𝑝inst(퐱𝑖)
354 individual tap locations, , within the specified area, , the corresponding instantaneous 퐱𝑖 𝑆1
355 function for an area-averaged pressure, i.e., , is simply the weighted average of the 𝐶𝑝inst(𝑆1)
356 individual instantaneous functions, i.e., , because of the 𝐶𝑝inst(𝑆1) = ∑

𝑖
𝐶𝑝inst(퐱𝑖)𝐴(퐱𝑖) 𝐴

357 definition of area-averaging and the QS model, i.e., 

358 , (10) ( ) ( ) ( ) ( ) ( ) ( )1inst2
ref

2
m

inst2
ref

2
m

1 SCp
u

Cp
A
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u

Cp
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i u
xxu

xx
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359 where  denotes the instantaneous area-averaged pressure coefficient for the total specified 𝐶𝑝(𝑆1)
360 area, , while  denotes the pressure coefficient at the i-th tap location, , of the tributary 𝐴 𝐶𝑝(퐱𝑖) 퐱𝑖
361 area, .𝐴(퐱𝑖)

362 4.2. The model
363 Here, a portion of roof surface area near the leading edge of the longer wall covering a total 
364 of 9 pressure taps is selected for the following analyses regarding the QS theory.  Note that the 
365 selected roof surface area is covered by the bottom surface of the three-dimensional CV shown 
366 in Figure 1 (a).  Because QS models have been reported to perform better in explaining the large-
367 scale turbulence effects (e.g., Tieleman, 2003; Asghari Mooneghi et al., 2016; Wu, 2017), only 
368 the results associated with the highest intensity and length scale of turbulence, i.e., terrain ‘S15’ 
369 in Table 1, are selected for the following discussion.  Because of the symmetrical distribution of 
370 the pressure taps, the mean pressures measured at a point on the building within a quadrant of 
371 wind directions can be extended to the full range of wind directions (see Wu, 2017).  These mean 
372 pressure coefficients are then used to obtain the discrete estimations of the instantaneous 
373 function via Eq. (8), which are further fitted using a Fourier series in Eq. (9) to generate the 
374 continuous form.  Note that the mean upstream streamwise velocity at roof height is used as  𝑢ref
375 for defining the pressure coefficients (see Eq. (3)).  Figure 4 shows both the discrete estimations 
376 and the resulting continuous form of the instantaneous function for the roof surface area.  Note 
377 that the magnitudes of the  values are the largest for wind direction near 0˚ and are reduced 𝐶𝑝inst
378 for wind directions normal to the shorter walls.  It can be also found that the slightly larger 
379 magnitudes are skewed to  because the selected area is slightly closer to the smaller wall 𝜃= 30°

380 facing the 90˚ azimuth wind.      
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381 5. Explanation of the physical assumptions in the quasi-steady model using the integral 
382 momentum equations
383 5.1. The physical assumptions 
384 As shown in Section 4 and Figure 4, the QS-estimation of the instantaneous roof surface 
385 pressure is essentially done by multiplying the instantaneous dynamic pressure by the mean roof 
386 surface pressure coefficient measured at an instantaneous wind azimuth angle.  This statement 
387 becomes clear if the instantaneous function in Eq. (10) is replaced by the representation of the 
388 mean area-averaged pressure coefficient, as shown in Eq. (8), i.e.,  𝐶𝑝inst(𝑆1,𝜃) = 𝐶𝑝(𝑆1,𝜃= 𝜃)
389 , so that Eq. (10) becomes∙ 𝑢 2

ref |𝐮m|2

390  (11)( ) ( ) ( )
2 22

m mref
1 1 12 2 2

ref m m

, , ,uCp S Cp S Cp S
u

� � � � �
 
 =  = = =
 
 

u u

u u

391 In order to understand the inherent physical assumptions in the QS-model, the mean area-
392 averaged roof surface pressure coefficient, , on the right hand side of Eq. (11) are 𝐶𝑝(𝑆1,𝜃= 𝜃)
393 further replaced by the integral momentum estimation shown in Eq. (4) so that Eq. (11) becomes 

394   (12)( )
2

m 1
1 22

ref ref refm

For flow field measured at 

, 2 2   
S S S

Cp S ds ds Cp ds
A u u u

�

� �
           = =                           

  
u n u u τ

n n n
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395 Note that the integral momentum approach in Eq. (12) implies placing a 3D CV on top of the 
396 selected roof area (see the dashed box in Figure 1 (a)) with upper boundary CV face defined by 
397 the stream surface (i.e. a collection of the streamlines) passing through the velocity measurement 
398 point, m.  The use of this 3D CV is to explain the conceptual ideas for the following discussions 
399 instead of direct evaluation of Eq. (12).  Also recall that the integral momentum approach used 
400 here is already validated in Section 3.2 for the 2D flow scenario.
401 By distributing the instantaneous velocity ratio, , into each part of the convection |𝐮m|2 |𝐮m|2

402 term in Eq. (12), i.e., 

403 , (13a)
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404 and comparing it to the convection term of Eq. (4), it becomes clear that the QS approach 
405 assumes two physical scenarios for this term: 
406 (i) The streamlines of the instantaneous flow field (i.e., the lines parallel to the instantaneous 
407 flow directions) near the roof are assumed to be the same as the streamlines of the mean flow 
408 field measured at the mean wind azimuth of the same value, i.e., .  Note that a �� =
409 reference location such as m in Figure 1 (a) is used to measure the instantaneous wind 
410 azimuth, . �
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411 (ii) The magnitude of the instantaneous velocity is obtained by amplifying the corresponding 

412 mean velocity with an uniform rate, , throughout the field.  In other words, the 2
m mu u

413 gust is uniform and of large size (with respect to the building).
414 For the pressure term in Eq. (12), the goal now is to see if the two assumptions stated for the 
415 convection term are further applicable.  As discussed in Section 3.1, only the pressure on the 
416 upper CV boundary face is required for evaluating the area-averaged mean surface pressure of 
417 the (horizontal) roof area (i.e., the bottom face of the 3D CV shown in Figure 1 (a)).  Recall that 
418 the Bernoulli’s equation can be used for calculating the mean pressure coefficient on the upper 
419 CV boundary far away from the building (see Wu et al., 2017) since the upper boundary follows 
420 a streamline, i.e., 

421 ,)at  measured(for  2
ref

2

 topCV
2
ref

2

upstream
upstream topCV �u

uu

uu
CpCp +=

422 where  and  denote, respectively, the mean pressure coefficient and mean 𝐶𝑝upstream 𝐮upstream
423 velocity on a streamline location far upstream of the building while  and  are the 𝐶𝑝CV top 𝐮CV top
424 corresponding quantities on a location of same streamline above the roof.  Hence, by substituting 
425 the top CV boundary  in Eq. (12) by the Bernoulli’s equation and assuming that the upstream 𝐶𝑝
426 pressure is unaffected by the building and equal to the ambient value, i.e., , the 𝐶𝑝upstream = 0
427 pressure contribution in Eq. (12) becomes 

428 . (13b)
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429 As can be clearly seen on the right-hand side of Eq. (13b), the two physical assumptions of the 
430 QS model stated for the convection term are also valid for the pressure term. 
431 Similar QS assumptions can be found for the turbulence contribution by again distributing 
432 the velocity ratio in Eq. (12) into each component of the turbulence stress tensor, i.e.,

433 . (13c)
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434 Note that because the turbulence contribution may not be as significant as the convection or 
435 pressure terms, as already shown in Figure 3 for the 2D separated-reattached flow scenario, the 
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436 amplification of the turbulence term in QS theory is expected to give relatively minor 
437 contribution as well.
438 In order to illustrate the two physical assumptions of the QS model, imagine two snapshots of 
439 the 3D flow fields near the roof are taken at instants  and , in which the instantaneous 𝑡1 𝑡2
440 azimuths of the velocity vector measured at location m (Figure 1 (a)) are  and 𝜃(𝑡1) = 0° 𝜃(𝑡2) =
441 .  For the unknown 3D flow field near the roof, the QS model assumes that the ‒ 30°

442 instantaneous streamlines are equivalent to the mean streamlines such that the assumed flow 
443 produces a consistent wind direction at location m.  This is the first assumption.  Therefore, for 
444 time  the instantaneous flow pattern is assumed to be identical to the mean separated-𝑡1
445 reattached type of flow, as that measured at  (see Figure 5 (a)).  Similarly, the 𝜃= 𝜃(𝑡1) = 0°

446 instantaneous flow at time  is assumed to be the mean conical-vortex type of pattern, exactly 𝑡2
447 the same as that measured at  (see Figure 5 (b)).  𝜃= 𝜃(𝑡2) =‒ 30°

448 Although the instantaneous flow direction is assumed to be identical to the mean, it is not 
449 necessarily the case for the instantaneous magnitude of the velocities.  In the QS model, the 
450 instantaneous magnitudes of the velocities are assumed to be the amplified version of the mean 
451 velocity magnitude with a spatially uniform rate determined by the instantaneous velocity ratio 

452 measured at location m, i.e., .  Hence, for time  the instantaneous flow field is 2
m mu u 𝑡1

453 assumed to be the same as the mean separated-reattached flow shown in Figure 5 (a) but with 

454 mean velocity magnitudes amplified by a rate, .  Similarly, the velocity ( ) 2
m 1 mtu u

455 magnitudes of mean conical-vortex flow shown in Figure 5 (b) are amplified by a rate of 

456  for constructing the instantaneous flow field at time, .( ) 2
m 2 mtu u 𝑡2

457 5.2. Missing mechanisms in the QS model
458 Since the QS model is usually established on the velocity measurements at a point such as m 
459 in Figure 1 (a), it is impossible to accurately capture the detailed volumetric flow field required 
460 for direct evaluation of instantaneous momentum equation.  However, the missing physical 
461 considerations, may be identified by comparing the QS assumptions of Eq. (12) to the exact 
462 instantaneous integral momentum equation:  

463  (14)( ) 1
1

ref ref ref refCV

Pressure termAcceleration term Covection (& Turbulence) term

2 2   
S S

Cp S dV ds Cp ds
A u t u u u

 
          =                       
  

  
n u u u

n n
�������������� �����������

464 In order to make the QS assumptions for the convection and pressure terms as close as possible 
465 to the real scenarios of an instantaneous flow field, local deviations of the instantaneous flow 

466 pattern from the mean flow pattern must be minimized and the amplification rate, , 2
m mu u

467 measured at location m, needs to be representative for the region near the roof.  This requirement 
468 may be better achieved if the QS model is applied in the ABL flow of large turbulence length 
469 scale, e.g., the upstream flow cases generated with 15” barrier (see Table 1).  
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470 For point velocities measured using an instrument like a Cobra probe (TFI Inc., 2017), the 
471 instantaneous static pressure can be directly measured at point m.  This information may be used 
472 to approximate the instantaneous pressure on the upper CV boundary instead of using the QS 
473 assumption in Eq. (12).  In order to apply such a correction, the QS assumption for the pressure 
474 contribution is re-written using the mean static pressure coefficient measured at point m, , 𝐶𝑝m
475 i.e., 

476   (15)( )
CV top

2 2
m m1

m m2 2
m m

       for  measured at 
S

Cp ds Cp Cp
A

�
                 


u un

n
u u

477 Then, the correction is done by removing the QS assumption in the pressure term represented in 
478 Eq. (11) and compensating with the instantaneous static pressure coefficient measured at point 
479 m, .  In this manner, a ‘static pressure corrected’ QS model can be derived from the original 𝐶𝑝m
480 one in Eq. (10), i.e.,

481 . (16)  ( ) ( ) ( ) mm2
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482 The missing flow acceleration term in the QS model can also be identified by comparing Eq. 
483 (12) to Eq. (14).  Note that, because the acceleration contribution is a volume integral of the 
484 velocity over the entire CV, the coherence of the flow structure needs to be high so that the flow 
485 acceleration measured at point m, , can be used to represent the overall flow acceleration ∂𝐮m ∂𝑡
486 within the CV.  Furthermore, because of the roof surface is (near) horizontal (see Figure 1), only 
487 the acceleration of vertical velocity component plays a role.  Hence, by adding the acceleration 
488 term to the static pressure corrected QS model of Eq. (16), the modified version becomes 

489  (17)( ) ( ) ( )
2 2

m m CV m
1 inst 1 mm2 2

ref ref refm
Basic QS model Vertical velocity acceleration

Static pressure correction

V2, , wCp S Cp S Cp Cp
u u A t u
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        =  + +            

u u

u��������� ����������������������

490 where the last term on the right hand side adds the contribution of vertical velocity acceleration 
491 measured at point m and  denotes the volume of the CV.  CVV

492 5.3. Application of the QS models
493 In this section, the use of QS-model (denoted as ‘QS- ’) established in Section 4 for 𝜃
494 prediction of the area-averaged roof surface pressure fluctuation is demonstrated for the ABL 
495 turbulent flow generated by the ‘S15’ terrain condition (see Table 1).  The concept of the static 
496 pressure corrected QS model of Eq. (16) (denoted as ‘QS- -p’) and the further acceleration-𝜃
497 corrected version of Eq. (17) (denoted as ‘QS- -p-a’) are also included for discussion.  The 𝜃
498 comparison is done for measurements of mean wind azimuths  and .  The 𝜃= 0°,30°,60° 90°

499 estimated time series of instantaneous  are compared to the measurements via the spectra 𝐶𝑝(𝑆1)
500 ratio, coherence and probability density function (PDF).  Note that the selected roof surface area, 
501 , is covered by the bottom surface of the three-dimensional CV shown in Figure 1 (a), which 𝑆1
502 also covers the 9 pressure taps near the leading edge of the longer wall, as indicated in Section 
503 4.2.  The spectra ratio is used to compare the magnitudes of the predicted and measured 
504 fluctuations of  in the frequency domain and is defined as the ratio of the spectra of the 𝐶𝑝(𝑆1)
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505 QS-estimated , , to the spectra of measured , , at frequency , 𝐶𝑝(𝑆1) 𝑆CpQS(𝑛) 𝐶𝑝(𝑆1) 𝑆CpM(𝑛) 𝑛
506 i.e.,   

507 . (18)
( )
( )nS
nS

CpM

CpQSratioSpectra =

508 The coherence is used to evaluate the correlation between the predicted and measured  in 𝐶𝑝(𝑆1)
509 the frequency domain and is defined as the real part of the normalized cross spectra between QS-
510 estimation and measurement, i.e., 

511 , (19) 
( )[ ]

( ) ( )nSnS
nS

CpMCpQS

CpMCpQS,Re
Coherence =

512 where  is the real part of cross spectra between the QS-estimation and Re[𝑆CpQS,CpM(𝑛)]
513 measurements. 
514 For mean wind azimuths of 0˚ and 30˚, near unity spectra ratio and high coherence (between 
515 0.8 and 0.9) can be found respectively, in Figures 6 and 7, for the large length scale fluctuations 
516 i.e., .  This validates the QS-  estimation of fluctuating  due to large length 𝑢ref 𝑛 ≳ 10𝐻 𝜃 𝐶𝑝(𝑆1)
517 scale turbulence.  On the other hand, some under- and over-estimated spectra ratios (Figure 6), 
518 and near zero coherence (Figure 7), indicate poor QS- -predicted fluctuating  due to the 𝜃 𝐶𝑝(𝑆1)
519 small length scale turbulence, i.e., .  However, because the spectra of  is  𝑢ref 𝑛 ≲ 10𝐻 𝐶𝑝(𝑆1)
520 relatively small for the small length scale fluctuations and is monotonically decreasing with 
521 decreasing length scales, the overall effect of the small length scale fluctuations is limited such 
522 that the overall QS- -estimated PDFs of , shown in Figure 8, match well to the 𝜃 𝐶𝑝(𝑆1)
523 measurements (for  = 0˚ and 30˚).  For mean wind azimuth of , both the spectra ratio � 𝜃= 60°

524 and coherence are slightly reduced for large length scale ( ) as compared to cases of 𝑢ref 𝑛 ≳ 10𝐻
525  and , while the conclusions of QS- -estimation on small length scale ( ) 𝜃= 0° 30° 𝜃 𝑢ref 𝑛 ≲ 10𝐻
526 remains the same.  A slightly underestimated  obtained from QS-  model can be found in 𝐶𝑝(𝑆1) 𝜃
527 the tail regions of PDF in Figure 8 for = 60˚.  As the mean wind azimuth approaches 90˚, both �
528 the spectra ratio and coherence are further reduced for large length scale fluctuations.  A 
529 significant reduction of the spectra ratio (to around 0.3) for the large length scale fluctuations 
530 leads to the apparent underestimation of QS-  model in the tails of the PDF.𝜃
531 By adding the instantaneous correction of the static pressure to the original QS-  model of 𝜃
532 Eq. (10), the application of QS- -p model in Eq. (16) is also included for comparison in Figures 𝜃
533 6, 7 and 8.  For mean wind azimuths of 0˚ and 30˚, observations from Figures 6 to 8 show that 
534 the performances of QS- -p model are near equivalent to the QS-  model.  Improved 𝜃 𝜃
535 performance of using QS- -p model starts to appear for the case of = 60˚, as slightly better 𝜃 �
536 matches of spectra ratio and PDF tail values can be observed.  The most apparent improvement 
537 for using QS- -p model can be observed for mean wind azimuth of 90˚.  In this case, the spectra 𝜃
538 ratio is near unity and a good match for the PDF tail values is observed for the QS- -p model.  𝜃
539 Significant improvement of the coherence for using QS- -p model can also be observed for the 𝜃
540 lower end of large-scale  fluctuations, i.e., .  Apparent improvement 𝐶𝑝(𝑆1) 2𝐻 ≤ 𝑢ref 𝑛 ≤ 100𝐻
541 of QS- -p prediction may be expected for the re-attached flow region (i.e., the selected roof 𝜃
542 surface area for ) because the roof surface  is more significantly controlled by the 𝜃= 90° 𝐶𝑝(𝑆1)
543 static pressure on the upper CV boundary in this situation, as can be seen in Figure 3.    
544 The further correction of the QS- -p model by adding the acceleration of vertical velocity 𝜃
545 does not improve the prediction performance for all analyzed cases.  Direct use of vertical 
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546 acceleration measured at point m, i.e.,  in Eq. (17), leads to unreasonably large ∂푤m ∂𝑡
547 overestimation of small length scale  fluctuation.  This poor estimation implies low 𝐶𝑝(𝑆1)
548 spatial coherence of vertical velocity field within the CV.  To further examine the spatial 
549 coherence of the vertical velocities, 2D time-resolved instantaneous flow field measurements 
550 (see Section 2.2) may be used.  However, because it is impossible to fully resolve the spatial 
551 coherence of the velocity field using a point velocity instrument, the vertical acceleration 
552 corrected QS model of Eq. (17) is not practical with the current QS method.  It remains to be 
553 seen if it is improved in other situations.  

554 6. Conclusions 
555 The main goal of this paper is to derive the physical assumptions embedded in the QS model 
556 and investigate possible corrections based on these observations.  The main findings are 
557 summarized as follows:
558  A time-averaged integral momentum approach is proposed to relate the mean flow and 
559 turbulence fields to the mean area-averaged roof surface pressures.  This is done by placing a 
560 control volume (CV) directly above the roof panel, where the mean area-averaged pressure is 
561 to be calculated.  This approach is validated by the good agreement with the measured 
562 values.
563  From the time-averaged perspective, the convection term (i.e., the net momentum flux 
564 through the CV) dominates the area-averaged pressures for panels beneath the separated 
565 flows.  For panels under the reattached flows, the static pressure just above the roof 
566 dominates the mean surface pressures.  
567  A simple QS model is established to estimate the instantaneous area-averaged roof surface 
568 pressures.  This model accounts for the variation of magnitudes and wind azimuth measured 
569 at the reference location, i.e., one building height above the leading edge. 
570  The physical assumptions embedded in the QS model are explained from simple algebraic 
571 manipulations of the time-averaged integral momentum equation.  Two main finding are 
572 revealed: 
573 o The streamlines of the instantaneous flow field must be assumed to be the same as the 
574 streamlines of the mean flow field.  In such a way, the assumed flow produces a 
575 consistent azimuth angle of the instantaneous velocity measured at the reference location.
576 o The magnitude of the instantaneous velocity field is obtained by amplifying the mean 

577 velocity field with a spatially uniform rate, , where  is the velocity vector 2
m mu u 𝐮m

578 measured at the reference location.
579  By further comparing the QS assumptions to the instantaneous integral momentum equation, 
580 missing terms in the QS-model can be identified: 
581 o For the QS assumption to be accurate, the instantaneous streamlines must match the mean 
582 streamlines for the flow field near the roof.  This ideal scenario may be better 
583 approximated if the gusts have a very large scale.    
584 o By using an instrument like a Cobra probe, the instantaneous static pressure can be 
585 directly measured at a point location.  Such information may be used to correct the QS 
586 assumptions associated with the static pressure above the roof.  The pressure-corrected 
587 QS model is found to work better for the region of flow re-attachment.  However, for a 
588 roof region under flow separation, little improvement can be found by using the pressure-



17

589 corrected QS model.  This is due to the fact that the static pressure on top of the roof 
590 dominates the roof surface pressure for the flow following the re-attachment point, while 
591 momentum flux contributes more for the flow separation region.
592 o A missing acceleration term of vertical velocity is identified in the QS assumption.  
593 However, due to limited spatial coherence of vertical velocities within the control volume 
594 (CV) outside a separation bubble on the roof, the use of the vertical velocity acceleration 
595 measured at the reference point overestimated the overall acceleration within the CV.  
596 Therefore, adding the acceleration correction to the QS model via a point velocity 
597 measurement is not suggested for practice in this particular situation.
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Figure 1:  (a) The low-rise building model along with planar fields of view (FOV) of the PIV 
measurements.  The dimensions of the building model are labelled with units in centimeters.  A 
three dimensional control volume for analyses of integral momentum approach is placed on top 
of the roof surface where area-averaged pressures are calculated;  (b) Reduced 2D control 
volume on top of the roof surface where line-averaged roof surface pressure is calculated.  
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Figure 2:  Surface pressure measurement and estimations obtained from integral and differential 
momentum equations for the six upstream terrain conditions.
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Figure 3:  Contribution of convection, pressure and turbulence terms in integral momentum 
equation to the area-averaged mean roof surface pressure.



23

-90 -60 -30 0 30 60 90
-1

-0.8

-0.6

-0.4

-0.2

0
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terrain ‘S15’.  
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Figure 5:  Schematic control volume and mean streamlines on top of the roof for mean wind 
azimuths: (a)  and (b) . 0� = � 30� =  �
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Figure 6:  The ratio of QS-estimated spectra to measured spectra of  for various mean ( )1Cp S
wind azimuths in terrain S15.  
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Figure 7:  The coherence between QS-estimated and measured for various mean wind ( )1Cp S
azimuths in terrain S15.
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Figure 8:  Probability density function (PDF) of QS-estimated and measured for various ( )1Cp S
mean wind azimuths in terrain S15.  
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Tables

Table 1: Characteristics of mean streamwise velocity and turbulence measured at model roof 
height (Akon and Kopp, 2016).

Ground 
roughness 

level
Flat Open Suburban

Upstream 
barrier
height

N/A 15 inch N/A 15 inch N/A 15 inch

Label F0 F15 O0 O15 S0 S15

Turbulence 
intensity,

 (%)uI
13 14 17 17 26 27

Integral 
length scale 

ratio,
HLux

6 13 8 11 7 12

Jensen 
number,

ozH
540 600 290 600 56 71


