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Abstract.    The shape of a tall building has significant impact on wind force generation and wind-induced 
dynamic response. To study the effect of recessed cavities, wind excitations on a wind-tunnel model of an 
H-section tall building were compared with those on a square-section building model. Characteristics of the 
fluctuating wind pressures on the side faces of the two tall buildings and their role in the generation of 
crosswind forces on the buildings were investigated with the space-time statistical tool of proper orthogonal 
decomposition (POD). This paper also compares the use of different pressure data sets for POD analysis in 
situations where pressures on two different surfaces are responsible for the generation of a wind force. The 
first POD mode is found to dominate the generation of crosswind excitation on the buildings. 
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1. Introduction 
 

Buildings with a high height-to-breath aspect ratio are susceptible to mildly aeroelastic 
behavior due to dynamic wind actions. The fluctuating wind pressures on the building surfaces are 
mainly caused by a number of mechanisms including the natural turbulence in the incident wind 
flow, and the unsteady flow behavior generated by the bluff building structure itself in the form of 
flow separation, reattachment or vortex shedding. Acting on the building surface, the fluctuating 
wind pressures generate dynamic wind loads which are usually resolved into the along-wind, 
crosswind and torsional directions. This division of dynamic wind actions in along-wind forces, 
crosswind forces and torsional moments is not only for the geometry of the wind axes but also 
from different generation mechanisms of fluctuating wind pressure and forces.  For a very 
flexible aeroelastic building, additional fluctuating forces are induced by the movement of the 
building itself (Holmes 2015). 

For a tall and slender building, the crosswind and torsional responses are often more critical 
than the along-wind responses both in terms of limit state design and serviceability. At normal 
wind incidence where the largest wind actions usually occur, the along-wind response follows the 
fluctuations of the approaching flow and can be reasonably well predicted by the ‘gust factor 
approach’ based on quasi-static theory. The crosswind response is influenced by the fluctuations of 
the shear layers and possible vortex shedding from the building. It is more difficult to describe or 
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predict the crosswind actions and response with simple generalizations. This is a reason why most 

current wind codes mainly cover the estimation of along-wind responses but not the crosswind and 

torsion responses except for buildings of very simple geometries. 

There have been few studies focusing on the detail space-time characteristics of the fluctuating 

wind pressures on a building and the generation mechanisms of crosswind or along-wind actions 

from the fluctuating pressure. With the availability of the simultaneous multi-port pressure 

scanning technique, a few recent works attempted to address these questions. Bartoli and 

Ricciardelli (2010) measured simultaneous wind pressure signals on all faces of a medium-rise 

rectangular plan building. It is found that the characteristics of pressure fluctuations on the leeward 

and side faces are rather different from those on the windward faces. The study reinforces that the 

non-validity of the quasi-steady approach to the velocity-pressure effect on these building faces. 

Carassale and Brunenghi (2011) applied a number of statistical analyses to the pressure data 

obtained on a tall building model with multi-port pressure scanning. Some fundamental 

characteristics of pressure fluctuations on the building side walls leading to crosswind forces were 

explored with statistical tools such as principal component analysis and independent component 

analysis. It is evident from these studies that more fundamental investigations on of the space, time, 

amplitude characteristics of building pressure fluctuations is required for a full understanding of 

the generation of dynamic wind forces on a tall building. 

On the other hand, there have been many studies aiming at a possible mitigation or 

modification of the crucial crosswind actions and excitation on a tall building. Small aerodynamic 

treatments of the building cross-section, such as chamfering corners and corner cuts have been 

shown to be effective in reducing the crosswind response of tall buildings with near-square 

sections (e.g., Kwok 1988, Tse et al. 2009). Other methods, such as tapering of building sections 

and provision of through-building openings have also been tested (e.g., Kim and Kanda 2010, 

Dutton and Isyumov 1990, To et al. 2012). 

The present authors have studied the effect of recessed cavities on the dynamic wind loads of a 

square tall building (Wong and Lam 2013). Recessed cavities are usually provided in residential 

tall buildings for ventilation to various services such as bathrooms and kitchens. While there were 

studies focusing on wind-induced ventilation of these cavities (e.g., Cheng et al. 2011), their effect 

on wind loading behavior had been rarely studied. The previous work of the present authors found 

that at normal wind incidence on the building face with a cavity, the crosswind excitations and 

responses of an H-section tall building are significantly reduced from the square-section case. The 

main set of findings was obtained by the high-frequency force-balance measurements on a series 

of H-section tall buildings (Wong and Lam 2013). To further investigate the mechanism of wind 

excitation reduction, fluctuating wind forces acting on different building faces were measured with 

multi-point pressure scanning and pressure scanning on some selected H-section tall buildings. A 

correlation analysis of the building face forces suggested that the crosswind forces contributed by 

the faces of the recessed cavities act in a slightly opposite way to the main contribution from the 

two main building side faces. This served to explain the reduction of cross-wind excitations. 

In the previous study, the cross correlation analysis of crosswind forces mainly shows the phase 

relationship between the contributions from different building faces. The signatures of the 

fluctuating wind pressures in the space time distribution, which are more fundamental to the 

generation of wind forces, were not studied. In the present paper, an advanced statistical analysis 

based on proper orthogonal decomposition (POD) is carried out to identify the physical 

phenomena embedded in the crosswind excitation reduction by the recessed cavities. The 

spatial-temporal analysis of POD could not only identify the typical pressure patterns related to 
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certain physical phenomena, but also reconstruct reduced-order flow models from the 

experimental data. POD analysis on the fluctuating wind pressures on building faces combined 

with some other statistical methods, is discussed in this paper for a better and more effective 

understanding of pressure-force generation mechanism on buildings with recessed cavities. While 

the standard POD analysis is applied, the present study attempts to explore the role of the most 

energetic POD modes in the reconstruction of the crosswind forces so as to reveal the wind load 

generation mechanism. Another emphasis is on the effect of recessed cavities on the space-time 

characteristics of fluctuating wind pressures on the building side faces. 

 

 

2. Wind tunnel testing 
 

The wind pressure data in the present analysis have been obtained in the experiments described 

previously by Wong and Lam (2013). The experiments were conducted in a boundary layer wind 

tunnel with a working section of length 12 m, width 3.0 m and height 1.8 m. Triangular spires and 

floor roughness elements were used to simulate the natural wind flow over the open sea terrain type. 

The target geometric scale of wind tunnel testing was 1:300. Fig. 1(a) shows the vertical profiles of 

mean wind speed and turbulence intensity. The power law exponent of the mean wind speed profile 

was estimated at 0.1. Turbulent velocity spectra had been measured in the wind tunnel and Fig. 1(b) 

shows the non-dimensional power spectral density of the longitudinal velocity fluctuations at a 

height of 200 mm. The value of the integral scales of turbulence which best fitted the 

von-Karman-Harris spectra was Lux  0.35 m in the wind tunnel or 105 m full-scale at the geometric 

scale of 1:300. 

Measurement data on an H-section tall building model and the reference square-section tall 

building model are used in this study. The building models were H = 0.6 m in height and the square 

cross-section or the envelope of the H-shaped cross-section had dimensions of 0.1 m  0.1 m. The 

height-to-breadth aspect ratio was H/B = 6. The two recessed cavities on the selected H-section 

building had width (W) and depth (D) at W/B = 0.25 and D/B = 0.25. Pressure taps were installed on 

five vertical levels of each building model, at z/H = {0.09, 0.28, 0.5, 0.72, and 0.91} above the floor. 

Fig. 2 illustrates the distributions and arrangements of the pressure taps on each level. The pressure 

taps were installed at five vertical levels at z (mm) = {55, 170, 300, 430, and 545} above the floor. 

Fluctuating wind pressures at all taps on a building model were commuted via flexible tubing to six 

electronic pressure scanners located below the wind tunnel floor. The tubing for all taps had the 

same length in order to minimize the tubing response error. Furthermore, the inverse transfer 

function method was applied for tubing response correction (Irwin et al. 1979). Near-simultaneous 

measurement of pressure fluctuations at all taps was made with a pressure scanning system (PSI 

Initium) at a sampling rate of 500 Hz per port for 120 s (Wong and Lam 2013). 

Analysis was made for the two normal wind incidence cases on the H-section building with this 

notation. “(Normal) wind incidence A” refers to wind direction normal to the building face 

without a recessed cavity and the other normal case is wind incidence B (Fig. 2). The present study 

focuses on crosswind forces which are mainly caused by wind pressures on the two building side 

faces. For the convenience of description, the two side faces are termed the “left side face” (LSF) 

and the “right side face” (RSF) as appeared to the incident wind.  For wind incidence A, there is a 

recessed cavity on either LSF or RSF. Wind pressure data used for characterization of the side faces 

for the generation of crosswind fluctuating forces include those on the building side faces and the 

walls of the cavities (as marked in Fig. 2).  For wind incidence B, there is no recessed cavity on 
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either LSF or RSF and the crosswind force fluctuations are almost entirely contributed by pressures 

on these two building side faces. Pressures on the side faces of the windward and leeward recessed 

cavities also contribute to the crosswind force on the building but it was found in the previous work 

(Wong and Lam 2013) that their contributions are only a few percentage of the total. This is because 

pressures on opposite side faces of the cavities rise and fall with a largely in-phase relationship and 

in addition, there is no dominant quasi-periodicity in their fluctuations. Therefore, the present study 

focuses on the characterization of fluctuating pressures on only the two building side faces at wind 

incidence B, and how the presence of recessed cavities on the windward and leeward building walls 

affects their space-time characteristics. 

 

 

3. Proper orthogonal decomposition 
 

Wind pressure fluctuations produced by unsteady approaching wind and turbulent near-flow 

separations on the building exhibit a complex spatial temporal structure. Proper Orthogonal 

Decomposition (POD), also known as Karhunen-Loeve expansion, is a method to detect a 

coordinate system which can describe the original random phenomena most efficiently. The idea 

of POD is based on the least square method. The random space time variable field, such as the 

wind pressure field in this case, is represented by the modal expansion. The POD modes are 

statistical representations of the variable data in multiple points at a single time, emphasizing on 

the probabilistic structures instead of temporal features. It can be used to discover the hidden 

deterministic structure of the random fluctuations. 

The first application of POD to analyze wind pressure fluctuations was reported on a cooling 

tower (Armitt 1968). The advantages of POD were then recognized by many other researchers. 

Further applications of POD were conducted to study wind pressures on a bluff body (e.g., Lee 

1975, Best and Holmes 1983, Kareem and Cermak 1984). POD has also been used to investigate 

fluctuating wind pressures on large roofs (e.g., Bienkiewicz and Ham 1993, Bienkiewicz et al. 

1995, Holmes et al. 1997, Lam et al. 2011). A review of the application of POD on random wind 

pressure fields was made in Tamura and Suganuma (1999) which also discussed the precautions 

and validity of the method. Baker (2010) explored the connection between the POD modes and 

physical flow phenomena and supported the usefulness of POD analysis in representing the 

fluctuating pressure field on the surface of a structure. The comprehensive two-part review by 

Solari et al. (2007) and Carassale et al. (2007) described the theoretical foundations of POD and 

discussed some applications and prospects of POD in wind engineering. 

As described in Solari et al. (2007), POD belongs to a family of modal analysis methods which 

also include techniques such principal component analysis (PCA) and singular value 

decomposition. Carassale et al. (2007) pointed out that POD can be used in a weak form as the 

covariance proper transformation (CPT), or in a strong form as the spectral proper transformation 

(SPT). CPT modes are usually connected with one specific mechanism but SPT modes can be 

interpreted by various phenomena in different frequency ranges. Among the various analysis 

methods, the standard form of POD analysis remains the most widely used and perhaps the most 

mature technique for space-time analysis of turbulent flow quantities. Therefore, POD is used for 

the present study which focuses on the role of various modes of fluctuating pressures in the 

generation of crosswind forces on the square- or H-section tall building. 
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(a) 

 
(b) 

Fig. 1 (a) Mean wind speed profile and turbulence intensity profile and (b) Turbulence spectrum of 

longitudinal velocity fluctuations, z = 200 mm 

 

 

 

Fig. 2 Distribution of pressure taps on square tall building and H-section tall building. LSF = Left Side 

Face; RSF = Right Side Face 
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A major limitation of POD or PCA is the enforcement of orthogonality of its modes which may 

not be justified from a physical point of view. The technique of independent component analysis 

(ICA) has been purposed to remedy this restriction and was applied to wind engineering problems 

(e.g., Carassale and Brunenghi 2011). ICA is analogous to POD but is based on non-orthogonal 

decomposition. In the application to building pressures, Carassale (2012) demonstrated that ICA 

may present more recurrent pressure distributions than POD but it needs more strongly correlated 

modes to compose such pressure distributions. Thus, POD is adopted in this study to illustrate the 

involvement of the dominant modes in the reconstruction of the crosswind load. Nevertheless, the 

use of ICA may worth exploring in a future study. 

For this paper, POD analysis was carried out for the wind pressure fluctuations on a 

square-section tall building and an H-section building. The focus is on the characteristics of wind 

pressures in the generation of crosswind forces. Thus, mainly the pressure signals on the side faces 

of RSF and LSF were used in the POD analysis (Fig. 2). Three analysis cases were carried out and 

the results compared. The three cases use different set of pressure signals as listed in Table 1. In 

Case 1, the space time signals of wind pressures on the two side faces were used to perform the 

POD analysis but each side face is analyzed separately. In Case 2, the data of the two side faces 

were combined as one matrix data set which is then subjected to POD analysis. In Case 3, the data 

matrix was composed of wind pressures on the two side faces, as well as the windward face and 

the leeward face, that is, all four building faces and all cavity faces. 

Before data analysis, all wind pressure signals, at locations jx


, were converted into the time 

histories of pressure coefficients using the mean wind speed at the building roof height as the 

reference velocity 
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Pressure coefficients are also used in the subsequent presentation of results. The locations of 

pressure taps on the present building models were not uniformly distributed (Fig. 2). The effects of 

non-uniformly distributed pressure taps on the POD analysis were discussed in Jeong et al. (2000) 

in which a correction method, namely the rectangular rule of integration, was proposed for a low 

rise building. Baker (2000), however, showed that the experimental limitations such as the number 

of pressure taps and their spatial distribution are more likely to affect the less energetic higher 

POD modes. In this study, it will be shown that the first few POD modes with high energy 

contribution already produce good reconstruction of the wind forces. As the higher POD modes 

are not discussed, the correction for unequal tributary areas was not applied to keep the analysis 

simple. Therefore, the time histories of wind pressures at the tap locations were directly used as 

the data sets. 

The “snapshots” POD method (Sirovich 1987) has been used in this study, and the procedures 

are briefly described as follows. Tamura and Suganuma (1999) stated that the POD technique is to 

find the most efficient axis with most energy in terms of the mean square value and thus the mean 

value component should be excluded in the calculation of the correlation matrix. Therefore the 

time-averaged mean pressure coefficients,
pC , at all tap locations were computed and removed 

from the fluctuating pressure field. The spatial-temporal pressure coefficient data is represented by 

an MN matrix, where M is the number of spatial points, that is, pressure taps, and N is the number 

of time steps in the record (Table 1). Due to the limitation of computation capacity, only the first 
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1-min. data of the 2-min. measurement time were used for POD analysis. Thus, there were 30,000 

time steps and N = 30,000. From the data matrix, the spatial correlation matrix was computed and 

its eigenvalue problem solved as 

     txCtxCxxR p

T

p ,,,, 2121


                         (2) 

 R                                 (3) 

The N POD modes were obtained as the columns () of the eigen-functions . The 

corresponding element of the eigenvalue vector  defines the relative contribution of each mode to 

the fluctuating pressure field. Thus, the cumulative energy contribution from the first k modes is 

given by 





N

i
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ikE
11

                           (4) 

Wind pressure fluctuations of each mode i can be reconstructed as 

iiip tatxC )(),( 


                         (5) 

where the coefficients ai(t) are obtained from the projection of the original data onto the POD 

modes 

CT ,A                             (6) 

The reconstruction of pressure data can be made for each mode or a number of modes. 

 

 

4. Results and discussion 
 

4.1 Distributions of mean and r.m.s. pressure coefficients on side faces 
 
Before presenting the POD results, this section presents the spatial distributions of the simple 

statistical measures of pressure coefficients on the building faces.  Emphasis is on the side faces 

which contribute to the wind force fluctuations in the crosswind direction. From the pressure 

coefficient signals in Eq. (1), the mean and root-mean-square (r.m.s.) pressure coefficients were 

computed.  Figs. 3-5 show their distributions on all faces of the square-section tall building and 

the H-section tall building, respectively.  The distributions are expected to be the same on the two 

side faces and thus the results on one face are presented. 

At wind incidence A, it is evident that the distributions of mean and r.m.s. pressure coefficients 

on the front and rear faces of the H-section tall building share many similarities to those of the 

square-section tall building in both distribution and magnitudes. On the side faces, the distribution 

of 
pC  on the H-section building exhibits differences from that of the square-section building due 

to the existence of the recessed cavities. The presence of a recessed cavity on the side face 

contributes to a slightly higher negative pressure on the cavity back wall than the respective part of 

the side face of the reference square building. 
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Table 1 Pressure data sets for POD analysis 

Case Pressure data 

Spatial point, M 

Square building 
H-section building 

Incidence A Incidence B 

1 RSF 35 60 25 

 LSF 40 60 25 

2 [RSF; LSF ] 75 120 50 

3 All Faces 135 170 170 

 

 

 

Fig. 3 Distribution of (a) mean and (b) r.m.s. pressure coefficient on all faces of square-section tall building 
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Fig. 4 Distribution of (a) mean and (b) r.m.s. pressure coefficient on all faces of H-section tall building at 

wind incidence A 

 

 

Under normal wind incidence B, significant reduction of crosswind excitation was found by 

Wong and Lam (2013). However, the distributions of mean and r.m.s. pressure coefficients on the 

two side faces of the H-section building are similar to those of the square tall building. Therefore, 

higher level statistical analysis is required to explore the underlying flow mechanisms. 
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Fig. 5 Distribution of (a) mean and (b) r.m.s. pressure coefficient on all faces of H-section tall building at 

wind incidence B 

 

 

4.2 POD modes 
 
POD analysis was applied to the three data sets of pressure coefficients as listed in Table 1.  

Fig. 6 shows the portion of energy contribution of the first 50 POD modes to the overall energy of 

fluctuations for the two buildings under the two wind incidence cases. The energy contribution is 

calculated with Eq. (4). For all data sets, the first 50 modes can represent the complex structure of 
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wind pressure fluctuations up to over 90% energy. In general, the combination of more complex 

data sets leads to a less efficient energy convergence. For the POD modes obtained from the wind 

pressure coefficients on a single side face, the first 10 POD modes contribute more than 90% to 

the overall energy. For the POD modes consisting of both side faces, more than 10 POD modes are 

required for inclusion of 90% total energy. When comparing the two building models, 

insignificant differences are observed in terms of the energy distribution and convergence of the 

POD modes. 

The record of the fluctuating wind pressure field of a given period can be expressed as a trace 

of the point movement in the pressure space, which is called “state locus” in Tamura and 

Suganuma (1999). The objective of POD analysis is to find a new mutually orthogonal coordinate 

system to capture the state locus most efficiently. The wind pressure fields with M pressure 

measuring points will be expressed as an M-dimension space. The first mode represents the most 

efficient new coordinate. This could explain why the increase of number of pressure data 

employed in Cases 2 and 3 of the POD analysis reduce the energy of the first POD mode and slow 

down the progress of the energy convergence as compared to Case 1. 

Figs. 7-9 show the pressure distribution of the first two POD modes on the side faces of the two 

buildings. In Case 1, wind pressures on RSF and LSF are subjected to POD analysis independently 

and it is thus expected that the modal amplitudes on the two faces should have the same patterns 

and magnitudes. However, as observed in Fig. 7, there are inevitably some differences when using 

experimental wind pressure data. Cases 2 and 3 use the combined data in POD analysis and the 

resulting POD modes represent the orthogonal patterns of pressures on different building faces 

which produce a dominant large-scale space-time structure. It is observed in Fig. 7 that the Mode 1 

distributions of wind pressure coefficients on RSF and LSF have the same patterns but in the out 

of phase relationship. The patterns of Mode 2, and many higher modes, on the two side faces are 

different. 

 

 

 

 

Fig. 6 Cumulative energy contributions of POD modes, (a) Square-section building; (b) H-section 

building at incidence A; (c) H-section building at incidence B 
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Fig. 7 First two POD modes on side faces of square-section tall building, (a) Case 1; (b) Case 2; (c) Case 

3 
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Fig. 8 First two POD modes on side faces of H-section tall building at wind incidence A, (a) Case 1; (b) 

Case 2; (c) Case 3 
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Fig. 9 First two POD modes on side faces of H-section tall building at wind incidence B (a) Case 1; (b) 

Case 2; (c) Case 3 
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For the square-section tall building (Fig. 7), all Cases 1-3 give the same patterns for the first 

POD mode which features pressure fluctuations rising and falling together at all locations on a 

building side face. The fluctuation amplitudes are largest at the center of the building face and fall 

in all directions. When the two side faces are considered together, positive pressure fluctuations on 

one side face are always associated with negative pressure fluctuations of same amplitudes on the 

other side faces. In this way, they act together to produce coherent Mode 1 crosswind force 

fluctuations on the building. 

In Case 1, Mode 2 patterns exhibit in-phase pressure fluctuations on the upper part of the 

building face while those on the lower part act with 180
o
 phase difference. Mode 2 patterns in 

Case 2 and 3 are similar and with wind pressure fluctuations at all locations of both side faces 

acting in phase. Combined with different modal amplitude patterns on the two faces, mode 2 acts 

to provide temporal pulsations which weaken the coherent mode 1 crosswind forces. The degree of 

weakening depends on the combined modal amplitudes on the two side faces. It can be observed in 

Fig. 7 that the modal amplitudes on the right-side face (RSF) exhibit a narrow ridge along its 

leeward edge and a small crest near the ground while the remaining larger portion of the building 

face is in a shallow valley of lower modal amplitudes and with the lowest trough in the upper 

upwind side of the building face. On the left-side face (LSF), the Mode 2 pattern exhibits a long 

narrow ridge extending from the upper leeward corner of the face along the leeward edge to the 

lower leeward corner. The large remaining portion of the face is likewise in a shallow valley but 

the trough is on the lower windward side of the face. Due to the different topography of Mode 2 

amplitudes on the RSF and LSF, the combined effect in weakening the coherent Mode 1 crosswind 

force fluctuations is small. As a result, the net crosswind force on the square-section building is 

dominated by the coherent and periodic Mode 1 contribution. 

Fig. 8 shows the first two POD modes on the RSF and LSF of the H-section tall building at 

wind incidence A. The modal amplitudes on the side faces of the recessed cavities do not 

contribute to the crosswind force on the building and are not shown in Fig. 8. The contour maps in 

this figure, as well as Figs. 4 and 5, are drawn using the pressure data from the cavity end face and 

the two parts of a building side face. As such, they cannot reflect the expected discontinuities of 

values across two different faces so that relevant caution should be made in reading these contours. 

Compared to Fig. 7, the existence of a recessed cavity on the side face appears to result in reduced 

magnitude of wind pressure fluctuations in both POD modes in all cases. For Mode 1, the pattern 

of modal amplitudes also appears to be modified by the presence of recessed cavity. The crest of 

peak amplitudes on the center of the building side face becomes less distinct from Fig. 7 and it 

now resides partly inside the cavity back face and partly on the leeward part of the building side 

face. On the latter surface, the drop of amplitudes towards the leeward edge is steeper. However, 

the patterns on the RSF and LSF remain grossly the same and with 180
o
 phase difference in Cases 

2 and 3. Thus, there is still generation of coherent crosswind force fluctuations from the POD 

mode 1. 

In POD analysis Cases 2 and 3, the modal amplitudes of POD mode 2 in Fig. 8 exhibit similar 

pattern on RSF as the square-section tall building (Fig. 7) but the distributions on the LSF show 

very mild variations (that is, nearly constant modal amplitudes over the surface with distinct 

valleys or crests). The combined effect from the RSF and LSF in weakening the mode 1 crosswind 

force fluctuations is therefore slightly less that the case of the square-section tall building. 

Wind incidence case B is a case for which the crosswind excitation on the H-section building is 

found significantly reduced from the square-section building situation. Fig. 9 shows that the first 

POD modes on both building side faces (RSF and LSF) have very similar patterns as the 
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square-section building case. Coherent and periodic crosswind force fluctuations are likewise 

produced by pressure fluctuations of this POD mode. 

Unlike the first mode showing 180
o
 phase difference between the RSF and LSF, the second 

POD mode (in Cases 2 and 3) shows in-phase pressure fluctuations on the two side faces. Mode 2 

thus has the same weakening effect on the Mode 1 crosswind force generation by introducing time 

and spatial pulsations of crosswind forces. One evident observation in Fig. 9 is the generally 

higher modal amplitudes of Mode 2 as compared to Figs. 7 and 8. Another distinct difference is 

the relatively simple topography of Mode 2 amplitudes over the RSF or LSF. On the RSF, Mode 2 

in Case 2 show rather gentle topography, while Case 3 exhibits a single hill with crest near the 

center of the face. The general distribution in the latter case is actually quite similar to the mode 1 

pattern. On the LSF, Cases 2 and 3 show Mode 2 amplitudes generally dropping from a ridge 

along the leeward edge towards the windward edge. The reduced complexity in spatial variation of 

POD Mode 2 leads to a more spatially coherent and larger weakening effect on the Mode 1 

crosswind excitation. 

The POD results in Figs. 7-9 serve to provide a detail mechanism of crosswind excitation 

reduction at wind incidence B from the space-time variations of pressure fluctuations on the 

building side faces. 

 

4.3 Reconstructed crosswind force components 
 
Using a number of POD modes, wind pressure fluctuations can be reconstructed at all tap 

locations. With pressure integration, crosswind forces on a particular side face can be obtained: 

ic

i

ic AtptF ,

face side

)()(                              (7) 

where Ac,i is the tributary area of tap i on the side face and with direction of surface perpendicular 

to the incident with direction. It should be noted that the direction of the tributary area (its unit 

normal) is set to always pointing to the LSF and thus all crosswind force components are set 

positive when acting towards that direction. As with pressure, the crosswind force coefficients are 

used instead of the forces 

BHU

tF
tC

H
F 2

2
1

)(
)(


                             (8) 

For the H-section tall building under wind incidence A, the crosswind force component of a 

side face is contributed by wind pressures on the side face and the back wall of the recessed cavity 

on that face (Fig. 2).  

As shown in the previous section, the first POD mode is strongly related to the generation of 

crosswind forces by the building side faces. Therefore, only the first POD mode is used in the 

reconstruction of pressure fluctuations and crosswind force fluctuations. The total force coefficient 

signal is obtained after adding into the mean force coefficient which is readily computed from the 

mean wind pressures. 

Fig. 10 shows sample portions of the time histories of crosswind force coefficients from the 

two side faces and their combination. The original time histories obtained from pressure 

integration of the measured pressure data, and the reconstructed time histories using only the first 

POD mode are shown for the two building models under the two wind incidence cases. The parts 
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of the figures, (a) (b) and (c), present the results of square-section building and H-section building 

at wind incidence A and B, respectively. The total crosswind force coefficient on the entire 

building is the combined effect of the corresponding force coefficient on the two side faces. These 

“net” crosswind force coefficients for the three cases are also shown. 

It is observed in Case 1 that the reconstructed crosswind force coefficients on either side face 

coincide almost perfectly to the original force coefficients for both building models. In Cases 2 

and 3, the reconstructed crosswind force coefficient on a side face obviously has slightly lower 

peak value that the original force signals, especially for the H-section tall building. Similar 

findings have been found in the POD analysis of pressure fluctuations on the two surfaces of a 

large cantilevered roof (Lam et al. 2011). This is because when pressure data on two different 

surfaces are combined into one data set for POD analysis, all pressures in one POD mode are 

forced to the same phase relationship (0
o
 or 180

o
). The resulting POD mode incorporates the 

pressure patterns on both surfaces and thus the accuracy of one surface is less than the POD mode 

on that individual surface only. This may also be a reason for the faster energy convergence of the 

POD modes in Case 1 where POD analysis is conducted on separated data sets (Fig. 6). 

 

 

 

Fig. 10 Time histories of crosswind force coefficients by original signals and reconstructed signals using 

first POD mode only by Case 1-3 respectively, on: (a) Square-section building; (b) H-section 

building at incidence A; (c) H-section building at incidence B. In each plot, upper signals are 

crosswind forces on LSF, lower signals are forces on RSF, and middle signals are net crosswind 

forces 
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For the net crosswind force coefficient, however, it is almost perfectly reconstructed using M 

ode 1 only in all POD analysis cases. The net force is obtained from the combination of pressures 

on both surfaces and the POD modes in Cases 2 and 3 enforce orthogonality over both surfaces. 

The observation that the first POD mode in all cases can already well reconstruct the original net 

crosswind force suggests that the dominant pressure patterns on the two side surfaces producing 

the net crosswind force largely follow the same phase relationship. 

Fig. 11 shows the cross correlation curves between the crosswind force coefficients on the two 

side faces of both building models. All cross correlation curves exhibit regular quasi-periodicity of 

crosswind forces at a non-dimensional quasi-period, 10/ BUH , corresponding to the reciprocal 

of Strouhal number at 0.1 (Wong and Lam 2013). The peak correlation occurs at zero time lag with 

a positive value in all cases. This means that the crosswind forces on the two side faces act in the 

same direction at most times, which is typical for vortex excitation of a slender structure. 

For the square tall building, the Mode 1 reconstructed crosswind forces have almost identical 

cross correlation curves as the original force signals. With the presence of the recessed cavity, 

either on the windward or side face of the building, the peak correlation value is slightly lower 

than that for the square tall building. It is also observed that the reconstructed crosswind force 

signals in Case 1 lead to a further lower peak correlation value at zero time lag. This suggests that 

the presence of recessed cavities disturbs the dominance of the mode 1 patterns in producing the 

in-phase relationship between the crosswind forces on the two building side faces. 

In Cases 2 and 3 where orthogonality is forced on the two side faces, or with other faces as well, 

the cross correlation coefficient is always unity at zero time lag. It is noted, however, that while the 

first troughs of the correlation curves have coefficient values R < 0.6 for the square building and 

the H-section tall building at wind incidence B, the corresponding value has slightly lower 

magnitude (R  0.5) for the H-section tall building at wind incidence A. It is at the latter normal 

wind incidence case A that the crosswind excitation on a tall building is found to be significantly 

reduced by the presence of recessed cavity (Wong and Lam 2013). The present result suggests that 

the reduction is largely reflected in the first POD mode. 

To further investigate the correlation relationship between wind excitations from the two side 

faces, cross power spectral density functions (p.s.d.) of forces on LSF and RSF are computed and 

shown in Fig. 12. For both building models, the cross spectra of the two original crosswind force 

components from the two side faces exhibit the peak of vortex excitation at 1.0/ HUnB , at 

which the phases are near zero. Across the frequencies, the two side face crosswind force signals 

reconstructed from POD mode 1 in Case 1 for both buildings show almost identical magnitudes 

and phases of the cross p.s.d. to those of the original signals, except at some high frequencies. 

For the reconstructed force signals in Cases 2 and 3, the phases of the cross p.s.d. are zero at all 

frequencies, which is expected. The magnitudes of the cross p.s.d. of the reconstructed crosswind 

forces on the square building model show almost the same magnitudes and distribution as the 

original signals around the spectral peak of crosswind excitation. This reinforces that the 

generation of crosswind force on the square tall building can be represented to a very high degree 

by the first POD mode. For the H-section tall building, however, there are differences in the mode 

1 reconstruction both in terms of spectral levels and peak frequency of the spectral peak of the 

cross p.s.d. 

In this section, the contribution of lateral turbulence in the incoming wind flow to the 

fluctuations in crosswind forces is not explicitly studied. This is partly due to the lack of coherent 

patterns and structures in the ambient lateral turbulence to be clearly revealed by POD, and partly 

80



 

 

 

 

 

 

POD analysis of crosswind forces on a tall building with square and H-shaped cross sections 

due to its likely weak contribution as compared with the contribution from vortex excitation.  

Nevertheless, the higher modes which are not fully analyzed in this paper may be associated with 

the lateral wind turbulence. 

 

 

 

Fig. 11 Cross correlation between crosswind forces on the RSF and LSF, (a) Square tall building at wind 

incidence A; (b) H-section tall building at wind incidence A; (c) H-section tall building at wind 

incidence B. Original signals and reconstructed signals using first POD mode only by Case 1-3 
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Fig. 12 Cross-power spectrum density and phase relationship of crosswind force coefficients on LSF and 

RSF, (a) Square tall building; (b) H-section tall building at wind incidence A; (c) H-section tall 

building at wind incidence B 

 

 

5. Conclusions 
 

This study has investigated the characteristics of fluctuating wind pressures on the side faces of 

a tall building, of H/B = 6, and their role in the generation of crosswind forces on the building with 

the space-time statistical tool of POD. A comparison is made on a square-section tall building and 

an H-section tall building to study the effect of recessed cavities, of size W/B = D/B = 0.25, on the 

modification of crosswind excitation. 

The paper also compares the use of different pressure data sets for POD analysis in situations 

where pressures on two different surfaces are responsible for the generation of a wind force. The 

analysis makes use of the first POD mode and the crosswind force components reconstructed from 

this mode. It is found that while using the wind pressures on the two side faces separately lead to 

better representation of the individual side face crosswind forces, there are negligible differences 

in the net crosswind force signal in using different sets of data. 

For the POD modes of wind pressures on the two side faces, the first 50 modes are required to 

contain over 90% of the total energy. However for the crosswind forces given by the spatial 

integration of wind pressures on a side face or both side faces, the use of the first POD mode alone 

can reconstruct the original force signal to a high accuracy, especially for the square tall building.  

This may support that the generation on crosswind forces on the building is largely contributed by 
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the global out-of-phase fluctuations of wind pressures on the two side faces in POD Mode 1 as a 

result of coherent vortex shedding from the building. The excellent reconstruction is revealed by 

the cross correlation relationship between the two side face crosswind forces. For the H-section tall 

building, the presence of the recessed cavities is found to result in a slight reduction of dominance 

of the first POD mode. This may explain the effect of the recessed cavities in reducing the overall 

crosswind excitation on the building. 

It remains unresolved as regard to whether the pressure data sets of the windward and leeward 

surfaces should be included in the POD analysis. This issue needs further investigation. 
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