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Abstract 

This study delves into the complex dynamics of upwind terrain transition from open country to suburban areas 

and its effects on wind pressures and forces on low-rise buildings. Advanced wind tunnel experiments were 

conducted, focusing on two critical distance parameters: the building's proximity to the upwind transition patch 

and the patch's length. This approach allowed for a nuanced examination of the stochastic characteristics of 

wind pressures, differing from standard open terrain scenarios. In addition, by comparing our results with con-

ventional open terrain exposures and aligning with ASCE 7-16 designated zones, this research offers novel in-

sights into the terrain transition impact on building design. These findings significantly advance our understand-

ing of wind load estimations in varied terrains, contributing valuable perspectives to structural design and wind 

engineering. 
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1. Introduction  

The study of wind pressures on low-rise buildings, particularly in varied terrains, is a pivotal concern in 
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wind engineering, crucial for designing structures resilient to extreme weather conditions. Over the past few 

decades, there have been numerous numerical and experimental studies to predict wind loads and pressure dis-

tributions on low-rise buildings in homogeneous terrain exposures [1–7]. These studies have helped to better 

understand and predict the mechanism of wind pressures and loads on low-rise buildings for homogeneous up-

wind terrain. Based on these previous studies most of current building design approach, such as ASCE 7-16 [8], 

provides pressure distributions over different archetype buildings assuming homogenous upwind terrain for the 

safety and simplicity. However, the presence of surrounding buildings or changes in upwind terrain patch can 

interfere with wind flow, causing different pressure distribution results from those of an isolated low-rise build-

ing.  

In recent decades, a number of research has focused on evaluating the wind pressure distribution on non-

isolated buildings. Pioneering studies by Ho [9], Kiefer and Plate [10], and Holmes [11] have conducted wind 

tunnel experiments to measure the wind pressure distributions across groups of low-rise buildings, creating ac-

tual urban environments within wind tunnels. Based on the results, they pointed out the surrounding building 

condition can cause large variability in pressure fluctuation on building surfaces. Zhang and Li [12], along with 

Flaga et al. [13] and Chen et al. [14,15], who conducted wind tunnel tests with high-rise buildings within built-

up areas, also reported that the configuration of surrounding buildings can cause significant distortions in wind 

angle and pressure on the surfaces of these buildings.  

 Further research has delved into the influence of the relative positioning of nearby high-rise buildings on 

wind pressure affecting target structures. A series of experiments [16–23] focused on two or three high-rise 

buildings. By varying their relative positions, these studies demonstrated that the proximity of neighboring 

buildings could significantly amplify pressure distributions due to vortex-shedding or channeling effect. Experi-

ments focusing on low-rise buildings were also conducted by adjusting their relative spacing [24–27]. In a simi-

lar wind tunnel investigation, Ahmad and Kumar [28] noted considerable variations in wind pressure coeffi-

cients when examining the relative positioning of three low-rise buildings. Their results indicated a substantial 
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increase of up to 73% in the minimum pressure coefficient and a decrease of up to 69% in the average pressure. 

Complementing these findings, Chen et al. [29] and Li et al. [30] conducted Computational Fluid Dynamics 

(CFD) simulations on clusters of low-rise buildings, involving three and nine buildings, respectively. These 

simulations highlighted a significant amplification of pressure, with observed increases reaching up to 70%. 

This points to the critical influence that the arrangement and orientation of buildings have on wind-induced 

pressure dynamics. 

While extensive research has been conducted on wind pressure distributions influenced by surrounding 

buildings, a significant yet lesser-explored area in wind engineering is the impact of upwind terrain transitions. 

Studies by Tamura [5] and Wang and Stathopoulos [31] have emphasized the influence of upwind terrain within 

a range of 500 m to 1 km from buildings, underscoring the importance of considering broader terrain configura-

tions in wind load assessments. However, most previous research has been focused on changes in wind profiles 

[32–36] with only a limited number of studies examining the effects of these terrain transitions on building 

pressure distributions. For example, the study by Wang and Stathopoulos [31], which aimed to assess the influ-

ence of wind conditions on building wind pressures, encountered limitations including restricted wind incident 

angles and a narrow range of terrain transition scenarios. This highlights the need for more experimental studies 

to fully understand the relationship between terrain changes and wind pressures on low-rise buildings. 

This research gap is relevant considering the distinct wind flow dynamics induced by transitions from 

smooth (natural or less developed) to rough (urban or built-up) terrains, a common occurrence at the edges of 

urban expansion. These transitions can result in unique turbulence characteristics and altered wind patterns, 

thereby impacting the wind pressure exerted on structures. This study delves into the effects of proximity and 

length of upwind terrain transitions on the wind loads and pressures of low-rise buildings through wind tunnel 

testing. The focus is on the frequently observed transition from open country (z0 = 0.03 m) to suburban areas 

(z0 = 0.3 m) at suburban boundaries, as illustrated in Fig. 1. Despite the limited literature on building pressure 

response for such transitions, field measurements of wind from similar sites are available for reference [37]. 
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Fig. 1. An example of the interested building subject 

In this study, two variables are experimentally controlled: the length of the upwind patch and its distance 

from the building, to simulate a variety of terrain transition scenarios. By comparing the pressure distributions 

to those on an isolated building in open terrain, this research aims to elucidate the effects of both proximity and 

length of the transition patch. Additionally, area-averaged pressure coefficients are computed in accordance 

with ASCE 7-16 [8], to assess their impact on building design. The study also explores the influence on overall 

body forces, including drag and lift, providing a comprehensive understanding of how upwind terrain transitions 

affect wind pressures and loads on low-rise buildings. These findings offer valuable insights for both theoretical 

and practical applications in structural design and urban planning. 

 

2. Wind tunnel test 

2.1 Wind tunnel facilities and building model 

The wind tunnel experiments were conducted in the Boundary Layer Wind Tunnel (BLWT) at the Univer-

sity of Florida. The BLWT is equipped with 1,116 individually configurable roughness elements, arranged in a 

staggered pattern, to simulate the effects of terrain roughness on wind flow (see Fig. 2). Each roughness element 

has a plane dimension of 10 cm by 5 cm and its height can be adjusted to reflect changes in surface roughness. 

The aerodynamic roughness length (z0) was adjusted from 0.03 m to 0.3 m according to Eq. (1) to represent the 

transition from an open country to a suburban area. The smooth surface roughness of 0.03 m represents featureless 
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areas, while the rough surface roughness of 0.3 m represents suburban terrain. 
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where H is the height of the roughness element, CD is the drag coefficient, 𝑑0 is the zero-plane displacement, and 

κ is von Kármán's constant, which is equal to 0.4 [38].  

 

Fig. 2. Boundary Layer Wind Tunnel schematic plan view (dimensions in meters) 

The wind speed was measured using three Cobra Probes located at (x= 29.5 m, y=0.0) in the BLWT. The 

data was collected with a sampling rate of 1,250 Hz at 36 different heights, starting from 5 mm from the ground 

up to 1500 mm. The pressure distributions on the low-rise building model were measured using a 216 channel, 

625 Hz Scanivalve ZOC33 pressure scanning system mounted under the turntable. Each pressure tab was linked 

to a corresponding channel using a tube measuring 1,345 mm in length with an inner diameter of 1.37 mm. To 

correct the distortion effects that arise as air flow passes through the tube, the measured pressure data was digitally 

filtered using the tubing system transfer function. The error of the pressure sensor is below ± 3% for amplitude 

and less than approximately 6 degrees for phase. 

The collected pressure data was filtered with a low-pass filter with a cutoff frequency of 200 Hz and rec-

orded for 1 minute (corresponding to 10 minutes in full scale). The low-rise building model had dimensions of 8 

cm (height) × 18.25 cm (width) × 27.45 cm (length) at a 1:50 scale and was equipped with a gable roof with a 2% 
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slope. Fig. 3 illustrates the building model and the layout of the pressure taps on the surfaces. The blockage ratio 

was less than 3% across the entire experiments. 

 

 

Fig. 3. Low-rise gable roof building model [7] 

 

2.2 Test cases  

Fig. 4 presents a schematic illustration of the test setup. It shows a suburban terrain patch placed in front of 

the low-rise building with the rest of the area as open terrain. The suburban patch length was varied by controlling 

parameters L and d. The parameter L represents the distance from the far end of the patch to the building. Based 

upon the findings presented by Wang and Stathopoulos [31], who suggested that the design load of a low-rise 

building is generally influenced by an upwind fetch length of 250 - 500 m, we selected five test points for our 

study, which are 189, 280, 372, 463, and 555 m in real scale. The parameter d represents the distance from the 

near end of the patch to the building, which has been conventionally set to about 2 m in the testing facility under 

homogeneous terrain conditions [7], equivalent to 100 m in real scale. In this study, we tested three different 

levels of d (25, 55, 100 m in real scale) to evaluate the impact of the distance between the patch and the building. 

To compare with conventional testing methods, one homogeneous terrain cases was also tested: open terrain. 
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These comparisons aimed to better understand the effect of the size of the upwind transition patch and its distance 

from the building. Ten wind directions were tested from 0 to 90° with 10° intervals. The wind direction was 

manipulated by rotating the building model. This direction was then estimated by measuring the angle between 

the airflow in the tunnel and the roof ridge of the building model (see Fig. 4). 

 

Fig. 4. Schematic illustration of the test setup 

In order to demonstrate the impact of the transition terrains on the wind flow, this study analyzed variations 

in the mean wind speed and the turbulence intensity as illustrated in Fig. 5. These variations were examined over 

a vertical height range from 2.5 m to 15 m for distances of d = 25 and 55 m, and lengths of L = 189, 372, and 555 

m. As a benchmark, profiles for open terrain are depicted as black dotted lines for comparative purposes. The 

ratio of mean wind speed at each measurement location to that at a 75 m height in the full-scale prototype is 

demonstrated in Fig. 5(a) and (b). Here, data for d = 100 m were omitted from Fig. 5 due to measurement errors, 

yet this exclusion does not undermine the overall findings of this study. 

The analysis revealed several notable changes caused by the upwind transition terrain. First, there were 

discernible changes in the profile shapes along the height due to the upwind transition. In open terrain scenarios, 

both mean wind speed and turbulence intensity exhibit an exponential relationship with height, characterized by 

power-law exponents of 0.15 and -0.38, respectively. On the other hands, for transition terrains, the mean wind 

speed demonstrates a more linear relationship with height, and turbulence intensity remains relatively constant 

below 8 m, indicative of the influence of the upwind transition. 
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Second, the mean wind speed was reduced when a transition patch was placed before the building, implying 

the possibility of shielding wind flow and mitigating the overall wind speed at the building location. For example, 

Fig. 6(a) demonstrates the variations of the mean wind speed at 5 m height. According to the figure, the mean 

wind speed decreased more than 8% and 15% when d was 55 m and 25 m, respectively. Additionally, the mean 

wind speed decreased as d decreased and L increased, suggesting that the reduction in wind speed becomes greater 

as the patch gets closer to the building and its length increases.  

 

Fig. 5. Vertical profiles (2.5 – 15 m) of the ratio of mean wind speed for (a) d = 25 m and (b) d = 55 m, and the 
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turbulence intensity for (c) d = 25 m and (d) d = 55 m 

 

Fig. 6. Variation of wind properties at 5 m height (a) mean wind speed, (b) turbulence intensity 

 

On the other hand, the turbulence intensity showed the opposite tendency with much larger intensities than 

in the homogeneous open terrain as shown in Fig. 6(b) due to the disturbance of the upwind transition patch. Fig. 

7 demonstrates an example of power spectral density of the wind at 5 m height when L was 280 m. This figure 

clearly shows that the open terrain scenario presents a lower spectral density across the entire frequency range 

compared to the transition cases. Moreover, the transition case with d = 25 m demonstrates higher spectral den-

sities than the case with d = 55 m. These disparities indicate that the upwind transition terrain can amplify all 

turbulent components, regardless of a decrease in the mean wind speed.  

In addition, it was observed that wind properties above the 6-8 m range showed minimal variation with 

changes in d. In contrast, wind properties below this range were significantly influenced by this parameter. This 

differential effect underscores the critical influence of proximity to the upwind transition patch, particularly im-

pacting wind properties at the eave height of low-rise buildings. Conversely, wind properties at higher elevations 

appeared to be more sensitive to variations in the length of the transition patch.  
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Fig. 7. Power spectral density of the wind at 5 m height (L = 280 m)  

 

3. Pressure distributions on the building surfaces 

The distributions of pressure coefficients over the building surfaces were observed while changing the two 

parameters, d and L, and the wind direction. For concise presentation, two representative groups of pressure taps 

were presented, shown as Sections A and B in Fig. 8. Section A, which is marked by blue line with white circles, 

is the cross-section along the ridge, which is 3.0 m away from the ridge in the real scale. Section B, which is 

marked by red line with red squares, is the centerline perpendicular to the ridge. Pressure coefficient 𝐶𝑝 was 

estimated based on Eq. (2), where 𝑃𝑘 is the pressure at k-th pressure tap, 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 is the static pressure, 𝑈 is the 

reference wind speed (13 m/s), which is the mean wind speed at the eave height under the homogenous open 

terrain. For the purpose of evaluating changes in pressure magnitude, a consistent wind speed was applied across 

all transition cases. 𝜌 is the air density (1.225 kg/m3). 

𝐶𝑝 =
𝑃𝑘 − 𝑃𝑠𝑡𝑎𝑡𝑖𝑐

0.5𝜌𝑈2
(2) 
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The pressure coefficient changes for the two sections were analyzed for three wind directions, representa-

tively: 0°, 40°, and 90°. To enhance clarity, we represented the results of the homogeneous open terrain case and 

five transition cases, selected based on the parameters d and L: 1) d = 25 m & L = 189 m, 2) d = 55 m & L = 189 

m, 3) d = 100 m & L = 189 m, 4) d = 100 m & L = 372 m, 5) d = 100 m & L = 555 m.  

 

Fig. 8. Representative pressure tap groups: sections A and B 

Figs. 8, 9, and 10 illustrate the distributions of mean, root-mean-square (RMS), and peak pressure coeffi-

cients along sections A and B, respectively, for the selected wind directions and transition cases. The peak pres-

sure coefficient was determined using the Cook-Mayne method [39] assuming the extreme distribution of the 

wind pressure follows Fisher-Tippett type I as follow:  

𝐶𝑝
𝑝𝑒𝑎𝑘

= 𝑈𝑝 + 1.4/𝑎𝑝 (3) 

where 𝑈𝑝  is the mode and 𝑎𝑝 is the dispersion. Each set of pressure data's time history was segmented into six 

sub-samples, and six peak pressure coefficients were extracted from each subdivision. Using the Best Linear 

Unbiased Estimators (BLUE) method [40], we calculated the mode and dispersion presented in Eq. (3) based on 

these six peak pressure coefficients. As a result, a representative peak value which corresponds to non-exceedance 

probability of 78%. 

The results of the five transition cases are depicted with solid or dotted lines, while the homogeneous open 

terrain case serves as a reference and is represented by bright blue points. The results showed a consistent trend 
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in the pressure coefficient distributions, aligning with findings from previous research [1,27]. Observing the wind-

ward surface of the roof, when the wind direction was 0 or 90°, a large vortex resulted in high negative mean and 

peak pressure coefficients and high RMS values. At a wind direction of 40°, two significant corner vortices were 

observed on both windward edges of the roof, contributing to the observed bumps in the pressure coefficients of 

section A. However, the main focus of this study is the effect of the distance parameters, d and L, on the pressure 

coefficient distributions. The notable differences in the pressure coefficient variations with respect to d and L will 

be discussed in detail. 

 

3.1 Mean pressure coefficients 

The mean pressure coefficient results, shown in Fig. 9, revealed that the open terrain case had the highest 

values among all pressure taps compared to the transition cases. The mean coefficient decreased by 10-60% based 

on the parameters d and L. For instance, at the windward corner of section A, the magnitude of the coefficient 

decreased from -2.46 to -2.14 (13% decrease) as L increased from 189 m to 555 m, with d and wind direction 

being 100 m and 40° respectively. This shows that longer upwind suburban patches lead to lower mean wind 

pressures on the building surfaces. However, the decreasing rate of mean wind pressure slowed down significantly 

when L was large enough. These results are in line with previous studies [31], which showed that a roughness 

patch farther than 250 to 500 meters from the building does not significantly affect the wind loads on the building. 

The parameter d had a greater impact compared to L. For example, at the same pressure tap, the mean wind 

coefficient decreased significantly from -2.43 to -1.44 (42% decrease) when d decreased from 100 m to 25 m and 

L was kept at 189 m. This indicates that a closer transition region has a much stronger impact on reducing the 

mean wind pressure on low-rise buildings as well as the mean wind speed. 

The findings show that the presence of an upwind suburban transition zone consistently decreases the mean 

pressures on the building's surfaces. The impact is greater as the length of the transition patch increases and the 

distance from the building decreases. This trend aligns with the results in Fig. 5, which highlight that the mean 

https://urldefense.com/v3/__https:/doi.org/10.1016/j.jobe.2024.108651__;!!PhOWcWs!yZ__-NOgeMV3Y4mBUb-crAC5ElibZXWNuYbtZtc7OvV2553-mj5pv5B8B7uAri7oXnNouDlYTxDjlxvg5PWkmSVGNa92Nw$


This file is the final accepted version of the manuscript published in https://doi.org/10.1016/j.jobe.2024.108651 

-13- 

wind speed at the eaves height plays a key role in determining the distribution of mean pressure on the building's 

surfaces. 

 

Fig. 9. Distributions of the mean pressure coefficients along sections A and B 

 

3.2 Root-mean-square (RMS) 

The results indicated that the RMS values were impacted by the presence of an upwind transition patch and 

wind direction. As shown in Fig. 10, when the wind direction was 0°, the RMS values were higher in the open 

terrain compared to the transition cases. However, when the wind direction was 40° or 90°, some of the transition 
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cases had larger RMS values than the open terrain. For example, with a wind direction of 40° and a distance of d 

= 100 m, the RMS values at the windward corner of section A roof ranged from 0.54 to 0.62, whereas the open 

terrain case had an RMS value of 0.56. The disturbance effect of the upwind transition patch resulted in higher 

turbulence intensities as shown in Fig. 5, which caused large fluctuations in wind pressures on the building sur-

faces, despite the lower mean wind speed and pressure.  

The results also occasionally showed that the RMS of pressure coefficient increased at the windward corners 

as the transition patch became closer to the building, as indicated by a decrease in the parameter d, when the wind 

direction was 0° or 90°. At the windward corner of the roof of section A, for example, the RMS value was 0.32 

when d = 25 m and 0.30 when d = 55 m with wind direction of 0°, compared to 0.26 for the open terrain. Similar 

results were found for the windward roof corner of section B when the wind direction was 90°. The RMS values 

ranged from 0.36 to 0.40 for d = 25 m and 0.32 to 0.39 for d = 55 m, while they were 0.30 to 0.33 for the open 

terrain. Additionally, for section A when the wind direction was 90°, most of the pressure taps on the roof showed 

maximum RMS values when d was 25 m, while the open terrain case had minimum values. This trend was oppo-

site to what was observed on other pressure taps, which showed a decrease in RMS values as d decreased due to 

the reduction in mean wind speed. These results indicate that even though the overall mean wind speed may 

decrease when the building is closer to the transition patch, the fluctuations in wind pressures can increase due to 

the disturbance effect, particularly at the windward surface of the building roof.  
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Fig. 10. Distributions of RMS of the pressure coefficients along sections A and B 

 

3.3 Peak pressure coefficients 

The distributions of the peak pressure coefficients on building surfaces are shown in Fig. 11. Unlike the 

mean pressure coefficients, the peak pressure coefficients in the transition cases were comparable to those in the 

open terrain case due to the significant fluctuations in wind pressure, as discussed in the previous section. The 

effect of parameter L was not significant; the average peak coefficient across all pressure taps changed by less 

than 4% from 189 m to 555 m. Also, there was only a 10% decrease in the peak coefficient when d decreased to 
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25 m, which was much smaller than the change in mean coefficients. Some pressure taps even showed increased 

peak coefficients with the upwind transition compared to the open terrain case. For example, a 9% increase in the 

peak coefficient was observed at the windward roof corner of section B when d and the wind direction were 25 

m and 90°, respectively. 

Fig. 12 displays the variation of the average peak pressure coefficients for three pressure taps located at the 

windward corner of section B for 40° and 90° wind directions, as indicated by the orange circle with the red dotted 

boundary in Fig. 11. The dotted black line represents the results from the open terrain scenario. As seen in Fig. 

12, when the wind direction was 40°, the homogeneous terrain case had the highest peak pressure coefficients. 

On the other hand, when the wind direction was 90°, the transition cases had comparable or even higher coeffi-

cients than the homogeneous terrain case. This demonstrates that the presence of an upwind transition can either 

reduce or increase the peak wind pressure on building surfaces, depending on the upwind transition conditions 

and relative wind direction. There was no clear relationship between the peak coefficients and parameter L due 

to the interplay between changes in mean wind speed and turbulence intensity. 
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Fig. 11. Distributions of peak pressure coefficients along sections A and B 
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Fig. 12. Averaged peak coefficients on windward surface of section B for wind direction (a) 40° and (b) 90° 

 

3.4 Skewness and kurtosis 

To analyze the impact of the upwind transition on the statistical characteristics of wind pressures, we cal-

culated the skewness and kurtosis, which are the measures of the asymmetry and skewness of a probability dis-

tribution. Skewness indicates the presence of negative or positive outliers, and a lower skewness means a distri-

bution that contains values much less than the mean. Kurtosis measures the frequency of outliers and a kurtosis 

greater than 3.0 indicates a distribution with more outliers than a normal distribution. 

Fig. 13 demonstrates the variations of the calculated skewness and kurtosis according to the parameters d 

and L for three example pressure taps. The two pressure taps at the windward corner and edge on the roof were 

chosen, which experienced substantial negative wind pressures when the wind direction was 40° and 90°, respec-

tively. The last tap near the center of the front surface experienced a large positive pressure when the wind direc-

tion was 0°. The dotted lines indicate the skewness and kurtosis obtained from the homogeneous open terrain case 

for each wind direction.  

The results revealed two clear trends. Firstly, in most cases, the absolute values of skewness and kurtosis 

for the transition cases were higher than those for the open terrain case. This indicates that the upwind transition 

patch results in a greater frequency and magnitude of negative peak pressures for Cases 1 and 2, and positive peak 
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pressures for Case 3, compared to the open terrain case if the mean and RMS of wind pressure are equal. These 

increased statistical parameters are a key factor contributing to the high peak pressure coefficients in Figs. 10 and 

11. 

Secondly, the absolute value of skewness and kurtosis increased as the parameter d decreased, indicating 

that as buildings get closer, the frequency of outliers increases. However, the impact of parameter L was negligible, 

emphasizing that terrain patch far from the target building have limited influence. When assessing the wind pres-

sure on a specific building, it's crucial to consider the location of the nearest building, which can reduce the mean 

wind speed but also result in frequent outliers in wind pressures. 

 

 

Fig. 13. Variations of skewness and kurtosis at three different pressure taps according to d and L  

 

4. Area-averaged pressure coefficients 
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4.1 Wind loads on designated zones 

Area-averaged pressure coefficients were obtained based on the zoning principle introduced by ASCE 7-16 

[8] to evaluate the influence of the upwind transition patch on the overall surface of the building. Fig. 14 shows 

the 18 zones designated based on ASCE 7-16, and ten of them were selected, which were considered essential for 

the design application. The time histories of area-averaged pressure were obtained with consideration of the trib-

utary area of each zone. The maximum and minimum instantaneous wind pressure coefficients experienced by 

each zone were selected among the entire time histories obtained from all wind directions. Table 1 shows the 

maximum positive and minimum negative pressure coefficients and related wind directions from the homogene-

ous open terrain case. 

 

Fig. 14. Zone designation based on ASCE 7-16 

Table 1. Maximum and minimum coefficient and direction of each zone of the open terrain case   

Surface Zone 

Maximum Minimum 

Pressure coeffi-

cient 
Wind direction 

Pressure coeffi-

cient 
Wind direction 

Windward 1 1.64 40° -2.54 80° 

1 2

3

4

θ

56

7 8

9 10
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wall 2 1.12 0° -1.14 90° 

3 1.66 40° -2.33 10° 

4 1.01 80° -0.79 0° 

Roof 

5  -0.05 0° -1.46 80° 

6 -0.11 0° -1.19 40° 

7 -0.10 60° -3.88 50° 

8 0.08 90° -2.65 0° 

9 0.04 0° -2.93 90° 

10 0.18 90° -1.36 70° 

 

The ratios of the maximum and minimum pressure coefficients between the homogeneous open terrain and 

the transition cases were calculated for the distance parameter d and L. As the tendency of the ratios for the 

parameter L was not clear, the ratios were averaged for all five Ls (189 – 555 m). Fig. 15 demonstrates the varia-

tions of the averaged ratios of the maximum and minimum pressure coefficients of the ten zones according to 

parameter d. Ratios that exceeds 1.0 indicates an amplification of pressure compared to the open terrain case. In 

the case of maximum coefficient, only the ratios of the windward front (zones 1 and 2) and side walls (zones 3 

and 4) were presented because positive pressures on the roof were negligible with respect to the design application, 

as shown in Table 1. Fig. 16 depicts the rates of change in pressure coefficient according to d based on the linear 

least square regression method to evaluate the tendency of the ratio in the range of 25-100 m. This figure pertains 

exclusively to those zones where an amplification of the pressure coefficient (ratio > 1.0) is observed. 

According to Fig. 15(a), the ratios of the maximum positive pressure coefficients of the front and side walls 

always exceeded 1.0. This indicates the maximum positive pressure coefficients of the front and side walls in-

creased due to the presence of open-to-suburban transition. The amplification of pressure increased from 1.05 to 

1.13 (5-13% increment) as the distance between the suburban patch and the building (d) increased. Fig. 16(a) also 

indicates an increase of approximately 0.07–0.09% for each unit meter of d, with the exception of zone 1. This 

represents a ratio increment of 7-9% for 100-meter change in d. It is essential to take into account this amplified 
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positive pressure when calculating design wind loads for claddings or wall components accurately. Please note 

that these trends we found were based on the data up to d = 100 m. The tendencies might vary for greater distances. 

Fig. 15(b) illustrates the ratios of the minimum pressure coefficient. When d was 25 m, it is noted that the 

majority of the zones had ratios beneath 1.0. This suggests a mitigation of negative pressures in comparison to 

the open terrain scenario, attributable to the drop in average wind speed. Most zones revealed an escalating trend 

in the ratio relative to d, which can be ascribed to the increments in mean wind speed. For instance, zones 1 and 

3 - the windward edge of the side walls - exhibited pressure coefficients comparable to those in open terrain 

scenarios when d was 25 m, with ratios approximating 1.0. However, as d increased, the ratios for zones 1 and 3 

escalated, reaching up to 1.11, indicating a 11% increase when d was 100 meters. In addition, zones 7, located on 

the windward corners of the roof, experienced a more rapid increase as d changed. The ratio here surged dramat-

ically from around 0.82 to 1.06, a significant increment of 24%. These tendencies also can be observed in Fig. 

16(b). 

Considering the ratios of zones 1, 3, and 7, it becomes evident that the windward corners of the roof, along 

with the windward edge of the walls, may undergo more than a 10% increase in negative wind pressures in relation 

to the upwind transition. These results suggest that some of the edges or corners of the surfaces are particularly 

sensitive to turbulence intensity, which could cause significant wind pressure fluctuations. This might result in 

larger peak suction pressures than those found in uniform open terrain. On the contrary, the ratios of zones 2, 4, 

5, and 6 remained persistently far below 1.0, implying reduced negative pressures compared to those experienced 

in the open terrain scenario. This suggest the large zones located in the center of each surface are more reliant on 

the average wind speed rather than the turbulent intensity.  
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Fig. 15. Ratio of wind loading between the homogeneous open terrain and open-to-suburban transition (>1 

means increase due to transition): (a) maximum and (b) minimum pressure coefficient 

 

Fig. 16. Change in wind loading due to increasing d in open-to-suburban transition for the zones that had 

amplification: (a) maximum (zones 1, 2, 3, and 4) and (b) minimum pressure coefficient (zones 1, 3, 7, and 10) 

 

Supplemental analysis was performed, specifically focusing on zone 7 due to its significant relevance to 

design objectives. Fig. 17(a) illustrates the variation in the ratio of minimum coefficients in relation to d for this 

zone. The black line maps the average ratio across all five L values, and the two red lines represent the scope of 

one standard deviation from this average. Grey circles are used to indicate individual measurements for each L 
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value. As demonstrated in Fig. 17(a), the averaged ratio has a clear increasing tendency according to d, total 24% 

increment in the ratio as the d shift from 25 m to 100 m. Also, the ratio displays variability among different L 

values, reaching a zenith of 1.10 when d is set at 100 m. This suggests that the presence of the upwind transition 

can potentially result in an increment exceeding 10% in the peak pressure on zone 7. 

Fig. 17(b) depicts the change in ratio relative to L. It can be inferred from Fig. 17(b) that there exists a slight 

upward trend in the ratio with respect to L for all three d cases. The average rate of change in the pressure coeffi-

cient was around 0.003% per unit meter of L, which is over hundred times smaller than the change rate associated 

with d. There was an approximate 2% increase in the pressure when L transitions from 189 m to 555 m. In contrast, 

a steeper 24% increment was observed when d elevates from 25 m to 100 m. Drawing from these results, it can 

be concluded that the presence of the upwind transition could serve as a critical factor during the design process, 

even when the length of the transition patch is relatively short. 

 

Fig. 17. Variation of the ratios of the minimum pressure coefficient of zone 7 according to (a) d and (b) L 

 

4.2 Total drag and lift forces 

Time histories of total body forces, drag and lift forces, were calculated by integrating all wind pressure 

data considering the tributary area of each pressure tap. The mean and peak forces were determined based on the 
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integrated results, and the corresponding aerodynamic coefficients were calculated using Eq. (4). 

𝐶𝑖,𝑚𝑒𝑎𝑛 =
𝐹𝑖,𝑚𝑒𝑎𝑛

1/2𝜌𝑈2𝐴
         𝐶𝑖,𝑝𝑒𝑎𝑘 =

𝐹𝑖,𝑝𝑒𝑎𝑘

1/2𝜌𝑈2𝐴
       (𝑖 = 𝐷 or 𝐿) (4) 

where 𝐶𝑖,𝑚𝑒𝑎𝑛 and 𝐶𝑖,𝑝𝑒𝑎𝑘 are the mean and peak aerodynamic coefficients, and subscript i indicates drag (D) and 

lift (L) forces. 𝐹𝑖,𝑚𝑒𝑎𝑛 and 𝐹𝑖,𝑝𝑒𝑎𝑘 are the mean and peak wind forces. 𝜌 is the air density (=1.225 kg/m3), and 𝑈 

is the reference wind speed (= 13 m/s), and 𝐴 is the frontal area. The coefficients were obtained for each wind 

direction. Fig. 18 shows the variation of the mean and peak of drag and lift coefficients according to the wind 

direction. The mean and peak drag coefficients had maximum values of 1.30 and 1.98, respectively, at the 50° 

wind direction. Those lift coefficients were maximum at 80°, and the values were -0.78 and -1.22, respectively.  

 

Fig. 18. (a) Drag and (b) lift force coefficients of the open terrain 

The ratios of the transition cases to the open terrain case for the mean and peak coefficients were estimated. 

The ratio was obtained at 50° wind direction for the drag coefficient and 80° for the lift coefficient, which are the 

wind directions with the highest values for the drag and lift coefficients, respectively. The impact of parameters 

d and L on these ratios was also analyzed.  

Fig. 19 and Fig. 20 show the estimated variations of ratio for the mean and the peak coefficients, respec-

tively. All the ratios of the mean force coefficients depicted in Fig. 19 were lower than 1.0 due to the reductions 

in the mean wind speed. The data showed small declines in the ratios according to the distance parameter L, and 
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a significant decrease in relation to the parameter d, due to the decreasing mean wind speed. 

According to Fig. 20, the majority of the peak coefficient ratios were less than 1.0, yet they were larger 

than those presented in Fig. 19 due to the large fluctuation in the wind loads. When d was 100 m, the ratios of 

the drag force were found to be either similar to or slightly greater than 1.0 attributed to the large positive pres-

sures present in zones 1, 2, 3, and 4. Then, the ratio dropped significantly as d decreased to 25 m. In the case of 

the lift force, all the ratios of the peak coefficients were lower than 1.0 even when d = 100 m. Despite the large 

suction pressures at the windward corner of the roof, zones 5 and 6, which have a much larger area than zone 7, 

predominantly determined the lift force. From these findings, we can infer that although the upwind transition 

might augment local pressure, it primarily serves to mitigate the overall forces acting on the building. 

 

Fig. 19. The ratios of the mean coefficients. (a) drag and (b) lift forces 
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Fig. 20. The ratios of the peak coefficients. (a) drag and (b) lift forces 

 

This study contributes to the understanding of upwind terrain transitions from open to suburban areas on 

wind pressures for low-rise buildings. However, it is important to note the limitations in our approach. The 

building model specifications and the range of terrain transition scenarios we have explored, while varied, do 

not cover all possible conditions. Real-world terrain transitions are complex and diverse, and our scenarios rep-

resent just a selection of these possibilities. Consequently, more comprehensive studies are needed to further 

explore this area. Despite these limitations, the outcomes of our research provide valuable insights into the ef-

fects of considering upwind terrain transitions, offering a foundational understanding for future explorations in 

this field. 

 

5. Conclusions 

This study aimed to evaluate the effect of the upwind open-to-suburban transition terrain patch on the 

pressure distributions of a low-rise building. We observed variations of pressure distributions on the building 

surfaces through wind tunnel tests. The distance between the building and the terrain patch as well as the size of 

the terrain patch were varied (distance from the building to the near end: 25 – 100 m, far end: 189 – 555 m). 
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The conclusions of the experiments were as follows:  

(1) The upwind transition patch consistently reduced the mean wind speeds at the location of the investi-

gated building, resulting in decrements in the mean pressure distributions on the building surfaces. The 

total integrated drag and lift body forces of the building decreased up to 30% due to the reduced mean 

wind speed. This mitigation effect on the wind pressures increased as the building moved closer to the 

transition patch, or the patch length increased.  

(2) The upwind transition patch caused an increase in the turbulence intensity of the wind, leading to an 

increase in the fluctuation component of wind pressures. Despite the decrease in mean pressures, the 

RMS and peak pressure coefficients can be similar to or even higher than those obtained in the homo-

geneous open terrain case especially on the windward corners. 

(3) According to the area-averaged calculations, the upwind transition intensified the peak positive and 

negative pressures exerted on the windward edges and corners of the building up to 11% (d = 100 m 

case). The negative peak suction pressure on the windward corner experienced up to 10% increment. 

The distance between the near end of the upwind transition patch and the investigated building was 

the most influential factor for peak pressure coefficients. 

(4) The skewness and kurtosis of the probability distribution of the pressure were also changed due to the 

influence of the upwind transition that their absolute values were greater than those of the open ter-

rain. This tendency indicates that the upwind transition area can induce much more frequent and larger 

peak pressures if the mean and RMS of wind pressure are identical. 

(5) According to the experiment results, intensifications of local peak pressures could occur, especially on 

windward edges or corners of buildings depending on the relative location of the buildings to the up-

wind transition patch. Therefore, even if the length of the upwind transition patch is not long, it is rec-

ommended to consider the possibility of amplification.  
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