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Abstract 

This project firstly conducted field measurement of mean wind speed profiles of urban, suburban and 

open country terrains by means of Lidar. Mean and standard deviation for power law index, boundary 

layer thickness and surface roughness length for three terrain categories were evaluated from the field 

data. Based on that, scaled replica topographic models were constructed to simulate the atmospheric 

boundary layers in wind tunnel. In such an arrangement, the detail characteristics of atmospheric 

boundary layer were then obtained and compared with existing building wind codes. 

1 Introduction 

The characteristic of the nature wind exerts probably the most significant impact on the design wind 

load. At the same time, it is one of the few factors that have local influences. Due to lack of local field 

data, the wind profile and turbulence features in Taiwan building wind code were based on those of 

ASCE-7. Taiwan is a densely populated mountainous island with complex terrain. The topographic 

features of the so called “large city”, “suburban” and “open terrain” in Taiwan are quite different from 

the continental nation such as the Unite States. This article presents results of the research program 

that investigates the characteristics of nature wind developed over some typical terrain categories by 

means of field monitoring and wind tunnel simulation.   

The traditional strategy for wind profile measurement is to install anemometers on a high tower or 

mast. Normally it is difficult to find an appropriate tall mast on the frequent typhoon routes. The other 

option will be introducing portable remote sensing devices that can be brought to meet the high wind. 

There are many instruments designed to measure the velocity and wind direction of the wind. In recent 

years, Lidar has shown promising results in wind profile measurements for wind energy assessment. 

Although LIDAR is one of the better remote sensing instrumentation for the measurements of low-

level atmospheric data, it can only produce reliable mean wind speed profile. The profile of turbulence 

remains an intractable atmospheric feature. The strategy of this project is first to acquire the field 

mean wind speed profile by Lidar. Based on that, a scaled replica topographic model would be used to 

simulate the atmospheric boundary layer in wind tunnel. In such an arrangement, the detail 

characteristics of atmospheric boundary layer can then be obtained. 

2 Lidar Specifications, Measurement Scheme and Data Analysis 

The Mitsubishi model LR-08FSⅢ LIDAR was used in this project. The spatial resolution is 30 meter; 

the observation rage is from 30 to 600 meters; the maximum radial wind velocity is 30 m/s; at 10 

degree elevation angle, the maximum horizontal wind velocity could reach 173 m/s; the wedge speed 

is 20 degree per second, 18 second to make a full circle. 
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LIDAR measure the movement of aerosol to calculate the wind field data. In order to compute the 

wind field on each layer, the VAD (Velocity-Azimuth Display) method was used. The diagram of 

VAD  is shown in Figure 1. The centre on the ground is the location of LIDAR. LIDAR system emits 

laser beams in a circular motion at constant 

wedge speed with elevation angle α. An 

imaginary horizontal circle with radius r can be 

established at various altitudes. Since LIDAR 

measures the radial wind velocity Vr only, the 

horizontal and vertical wind speed at the centre 

of the imaginary circle were decomposed from 

the radial wind speed through VAD method. It is 

necessary to use the full circle measurement data 

to estimate an accurate mean wind speed at 

centre, LIDAR gives estimated wind speed 

output at 18 seconds interval. Since Lidar output 

is a spatial-temporal-average, it cannot produce 

turbulence feature in the current data processing 

scheme. 

Prior to deploying Lidar to field measurement, Lidar system was compared with ultrasonic 

anemometers to validate its accuracy. Generally speaking, the wind direction given by LIDAR system 

is quite consistent with the ultrasonic anemometer measurement. As the wind speed measurement, 

when the mean wind speed is higher than 8 m/s, the difference between two instrumentations is less 

than 10%. But the error percentage can be unacceptably high when the mean wind speed is less than 5 

m/s. During field measurement, even though the LIDAR unit automatically discards data with low S/N 

ratio, the Lidar outputs are much more scattered than the ultrasonic anemometer.  

The first step of the data analysis is to calculate the 10-minute average of wind speed. It was found 

that even for 10-minute averaged wind profile is too scattering to obtain meaningful wind profile 

estimation. To offset the scattering nature of the LIDAR output, 1 hour duration was used for the 

record length. Only those 1 hour records that have sufficient measurement height and with stable wind 

direction and wind speed were used for wind profile analysis. After examine the measurement data, it 

Calculate 10-minute average wind speed for 

each measurement event (24-48 hour 

duration) 

Initial screen criteria: 

1. Effective measurement height > 180 m 

2. U(z≧60 m) > Uthreshold  

3. Within z=150m, less than 3 consecutive 

data shown reversed velocity gradient. 

Normalization with respect to Uz=120m, Uz=150m 

and Uz=180m  

At each elevation, remove wind speed data 

exceeding 2-sigma bound. 

For each one-hour duration with more than 

three valid 10-minute averaged wind speed 

profiles,  

1. determine gradient height by inspection 

2. determine power law index, α, select the 

best fit from the three normalized data set 

Grouping the one-hour wind speed profile 

within same 45 wind direction quadrant to 

determine the wind profile characteristics 

Figure 2: Flow chart of field data analysis 

Figure 1: Diagram of VAD 

(Modified from Browning and Wexler, 1968) 
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was found that LIDAR unit generally produces better wind speed data at about z=120m to 180m. 

Wind speed data at one of these three altitudes were used as the reference wind speed for 

normalization. It was also found that in many cases the wind speed measurement at 30m, the lowest 

output which has influence on power law index α, and especially on the determination of roughness 

length z0, tends to be lower than expected. It is likely due to the reason that the wind speed given by 

Lidar at each output gate is actually an averaged value over 30m span centred at output gate altitude. 

Therefore, wind speed at 30m is more vulnerable to the local interference, especially for measurement 

at built-up areas. Therefore, wind speed data at 30m from measurement site A and B were excluded 

from further profile analysis. The mean wind profile parameters such as gradient height, δ, and power 

law exponential coefficient, α, were evaluated for each 1 hour wind record. The surface roughness 

length, z0, was estimated based on the low altitude hourly mean wind speed, i.e., wind speed data at 

z=60m, 90m, and 120m. Zero-plane displacement, d= 9.8m, 6.1m 0.0m, which correspond to 70% of 

averaged upstream building height, were used for measurement site A, B, C, respectively. The mean 

and standard deviation of all wind profile parameters for each terrain category were then evaluated 

from all the one-hour-mean. The flow chart of the field data analysis procedure is shown in Figure 2. 

3 Field Measurements 

Three monitoring sites that represent the typical city, township and open country of Taiwan were 

chosen for the Lidar measurement. Monitoring site A locates in a residential-commercial mixed region 

of Taipei, a city of 2.5 million populations. Most surrounding buildings are 4 to 7 stories residential 

apartment buildings, with some 10 to 12 story commercial buildings and very few higher buildings. 

Monitoring site B locates inside an elementary school at I-Lan which is a medium size town of 94,000 

populations. The majority building in the neighbourhood of site B are 2-4 stories, only small 

percentage of buildings are more than 5 stories. Monitoring site C locates at an open terrain area. This 

monitoring site is an elementary school play ground in a farming community. The surrounding 

landscape is mostly rice paddy with scattering trees and one or two story farm houses.  

Table 1: Wind profiles from Lidar measurements 

 Monsoon Typhoon 

Monitoring site A B C A B C 

Gradient Height (m) >420 -- 327(88) - >400 275(35) 

Power Law Index, α 0.28(0.05) 0.22(0.07) 0.15(0.04) - 0.24(0.04) 0.11(0.02) 

Roughness Height z0 (m) 0.75(0.49) 1.53(0.98) 0.50(0.50) - 2.36(1.46) 0.08(0.09) 

Note: values in parentheses are standard deviations 

For the analysis of monsoon season wind profile, the wind data from North-East, wind  

direction between 22.5° to 67.5°, were used for all three monitoring sites. The threshold wind speeds 

were 8m/s, 5m/s and 7m/s for site A, B C, respectively.  After going through the aforementioned 

procedure, 31 valid one-hour wind records out of 91 hours records from 4 measurements in three 

monsoon seasons were obtained at monitoring site A. Mean and standard deviation for power law 

index α were found to be 0.28 and 0.05, respectively. Mean and standard deviation for the surface 

roughness length were found to be 0.75m and 0.49m, respectively. For most of field data of 

monitoring site A, gradient height exceeds measurement height; it should be greater than 420 m. At 

monitoring site B, 16 valid one-hour wind records out of 18 hours of original data from 3 

measurements in monsoon season were obtained from the data analysis. Mean and standard deviation 
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for power law index α were found to be 0.22 and 0.07, respectively. Mean and standard deviation for 

the surface roughness length were found to be 1.53m and 0.98m, respectively. Closely examine field 

data reveals that there were 5 consecutive hours data from one particular measurement among all 16 

hours of valid data exhibited wind profile similar to the characteristics of gust front. In those data, 

mean wind speed reaches maximum value at relatively lower altitude, 120m to 180m, then decrease 

rapidly. Another 6 one-hour data exhibit gradient height greater than the measurement height, varied 

from 240m to 600m. In short, field data cannot produce a reliable value for gradient height at site B. 

At monitoring site C, 10 valid one-hour wind records out of 25 hours original data from 3 

measurements in monsoon season were obtained. Mean and standard deviation for power law index α 

were found to be 0.15 and 0.04, respectively. Mean and standard deviation for the surface roughness 

length were found to be 0.50m and 0.50m, respectively. Mean and standard deviation for the gradient 

height were found to be 327 m and 88 m, respectively. 

During past three years since this project started, we were only able to catch one typhoon with wind 

speed higher than 20 m/s at monitoring site C, and one typhoon with wind speed in the range of 15-20 

m/s at site B. The rest typhoon measurements are more of the typhoon’s outer-region circulation 

effects. For the analysis of typhoon wind profile, the wind data from South-East quadrant, wind  

direction between 112.5° to 157.5°, were used for monitoring sites B; and North-East quadrant, wind  

direction between 22.5° to 67.5°,  for site C. The threshold wind speeds were 15m/s for both sites. 9 

one-hour records were obtained through the data analysis procedure from one measurement during 

typhoon at site B. Three of the hourly estimated gradient heights were in the range of 450m to 540m; 

the rest field data exceed measurement height, from 240m to 510m. The averaged gradient height is 

likely to be greater than 400m. Mean and standard deviation for power law index α were found to be 

0.24 and 0.04, respectively. Mean and standard deviation for the surface roughness length were found 

to be 2.36m and 1.46m, respectively. At site C, 6 one-hour records were obtained from one typhoon 

measurement. Mean and standard deviation for power law index α were found to be 0.11 and 0.02, 

respectively. Mean and standard deviation for the surface roughness length were found to be 0.08m 

and 0.09m, respectively. Mean and standard deviation for the gradient height were found to be 275m 

and 35m, respectively. Comparing the wind profile between monsoon and typhoon shows typhoon 

Figure 3: Scaled terrain models for wind tunnel simulation.  

(a) urban (site A) (b) suburban (site B) (c) open country (site C) 
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mean wind profile is similar to, but slightly more uniform and shallower than the monsoon wind in 

open terrain. It should be noted that only two measurements had been made during typhoon. The 

typhoon data is not conclusive yet. More measurements are needed. 

4 Wind Tunnel Simulation 

4.1 Turbulent boundary layers of scaled topographic models 

Wind tunnel simulations were carried out for two purposes. The first goal is to validate the scale down 

modelling procedure by comparing the wind structure of wind tunnel simulation to the in situ 

measurements. Then the entire turbulent boundary layer characteristics of this particular site can be 

studied in detail. Shown in Figure 3(a) is the upstream scaled topographic model of field monitoring  

site A. 1/500 scale ratio was adopted and total length equivalent to 6.75 km of topographic model was 

used to simulate this atmospheric boundary layer. Shown in Figure 3(b) and 3(c) are the 1/400 scale 

topographical model of the monitoring site. 5.4 km upstream models were used in these two cases. 

Under such arrangement, it was found that regardless of the categories of the terrain and the full scale 

gradient heights, installing proper spires at entry of wind tunnel test section are necessary to generated 

large scale turbulence so that the effects due to variations of local terrain roughness can be properly 

mixed; and then the mean wind speed profile of the generated turbulent boundary layers would be in 

better agreement with the field measurement results. Based on this arrangement, the turbulence 

features of the generated turbulent boundary layer were carefully measured and compared with the 

existing building wind codes. 

 

 

 

 

 

 

 

 

 

 

 

Shown in Figures 4(a), 5(a), 6(a) are comparison of mean wind speed profiles between field 

measurements and wind tunnel simulations of monitoring site A, B, C, respectively. Figures 4(b), 5(b), 

6(b) and 4(c), 5(c), 6(c), show the comparisons of turbulence intensity and integral length scale 

between scaled tunnel simulations and wind code recommendations for three terrain categories. 

Figures 4(b) and 4(c) show that turbulence intensity of the simulated turbulent boundary layer is 

significantly less than the value suggested for Terrain Category A (large city) of earlier version 

ASCE7. However, it agrees quite well with AIJ recommendations for terrain Category IV (City with 4 

to 9-story tall buildings) up to 250m. At higher altitude, AIJ recommendations become slightly 

conservative. ASCE7 and AIJ recommendations give similar values for turbulence integral length 

(a) (b) (c) 

Figure 4: Mean speed, turbulence intensity and integral length scale profiles of site A in 

urban terrain.  ( ○：wind tunnel； ●：field data；  ─：ASCE7(A)；  - -：AIJ(IV)) 
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scale. Wind tunnel data agree well with both wind codes up to 150m. After that, both wind codes 

become significantly overestimated. Figures 5(b) and 5(c) show that turbulence intensity of the 

simulated turbulent boundary layer is significantly less than the value suggested for Terrain Category 

B (urban and suburban areas) in ASCE7-02. It is in reasonable agreement well with AIJ 

recommendations for terrain Category IV (suburban with few 4 to 9-story tall buildings) up to 50m. At 

higher altitude, AIJ recommendations become conservative. ASCE7 and AIJ recommendations give 

similar values for turbulence integral length scale. Wind tunnel data agree well with both wind codes 

up to 100m. After that, both wind codes become significantly overestimated. 

 

 

 

 

 

 

 

 

 

 

Figures 6(b) and 6(c) show that turbulence intensity of the simulated turbulent boundary layer is about 

one half of the value suggested for Terrain Category C (open country) in ASCE7-02, and similarly to 

the AIJ recommendations for terrain Category II (open country, farm land with few obstacles). For 

turbulence integral length scale, wind tunnel data agree better with ASCE7 than the AIJ 

recommendations. 

 

 

 

 

 

 

 

 

 

 

 

4.2 Development of uniform floor roughness elements 

The next phase of this research is to develop three sets of uniform floor roughness elements, square 

cubes, for each of the terrain condition. A two-step wind tunnel simulation approach was taken to 

(a) (b) (c) 

Figure 5: Mean speed, turbulence intensity and integral length scale profiles of site B in 

suburban terrain. (○：wind tunnel； ●：field data； ─：ASCE7(B)；- -：AIJ(III)) 

(a) (b) (c) 

Figure 6: Mean speed, turbulence intensity and integral length scale profiles of site C in 

open terrain. (○：wind tunnel； ●：field data； ─：ASCE7(C)；- -：AIJ(II)) 
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achieve this goal. The first step is to divide the upstream terrain of the simulated site into several zones 

so that terrain is relatively uniform within each zone. The floor roughness elements for each zone are 

determined so that they have the same average building height and same zone area coverage as the in-

situ. In this article, the development of turbulent boundary layer at monitoring site A will be used to 

illustrate the simulation procedure. The 1.35 m length of wind tunnel floor roughness that represents 

6.75 km upstream terrain of monitoring site A was divided into three equal length zones, 450 cm each. 

The quantity and size of building in each zone were carefully surveyed and the floor roughness 

elements determined accordingly. Shown in Table 2 are the 1:500 scaled floor roughness elements for 

upstream terrain simulation of monitoring site A located in Taipei. The mean wind speed profile and 

turbulence features obtained from such arrangement are in good agreement with the case of scaled 

topographic model as expected.  

Table 2. Floor roughness elements for upstream terrain simulation of 
monitoring site A, (1/500 model), unit: cm. 

 zone 1 zone 2 zone 3 

Distance of each zone 450  450  450  

Size of roughness element 7 10 6 

Roughness element spacing  15 30 18 

The second step of wind tunnel simulation is to convert the multi-zoning roughness elements into a 

uniform one. Since the far distance topographic roughness bears different weight on the boundary 

layer than the close vicinity, using the averaged size and spacing gap as the uniform floor roughness 

element arrangement could not produce satisfactory result. Instead, by using the upstream distance as a 

weighting factor could product a set of uniform floor roughness element that lead to better results. 

Formula for the equivalent size and centre to centre spacing of the uniform roughness cube are: 

 
1 1

n n

eq i i i

i i

h x h x
 

   (1) 

 
1 1

n n

eq i i i

i i

d x d x
 

   (2) 

Figure 7: Mean speed, turbulence intensity and integral length scale profiles in urban terrain. 

(○：scaled model； ●：uniform roughness element) 

 



6
th
 European and African Conference on Wind Engineering 8 

 

 

 

In which, hi and di are the size and spacing of the original roughness cube of the i
th
 patch, each patch of 

roughness elements is 90 cm in width, represents 450m distance in full scale. heq and deq are the 

equivalent cube size and equivalent spacing distance of the uniform floor roughness element, xi is the 

distance from i
th
 patch to the measurement site. Based on Eq. (1) & (2), round-off value of heq=8

 
cm 

and deq= 20 cm were used for the uniform floor roughness. Figure 7 shows that both the mean velocity 

profile and turbulence features generated by uniform floor roughness elements are in good agreement 

with those of the scaled topographic model. 

5 Concluding Remarks 

Lidar was used to measure wind profiles at city, town and farm field environments during monsoon 

season and typhoon. Based on the field wind velocity profile, scaled replica topographic models 

augmented by spires were used to simulate the atmospheric boundary layer in a median length wind 

tunnel test section. In such a “field monitoring plus wind tunnel” model, the detail characteristics of 

atmospheric boundary layer were obtained and compared with the existing building wind codes. 

Results indicate that ASCE7 tends to overestimate both turbulence intensity and integral length scale. 

AIJ recommendations are in better agreement with the measurements from the scaled replica 

topographic models at lower altitude. This research work also concludes that using distance as a linear 

weighting function could produce a uniform surface roughness element that is in better representation 

of upstream topographic changes.  
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