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Monitoring Techniques Monitoring Techniques 
in Wind Engineeringin Wind Engineering

Lecture 8Lecture 8

TOPICSTOPICS

�� Monitoring of WindsMonitoring of Winds
LaboratoryLaboratory--scalescale
Atmospheric Boundary LayerAtmospheric Boundary Layer
Terrain Roughness MonitoringTerrain Roughness Monitoring

�� Monitoring of Wind PressuresMonitoring of Wind Pressures
LaboratoryLaboratory--scalescale
FullFull--scale        scale        

�� Monitoring of WindMonitoring of Wind--induced Responsesinduced Responses
FullFull--scale scale 
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��Wind Speed Monitoring for Wind Tunnel TestingWind Speed Monitoring for Wind Tunnel Testing
-- Particle Image Velocimetry (PIV)Particle Image Velocimetry (PIV)
-- Particle Tracking Velocimetry (PTV)Particle Tracking Velocimetry (PTV)
-- Laser Doppler Velocimetry (LDV)Laser Doppler Velocimetry (LDV)

��Wind Speed Monitoring in Atmospheric Wind Speed Monitoring in Atmospheric 
Boundary LayerBoundary Layer
-- Doppler Doppler SodarSodar
-- Doppler RadarDoppler Radar
-- GPS Drop GPS Drop SondeSonde

��Wide Area Wind Speed Measurement SystemWide Area Wind Speed Measurement System
�� Terrain Roughness MonitoringTerrain Roughness Monitoring

-- Laser ProfilerLaser Profiler

MONITORING OF WINDSMONITORING OF WINDS
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PitotPitot Static Tube, Hot Wire Anemometer, etc.Static Tube, Hot Wire Anemometer, etc.

��Optical Techniques Using Tracer ParticlesOptical Techniques Using Tracer Particles
-- Particle Image Velocimetry (PIV)Particle Image Velocimetry (PIV)
Particle Tracking Velocimetry (PTV)Particle Tracking Velocimetry (PTV)
Loci of ParticlesLoci of Particles

Laser Light Sheet, CCD Camera, Transparent MaterialsLaser Light Sheet, CCD Camera, Transparent Materials
Limited and Complicated SpacesLimited and Complicated Spaces
3D Flow Velocity Vectors : 3D Flow Velocity Vectors : MultipleMultiple--CCD CamerasCCD Cameras

-- Laser Doppler Velocimetry (LDV)Laser Doppler Velocimetry (LDV)
Doppler ShiftDoppler Shift

Cummins et al. (1964) Cummins et al. (1964) 
Akins & Reinhold (1998), Akins & Reinhold (1998), HavelHavel et al. (2001), Becker et al. 2002)et al. (2001), Becker et al. 2002)

Wind Speed MonitoringWind Speed Monitoring
for Wind Tunnel Testingfor Wind Tunnel Testing
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Particle Image Velocimetry (PIV)Particle Image Velocimetry (PIV)

PrinciplePrinciple
-- Pulse LaserPulse Laser
-- Correlation of a group of particles between two timesCorrelation of a group of particles between two times

SeedingSeeding
Laser Light SheetLaser Light Sheet

CCD CameraCCD Camera

K. Ito (2000)K. Ito (2000)

Instantaneous Wind Velocity Fields in a Dome Instantaneous Wind Velocity Fields in a Dome 
Measured by PIV Measured by PIV (Kondo et al. 2001)(Kondo et al. 2001)

DomeDome

 

Opening

OpeningOpening

OpeningsOpenings

Ground LevelGround Level

WindWind

OpeningOpening
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Streamline Representation of Mean Streamline Representation of Mean 
Velocity Vectors for 2D Cylinders (LDV)Velocity Vectors for 2D Cylinders (LDV)

HavelHavel et al. (2001)et al. (2001)

�� Doppler Doppler SodarSodar
Tamura et al. (1999, 2001), Amano et al. (1999)Tamura et al. (1999, 2001), Amano et al. (1999)

�� Doppler RadarDoppler Radar
HayashidaHayashida et al. (1996)et al. (1996)

�� GPS Drop SondeGPS Drop Sonde
Powell et al. (1999, 2002)Powell et al. (1999, 2002)

Wind Speed Monitoring Wind Speed Monitoring 
in Atmospheric Boundary Layerin Atmospheric Boundary Layer
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Atmospheric Boundary LayerAtmospheric Boundary Layer

Friction Free WindFriction Free Wind

Outer LayerOuter Layer

Interfacial LayerInterfacial Layer

Gradient Height Gradient Height ZZgg
UUgg

Surface LayerSurface Layer
((ττ : constant): constant)

< < ZZgg / / 1010 ≈≈200m200m

dd
ZeroZero--plane displacement plane displacement 

A.B.L.A.B.L.

MonoMono--static Doppler Sodarsstatic Doppler Sodars

WW

AA
BB

2020ºº

2020ºº
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1)1) Transmitting a constant     Transmitting a constant     
frequency sound pulsefrequency sound pulse

2)  Receiving scatter sound 2)  Receiving scatter sound 
from a certain heightfrom a certain height

3)3) Detecting a frequency shift Detecting a frequency shift 
of the PSDof the PSD

Wind Speeds : Wind Speeds : UU,, VV,, WW

Principle of MonoPrinciple of Mono--static Doppler Sodars static Doppler Sodars 

2020°° 2020°°

MonoMono--static Doppler Sodarsstatic Doppler Sodars

SpatioSpatio--Temporal Temporal 
Averaging AreaAveraging Area

C C : The Speed of Sound: The Speed of Sound

Receiving PeriodReceiving Period
ττRR = 0.146 s= 0.146 s

Transmission PulseTransmission Pulse
Length Length ττTT

TimeTime
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Mean Wind Speed (m)Mean Wind Speed (m)Mean Wind Speed (m)Mean Wind Speed (m)
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20202020

10101010 1010 20205522 1010 1010 20205522

αα = 0.0     0.04     = 0.0     0.04     0.040.04 αα = 0.08    0.21     = 0.08    0.21     0.210.21 0.220.22

SeasideSeaside Urban AreaUrban Area

Mean Wind Speed Profiles (Doppler Mean Wind Speed Profiles (Doppler SodarsSodars))

Simultaneous measurement of wind speed profilesSimultaneous measurement of wind speed profiles
at two sites for the same wind stormat two sites for the same wind storm

Site A                     Site A                     Site BSite B

Effects of FetchEffects of Fetch

FetchFetch
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Mean Wind Speed Profiles at Two Sites Mean Wind Speed Profiles at Two Sites 
Lying on the Direction of WindLying on the Direction of Wind
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Doppler RadarsDoppler Radars

2,
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0
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5,0005,000

Courtesy of Courtesy of TakenakaTakenaka Corp.Corp.

Doppler Shift of Transmitted Radio WavesDoppler Shift of Transmitted Radio Waves

Profiles of Mean Wind Speed and DirectionProfiles of Mean Wind Speed and Direction
(Typhoon 0115) obtained by Doppler Radars(Typhoon 0115) obtained by Doppler Radars
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Ten EyeTen Eye--wall Profiles from Hurricane wall Profiles from Hurricane 
Mitch 1998 (GPS Drop Sonde)Mitch 1998 (GPS Drop Sonde)

Powell et al., 1999Powell et al., 1999

-- UUtilizing Power Transmission Line Systemtilizing Power Transmission Line System

�� Kyushu Electric Power CompanyKyushu Electric Power Company
Network for Wind Measurement of Kyushu Network for Wind Measurement of Kyushu 
(NEWMEK)  (NEWMEK)  Maeda et al. (1995)Maeda et al. (1995)

Damages of Transmission Line Systems by Typhoon Damages of Transmission Line Systems by Typhoon 
No.19 in 1991No.19 in 1991

-- 121 anemometers121 anemometers

Wide Area Network System of Wind Wide Area Network System of Wind 
Measurement Measurement 
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Anemometer on a Transmission TowerAnemometer on a Transmission Tower
(NEWMEK)(NEWMEK)

Courtesy of Maeda & Courtesy of Maeda & TomokiyoTomokiyo
(Kyushu Univ.)(Kyushu Univ.)

UltraUltra--Sonic AnemometerSonic Anemometer

AeroAero--VaneVane

UltraUltra--Sonic AnemometerSonic Anemometer

Terrain Roughness MonitoringTerrain Roughness Monitoring

�� Geological Information SystemGeological Information System
Digitized Height & Land Use Pattern of Ground Digitized Height & Land Use Pattern of Ground 
SurfaceSurface
�� Airborne Laser Profiler Airborne Laser Profiler 
-- Digital Terrain ModelDigital Terrain Model

Ground Roughness Including Buildings & TreesGround Roughness Including Buildings & Trees
Kraus & Pfeifer (1998), Kraus & Pfeifer (1998), 

Shadow Evaluation: Yoshida et al. (2001)Shadow Evaluation: Yoshida et al. (2001)
Aerodynamic Modelling: Maruyama (1999)Aerodynamic Modelling: Maruyama (1999)
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TOPICSTOPICS

�� Monitoring of WindsMonitoring of Winds
LaboratoryLaboratory--scalescale
Atmospheric Boundary LayerAtmospheric Boundary Layer
Terrain Roughness MonitoringTerrain Roughness Monitoring

�� Monitoring of Wind PressuresMonitoring of Wind Pressures
LaboratoryLaboratory--scalescale
FullFull--scale        scale        

�� Monitoring of WindMonitoring of Wind--induced Responsesinduced Responses
FullFull--scale scale 

��Wind Tunnel TestsWind Tunnel Tests
Simultaneous MultiSimultaneous Multi--channel Pressure channel Pressure 
Measuring System (SMPMS)Measuring System (SMPMS)

Fujii et al. (1986), Ueda et al. (1994)Fujii et al. (1986), Ueda et al. (1994)

�� FullFull--scale Measurementsscale Measurements
AylesburyAylesbury Experimental HouseExperimental House
Texas Tech BuildingTexas Tech Building
SilsoeSilsoe Structures Building Structures Building 
SjimizuSjimizu Corp. Experimental BuildingCorp. Experimental Building
Setagaya Business Square (Internal Pressure)Setagaya Business Square (Internal Pressure)

WIND PRESSURE MONITORINGWIND PRESSURE MONITORING
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Simultaneous MultiSimultaneous Multi--channel Pressurechannel Pressure
Measuring System (SMPMS)Measuring System (SMPMS)

Pressure Model and Wind Force Components 

++
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SMPMSSMPMS

Mean and Standard Deviation Mean and Standard Deviation 
of Fluctuating Pressuresof Fluctuating Pressures

Wind Pressures on Surfaces of a LowWind Pressures on Surfaces of a Low--rise Building Modelrise Building Model

Mean Pressure Mean Pressure CCpmeanpmean Standard Deviation Standard Deviation CCpp’’
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SMPMSSMPMS

(a) Mean pressure                    (b) Fluctuating pressure (a) Mean pressure                    (b) Fluctuating pressure 
coefficientcoefficient CCpp coefficient coefficient CCpp’’

Pressure distributions on a lowPressure distributions on a low--rise building rise building 
modelmodel ((θθ = 45= 45°°, , D D : : B B : : H H = 4 : 4 : 1)= 4 : 4 : 1)
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Mean and Standard Deviation Mean and Standard Deviation 
of Fluctuating Pressuresof Fluctuating Pressures

Wind Pressures on Surfaces of a HighWind Pressures on Surfaces of a High--rise Building Modelrise Building Model

Mean Pressure          Standard DeviationMean Pressure          Standard Deviation

Combination of SMPMS and Combination of SMPMS and 
Proper Orthogonal DecompositionProper Orthogonal Decomposition

�� KarhunenKarhunen--LoLoèèveve DecompositionDecomposition
-- Probabilistic Expression of Factored AnalysisProbabilistic Expression of Factored Analysis
-- ArmitArmit (1968)(1968)
-- Lee (1975), Best & Holmes (1983), Lee (1975), Best & Holmes (1983), 
Kareem & Kareem & CermakCermak (1984)(1984)

-- BeinkiewiczBeinkiewicz et al. (1995), Kikuchi et al. (1997),et al. (1995), Kikuchi et al. (1997),
Tamura et al. (1999)Tamura et al. (1999)
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Eigenvectors of the Lowest Three ModesEigenvectors of the Lowest Three Modes

1st Mode             2nd Mode             3rd Mode1st Mode             2nd Mode             3rd Mode

Eigenvectors of Lowest Two ModesEigenvectors of Lowest Two Modes

1st Mode                      2nd Mode1st Mode                      2nd Mode

Fluctuating pressures acting on a highFluctuating pressures acting on a high--rise building modelrise building model
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EigenEigen Vectors of 3rd, 4th and 5th ModesVectors of 3rd, 4th and 5th Modes

3rd Mode             4th Mode            5th Mode3rd Mode             4th Mode            5th Mode

Fluctuating pressures acting on a highFluctuating pressures acting on a high--rise building modelrise building model

Instantaneous Pressure Distributions Causing Instantaneous Pressure Distributions Causing 
Extreme Wind Load EffectsExtreme Wind Load Effects

�� Load Response Correlation FormulaLoad Response Correlation Formula
-- Kasperski & Niemann (1988), Kasperski (1992) Kasperski & Niemann (1988), Kasperski (1992) 
-- Validity Proof:  Validity Proof:  

Holmes (1992) Holmes (1992) 
Tamura et al. (2000, 2001, 2002) by SMPMSTamura et al. (2000, 2001, 2002) by SMPMS

Extreme Wind Load DistributionsExtreme Wind Load Distributions
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(Pin(Pin--Roller, Roller, αα = 1/4, 154 Samples)= 1/4, 154 Samples)

GCGCpmeanpmean

MMmaxmaxG G = = ――――――
MMmeanmean

= 3.02= 3.02

cf.   Gcf.   GV V 
22 == 4.334.33

Actual Actual ĈĈpp& & 
KasperskiKasperski’’s LRC & Quasis LRC & Quasi--Steady Steady GCGCpmeanpmean

Causing Max. Beam Bending Moment Causing Max. Beam Bending Moment MM at Windward Endat Windward End

ActualActual

Internal Force and Response Analysis Internal Force and Response Analysis 
Based on SMPMS DataBased on SMPMS Data

�� Electronic Aerodynamic Database Electronic Aerodynamic Database 
-- Whalen et al. (1998)Whalen et al. (1998)
-- Zhou et al. (2001) : Interactive HFFB DataZhou et al. (2001) : Interactive HFFB Data
�� Practical Design of BuildingsPractical Design of Buildings

-- Yasui et al. (1999)Yasui et al. (1999)
-- Taniguchi et al. (2001) Taniguchi et al. (2001) 
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FullFull--scale Measurement of Fluctuating scale Measurement of Fluctuating 
External PressuresExternal Pressures

�� AylesburyAylesbury Experimental HouseExperimental House
Eaton & Eaton & MayneMayne (1975)(1975)

�� Texas Tech BuildingTexas Tech Building
Ng & Mehta (1990), Ng & Mehta (1990), LevitanLevitan et al. (1991)et al. (1991)

�� SilsoeSilsoe Structures BuildingStructures Building
Richardson et al. (1990)Richardson et al. (1990)

�� Flow VisualizationFlow Visualization
Banks et al. (2000)Banks et al. (2000)

�� MultiMulti--channel Fluctuating Pressure Measurementchannel Fluctuating Pressure Measurement
Hibi et al. (1994)Hibi et al. (1994)

Texas Tech BuildingTexas Tech Building
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(symbols) Full-scale
CSU 1:100 model scale
Windtech 1:100 model scale

Approaching Wind Azimuth  θ (°)
Comparison of TTU fullComparison of TTU full--scale data with wind tunnel data scale data with wind tunnel data 

((RofailRofail, 1995), 1995)
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Texas Tech BuildingTexas Tech Building

Shimizu Experimental BuildingShimizu Experimental Building (Hibi et al., 1994)(Hibi et al., 1994)

Temporal Variation of Instantaneous Wind PressuresTemporal Variation of Instantaneous Wind Pressures
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FullFull--scale Measurement of Internal Pressuresscale Measurement of Internal Pressures

�� Setagaya Business Square :Setagaya Business Square : Kato et al. (1997)Kato et al. (1997)
-- Highly Precise Absolute Pressure Transducers Highly Precise Absolute Pressure Transducers 

Range:           Range:           800  800  –– 1100 1100 hPahPa
Resolution:    5ppmResolution:    5ppm

Setagaya Business SquareSetagaya Business Square
Kato et al., 1996Kato et al., 1996
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Comparison of fullComparison of full--scale and wind tunnel modelscale and wind tunnel model--
scale pressure coefficients (Kurita et al., 1996)scale pressure coefficients (Kurita et al., 1996)

Setagaya Business SquareSetagaya Business Square

Correlation between full-scale and model-scale 
mean pressure coefficients (Kato et al., 1996)

Setagaya Business Square
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Temporal variations of mean internal pressures Temporal variations of mean internal pressures 
(Full(Full--scale, Kato et al., 1996)scale, Kato et al., 1996)
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Variation of mean internal pressures with reference Variation of mean internal pressures with reference 
velocity pressure (Fullvelocity pressure (Full--scale, Kato et al., 1996)scale, Kato et al., 1996)
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TOPICSTOPICS

�� Monitoring of WindsMonitoring of Winds
LaboratoryLaboratory--scalescale
Atmospheric Boundary LayerAtmospheric Boundary Layer
Terrain Roughness MonitoringTerrain Roughness Monitoring

�� Monitoring of Wind PressuresMonitoring of Wind Pressures
LaboratoryLaboratory--scalescale
FullFull--scale        scale        

�� Monitoring of WindMonitoring of Wind--induced Responsesinduced Responses
FullFull--scale scale 

��WindWind--induced Responseinduced Response::
Static Comp. + Quasi Static Comp. +  Resonant Comp.Static Comp. + Quasi Static Comp. +  Resonant Comp.

�� AccelerometersAccelerometers
�� Monitoring of DisplacementsMonitoring of Displacements

-- HeHe--NeNe Gas Laser TransmitterGas Laser Transmitter
Kobayashi et al. (1964)Kobayashi et al. (1964)

-- CCD CamerasCCD Cameras
Maeda et al. (1999)Maeda et al. (1999)

-- RTKRTK--GPSGPS
ÇÇelebi (1998), elebi (1998), ToriumiToriumi et al. (2000),et al. (2000),
Tamura et al. (2001), Ding et al. (2002),Tamura et al. (2001), Ding et al. (2002),
Kijewski & Kareem (2002),Kijewski & Kareem (2002),
BreureBreure & & KonopkaKonopka (2002) (2002) 

RESPONSE MONITORINGRESPONSE MONITORING
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Global Positioning System

zzAt an altitude of  At an altitude of  
20,000 km20,000 km
zz6 Orbits6 Orbits
×× 4 Satellites4 Satellites

=  =  24 Satellites24 Satellites
(Revolution(Revolution：：

TwiceTwice／／Day)Day)

GPS Survey

((x,y,zx,y,z))

DD11

DD22

DD33

�� Receiving of radio wave from GPS satelliteReceiving of radio wave from GPS satellite
→→ Necessary Traveling TimeNecessary Traveling Time→→ DistanceDistance

�� Causes of ErrorsCauses of Errors
-- Position Dilution of Precision(PDOP)Position Dilution of Precision(PDOP)
-- Clock Errors of GPSClock Errors of GPS
-- Orbit Errors of GPS SatellitesOrbit Errors of GPS Satellites
-- Ionosphere DelayIonosphere Delay
-- Troposphere DelayTroposphere Delay
-- MultiMulti--path, Electric Wave path, Electric Wave (Cellular Phone, TV)(Cellular Phone, TV)
-- Receiver NoiseReceiver Noise
-- Selective Availability Selective Availability (Accuracy Deteriorate Signal)(Accuracy Deteriorate Signal)
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Real Time Kinematic GPS 
(RTK-GPS)

zzMoving BodyMoving Body

zz22--Frequency TypeFrequency Type
(Interference Survey)(Interference Survey)

zzDMCA RadioDMCA Radio
(Digital Multi(Digital Multi--Channel Channel 

Access WaveAccess Wave））

-- Possible range: 2 kmPossible range: 2 km

GPS SatellitesGPS Satellites

Transmission Transmission 
ModemModem

GPSGPS
ReceiverReceiver

ReceiverReceiver
ModemModem

GPSGPS
ReceiverReceiverPositionPosition

AdjustmentAdjustment
SignalSignal

Measuring PointMeasuring Point

PC DataPC Data
RecorderRecorder

Fixed Reference PointFixed Reference Point
(Exactly known position)(Exactly known position)

GPSGPS
AntennaAntenna

GPS GPS 
AntennaAntenna

Real Time Kinematic GPS 
(RTK-GPS)

Reference Point (Fixed)

Measuring Point

Erro
r C

orr
ec

tio
n S

ign
al

(X0 , Y0 , Z0)

(X, Y, Z)

40-09
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RTK-GPS Monitoring
zz Leica GPS Receiver (MC1000)Leica GPS Receiver (MC1000)

・・10Hz Sampling10Hz Sampling
・・XX, , YY：：1cm + 1ppm1cm + 1ppm
・・ZZ ：：2cm + 2ppm2cm + 2ppm
・・5 Satellites5 Satellites

GPS AntennaGPS Antenna

Harmonic Movement 
of Exciter’s Mass

GPS AntennaGPS Antenna
WireWire--type Displacement type Displacement 
TransducerTransducer

ExciterExciterGPS AntennaGPS Antenna

(Measuring Point)(Measuring Point)(Reference Point)(Reference Point)



29

GPS Record of Harmonic Motion
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GPS Record of Harmonic Motion
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��RTKRTK--GPS can measure: GPS can measure: 
-- Dynamic Component + Static Component Dynamic Component + Static Component 
-- Frequency Frequency ≤≤ 2Hz2Hz (Building Height (Building Height HH ≥≥ 30m)30m)
-- Amplitude Amplitude ≥≥ 2cm2cm

ex. Mean Wind Speed ex. Mean Wind Speed VV10m10m =15m/s=15m/s
((ExtratropicalExtratropical Cyclones) Cyclones) : Building Height : Building Height HH ≥≥ 80m80m
Mean Wind Speed Mean Wind Speed VV10m10m =25m/s=25m/s
(Tropical Cyclones)(Tropical Cyclones):: Building Height Building Height HH ≥≥ 60m60m

-- Seismic ResponsesSeismic Responses

GPS Monitoring of Building ResponsesGPS Monitoring of Building Responses

108m108m

Reference Point

16m16m

GPS AntennaGPS Antenna

GPS AntennaGPS Antenna
AnemometerAnemometer

AccelerometerAccelerometer

Response Monitoring Response Monitoring 
of a 108mof a 108m--high Actual Towerhigh Actual Tower



31

GPS Antenna at Tower TopGPS Antenna at Tower Top

GPS Antenna GPS Antenna 
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Temporal Variations of ResponsesTemporal Variations of Responses
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