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Design Wind SpeedDesign Wind Speed
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The 21st Century Center of Excellence ProgramThe 21st Century Center of Excellence Program

Yukio TamuraYukio Tamura

Lecture Lecture 33

Wind ClimatesWind Climates
Temperature Gradient due to Temperature Gradient due to 
Differential Solar HeatingDifferential Solar Heating

→→ Density Difference Density Difference 
Pressure GradientPressure Gradient

(Conservation of mass/momentum)(Conservation of mass/momentum)
-- Global Circulations Global Circulations (Hadley, 1973)(Hadley, 1973)
-- Monsoons Monsoons 
-- Frontal DepressionsFrontal Depressions
-- Tropical CyclonesTropical Cyclones
(Hurricanes, Typhoons, Cyclones)(Hurricanes, Typhoons, Cyclones)

-- Thunderstorms (Down Bursts)Thunderstorms (Down Bursts)
-- TornadoesTornadoes
-- DevilsDevils
-- Gravity Winds (Gravity Winds (KatabaticKatabatic Winds)Winds)
-- Lee WavesLee Waves etc.etc.
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EYE OF HURRICANEEYE OF HURRICANE

Tropical CyclonesTropical Cyclones
(Hurricanes, Typhoons)(Hurricanes, Typhoons)

1000 1000 hPahPa 1000 1000 hPahPa

100 100 ∼∼ 2000 km2000 km

Temporal Variation of Wind SpeedTemporal Variation of Wind Speed
(Hurricane Celia, 1970)(Hurricane Celia, 1970)

Maximum Peak GustMaximum Peak Gust

19:00         20:00        21:00         22:00       23:00      19:00         20:00        21:00         22:00       23:00      24:00          1:0024:00          1:00

Cook, 1983
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Wind Speed Distribution in Wind Speed Distribution in 
Tropical CyclonesTropical Cyclones
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Wind Speed Distribution in Wind Speed Distribution in 
Tropical CyclonesTropical Cyclones

10m/s10m/s
20m/s20m/s

30m/s30m/s

40m/s40m/s

50m/s50m/s

Dangerous Dangerous 
SemicircleSemicircle

Moving DirectionMoving Direction
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Temporal Variation of Wind SpeedTemporal Variation of Wind Speed
(Typhoon)(Typhoon)

13:2813:28
50.6m/s50.6m/s
SSESSE

600m 1200m 1800m 2400m 3000m 3600m

240m

180m

120m

60m

4km

Stagnation ConeStagnation Cone

Down DraftDown Draft

Down DraftDown Draft

Intense Intense BlowoffBlowoff

DownburstsDownbursts

Gust FrontGust Front

CumulonimbusCumulonimbus
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TornadoesTornadoes

CumulonimbusCumulonimbus

GeostrophicGeostrophic WindWind

GeostrophicGeostrophic Wind Speed Wind Speed UUGG

Pressure ForcePressure Force

CoriolisCoriolis ForceForce

Low PressureLow Pressure

High PressureHigh Pressure

UUGG

ddpp
–– +  +  ρρaaUUGG ff = = 00ddnn

ρρa  a  : Air Density: Air Density
f  f  : : CoriolisCoriolis ParameterParameter

= = 22ΩΩ sinsinφφ = = 1.4541.454××1010--44 sinsinφφ ((rad/srad/s))
ΩΩ : Earth: Earth’’s Rotational Speed s Rotational Speed 
φφ : Latitude: Latitude

Isobars
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Gradient WindGradient Wind

Gradient Wind Speed Gradient Wind Speed UUgg

Pressure ForcePressure Force

CoriolisCoriolis ForceForce

Low PressureLow Pressure

High PressureHigh Pressure

UUgg

ddpp UUgg
22

–– +  +  ρρaaUUgg ff + + ρρaa = = 00ddnn rr

Isobars

Centrifugal ForceCentrifugal Force

rr : Radius of Curvature: Radius of Curvature

(without consideration of     (without consideration of     
ground surface friction )ground surface friction )

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

dd : Zero: Zero--plane displacement plane displacement ≈≈ Average building heightAverage building height

A.B.L.A.B.L.
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Gradient Wind (Gradient Wind (Z Z >>ZZgg))
Pressure Gradient ForcePressure Gradient Force
CoriolisCoriolis Force + Centrifugal ForceForce + Centrifugal Force

Outer Layer (Outer Layer (≈≈ZZgg/10 < /10 < Z Z < < ZZgg))
-- Momentum transfer from Gradient WindMomentum transfer from Gradient Wind
-- Momentum delivered to lower altitude due to Momentum delivered to lower altitude due to 

Friction Effects Friction Effects 
(Reynolds Stress  : Turbulent Transfer)(Reynolds Stress  : Turbulent Transfer)

Strong Wind ConditionStrong Wind Condition
-- Sufficient mixing of airSufficient mixing of air
-- Thermally neutral conditionThermally neutral condition

((∂∂θθ//∂∂ZZ ≈≈ 0, 0, θθ :Temperature):Temperature)
-- Effects of ground roughness are predominant.Effects of ground roughness are predominant.
-- Shear force (Reynolds stress: Shear force (Reynolds stress: ττ = = ––ρρaauwuw ))

increases from zero at the gradient height increases from zero at the gradient height ZZgg to to 
a maximum at the a maximum at the zerozero--plane displacementplane displacement..

-- Surface shear stress:Surface shear stress:
ττ00 = = ––ρρaauwuwmaxmax = = ρρaauu**

22

uu**: Friction velocity: Friction velocity
cf.cf. BoussinesqBoussinesq: Kinetic Eddy Viscosity: Kinetic Eddy Viscosity εε

dUdU
–– ρρa a uwuw = = ρρaa εε ⎯⎯⎯⎯

dzdz
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EkmanEkman LayerLayer

Pressure ForcePressure Force

CoriolisCoriolis ForceForce

Low PressureLow Pressure

High PressureHigh Pressure

UU

Isobars

GeostrophicGeostrophic Balance With FrictionBalance With Friction

UUGG

UU
Lower AltitudeFriction ForceFriction Force

EkmanEkman SpiralSpiral

Wind Speed FluctuationWind Speed Fluctuation

Fluctuating Fluctuating 
Component Component u(t)u(t)

Mean Wind Speed  Mean Wind Speed  UU

UU((tt ) ) = U + u= U + u((tt ))
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Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
(van (van derder HovenHoven for Brookhaven, 1957)for Brookhaven, 1957)
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1hour   10min     1min            5s1day 4days 

Spectral Gap

Long Term and Short Term Long Term and Short Term 
FluctuationsFluctuations

Averaging Time of Wind SpeedAveraging Time of Wind Speed
TT = 10min (Japan, ISO4354, etc.) = 10min (Japan, ISO4354, etc.) –– 1hour1hour

Long Term Fluctuation Long Term Fluctuation TT > 10min > 10min –– 1hour1hour
------ Variation of Mean Wind Speed Variation of Mean Wind Speed 

(Design Wind Speed)(Design Wind Speed)
------ Static Effects on BuildingsStatic Effects on Buildings
Short Term Fluctuation Short Term Fluctuation TT < 10min < 10min –– 1hour1hour
------ Turbulence or GustTurbulence or Gust
------ Dynamic Effects on BuildingsDynamic Effects on Buildings
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Mean Wind Speed StructureMean Wind Speed Structure

Geographical LocationGeographical Location
Ground Roughness and HeightGround Roughness and Height
Topographic EffectsTopographic Effects
DirectionDirection
Seasonal VariationSeasonal Variation
Return PeriodReturn Period
etc.etc.

Wind Speed ProfileWind Speed Profile

UUgg

UUgg

UUgg
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Wind Speed ProfileWind Speed Profile
(Theoretical Approach)(Theoretical Approach)

Surface LayerSurface Layer
uu*             *             ZZ –– ddUU = = ⎯⎯ { { lnln((⎯⎯⎯⎯⎯⎯) + ) + A A }}kk zz0 0 
Law of Wall (Law of Wall (PrandtlPrandtl, 1932), 1932)

Near Gradient HeightNear Gradient Height
uu** uu**UUgg = = ⎯⎯ { { lnln((⎯⎯⎯⎯) ) –– B B }}k          k          ff zz00

Velocity Defect Law (Karman, 1930)Velocity Defect Law (Karman, 1930)
zz0 0 : Roughness length,           : Roughness length,           uu**: Friction velocity: Friction velocity
k k : Karman constant (: Karman constant (≈≈ 0.4)0.4)
ff : : CoriolisCoriolis parameter,    parameter,    AA, , BB : Empirical constants : Empirical constants 

Wind Speed Profile in CodesWind Speed Profile in Codes
Log LawLog Law

uu** ZZ –– ddUU = = ⎯⎯ lnln((⎯⎯⎯⎯⎯⎯))kk zz00
-- Uniform roughness & ConstantUniform roughness & Constant ττ
Power Law Power Law (fully empirical)(fully empirical)

ZZ –– ddUU = = UUr r ((⎯⎯⎯⎯⎯⎯))ZZrr
zz0 0 : Roughness length: Roughness length,        ,        uu**: Friction velocity: Friction velocity
k k : Karman constant (: Karman constant (≈≈ 0.4)0.4)
d d : Zero: Zero--plane displacement (0 plane displacement (0 ∼∼ 0.750.75HH))
UUrr: Wind speed at reference height : Wind speed at reference height ZZrrZZrr: Reference height,         : Reference height,         αα : Power: Power--law indexlaw index

DeavesDeaves & Harris Model & Harris Model (log + polynomial)(log + polynomial)

αα
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Wind Speed ProfileWind Speed Profile
(Field Data)(Field Data)

0.1 0.1 -- 0.130.130.0005m 0.0005m 
-- 0.003m0.003m

sea, mudflats, snow covered flat sea, mudflats, snow covered flat 
land, etc.land, etc.

0.3 0.3 -- 0.50.52m 2m -- 4m4mlarge city centerlarge city center

0.2 0.2 -- 0.250.250.2m 0.2m --1m1mdense woodland, domestic housing, dense woodland, domestic housing, 
suburban areasuburban area

0.25 0.25 -- 0.3 0.3 1m 1m --2m2mcitycity

0.140.14 -- 0.20.20.003m0.003m
-- 0.2m0.2m

flat open countryside, fields with flat open countryside, fields with 
crops, fences and few trees, etc.crops, fences and few trees, etc.
(Meteorological Standard)(Meteorological Standard)

ααzz00TerrainTerrain

Wind speed difference between two sites Wind speed difference between two sites 
with different with different roughnessesroughnesses

Site A                Site A                Site BSite B
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(z) [m/s]

2 5 10 20

U

「臨海部」
● ドップラーソーダ(49)
■ 三杯風速計 (45)

「都心部」
● ドップラーソーダ(49)
■ 三杯風速計 (46)

100

10

50

20

200

Seaside

Urban 2

Urban 2Urban 2

Urban 1Urban 1

SeasideSeaside
観測場所

「都心部」

N

Urban 2

Seaside

12k12kｍｍ

Tokyo BayTokyo Bay

m
500

Wind Speed Profiles at Two Sites Wind Speed Profiles at Two Sites 
with Different with Different RoughnessesRoughnesses

Wind Speed Profile Wind Speed Profile 
(AIJ Rec.1993)(AIJ Rec.1993)

Large City Large City 
CenterCenter

AIJ 1993AIJ 1993

SeasideSeaside
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Yearly Variation of Annual Maximum Wind Yearly Variation of Annual Maximum Wind 
Speed and Building Volume in JapanSpeed and Building Volume in Japan

Return Period :  Return Period :  RR

 

Vr 

t（年）

風速V 

再現期間 r 
    1  N 
r = lim ⎯ ∑ ti 
  N→∞ N i = 1 

0 t3 t4 t2 t5 t1  ・・・
t (year)

Return Period  Return Period  RR = = Mean Time Between Failure (MTBF)

Annual Maximum Wind Speed 
U

UURR

RR
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Wind Speed Wind Speed UUR R andand Return Period Return Period RR

Wind 
Speed 

UR (m/s)

26 28 34 37 42 52

Return 
Period R
(years)

5 10 50 100 500 1000

TokyoTokyo
Annual probability of Annual probability of exceedenceexceedence of wind speed of wind speed UURR::

1   1   QQ((UURR) =  ) =  ⎯⎯
R   R   

Probability of nonProbability of non--exceedenceexceedence (CDF) of wind speed (CDF) of wind speed UURR ::
1 1 PP((UURR) = 1 ) = 1 –– ⎯⎯
R R 

RR--year Recurrence Wind Speed year Recurrence Wind Speed UURR

Probability of Probability of exceedenceexceedence of of UURR during Buildingduring Building’’s s 
Life Time, Life Time, e.g.  e.g.  TTLL = 50 years= 50 years

11QQ((UURR: : TTLL) =  1 ) =  1 –– PP((UURR)  )  = 1 = 1 –– (1 (1 –– —— ))
RR

TTLL

4.9%4.9%9.5%9.5%39.5%39.5%63.6%63.6%QQ((UURR: : 
5050))

100010005005001001005050R R (years)(years)

TTLL

((TTLL = 50 years)= 50 years)
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Extreme Value AnalysisExtreme Value Analysis
(Asymptotic Form: Cumulative Distribution Function)(Asymptotic Form: Cumulative Distribution Function)

FisherFisher--TippettTippett Type I (Type I (GumbelGumbel Distribution)Distribution)
CDF:   CDF:   PP((UU) = exp[ ) = exp[ –– exp{ exp{ –– aa((U U –– bb)}])}]

11/a/a : dispersion,   : dispersion,   bb : mode: mode
FisherFisher--TippettTippett Type II (Type II (FrechetFrechet Distribution)Distribution)

c    c    γγCDF:   CDF:   PP((UU) = exp{) = exp{–– ((⎯⎯⎯⎯⎯⎯)) }}
U U –– εε

-- having lower limit : having lower limit : εε
FisherFisher--TippettTippett Type III (Type III (WeibullWeibull Distribution)Distribution)

U U –– w  w  γγ
CDF:   CDF:   PP((UU) = exp{) = exp{–– ((⎯⎯⎯⎯⎯⎯)) }}

v v –– ww
-- having upper limit : having upper limit : ww

GumbelGumbel DistributionDistribution
CDF:   CDF:   PP((UURR) = exp[ ) = exp[ –– exp{ exp{ –– aa((UURR –– bb)}])}]

11/a/a : dispersion,   : dispersion,   bb : mode: mode
Cumulative Distribution Function of Cumulative Distribution Function of RR--year year 
Recurrence Wind Speed Recurrence Wind Speed UURR

1 1 PP((UURR) = 1 ) = 1 –– ⎯⎯
R R 

RR--year Recurrence Wind Speed Based on year Recurrence Wind Speed Based on 
GumbelGumbel DistributionDistribution

1                         1                         11UURR =  =  –– ⎯⎯ lnln{ { –– lnln ( 1 ( 1 –– ⎯⎯ ) } + ) } + bb
a                         a                         RR

Modified Modified JensenJensen--Franck Method Franck Method (Cook, 1982)(Cook, 1982)
(Individual Storms, (Individual Storms, GumbelGumbel, Threshold), Threshold)
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Basic Design Wind Speed in JapanBasic Design Wind Speed in Japan
(AIJ Rec.1993)(AIJ Rec.1993)

•• 100100--year Recurrenceyear Recurrence
•• 1010--min Meanmin Mean
•• ZZ =10m,   =10m,   αα = 0.15= 0.15 (Category II)(Category II)

(m/s)(m/s)

4040

4040

4040

4040
4040

4040
4040

4040

3030

3030

3030

3030

3030

3030

4848
4848 Okinawa: 50m/sOkinawa: 50m/s

Topographic EffectsTopographic Effects
EscarpmentsEscarpments
CliffsCliffs
RidgesRidges
HillsHills
ValleysValleys
-- SpeedSpeed--up Ratio (Mean Wind Speed)up Ratio (Mean Wind Speed)
-- TurbulenceTurbulence

Speed-up Ratio : AIJ Rec.1993
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Topographic EffectsTopographic Effects

Fluctuating Wind Speed StructureFluctuating Wind Speed Structure

Gust Factor / Peak FactorGust Factor / Peak Factor
Power Spectrum Power Spectrum 
SpatialSpatial-- / Temporal/ Temporal-- CorrelationCorrelation
TaylorTaylor’’s Hypothesis of Frozen Turbulences Hypothesis of Frozen Turbulence
Turbulence IntensityTurbulence Intensity
Turbulence ScaleTurbulence Scale
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Wind Speed ComponentsWind Speed Components

Mean Wind Speed  

Mean Wind Speed  

Mean Wind Direction

Mean Wind Direction
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Temporal Variation of Wind SpeedTemporal Variation of Wind Speed

Fluctuating Fluctuating 
Component Component u(t)u(t)

Mean Wind Speed  Mean Wind Speed  UU

UU((tt ) ) = U + u= U + u((tt ))

σσuu
––σσuu

UUmaxmax = = UU + + uumaxmax
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Turbulence Intensity Turbulence Intensity IIuu
σσuuIIuu =          ,               =          ,               σσuu

22 = = ∫∫ SSuu((ff)d)dffUU
∞∞

–– ∞∞

00 11 22 33 44 55
Time (min)Time (min)
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Gust Factor and Peak factorGust Factor and Peak factor

Gust Factor: Gust Factor: GGUU
UUmaxmax U + U + uumaxmaxGGUU = = ⎯⎯⎯⎯ =  =  ⎯⎯⎯⎯⎯⎯⎯⎯

U                UU                U
Peak Factor:  Peak Factor:  ggUU

uumaxmaxggUU = = ⎯⎯⎯⎯σσuu
uumaxmax σσuuGGUU = = 11 + + ⎯⎯⎯⎯ = = 11 + + ggUU ⎯⎯⎯⎯ = = 1 1 + + ggUU IIUUU                     UU                     U

Turbulence Intensity Turbulence Intensity (AIJ Rec.1993)(AIJ Rec.1993)

0.1       0.2           0.50.1       0.2           0.5IIuu

100100

200200

2020

5050
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400400
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Terrain Category ITerrain Category I

VV
IVIV

IIIIII
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Wind Speed MeasurementWind Speed Measurement

Spatial & Temporal Variations of Spatial & Temporal Variations of 
Wind SpeedWind Speed
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Peak Factor of Wind SpeedPeak Factor of Wind Speed

Ave. 3.50Ave. 3.50

Mean Wind Speed Mean Wind Speed U U (m/s)(m/s)
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Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
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Typhoon                             Frontal DepressionTyphoon                             Frontal Depression
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Schematic view of turbulenceSchematic view of turbulence

Turbulence SpectrumTurbulence Spectrum

Production
(Instability 
of mean 
flow)

Inertial Range
(Energy cascade)

Dissipation
(Viscosity)

f S
u(

f)

log f 

Cook, 1983

Large EddiesLarge Eddies Small EddiesSmall Eddies
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Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
((FichtlFichtl--McVehillMcVehill Model)Model)

ff SSuu((ff)             4 )             4 ff**
==

σσuu
22 (1 + (1 + a fa f**ββ ))

ff LLuxux 44ββ 1.51.5(1/(1/ββ))ββ ΓΓ(5(5//33ββ))
ff* =            ,  * =            ,  aa = 1.5      ,   = 1.5      ,   bb = = 

U                     bU                     bββ ΓΓ(1(1//ββ)) ΓΓ(2(2//33ββ))
ββ = 1       (= 1       (KaimalKaimal Spectrum)Spectrum)
ββ = 5/3    (= 5/3    (PanofskyPanofsky Spectrum)Spectrum)
ββ = 2       (Karman Spectrum)= 2       (Karman Spectrum)

ff →→ ∞∞ SSuu((ff)  )  ∝∝ f       f       
((KolmogorovKolmogorov’’ss Hypothesis of Local Isotropy,Hypothesis of Local Isotropy,

Power of Power of ––5/3 Law in Inertial 5/3 Law in Inertial SubrangeSubrange))

55
33ββ Gamma FunctionGamma Function

55−− 33

Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
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Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
(TTU)(TTU)

log  f

lo
g{

 f 
S u

(f
) /
σ u

2 }

(Tieleman, 1995)

Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
(Tieleman,1995)(Tieleman,1995)

ff SSuu((ff)             )             AA ff**γγ

==
uu**

22 ((CC + + B fB f**αα ) ) ββ

ff ZZ
ff* =* =

U U 
Z = Z = HeightHeight

αα == 11,    ,    ββ = 5/3, = 5/3, γγ = 1       (Blunt Model)= 1       (Blunt Model)
αα == 5/35/3, , ββ =1,     =1,     γγ = 1       (Pointed Model)= 1       (Pointed Model)
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Power Spectrum of Wind SpeedPower Spectrum of Wind Speed
(Typhoon 9119)(Typhoon 9119)

Before eye passing over : 90min
After eye passing over   : 110min

Turbulence ScaleTurbulence Scale

Average Scale of FluctuationAverage Scale of Fluctuation

LLuxux ≡≡ ∫∫ RRuuuu((xx)d)dxx

=  U =  U ∫∫ RRuuuu((ττ )d)dττ

RRuuuu((xx) : Spatial Correlation Coefficient of ) : Spatial Correlation Coefficient of uu((tt))
= = uu((rr,,t t ))uu((r + xr + x,,t t ) ) //σσuu

22

RRuuuu((ττ ) : Auto) : Auto--correlation Coefficient of correlation Coefficient of uu((tt))
= = uu((rr,,t t ))uu((rr,,t +t +ττ ) ) //σσuu

22

∞∞

00
∞∞

00

uu((rr,, tt )) uu((rr ++ xx,, tt ))

xx
}

Taylor’s Hypothesis
of Frozen Turbulence 
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Turbulence ScaleTurbulence Scale

Average Scale of FluctuationAverage Scale of Fluctuation

11

00 xxLLuxux

RRuuuu((xx)) uu((rr,,tt )) uu((rr ++ xx,,
tt ))

xx

∫∫ RRuuuu((xx)d)dxx
∞∞

00
LLuxux ==
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Turbulence ScaleTurbulence Scale
WienerWiener--KhintchineKhintchine Relation  Relation  

SSuu((ff) ) //σσuu
2 2 = = ∫∫ RRuuuu((ττ )exp()exp(–– i i 22ππ ffττ ))ddττ

SSuu(0) (0) //σσuu
2 2 = 2= 2∫∫ RRuuuu((ττ )d)dττ = = 22LLux ux / U/ U

Turbulence ScaleTurbulence Scale
LLuxux = = USUSuu(0) (0) / / 22σσuu

22

Isotropic Turbulence FieldIsotropic Turbulence Field
LLuxux = 2= 2LLuyuy = 2= 2LLuzuz

(Near Ground:(Near Ground: LLuxux ≈≈ 33LLuzuz ))

∞∞

–– ∞∞ ∞∞

00
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Turbulence ScaleTurbulence Scale
(TTU)(TTU)

GargGarg, et al., 1995, et al., 1995

Turbulence Scale Turbulence Scale (AIJ Rec.1993)(AIJ Rec.1993)

2020 50        100       200            50050        100       200            500
LLuxux (m)(m)

1010

2020

5050

100100

200200
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ZZ
LLuxux = 100( = 100( ⎯⎯⎯⎯))αα

3030
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Correlation of Wind SpeedCorrelation of Wind Speed
(Root Coherence)(Root Coherence)

ff∆∆ZZ
Reduced Frequency Reduced Frequency ⎯⎯⎯⎯

UU

√√ C
oh

er
en

ce
C
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missing !
!

Correlation of Wind SpeedCorrelation of Wind Speed
(Root Coherence)(Root Coherence)

yy

zz
UU11((tt) = ) = UU11++uu11((tt))

UU22((tt) = ) = UU22++uu22((tt))

√√ kkyy
22yy22++kkzz

22zz22

√√Coherence Coherence ≈≈ exp ( exp ( –– f f ))
√√ UU1 1 UU22


