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AR Snmulatxon methods have ‘recently emerged as the most relxable and in
sothe cases, the only means" ‘available for predicting desxgn wmd speeds in
bropxcal cyclone -prone reglons of the world. Informatlon on what wind speeds

might occur dnd their’ relative risk is crmcal to the assessment of those areas o
. most exposed ti the hurricane hazard and to the design of structures to resist .
. hurricane- fofce winds’ ’ -
Thns thesis presents a reﬁned simulation procedure The wmdﬁeld ‘model "
“is consxderably more complex t.han those used in previous sxmulatxons Wind
speeds and ‘directions are defined at three levels, (i) at the 700 mb helght,
‘where gradient balance is assumed to apply, (ii) at the 500 metre height,

L o where. surface friction and translation of the storm system itself" combine to
B , T modlfy the cxrculamon in a manner- Whlch in" the current sxmulatlon “is
e computed using a. recently deéveloped nuruencal hurricane boundary layer

R R model, and (iii) at the surface or 10 metre height. Within the windfield model
’ the boundary layer Vax/'latxon of wind speed a\xld dxrecnon and the. mﬂuences
on the three circulation levels when landfall is\madé are defined usmg -data -
_gathered jn recently occurrmg tropical cyclones "The sxmulatxon also contams J
a new filling model. taking into account the geo aplucal varlatlon of this ,
phenomenon along the U.S. coastlme . AN o o7 T
The simulation windfield model is evaluated By ;Qpariﬁg actual wind "’
. records obtained in recently occurring tropical cyclones with wind speeds and-
. " directions predlcted by the model itself. The storms chosen for these
| '_ comparisons - mclude North - Atlantic, Northwest Pacxﬁc -and . Australian
tropical cyclones. . The statistical representatdOn of the troplcal cyclone
characteristic parameters required in the simulatien is reviewed and i in some
cages new dlstnbutxons have been proposed The descrxptxon of ‘these
cli log'lcal parameters has appllcatxon in fields other than the predxctmn_
of deign wind speeds '

. .
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“The snmulatmn procedure was applned to the Gulf and Atlantic Coasts of

Co the Umted States to yleld extrerne wmd speed estimates. The results show
sxgmﬁcant vanatxon along tife coastline and corgpare reasohably with two :
e \ . r

\

' recent'studies of L S. hurricane design wmd speeds... = ‘
A ‘ \

\

~
>
-

Fmally th sxmulat}on procedure is ext,ended to handle the mcreased nsk
sustau\ed by lme like structures. such as transmxssion lines, and- to be

compatnble W1th the methodology currently used in the calculation of
structural - -response exceedances, basxc to the predlctmn of wind-induced -

bunldmg responSe - Ce _

>
N
L
.
o
v
4 8

2 2



P

- ACKNOWLEDGEMENTS

. ! R »

A

I would like to express my sincere gratltude to my supervisor Dr. A.G.~
Davenport, for his unfailing enthusiasm; ekcouragement and.tounsel during
this study. The opportunity. to become involved in many exciting Wind
Tunnel projects, to t.rsvel and‘.p'artici‘péte in conferences, making many

" valuable friendships- throughout the course of this thesis, was entirely due to
his generous and thoughtful st,ewardshnp Dr. BJ. Vlckery provided valuable

adv’ice in the initial stages of the study. 'His continued interest throughout the

\ course of my graduate work will alwa);s be deeply apprecxat,ed

l .

Many others in the Laboratory prav;ded useful dxscussxons in partxcular
Drs. D. Surry and N. Isyumov. The assistance of the entire BLWTL Staff and

' berary personnel is gratefully acknowiedged I was fortunate in havmg
'4 everal extraordmanly bright and generoys Eellow graduate students,
' amongst them Roger Basu and Mike, Mkaﬁ

‘Their help and criticism was an unpoi‘tant part ofmy education.

as f'rxends durmg my studies.

This thesis and’ niy understanding of trooical cyclones and their. behaviour .
was in lax:gf part made possible by;the assistance of memb_érs of the Hurricane
fraternity in Miami. Dr. C.J. \'e%mian‘n provi'ded the HURDAT data tape,

" Drs. R. Sheets and P.G. Black mﬁny enhghtenmg explanations to a novxce
" meteorologist, Dr. L.J. Shapiro thé computer code to his numerxcal mode! and ‘

lastly, though mest lmportaw Mark Powell for a maltitude of tropical '
cyclone data, much constructive advice and for introducing me to the
wonderul world of Miami and windsurfing.  Their hospitality to t,he'v
Austrahan from up North interested in hm'ncaﬂes will always be great.‘ly
apprecxat,ed - : :/ ~

!

Initial fundmg for this work was! prov1ded by a grant from the U.S. Electric

~Power Research Institute,’ Palo Alto, Cahforma The Umversxty of Western
'Ontario’s Boundary Layer Wind Tunnel Laboratory kept me housed and fed

thankfully for the remainder of this long odyssey




.Lastly, three péople deserve the credit for inspiring and sustaining the
work that this thesis represents, my parents Nicholas and Amanda,and my’
wife Cathy. This thesis'is as much yours as it is mme Mum and Dad. your .

advice and guldance kept me. unfailingly directed towards the finish line.
‘. Cathy, you got me there-and managed to keep a normal household going, your

own degrees ﬁmshed anﬁ ‘our marrjage happy and thnvmg This thesis is

dedxcated to you my fantastxc famxly




TABLE OF CONTENTS *

CERTIFICATE OF EXAMINATION
ABSTRACT ' .
ACKNOWLEDGEMENTS _ . -
TABLE OF CONTENTS L .

- LISTOF TABLES .

LIST OF FIGURES

" CHAPTER 1. INTRODUCTION

[Py

—re
A kW o

f—y

NRR DD DN
WA OrbhWw e

L]

0 WL LWL LWL

}Ear‘ly Studxes ' -
.Scale Analysis of the Tro ical Cyclone Boundary Layer

" . Separation of Landfa
" Tropical Cyclone Circulation

=0 ~JAH e WN

o

Over-Land Surface Speed Reductxon Fact:ors

General
The Role of Wind Climate in Determmmg Des1gn Wmd

‘ SpeedsforEnfgmeenn Structures

Limitations of Tropical Cyclone Wind, Data :
The Monte-Carlo Simulation Methodtar Predicting
Tropical Cyclone Design Wind Speeds

-Contrlbution of Current tudy

_CHAPTER.Z METEOROL ICAL CHARACTER[ST[CS

- PERTINENT TO THE DETERMINATION OF
TROPICALC CLONE WINDSPEEDS '

*

Equations of Motion

Composite Data Studies o ,« I " -
. Numerical Models |
. The Tropieal Cyclon Boundary Layer and Surface Layer

Similarity Theary g
Behaviour of Landf: llmg Troplcal Cyclones '
Selected Recent; Stu s,

' Summary f { _ - e L

Z'criAP.'IrEn's. BROPOSI}:DTROPICALCYCLONE WINDFIELD

- MODEL

. Object.xves and Constraints of t,he Sxmulatxon Wmdﬁeld Model

Over-Water Gradient Balance Windfield

-

- Ovér-Water 500 Metre Height Windfield S ‘
Adaption of Shapird’s N umerical Model for Simulation L sage .

Over-Water Surface (10 Metre) Height Wmdﬁeld
Over-Water BoundarF/La er Profile
1 Eftects on Different Levels Wnt«hm the

New Filling Rate Model -

-

Over-Land Boundary Layer Profile .
Parameters Requxred by the Proposed | Slmulatxon Wmdﬁeld

Model

T wvii

- Page

i

viil
ix

13

16
24

e

‘ v
Lo
.
R
.

87" -

91~ .
95
101 -
101

106
107
114.
117

118



CHAPTER4 . CALIBRATION OF PROPOSED TROPICAL

4.1
- 4.2

.43

. 4.4

-{5‘

CYCLONE WINDFIELD MODEL

General

North Atlantic Hurricanes

(i) Hurricane™ALICIA™ .

(ii) ALLIED BANK PLAZA Case St.udy L,

(i1i) Hurricane "FREDERIC” : '
Northwest Pacific Typhoons ) : : .
(i) .Typhoon "ELLEN" L«
(i) Typhoon "ROSE” o . ot
(iii) Typhoon “WANDA"” i
Australian Pac¢ific Cyclones

(i) Cyclone TRACY”

(i) Cyclone "TALTHEA”

- Discussion

-

| CHAPTER SAETERMINAT[ON OF THE PROBAR ITY

wuamate

‘i

D D NDBD -
(2] [4,} 0O 1O -

_Annual

DISTRIBUTION FUNCTIONS FOR '
‘TROPICAL CYCLONE SIMULATION
CHARACTER[ST[C PARAMETERS

: Data Sources . ’
“ Methodolag'y of the Troplcal clone Landfall Approach
" in Specift gmg ‘the Simulation Characteristic P\yameters

ccurrence Rate - "A”
Central Pressure Difference - "Ap”

" Radius of Maximum Winds - "RMAX"

" Translation Velocity - "VT” - =

- Approach Angle - "9”.

. Mmunum Approach Dlstance “DMIN"

?,‘CthgrERG  ABPLICATION OF THE SIMULATION

PROCEDURE TO HURRICANE.PRONE
. REGIONS OF THE UNITED STATES :

Sxmulatlon Methodology and Chmce of Global Parameters

Beturn Period and Risk: .

Example Simulation Run - Miami ..

Comparison of Hong Kong Simulation Extreme Wmd
Speed Estimates with Waglan Island Data

" Tropical Cyclone Extreme Wind Speed Estimates
- for the United States Gulf and Atlantxc Coasts '

Companson of Results with Previous Studies

L]

Cviii

-

129 <

138
143 :
- 146
148
v 7150
152

N 152

- 158 -

161

166
'~168
174
183
194
201
206

212
218
. 219

1225

232
938




CHAP'I‘ER?."‘ EXTENSION‘OFTHE SIMULA’I‘ION .

| "PROCEDURE TO EXAMINE LINE-LIKE :
: . RISKAND STRUCTURAL RESPONSE - S

.. T 'COMPUTA’I‘IONS , , ,

- 7.1 -. Line- lee Rxsk for UmtetLSta ] Coastal Locatxons SN 246
7.2 Theoretical Approach to the Lifie-Like Risk Problem -~ 251
7.3 - - Standard Exceedaiic at.e Method for Det.ermmmg coe g

L Re nse Extremes 263
74 . ified Exceedance Ré Méthod Sult.able for Troplcal
" ‘ '~Cyclone Wmds R . " 265

,n."‘"’*%‘CHAP'I’ERB Ct:,n‘«ncug IONS NDRECOMMENDATIONS Lo

. - FORRUTURE WORK :
<. o . ‘, - ot .‘. ‘ . SN e T .
Bl Sutpmary Y oo o S S, 213
.-8.2" _ Fugure Reﬁnementseoth Samuianon Procedure . .. - T 275
8 3. Suggested Future Work L - 276
. . R Y ] -
N ' = . . . e “ . ) . e ! IS ) "
REFERENCES =~ ~ . =~ ' - SR 7Y
VIRACC o o T T e
l‘ ’ A"?'é ) ' ‘ )
. '4'
'.
LN
»
- , ) .
» " -
.’ -
“i% )
. . v



< " - ’ - L
LY * ) 1 ) A
. - . LISTOFTABLES =~ = ix
-, rf‘ N . " ) N . )
" Table . ~ - Title o . Page - .
"No. * . s’
1.1 - Cld#iiification of Meteorological Systems - | 5
1.2 ~ Saffir/Simpson Hurricane Intensity Scale . 5 .
21 Boundary Layer Scale Anaghgsis Variable ,
. Representative Values - ] 41
2.2 . 'Computed Magnitudes for Tropical Cyclone o
Boundary Layer Constitutent Terms . - 4l
‘31 - Windfield Model Parameters and Functxdnal ) :
" Relationships " , - 120
/ > < ’ . | . o .
5.1 2 Statistic Tests : AT Data : & 180 ° )
* 5.2. - Frequen Ey Distribution of Northwest Pacific Treopical o
Cyclone Eye Diameter Versus Eye Pressure, 1958-1968 186
5 ,. Cortelations Between RMAX, Pc, Latitude and .
Longitude for North Atlantic andN orthwest Pacxf' ic '
Tropicat Cyclones 189
54° ximum Likelihood. Relat.xonshxps Between , o
. - Med(RMAX), s(log{RMAX)) and Ap . 191
5.5 ‘Gulf-and Atlantic Coast RMAX t." Tests ' . 198
56 . X2 Statnstxc Tests: VT Data 199
6.1 Miami Simulation Statistical Data Summary 220
6.2 Miami Simulation Mean Hourly Extreme Wmd Speed
o Estimates . ) - 220
6.3 Waglan Island Tropical Cyc{one Data Séts £27
6.4 100-Year Extreme-Value E{txmat,es forWaglan L
Island Data ' 227
6.5 ~ Comparison of Snmulatmn with Actual Data Derived Mean

s Hourly Extreme Wind Speed Estimates for Waglan Island 232

}

»

N



IR - © LIST OF FIGURES.

»

Flgure o . Title
SR S ;\ < T o

Lo W1 World-w1de Areas ofTro‘pxcal Cyclone Occurrence and ‘
- s © Typical Traels ‘
12 . United States Damages and Deaths i in 5- -year Periods
* Caused by Tropical Cyclones
1.3 . Unitéd States Population Trends 1960- 1970 19806
1:4* . ° The "Wind Loading Chain”
15 . Parent ang Extreme-Value Distributions ofGraduent
- ’- Height Wind Speed for New York City, New York
6°,, - Monte-Carlo Simulation Flow Diagram,.
7 ‘Relative Frequency of Occurrence of Hurricane orGreat
"Hurricane Along U'S. Coastal Segmets h
8 €atastrophe Potential Index for Major Hurricane
Occurrence ArOund U.S. Coastlme 0

48 - - - .. ¥

,2.1 . "iI-)Iughes (1952) Wxnd Speed thht-Level Compos;te
ata
2.2 ., Vertical Cross-Sectlons ‘of D-Values and Temperature for
‘Hurricane Inez, September 28 1986
2.3 . Wind Speeds and Streamlines Relative to the.
Storm Centre at the 750 mb.Level for HUrncaﬁe Inez,
A .. Sep tember 28 1966 .
2.4 Hawkms (1962) Representative Vertichl Cross-
‘ Section of Radial Wind Speed Profiles
~ 26 Excess of Pressure Gradient OverCoriolis and
> - * Centrifugal Accelerations; Hurricane Daisy (1958)
2.6 Coniposited Data (a) D-Values (b) Actual and
(c) Relative Windfields at the 900 and 750 mb Levels
2.7 Composited Data Ratio of Actual Axcceteration
to Gradient Balance Acceleration
2.8 Veertical Cross-Sections of Composite North -
__Atlantic and Nortlwest Pacific Tropical
Cyclones During Various Stages of Developrent
2:9 Vertical Crossﬂgectlons Through Composite
Northwest Pacific Typhoons
2.10+ . Cqmposite Inflow Angles for Mean Steady-State
- (a).Hurricale and (b) Typhoon:
. 2 1 1° Inte ated Relative Angular Momentum and
.~ ace Kriction.Losses for North Atlanti
i ‘ mposite Tropical Cyclones
s - 2.1 . Lan fall Simulation witlf Tuleya-Bender
. Kurihara (1984) Numerical Model

r . - X1

-Page-

i Pk
QO (o =B e ] w

21

28
30

31
32
38
44
45

47
48
49

50
53




" Shapiro (I983) Numerical Model Windfield for a
Storm Moving with a Translation Speed of 10 m sec

- Normalized.Profile of Variatian of Mean ‘

Wind Speed with Height in Tropical Cyclones
Combined Over-Water Boundary. Layer Profiles
PBL Depth Versus Radial Distanee from the

Eye for Hurricanes Daisy'(1958) and Inez (1966)
Comparison of Similarity Theory-Predicted

Speeds with Measured Speeds - -

10 Metre Height Neutral Drag Coefficient

from Several tudres

Computed Values of Friction Velocity

" Versus Medsured Surface Spee

. Computed Values of Roughness Length

Versus Measured Surface Speed .

Ratio of Waglan Island Anemometer to

Upper-Level Typhoon Wind Speeds

Sea-Surface Temperature and Mixed Layer . .

Depth Changes for a.Large, Slow-MovingStorm

Central Pressure and Maximum Wind Speed .. -

History for Hurricane Alicia August 15-20 1983

- Filling Factors Obtained by Schwerdt, Ho--

. and Watkins (1979)

. Ratio of 10-Minute Average Over-Water

. to Gradient Wind Speed

Ratip of Over-Land to Over-Water 10 Metre Wind Speed

- Plan View of 373 U.S. Torna#oes Associated .

with Hurricanes (1948-72) with Respect to the

Direction of Storm Motion

Combmed Over-Land Boundary Layer Profiles .

- dpanson of Observed Tangential Wind with

c Gra ient Balance Wind Speed for Hurricane AnxtaLlQ77
" Low-Level (a) Streamline and (b) Isotach

Analysis for Hurricane Allen on August 5 1980 .

(a) Total Wind Speeds in Stationary

Co-ordinates and (b) Radial Wind Speeds.

. Relative to Storm Centre, at the 560 Metre

Level for Huiricane Erederic, September 12 1979
850 mb Level Total Wind Speed and Inflow
. Angle for Hurricanes Davnd{September 3 1979)
-and Gert (September 12 1981)
Landfall Isotach Anatysis for HurricanesFrederic
(1979)and Alicia (1983) - ’

Example Gradient Balance WmdﬁeM

Example V., Windfield Corresponding to

Gradient Balance Windf} ld Shown in Fig. 3.1 .
Comparison of 30.0,35.0 2pd 45.0 m/sec =~
Contours for the ng and Windfields

Example SHBL Windfield ggxomng Effect of
Varymg n Paramaters '
.Ratioot V,, to Vgb Wind Speeds for Rad; Profiles
Taken at,a 45° ‘ : :




" Ratio of Over- Water 10 ‘VIetre to 500 VIetre ‘VIean
Wind Speed

-Example Y, Windfield Correspondmgto ' ‘g_)

&

~3

Windfield in Fg.3.2
i Sxmulatxon Model Over-Water Boundary Layer
U.S..Landfalling Tropical Cyclones Used to .
Determine Slmulatxon Filling Model
-Ap/Ap, Versus "t" Van
. Ap/Apg Versus "d"
. Ap/Ap, Versus "t:RMA
. 3p:Ap, Versus "tVT.R] X

Fofile

© Qo

a

oW WK W W

Smoothed Filling rate Curves for
U.S. Landfallmg Storms

N T
L AN N Y )

Hurrlcane Alxc1a Location Map
Comparison.of Observed and Model-Predicted Wmd
SpeedsDuring Hurricane Alicia (a) U.S.C.G. C
Buttonwood.(b) Baytown Exxon Tower
(¢y Dow Chemical Plant "A" '~ o
and (d) Houston Intercontinental Alrport ro
1600 Metre Height Streamline and Isotach Composite
Analysisfor Hurricane Alicia, Centred on 0300 GMT '
- August 18 1983 “
" * Comparison of Alicia Over-Water A21muthally-
Averaged Tangential Wind Profile with Gradient
Balance Wind Profile’
Comparison, ofActu Filling Rate Behaviour for ~
‘Hurricane Alicia with Several Theoretical Models )
Reconstructed History of Wind Speeds and Directions .
Expemenced at the Allied Bank, Downtown Houston; -
During Hurricane Alicia '
- Wind ’%‘unnel ‘Aeroelasti¢ Model Test Results Resultant )
Sway Accelerations at the 900- Foot Lavel ofthe :
Allied Bank, Houston -
- Comparison of Observed and Predicted PeaX
- Accelerations at the 71st Floor of the Allie
_ ~During Hurricane Alicia
..~ Hurricane Frederic Location Map
_Comparison of Observed and Model Predxcted Wmd Speeds
During Hurricane Frederic (a) Ingalls Shipbutlding
. - {b) Dauphin Island Bndge and (c) Pensacola Reglonal
© Alrport
Location Map for Hong Kong Axea Anemometer Statxons
and Tracks of Typhoons Ellen,
Ratio of Waglan l) land Anemometer Wind Speed.to
Upstream 10 Metre Height Open- er Wind Speed.
Comparison of Wind Records ObtainedQuring Typhoon
Ellen at Waglarr Island, Cheung Chau apdd'sim Bei Tsui -
Comparisgn of Observed and Model-Predi¥ted Wind.
Spe unng Typhoon Ellen Waglan Island Corrected
Record » ‘ \ \

-




“

415 . Companson of Observed and \/Iodel Predxctﬁed’Wmd
SpeedsPuring Typhoon Rose, Waglan Island = =~ -~ '
Corrected Record - 151 ‘
4.16 ' Tomparison of Observed and 1VIodel Predicted Wmd : ot
. ,Speeds During Typhoon Wanda Waglan Island
Corrected Record , - 153
. 4.17 -Cyolone Tracy Location-Map R 154
4.18 . Comparison of Observed and Model- Predicted Wmd '
T Speeds Durmg CycloneTracy, Darwin Alrport Record - C
4.19 - Cyclone Althea Location Map 156 - '
420 Comparison of Observed and ‘\/Iodel Predlcted Wmds 157 ,
' *, During Cycione Althea, Towrnisville Garbutt Airport - - » v
Record . 159
5.1 North Atlantlc Trop;cal Cyclones Omgmatmg o
: " induly,/1886:1977 - . 163
‘ _ ‘ . 5.2 e * Final Winfl and Pressure Proﬁles and Actual .
- : . - Data forHurricane Anita (1977). . - "~ 165
53 * Locatioh Map for U.S. Coastal Data R
' - Stations and "Milepost” Scale o e 167
54 . Definition Diagram for Tropieal Cyglone L e
' Characteristic Parameters - e 169
5.5 U.S. Coastline Mean Annual Occurrence Rate, \, -~ . " 173
5.6 U S. Coastline Central Pressure Difference Vanatlon © 176 ¢
- 5.7 Ap Data Goodness-of-Fit Tests ©o. 181
5.8 _ U.S. Coastline 100-Year Return Penod A Vanatxon 182°
- .. 5, 9 " ‘Variation of RMAX with Maximum Wm Speed : : BT
' - for Lower Tropospheric Data = - . 18 . o« .
' 5. 10 - Variation of RMAX with Latitude for Lower e -
~ Tropospheric Data 185
5.11 " RMAX Versus Ap for:116 Gulfand Atl‘antxc T
Coast Tropical Cycloges ~ . - 188"
5:12 - Comaprison of Observed with Predxctor Values .
pe ‘of RMAX Versus Ap -.Gulf Coast Storms ° " 195 g
5.13 Comparison of Observed with Predictor Values . :
. . of RMAX Versus Ap - Atlantic Coast Storms .+ 7~ K
. 5.14 U.S. Coastline Translation Velocity Varlanon , 197 S
- 5.15 . VT Data Goodness-of-Fit Tests” . , . 200
) 5.16 U.S. Coastliné VT Predictor Dlsmbutxon Parameters 202
. o 5.17 U.S. Coastline Approach Angle Variation: . : 204 -
| 5.18 - .0.Data CDF Cemparisons (a) Weibull, - - e [
: Lo , (b) Normal and (c)-von Mises sttnbutxons : 208 - . 7
e 5.19° ' .- U.S. Coastline 0 Predictor Distribution Parameters - 207 P "
. T .5.200 U.S. Coastline Minimum Apprbach Drst,ance Variation 208
. .. 5.21 DMIN DataPDF Examples - 209
- 522 »  DMIN Data CDF Comparisons (a) Quadratxc and. ;
‘ ~(b) Cubic - 211
' 6.1- = Simulation Procedure Flow Diagram - & 213
- 6.2 ° - -Simulation Tropical Cyclone Number Convergence - — , I
L . Tests % . 217 L e
. 6.3 . Geographical Area Covered in anmx Simulation 221 ‘

-

Coxiv ' /




-

i

. Denved Usm.g Mod)ﬁed'Exceedance Rate Method

xv

6.4 - Miami Slmulatlon Parent Wind Speed Dlstrlbutlon . ‘
- Function p(V,0), (a) 500 Metre Height, (b) 10 Metre Hexght 222
ﬁ.fy " Miami Sxmulatlon Extreme-Value Mean Hourly ‘ )
o Wind Speed Estimates v 224.
6.6 Waglan Island Predlcted Extreme Mean’ Hourly .
. - WindSpeeds - 229
6.7 ' ‘Hong Kong Slmulatlon Parent Wmd Speed _ . -
T Distribution p(V,8), 500-Metre Hei 230
6.8 . Hong Kong Extreme-Value ‘VIean I-gom'ly Wmd Speed .
3 " - Estimates _ . ‘ 231
69 - Slmulatxon*o‘GQ\Metre Height Extreme Value
S . Estimates for Cogstal Locations ‘ 234
+6.10 Sxmulgtlon 10 Metre Height Extreme Value Estxmates
. for Codstal Locations > 235
6 11 © Simulation 500 Metre Height Extreme- Value Estxmates : «
: - for Locations 100 km Inland - . - 236
6. lf Simulation 10 Metre HelghtExtremexValue Estlmates -
for Locations 100 km Inland - . ; 237
6.13- ~ Simulation-100-Year Return Penod Extreme-Value -
: Estimates, 500.-Metre Height-Mean Haurly Wind Speeds 239
- 6.14 .. Simulation 100-Year Return Period Extreme-Value
© . .- Estimates, 10 Metre Height Méan Hourly Wind Speéds" 240,
6.15. Comparison of Current Snmulanon Estimates thh . :
.7 NWS23Results 241 - -
6.16 Compfirison of Current Slmnlatlon Estimates with .
7 . -BCRS ‘Results ) 243 .
3 " N - " \-,\/
11 - Location Ma for ane Like Rxsk Examples/ - 247 -
7.2 ... . Extreme, Var ue Distributions for Galveston Point, - :
... Coastal Lines GC (100, QOOkm) and Inland Lme ‘
.. 77 GI(160km) " 249
- 1.3 < Extreme-Value Dlstn's tions for Charleston Pomt ) .
- ’ Coastal Line €C (200km) and Inland Line CI ( IOUkm) 250 -
. 74 Gradien} Balange Circulation-and Vanamon ' _
7 o of VMAXYD) for a Point Structure - - ' - - 253
75. © - Development of the F, VMAX/D,(VMAX,D)Curves” 254
76 .- Gradient Balande Circulation and Vanatxon : - .
. - of VMAX(D) for a Lirie Structure ~ <. . 256
A Development of the F,VMAX/D (VMAX D) Curves - - 25%
78 ' . Effectof Distribution oprproach Angle on : .
' . ’Line Exceedarice Rate " 260
7.9 Exceedance Functions VMAX(D) andF, VMAX/D (VMAX D)
» for the Galveston Area ~ . : - 261 -
7.10 . Effective Hurricane Line Length andLine f -
‘ Exceedance Rate for the Galveston Area- . 262
7.11 . - Simulation Derived Cycling Rate for Mlarm from R
. '~ Standard Response Exceedance Method 266 -
7.12 Random Two-Dimensional Process and Assocxated ‘
. ' ‘Respense Boundary. . 26T
«7.13  ° Miami Simulation Variation of G(V' V,0) - 271
7.14 Companson of Simulation Extreme Estimates with those . | 5 '
‘ 272



The author of this thesis has granted The University of Western Ontario a non-exclusive
license to reproduce and distribute copies of this thesis to users of Western Libraries.
Copyright remains with the author.

Electronic theses and dissertations available in The University of Western Ontario’s
institutional repository (Scholarship@Western) are solely for the purpose of private study
and research. They may not be copied or reproduced, except as permitted by copyright
laws, without written authority of the copyright owner. Any commercial use or
publication is strictly prohibited.

The original copyright license attesting to these terms and signed by the author of this
thesis may be found in the original print version of the thesis, held by Western Libraries.

The thesis approval page signed by the examining committee may also be found in the
original print version of the thesis held in Western Libraries.

Please contact Western Libraries for further information:
E-mail: libadmin@uwo.ca

Telephone: (519) 661-2111 Ext. 84796

Web site: http://www.lib.uwo.ca/




- CHAPTER 1 e

o . INTRODUCTION

"5‘ e Quantlﬁcatmn of the nsks 1mposed by tropxca@clone’s is of clx"itica‘l'
' _importance, offermg the potentxarl to greatly reducegghe loss of human life.and
. the damage caused- by these storms. Within all countries affected assessmg

. the vulnerablhty of dlfferent reglons to tropxcal cyclones is an 1mportant first

’
' f

step in any national dlsaster preventxon plan involving. land-use and zomng
\&Iaws to control development in areas where therisk is h}gh in the def;mtxon
of . wind. elimate within the wind- loadmg process, and ﬁnally, in -the

. specxﬁcatmn of desxgn wind speeds for bulldmg codes settmg out mmlmum
structural safety standards : o '

|
. .
- . . L . U : L .'/,,_w..‘ "
Computer sxmulatmn methods predxctmg wmd speeds in reg’xons |
‘dominated by tropxcal cyclones have- emerged as a powerful rehable and . '
' currently the most’ frequently used tool in estimating long- term’ 1sk levels' R o
S assocxated with these storms. A refined sunulatlon px:ocedure 1s resented in
thxs thesis, mcorporatmg wiridfield mformatmn gathered in ja .number of -
recentIy occurring storms and utilizing an unproved statistical representatlon K
.. ef the requu‘ed sxmulatmn .meteorological - parameters The snmulatton‘."
- procedure is applred to the Umted States Gulf and Atlantlc Coasts m addmon )

toseveral problemsofengmeermgdesxgnmterest T . R \
t

L1 General .

Troplcal cyclones or hurncanes and typhoons as they are known in'some 1
parts of the world are the most devastatmg of all ‘natural. phenomena T \,’ ;

Measured by their v1olencé‘ duratxon and size of area affected they are
thhout equal in terms of the amount. of destructxon 'hey can cauSe The
. almost 100 - tropica} oyclones that becur world-wide every year cause an
g average 20000 deaths and total economlc damage exceeding- $6 bllixo\\J
¥ ern, 1979) Sorne of the most populated areas in the world are affected

. ' N
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& : - .

‘.

)
l
i
by t.roplcal cyclones mclu*ng countries whose urban populations are doublmg\

‘every 7 to 10 years The. potentlal for catastrophlc loss of human life us
enormous. | i : : 3

l

|

‘\

- Tropical cyclones occur in all oceans of the world except the South

Atlannc F}g'ure 1 xllustrat,es world-wide areas of formatlon ‘and typieal

. track directions.. I general they tend to be most fr/equent in late summer and

early fall when odean temperatures and the air- humidity and.temperature

f near t.he surface re-at-their highest .The hazards imposed by broplcal
‘ cyclones are threefold : hxgh wmds Jiver and loeal’ floodmg resultmg from ~

~ inten'se and-often persistent ramfall and storm surge the rapid mcrease in

-sea- l‘vel along the! coasthne produced mainly by the action of wmds drxvmg

- the water ashore. lthough the wipds in tropxcal cyclones are strong, very

gusty and rriay last for many hours, even days, at a partlcu,lar site, it is often

great.est damage The tropical cyclone which struck Bangladesh on ’\Iovember
. 13,1970 killed ove 200 ,000 people (WMO, 1976) even though its minimum ~=
central pressUre wds only 950 millibars at the time. Its. landfall however =~
) coincided with high txde and produced a storm surge estm;ated as high'as 9
. metres, the resuitin cause of the terrlble death toll. A smgle tropical cyclone
© can affect fhore than one nation durmg its lifetime. Hurricane David left a
- histpry of death and destruction as it moved through the Caribbean towards = . .
the United. States, |leaving 1000 dead and over' 100,000 homeless from
N Dominica to Hispanipla ¢ and a damage tota] over $1 billion in Sepfember 1979
- (Hebert, 1980). - : '

L6 .

Troplcal cyclones were already well-known to inhabitants of the Western
Hemxsphere before news of them spread to Europe with the expeditions of -
Columbus In‘the "New World”, as was the exp’eriehce in the Far East, they."

- were to play an important role in history in succeeding years. The %pamsh
dommatxon of Cuba ame about wflen a hurricane destroyed a Duteh fleet of .
" 36 ships in Havan under the command of Holland’s Admu'al Jol' on
September ‘11 1840. Twehty -six years later the French were able to acqmre
‘Guadeloupe when an English fleetwas destrofed there on August 14-15, 1666
(Sugg, 1968) An attack on the lower Carolina settlements by a Spanish: .
Armada was foiled byla humcane on September 4-5,1686 (Ludlu,m. 1963). }

i

S
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] toCategory 3 4 or 5 storms on the Saff‘ir’Slmpson Scale:

The word\"hurncane; itself appears to have orxgmated from the name

" “Huracan”, attrxbuted to an ancient. Central American native group, the
.Tainos, meaning *'God of E\;tl" (Anthes, 1982). The termmology used within

this thesis regardmg the c-lassiﬁcatxon of tropical cyclones by mtensxty follows

-that. established by the United States National Hurncane Center, Miami,
' Flofida and is shown'in Table 1.1. The word “storm” by itself is used-herein
‘as a generic term and is synonymous thh trOpxcal cyclone A classxﬁcanon
commonly used to relate hurncame mtensxty to damage  potential .is the R

Safﬁr/Slmpson Hurrlcane Intensity Scale This descnptwe scale, rangmg
from Category- Number 1 through 5,is.given in Table 1,2. The termg “major”™

&

hurricane and great hurncane found in various refererices" are comparable

AY

The Umted States has been f‘ortunate relatxve to many tropxég‘% E e- -
R prone countries in that the loss of life from these storms has shown "gstead'g
‘decrease throughout the whole of . thrs century This can be attributed to . -
vnmproved forecasts and txmely warnings made possxble through- the use of |
g radar and satellite technolog‘y, accompamed by’ better locaI planmng and

constructlon practlces At'the same time, the vulnerablhty of’ hurnca&e -prone

/ areas in the United St&tes, as~ represented by the economic 1055es resulting

from tropxcal cyclo,nes has mcreased dramatzcally (Sheets, 1980) as. shown in

o Fxg‘ure 1.2. A number of factorg-are contrlbutmg to thxs mcreased nsk the

chief one’ belng the exploswe poputanon increases occurring along Gulf Coast

" and lower Atlantlc Coast States in recent years. In-the 20 years to 1977 the
T populatmns of the Houston area (Harns County) and - anxm area (Dade
: County) had risen- from’ 750,000 - to 1,750,000 and 500, 000 to 1300 000
'respectxvely (Simpsan and Rlehl 1981) ‘This trend has cohtlnued unabatedin -

the 1980, spurre@on by phenomenal econormc growth and supported by the

growing number of élderly people seekmg retiremerit in the sun;hxne" states. *
- In 1982- 1983 '?ms‘alone accounted for 22 percent of the total natxons
'.'housmg Starts’ (Naxsbltt 1984). The geographical distribution of these
'populatxon mcreases, xllustrated in Figure 1.3, shows that the greatest

increases have oceurred in thé most vulnerable locatmns, beach and coastal
subdjvisions. Other factors addmg to the vulnerablhty of the United States to
tropical cyclones include huge.increases in the number of mobile homes built .

_mostly in warmer climates (i.e. hurricane- -prone areas), escalating’ costs of

.
1
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.- ’I‘ABLE 1.1 - .
o CLASSIFICATION OF METEOROLOGICAL SYSTEMS :
]
Fropical Cyelone: a non- frontal low. pressure- synoptic-scale "system ’
O | S : developmg over troplcal or sub-tropical waters havmg.
' | def’mt,e orgamzed* circulation, subd1v1ded in terms of
’ ' mtensxty into : I
) 'Troplcal DepresSmn‘ - Vms s17m/s -
Tropxcal Storm™ © - - 17 m75 £ Vms < 24 m/s
-Severe Tropical-Storm - 25m/s < Vms < 33 mis
Hurrxc,ane o Vms>33 m/s R 7
‘ 3 Vms = mz;’xiinum sus'tained (I-minute), su'rfacé(lO-metre) wi'nd"speéd.
»
: TABLF12 = "
SAFF‘IR/SIMPSON HURRICANE lN’I‘ENS[TY SCALE X
. ,
Scale Central Wmd-‘ : Storm,. . Damage . o
: : Category Pfessure ©  Speed Surge
P I -No. - (mbar) . (m/s) (m)_ N
1 . . 2080 .33-42 125-150. Minimbl .
2 . .965-979 - 43 - 49, 175250 Moderate C
.3 945-964 - . 50 58 275-375 Extensive -
4 920-944 .. 59-69. 4.00-5.50 ' Extreme
.5

<919 . =270 - 2575 ) ""C:‘:lta.strox?hic .
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_United States Population Trends 1960-1970-1980
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" the wmd The "wmd loading cham" begms w1th an evaluatxon of the Iocal :

-
v
7

buxldmg matenal and'labour whlch have consxstently outpaoed the mﬂatxon - .
rate, uneven regional enforcement of bulldmg codes, inadequacy’ ofevacuatloq T

routes and placesof refuge, and ﬁnally, a complacent pu'bhc

. SN
. .

Thxs increased vulnerablllty was hlghllghted in'a report issued b;‘the ‘
SOuthwest Florida Regloqal Planmng Council " (SFRPC, 1982), -which,
éstimated that the. 1mpact sustamed*by the six; countxes in. thé Southwest' )

" Florida Region;-if struck by a major, hurnéane. wouch range from $3 to $5° -
" billion.  Such ﬁgures are. supported by experlences thh recent tropjcal ,

A cyclones which have. affected the ‘United States, Hux’ncane Alxcxa m'ade‘ ST
landfall at’ the southwest. txp of Galveston.Island before movmg northwards .
passed Houston on August 18, 1983. AllCla was a medlum'-szed hurrlcane B
wbxeh x‘eached only minimal Category 3 status on’ the Safﬁr—Sxmpson Scale )

Ahcxas track however cmncided w..lth much of the mfrastrueture in the

-Galveston- Houston corndor As a result Alicia became the third most costly‘
hurricane in Unlted States hlstory after Hurncanes Fredenc‘,(1979) and -
Agnes (1972) whose damage had resulted mostly from abnormal f'loodmg in

- many far-mland area's Damage estunates for Alicia are'$2 billion (Savage et
.al, 1984). If Alma had been as intense a starm as was Hurncane Frederic, the
damage total could well have exceeded a staggermg $5 6 bllhon

, The desxgn .of bulldmgs to w:thstand troplcal cyclone wmds clearly
N occui»es an lmportant —pcbsrtlon in. the wind engmee’rmg commumty,

3 pamcularly when wm&tunne{s are utilized in the estimation of wind: rnduced_ o
gure 1.4 adapted’ from Surry and Davenport (1979) (
depicts the standard sequénce involved in estlmatmg a building’s response to * -’

structural fesponse

w;nd chmate at the s1te Wmd tunnels have proved a valu-able axd in the

computatxons mvolved ln subsequent “links”. Final predlctlons of a given -

Wmd-mduced response for a structurg located ata partxcular site represent a
synthesxs of the results obtamed from all links. Also in Figure 1.4 are shown

' estimates of the uncerta.mty expected m the mdxwdual predlctxons assocmted

thh each link of the wmd loadxng cham Two points are immediately
apparent Flrstly, the use of wind tunnel tests -to compute the dyndmic
behaviour of a structure’ m. a given terraln can’ srg'nxﬂeantly l_ncrea,se the
reliability’ of the final predicgions,_ Moi"e,'irnport‘an‘tly-,.i_tv’can be seen that
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-+ - forms, the Fxsher Tippett Type LI and m dxstnbutlons

\’

»
2

uncefpinties in the definition of the wind climate then become the major
contributor to the overall uncertainties in the final predictions. Greater
uncertamty is expected, not surprisingly, for those structures located in areas
affected by tropical cyclones. .It is ‘thus ev1dent that expensive and elaborate
wind tunnel investigations should be accompanied by equally strenuous
efforts to ev‘a}_uate the wind climate as accurately as possible.

2

-

i 2 The Role of Wind Chmate in {)etermmmg Desngn Wind Speeds for
Engineering Structurés

4

' The prediction of full-scale. wind-induced effects for design pufpeses

! beg’ins with the definition of the local characteristics of the wind climate. This

cannot be done in a dete‘nninistic sense as wind speed is a statistical variable
‘subject to random fluctuations. Hence a locality’s wind climate is usually
) descnbed ina probabthstlc format through the probabxhty density functlon of
mean vv{md speed and direction, p(V.6), and the extreme-value distribution of
max_irnurh mean. Wihd speed, F_( V). , ) :

.

. The foi'mér known as the parent" distributions identifies the
-'contmuous varlatxon' %t wind speed Aand direc ion at a site, typically on an

hourly basis. It. is used in determmmg comfért, servweablhty and«fatigue-
. related cntena for wind-induced effects, evaluating ventilation and wind
energy potentlai at a particular site and in combination with wind tunnel
'predwtxons of bulldmg response versugwind spegi and dlrectlon The latter,
" referred to as the dxstnbutmn of the- “extremes”, defines the occurrence of the
strongest (arf. most rare) winds. at - the site, regardless of direction and

_normally on an annual basis. - Design wind speeds found in building’codes .

governmg the overall structural loads for a building are derived from the~
o pmm——r,

extreme-value distribution.” The theoretical relgtionships connectmg

extremes with the p\ent distribution fron which they are drawn were

developed by Frsher and Tippett (1926), and Gumbel (L’9’5’8) who showed that

all parent distributions converge asymptotically to one _of* three extreme

= \

(3]
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Flgure 15 shows an example of the* parent - and extreme- value

A distributions for New York City based on upper-level wind speed ‘and dlrectlon

data obtained from J.F. Kennedy International Airport and Mitchell U. S. Air
Force ‘Base ‘(Hampstead) for the period 1950-’1975 The parent dlstrlbution

) - indicates ‘that relatwely common winds (with a frequency of exceedance
_ greater than 10-100 per annum) are equally hkely for southwesterly 4q -
northwesterly_directions. Stranger winds (exceedance. frequency less than

-once per anhum) aré'most likely from the south. Two Type-I extreme-value

<. dxstrlbutlons are shown one obtained by fittmg the actual’ set of annual

maximum hourly wind speeds recorded in the 1950 1975 period, the second

derived from the parent dlstnbutlon usmgﬁextreme -value theory. The "

.

agreementtbetween the two extrernervalue curves is seen to be good.

. ot P : an
If the avaxlable record of annual maxima is long enough the extremes

may be_ calculated dlrectly using the traditional "Gumbel” approach, in much
the 'same way that design flood levels are estimated for. bridge and -

embankment elevations, design wave heights for offshore structural loadmg

and many other common engineering problems These methods rery upon the .
" accumulation of-a long enough record’ of annual or month],y extreme

" observations which are ranked in ascendxr‘l_g})?der assxgnmg a cumulative
probability value to each equal to m/(N +1) for the m’th extreme in a set of N.

An approprlate extreme value distribution is‘then chosen to model the data

mmg any one of a number of standard fitting techmques e.g. the Gumbel
method the Lelbhen method.

H

’

. The accuracy of any local wind chmate model, especially the ‘extremes,
depends upon the lgngth, rehabllxty and homogenelty of wind data at the
particular site. Data rehabxhty is lmked to the type of mst}'umentatxon its
adequate calibration and maintenance, and the proper Jocation of wind-
measuring’sensorsto ensure, forexample, that no nearby obstructions induce
local flow effects. Homogeneity of the data is ensured if standard averaging

~ times; measunng heights and similar exposure condmons are mamtamed

over the life of the wind record in questlon. ' . ‘ -
I

.

- A further condition necessary for homogenelty to be satxsfied is that the ’

wmd daﬁa should Be drawn from a cllmatologmal series belongmg to a single

'

. 73
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population, i.e. a smgle meteorologlcal phenomenon When more than one
meteorologlcal system affects the wind regime -at a partxcular site the
resulting wind chgnateus said to be “mixed”. 'Ih such cases a combination of“
extra-tropical extensive pressure systems, thunderstorms. tropical cyclones ¥

' and/or tornadoes may be ¢ontributing to the collection of recorded annual
extremes. In practice only two distinct weather systems are usuaHy present,

e.g. thunderstorins and trop1ca1 cyclones, and one of the storm types
invariably contm,butes more of . the higher wmd speed maxlma to the -
A distribution of the extremes than the other.
[ h . ‘
" The uncettainties involved in estimating extreme winds in such“mixed”
. climates were first récognized by Thom (1968) who recommended
characterizing the wind climate at such sites using separate dxstrlbutxons to
define the extremes for each storm type, recombining them later taking into
account their relative probability of occurrence at the site of interest. This
approach was dealt with in greater detail by Gomes and Vickery (1977-78)
who showed that when the extremes were not separated and treated as if fram
differgnt populations, extreme-value distributions fitted to the mixed data .
invariably underestimated wind speeds at higher returnr periods. This was
particularly so for sites affected by rare but intense tropical cyclones which
dominated the “tail” of the extreme-value distribution but did not contribute
" strongly to 1/1;5 "body”. — ‘

After separatioh, analysis of each meteorological phenomenon can'then .
. proceed using the method best suited to that data set. More 1mportant1y, the
" extremes can then be predicted from the parent dlstnbutxon greatly
expanding the data base, or conversely, permlttmg;l{ue use of shorter records. .
mputational methods for estimating extremes from their parent
distribution have been developed by Davenport (1967) and Gomes and
_Vickery (1976). These techniques have been shown to give reliable estimates
when the wind climate is said to be “well-behaved”, which implies that the .
meteorological Systems affecting the site should be relatively slow- mov'ng,
spatially large and exhibit a relatively hlgh annual frequency of occurresce.
Locations whose meteorology is dominated by thunderstorms and/or exd
tropical extensive pressure systems have well-behaved wind climates.

these é'i‘rcumstances reliable estimates of the extremes can be made if a record
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length of 10 to 20 years of continuous mean hourly wind speed data is
available.

For a;variety of reasons discussed in the following section- climates
dommated by tropical cyclones are not well- behaved and the prediction of
extreme wind speeds for design purposes using the normal statistical
approaches outlined above can lead to considerable uncertainties. ° N

5 ' : :

1.3 Limitations of Tropical Cycidne”\‘Vind Pata

* Special problems are encou rec{ When dealing with tropical cyclones .
' Which can make the prediction of exyremes highly misleading. These include:

-,

(i) Infrequent Occurrence Rate : compared . with 'the synoptic-scale
‘ depressions of temperate latitudes, tropical ¢yclones are relatively small,
. ‘ usually };aving a diameter of onlya fewtrerdred kilometres, w‘the highest
winds coratfonly occurring within one hundred kilometres of the Storm centre.
For affected areas in the United States the frequency of occurrence of _ g
. hurricane-intensity wind speeds at any partxcular locality is much less than
once per annum. They therefore constxtute a relatlvely rare meteorologlcal
event.

e,

(ii) Continuity and Homogeneity of Record : alterations to instrumentation "’
and the inevitable relocation of gnemometers in response to changes i.ﬁ the
s _urban environment are typical problems found at most i'ecqrding' stations. In
T " the case of tropical cyclones the résulting lossof uniformity of the record
‘ exacerbates the problem of the low frequency of measurements . An example -
of note is the remarkable record of tropical cyclone.wind speeds and directions ¢
that has been kept at the Royal Observatory, Hong Kong, since 1884. The
encroachment of tall buildings however has seriously affected the uniformity
-, .of the record. For example, in the period 1948-1975 the mean wind speed
. equalled or exceeded 22 knpts for more than 100 h¢drs'in every year prior to
1958 but in only one year during the subsequent 17- year period (Chin and

‘ Leong, 1978)
\ ili’ T . .

0=
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(iii) Vulnerablhty of Surface Instruments to Damage 3 due to the large
‘lamounts of ﬂymg debris and- frequent power failures common in tropical
cyclone conditions, espécrally the more severe cages, anemometers are often
damaged; typically with-no indication of whether the- hxghest wind speeds
were recorded or not. ’ Examples of the fra11ty of . surface measuring
instruments in the face of. hurricanes abound.: Of the total number pf

" recording stations operatmg in the Gafveston-Houston area when Hurricane :
Alicia made landfall ipAugust 1983, about a third only were. unaff‘ected'by
power failure or equipment breakdown terminating either the record of wind
speed or direction (Savage et al, 1984). These were sufficient however to make
~-Alicia one of the‘best-ever documented landfalling hurricanes in the North
' Atlantxc In many cases no record of the maximum winds accompanymg a

storm is avaxlable Two locahtles, Aransas Pass and Refuglo exposed to the .
- highest winds when Hurrxcane Celia made landfall near Corpus Chrlsn .
Texas on August 3, 1970, both had thelr anemomete_rs ‘blown away” at gust
-speeds in'excess of 60 m/sec with observers present estimating that gusts later.
- reached as high as 80 m/sec (Orton and Condon, 1971). The most damag'ing:
tropical cyclane ever to hit the Australian coastline was Cyclone Tracy, which
devastated -the northern city of Darwin on December: 25, 1974. The only
- operatmg meteorological statxon in- the area lay-in the path of the eye of the-
‘ : storm The station’s anemometer was struck by debris and ceased to function
T shortly before the eye arrived. The record showed the wind’ gusting up to 60’
7 _my/sec priorto failure but verbal reports and observatlons indicate wind speeds
increasing after that point to perhaps over 70 m/sec (Walker 1975)
'. .
' (iv) Interpretation of Data Records : even when gkmd “clean” records of wind
- » speed and direction are obtained durmg ‘the passage of a tropxcal cyclone(
- significant obstacles arise in mterpretmg these records.” Some ‘means is
usually required to adjust the speeds.to a common reference height, which .
means ‘not only bemg able to account for the effects of local terrain and
topography, but knowmg fairly accurafely what the variation of wirid speed -
with: height is- under tropical cycloneé conditions. Rapid and significants -
- changes take place to tropicgl cyclone surface wmd speeds when landfall is -
made; which'is normally the sxtuatxon expenenced by most recording stations. '
Another formidable problem in ,mterpretmg available records arises from - . ..
mesoscale variations in the tropical cyclone windfield due to'the presence of

-~




spiral rainbands, in which wind speeds close- to the surface are often’

Tl temporaf;lymcreased due to enhanced vertxca,l momentum transfer. Not only

_are speeds affected but also the wind dlrectlon in t.hese regions exhibits much .
. greater local variation than in other parts of the storm~ This often makes-it

: .dxfﬁcult to correlate wind records from different weather stations durmg the .

same t.roplcal cyclone eveﬁ&even though the statwns may only be separated‘_ ‘
" by several kllometres - . : ’

Once aga_iri the Hlirric‘an_e*Alic_ia exoeri_erice serves to highlight some of

these probtems. Of the surface records which were unaffected by power failure
_ or instriment damage most required substantlal corréétion factors to account
'Afor the.surrounding topography. Statlons at several sites reqmred multlple’_

" ~correctxon factors due 1o the - change in wind direction occurring during -

‘Alxcla s passage Because of the extensive damage done to high-rise buildings

in the downtown Houston areaa great deal of mterest centred on estimating %
-wind Speeds in that area. However the two closest stations were both located -

“in the -viginity of nearby obstructxons which. made these records. vu‘tually
funusable In contrast the wind record' obtamed at the Natlonal Weather
Servwe Officein Alvm can. be consxdered tobea lean orié.. The surroundmg
. terrain is fairly. flat and open and the anemometer s located on a 10-metre .
hlgh mast. The 51te lay just to the east of Alxclas track and would have
' presumably reglstered the maximum wmds sur oundmg Ahc1a as it
approached from the south. Maximum mean wind speeds recorded however
* were under 30 m/sec Consuiermg the dam 'é caUSed several hours later in
* the downtown Houston area with xmphed mean w1nd speeds over 40 m/sec it is )
-difficult to correlate the Alvin record thh the general 1nten51ty of the storm
Examination of radar composxtes however at, the time when. the maximum
winds were being recorded in Alvin reveals; that the eye of the st.orm was
partlcularly ill-formed in the quadrant covering the Alvm area, hence
accounting for the benign wmd speeds 'Had the radar composites not been
. available, as would have been the /éase a decade ago, it would have been
extremely dlfﬁcult to relate the Alvin -wind record to tthers made durmg .
- Alicia’s passage or W1th wind speed estlmates based on the observed damage ‘
..in surrou.ndmg areas T ‘

) R
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These observations xliustrate the.difficulties encountered in analyzmg'— )

. wind records/ohtained dunr\g tropical cyclone occurrences: T'wo recent.reports
by Powell, Marks angi Black (1984) and Marshall (1984) analyzing Marricane

Alicia’s windfield and detetmining fastest-mile wind speeds in the landfall-

reglon respectively mdlcate the efforts that were required to document just
one single hurncane s surf wind speeds and- transform them intp stanaard

conditiong suitable for the evaluation of structural performance and desxgn It '

“is- clear

hurrican occurrences have\not been subject to'the same degree of sqrutmy as

- those rec rded in Alicia. This unrelxabxhty assoc&ated with the historical data
‘base of txroplcal cyclone extreme Wmd speeds’ coup]ed with the’ mfrequent

occurrence of the storms themsélvqs at specxﬁc locations makes the
reconstructlon of the wmd clrrnat qr;smg from tropxcal cyclones usmg o
‘measured wind speed data extremelzx difficult and the. predlctwn of extremesv :

for desxgn purposes equally doubtful. | -
b

1‘4 The Monte Carlo Snmulatlon Method - for Predlctmg Troplcal

CycloneDasxgt;WmdSpeeds I .

- An alternatiye—me’thodology*suitaole‘;fi)r' the-prediction of design wind
'Aspéeds associated with tropical cyclones involves a Monte-€arlo approach, so-

named because of- 'the;s'tatistica'l-_-pl:o_cedurc employed in the computations.

" First, 'suggestéd 'By Russell (1971), ‘succeeding develbpmqents of this approach .

‘have been uSe&by Russell and Bchueller (1974), Tryggvason Surry and
Davenport (1976) Batts et al (1980) and Georgiou, Davenport and Vickery
(1983} in studxes in the U- S A, Davenport Georgiou and Surry (1985) for the
Ca.rxbbean Martin (1974) Gomes and Vickery (1976) and Tryggvason (1979)

in studxes in Australxa and Davenport et al (1984) for the Hopg Kong region..

at measuremenqs of wind. speed maxuna made during prevnous

16

In essence; this method seeks to create a time history of the winds experienced -
- at ény given locality due to tropical cyclone everits. I‘he 'reSulti'ng coitiputer-

-simulated wind speeds-are then used to provide estxmates of extreme -winds,

* directional characteristics etc., ‘over what are effectxvely long penods of time. .~
The simuldtien approach to the predxcuon of tropical cyclone wmd speeds is -

made possxble becau,se of the following two observatlons S o



(1) Wind speeds and dlrectmns in a tro’pxcal cyclone can be fairly accurately

parameters These include the central pressure. dlffe-rence, radxus of
maximum winds, translatxon speed and” variables whlch define the

geographlcal dlstnbutxon of the storms their dlrectlons of movement .

- that'although large variations are often observed in the detaifed featuires
of individual storms; the basxc structure ‘and energetlcs of all tropxca.l
cyclones are 51m11ar ’ ‘

&

' {2) - Historical records of these same characterlstlc parameters exlst whlch.

"'are not. prone to the samphng and mterpretatlon problems that affect
. ._wm‘d records This .is pnrnarll,y because these parameters vary

B graclually for any partlcular troplcal cyclone thh time perlods of the.
) 'order of an hour or more.. In the case of North Atlantxc tropical-cyclones, -
the-data base extends back to 1886, a record length of almost 100 years. "

~Similfar records documentlng the tracks and intensities of all known
o . tropical cyclones exist for the Northwest Pacxﬁc and Australxan regions.
: k e ‘The length of these. recm-ds and the rel;abllxty of the data itself allows

the “use - of ° normal statlstxcal ‘methads’ to obtain a probabxhstlc )

- representatlon of these parameters at any particular location of interest.

All hxstoncal troplcal cyclones ‘¢an be mcluded in the analysw, not just

" those reachmg hurricane intensity, thereby mcreasmg the éata base,
and consequently,the rehabxhtyof the analy51s o fa S ’

<

s © These twa’ notxons form the basxs of W simulation method as shown in’

flow chwt form in Figure 1.6. At any partlcular location, the hxstoncal, data

records are analyzed to produce a statistical representatxon of the tx‘oplcal :

‘cyclone patameters requlred by. the windfield model used in the simulation.

“Tropical cyclones are then computer- gerierated moved past the site of interest

L within some specified dlstance and the wind speeds and dlrectxons at the site
) "A'recorded : The -storms created durmg the simulation bear. the same
charactenstxcs as those that were determined at the site from the hxstoncal

records ‘The simulation can be run over virtually any length of time (i.e. over. -
thousands of years). The resulting txme l:ixstory of winds is then analyzed to.

predxcted from. a knowledge of a limited number of characteristic storm

’ and finally their occurrence rate in time It may be somewhat surprising -

.17
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- yleld pre‘dxctxons of extreme wmd speeds etc The success of the method
,depends upon ‘two factors - T N - . f

. .(é), the rehablhty of t.he wmdﬁeld model used in. the sunulatxon to predlct

[y

wind speedsand dxrectxons and

'~the accura.cy of the statlstlcal representatxon of the trgpical cyclone
. characteristic parameters requxred by the above-mentloned wmdﬁeld .

model ’

s )

-

:The simulation method is thus the loglcal extension of an approach used
in a number of hurncane risk studies (leman and Myers, 1961; Simpson and
"~ Lawrence, 1971; . Myers 1975 ‘Schwerdt, Ho and Watkins, 1979) relating

~ hurricane hazard to the climatological characteristi¢s of these storms, their. - g
frequency of ‘occurrence, preferred track du‘ectxons, hkely 1ntensxty etc -

Flgure 1.7 taken from Slmpson and Lawrence (1971) shows the relative ‘

frequency of occurrence that.a hurricane or great hurricane will occur in ¥ any

_ one year along affected Us: coastal segments

The sxmulatlon method is amen-able to - apphcatxons in-a. number of -
dlrectlons The procedure ¢an be’ apphed repetltively throughout a region to -

yield a hazard map of troplcal cyclone extreme wind speeds, as is.done in
Chapter 6 for U. S. hurricane-prone regions. The wind speeds and directions -
. generated during a simulation can be used to make storm surge predlctlons or

" can be combined with wind tunnel test,r.esuits to yield estimates of Building
. structural response. Another example of'_ an application of the method is -
in Figure 1.8 taken from Friedman (1977). ‘A relatively simple

1 "ode].ts used in conjunction with information on the number and

'of - peopte and buildings exposed to "the hurrlcane hazard in a

s_' lation procedure which ylelded estimates of a catastrophe index for the

lﬁ potentla] along the US coastline resulting from a major hurricane

experience. - _The" ﬂElelllty of ‘the 51mulation method is ‘thus capable of
. ‘provxdmg answers to many quéstions raised in section 1.1 regardmg the. - ‘

magmtude of the risk’ xmposed by tropical cyclones
~ ”
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Slmulatlon procedures deVeloped OVer the past decade have each had . .
theu' own mdxv1dual focus .of interest. Those adapted for. Umt%d Btates

hurrlcane prone reglons normally predlct fastest mile, surface (10 metre)

'helght wind speeds whlle those being apphed to Austraha s troplcal cyclone\. -
L regtons require the estlmatxon of 3-second gust speeds at the surface On the
‘other hand sxmulatuon procedures are now being routmely uSed in corxjunctlon '
with wind tunne[ test programs for bulldmg structural response. In thxs gase’
the specxficatxon of mean speeds at gradlent height is- usually requlred Most |

‘ ~sxmulatxons make ' some aHowance for the decay of tropical cyclones once they

“have made landfall and possibly allow for a varxety of terrain roughnesses to.

adjust surface speeds over land. Few estimate wmd speeds at mtermedxate
. hexghts between the surface and say 500 metres above ground level -Somé
. procédures’ ,concemed onIy with the appheatlon of the Monte-Carlo approach

e to predxct extreme wind speeds ‘do not specxfy wind difections in the wmdﬁeld'
model A s;rmlar dwerslty is found amongst 51mulat10ns in the statlstlcal. _

dlstrlbutrons used to fit the windfield, model charactenstxc parameters There
_is thus' a substantlal vanatlon m both the content and. complex1ty of
. mmulatxon procedurescurrently in use. C )

Slmulatlons quxte naturally have relied upon 1nformat1on obtained’ from '
-the meteorologlcal community in'the formulation of windfield models. Someu

~of- the basic as_sumptxons common to many models however have been based on
data obtained more than a decade ago-and not subject to the standard forms of
expression required for W1nd englneermg applications, e.g. mean or sustained
- wind speeds reported with no accompanymg averaging time supplled surface

-

wind- speeds .recorded w1thout correctxons for the height and exposure -

, 1nvolVed .

Meanvehile meteorologicai understandi‘ng of the structure. of tropical
cyclones has advanced greatly in recent years ‘with the ‘availability of flighit-
leve] observations and radar data obtained by N.O. AA P-3 Axrcraft This has

been accompamed by equaUy exclting strides in-the. theoretical area involving.

. computer models of' troplcal cycjones.which are able to sm1ulate‘ hurricanes
- with asymmetric windfields, latent heating and reahstlc rainband and

'convectlve cluster features .An area whlch is currently recglvmg specxal '

‘22 -
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. attentxon is the structure of the low-level windfield 5T tropical cyclones and .

the behaviour oflandfallmg sterms

‘The* Hurricane Landfall Program run by the Hurricane -Research

‘D1v151on of the Atxnospherlc an.d Oceanic Meteorologlcél Laboratary, Miami,
‘has been -of immense value m this respect. H. R.D. “chase” teams, which

record data from nearby radar’stahons collect post-storm measurements and
afterwards assumlate this da.ta with aireraft observations, were first used "
during the occurrence of Hurricane Frederic in 1979. They were responsible & )

in great part for most of the. data gathered in Hurricane Alicia in 1983. These .

‘two storms have become the best-documented landfalling storms in the »

United States region, surpassmg all others. in terms of both quantity and
quality of data. -

In addition to the extensive amount of meteorological data obg’:ainéd, the’
Hurricane Alicia experience became unique for another reason. At the time of
Alicia's passage inland in August 1983, the tallest downtown Houston :
building, the Allied Bank i’laza, a 71-storey structural steel office tower, Rad
adcelerometers mounted at its top floor as part of a program monitoring the
dynamic response of the buxldmg Despite the extreme hazard evident at the .
time, personnel.from the consultmg structural engineering firm-responsible
for the project (Skidmore, Owings and Merrill) were able to reach the top of
the building and operate the accelerometer manually. An Acceleration record
was obtained 1ast1ng some 90 minutes just pnor to the peak of Alicia’s

influence on the downtewn Houston area.’ This record is a umque éne,

providing for the very first timg evidence of the dynamic response of a very
tall structure during an extreme wind event. Coincidentally, the bu;ldmg had .
been subject to a detailed - wind tunnel test investigating its- dynamic
characteristics. rilem:.e with the Iarge body of meteorologlcal dat.a measured -
during the stork’s paggage inland, it was possible to compare ‘the actual .
accelerations recorded with those pred1ct.ed by combining the wind tunnel
response analysis with the reconstruct,ed wind history experienced at the'
building site.

»

A second source of invaluable information became available throjisout
the course of this thesis as a result of a wind tunnel study of another structure



. anemometer location.

\

..» located in a tropical cyclone-prone area, namely the ‘new HongkongBank
P

headqu'arters in Hong Kong. In support of the* wmd climate component of this -
prOJect records of wind speed and direction obtamed during the passage of
typhoons in the period 1953-1983 were acquired from various meteorologmal
stations in the area. One of these, Waglan Island ;stood eut because of its
relatlvely good expostre and long fetch of winds over water in most directions.

To- take advantage of this. unique collection of wind records a detailed _
topographxc wind tunnel}‘Est was, conducted for Waglan Isl&d to account: for .
" the aerodynamic influence of the island’s shape on wind .speeds at the

i

r

These dev"lopments thus created a umque opportunity to produce an

‘updated* simulation windfield model mcorporatmg the growing body of

metgorological mformatlon compiled in the last de¢ade ant\d{ the same time

-to assess the revxsed model using the umque data gathered in recent storm’

" occurrences. » ~. - '
. ~ vé_ h U ¢ Lot
1.5 Contrihution of Current Study ' T
- » g ) o - . ] i -

-

’ e

The current study «cOmpriged foux:bro_ad aims :

t / T
(1) _jn view of the iniportanc'e of the simulation method to the prediction of
ong- ‘tertn risk levels associated with tropical cyck.qxes the whole
procedure was re- examlned and a revised, refined procedure formulated .
-This inyvolved two separate éfforts. Firstly, an updated wmdfield mode]’ ’
‘was produced in accord with currently accepted meteorological notlons’
and, secondly, the statistical representatxon of the tropical cyclone
"windfield characteristic paranveters was improved through a detailed

investigation of the most suitable probg‘bility distributions fitting them.

L B
-+

"(2) .Data obtamed‘ from a number of troplcal cyclones were analyZed for the

purpose of providing an mdependent esseSSment of -the proposed
simulation windfield rthodel.” The comparisons of actual wind records
with .model- predxcted wind speeds and dlrecttons centred mamly on
. recently occurrmg storms, mcludmg Nort.h A.tlantxc troplcal cyclones,

a




e !

Northwest Pacific typhoons and North Austrahan cyclones These case”
'studies included the Hurricane Alicia event and Allied ,Bank-.
_acceleration record investigation -and the analySIS of records:obtained
from the Waglan Island anemometer station in Hong Kong. ‘ .

. : -
¢

(3) The simulation lnodel was applied to the Gulf and Atlantic Coasts of. the - ‘

United States to’ yleld hazard maps of hurncane extreme Wind speeds at -

upper-level and surface helghts The vanatxo’n of the risk 1mposed by

v
“

_these storms._thh distance inland was also investigated.
(4)" Finally, two novel applications of the revised simulation model were
" made. The guestion of risk was extended to mvesngate “line-like’

structures such as, transmission lines located in various coastal reg1ons o

of the United: States. Secondly, a modified approach was developed to
" calculate structural response exceedances where the climate 1np‘{1t is the
simulation- predlcted parent cﬁstrlbutxon of wind speed and dlrectlon
whose statlonarlty characteristics do not - satisfy thﬁ normal(

L4

'reqmrementsfound in well behaved w-mdchmates

-

P

As many as possxble of the most recent metecrological studies in*this fiéld
both data- related and t.heoretxcal are included. In Chapter 3 this mf’ormatlon
is synthesized into a complete windfield- model including the specxﬁcatton of

the circulation both within and abové the tropical cyclone boundary layer,and

the way in which the wmdﬁeld is affected once landfall is made Chapter 4°

' presents thas?‘essment of the wmdﬁeld model usmg actual measured data

Chapter.5 is devoted to the improved statietieal repgesentation of the.

tropical cyclone parameters required ‘in the simulation windfield modél
Chapter 6 presents the application of the S1mulatnon procedure to hurricane-
prone areas of the United States.to yield hazard maps of tropical cyclone
extreme wind speeds. In Chapter 7 the results of the extensxon to examine the

“risk to “line-like” structures are given as well as the modified exceedance _

approach suggested for use in tropical cyclone structural response predictions.”

Potential applications of the simulation and possible refinements to both the -

A geoeral deecriptiod of tropical cyclones is given in Chapter 2, focussing
on those features relevent to the formulatign of the proposed windfield model.”

25
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simulation windfield model and the representation of the tropical cyclone

-

characteristic parameters are discussed in Qhapter 8. \ v

3t




- CHAPTER 2

METEOROLOGICAL CHARACTERISTICS PERTINENT TO THE
DETERMINATION OF TROPICAL CYCLONE WIND SPEEDS

-

»

~ The description of the tropical cyclone -windfield which follows lays the
founddtions for the simulation windfield model proposed in this thesis. This
model dxffers apprec1ably from others' utilized in previous sxmulatlon
proce&ures Attention ‘is focused on the steady state structure of mature
tropical cyclones. For such storms variations in the windfield take place over
time periods of an "hour or more. Emphasis is placed on the lower levels of the
storm circulation, which are of the greatest engineering"’interest A,
concluding section summarizes those characteristics of the troplcal.cycloneyg “
- windfield which are deemed important for the sxmulaﬁon 'pr})cedure t.caf & A
adequately ‘and accurately represent the effect of thes itorngand‘thelf N a

resulting risk potential.

2.1 Early Studies , e .
- . * .' ’ N R . . 4

Understandmg of the three-dimensional structure of tropical cyclones has

L4

kept pace with tite introduction of ever-more sophisticated observational
techniques. Initially, studies were restricted to surface wind and pressure
measurements. Upper air girata became available with-the establishment of
the global radiosonde network in 1938. Aircraft reconnaissance flights into
hurficanes began in 1943. A continuous U.S. coastal radar network became
operatlonal in 1955,” The latest technological leap forward oceurred in 1960
when TIROS I launched the era of the weather-satellite.
, )

Quantitative data documentmg the pressure charactenstlcs and cyclomc

flow around tropic

cyclones can  be found in a number of early studies (Hall,

.- 1917; Cline, 192 Deppermann, 1947). Hughes (1952) presented data from,ag _
number of aiperaft flights into Northwest Pacific tropical cyclones. The most .
mgmﬁcant utcome of this study was a combined pattern of total wind speed -

‘at the 1000 foot level, dxsplﬁyed in Figure 2,1. This/showed a concentric
windfield with a definite wind maximum located in the/righ;-rear quadrant of

' ~ - 27 CS
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- the storm Hughes compos1te wmdﬁe}d was w1dely quoted in subsequent_‘

studies and had a lastmg effect on the percept;lon of tropical cyclone wind
structure. It mﬂuencé’d the choice of a representative wmdﬁeld for so-called

de51gn hurrmanes in many&tudles examining risk considerations (NHRP'

Staff 1957 Graham and Nunn, 1959; leman and Myers, 1961). - - . T

Tropxcal cyclone‘research moved into hxgh gear with the mceptxon of the
Natmnal Hurricane Research PrOJect (NHRP), anm)., Florida, estabhshed in

1956 partlcularly with the: commencement of regular aircraft reconnaissance .

of the ‘high enérgy core of tropxcal cyclones. The: first. comprehenswe storm
analysis made possxble by these fhghts was with Hurricane Carne in

September 1957 (NHRP Staff, 1958). Synoptlc analysxs of Carrie’s structure at ,
the 11,000 foot and 14,000 foot levels identified | horlzontally symmetric -

pressure and temperature distribution$ around the storm centre as opposed to

‘a dlstmctly asymmetric wmdﬁeld dlstnbutlon Anaiy51s of subsequent -

hurricanes revealed that horizontal symmetry of the 'pressure and

t.emperature ﬁelds extended to the vertical dlrectlon as well (LaSeur and " .d
Hawkms 1963 Hawkins and Rubsam; 1968; Hawkms and Imbemba,. 1976).

Flgure 2.2 shows vertlcal cross-sections of the highly symmetrxc pressure. and
temperatnre fields computed from ﬂxght data through Hurricane Inez, 1966

Both pressure and temperature distributions have their strongest gradients in,
the eyewall regio. Wind speed contours and streamhnes at the 750 mb level .

" .of Inez are shown in Flgure 2.3. While the horizontal windfield dxsplays some
asymmetry, the almost eircular streamlines indicate that at this helght the
tangentlalcomponent of wind speed must have been close to gradxent balance

i.e. the pressure gradient force equalhng the opposxtely directed centnfugal'

plus Coriolif | forces. >

Data from numerocus tropical storms and hurncanes estabhshed (1) the'

symmetrlc dlzg-lbutlon of pressure around the storrn eye, (ii) the bias toward
stronger winds on the nght-hand side of the storm and iii) the roughly
" circular streamline paftern at about the 3 kilometre hexght as standard

features of the tropxcal .cyclone mrculatxon Hawkms (1962) combined flight

data from mature storms to develop a vertxcal cross-section of wind speed

extendmg down to the- 1500 foot’ level, ‘shown.in Figure 2.4. . Very little’

vertical shear was fdund in- the wind from the 1500 foot level to about the

sy




30

- S C ,
. S L - 9961 8g sequordeg

- ‘zau] o:«.u_._..zl 10J (Do) m..zam..on.:_o,r pue G.:.mm.m_m.\’,a._ Jo mlc;c,wm.mmo..o._.n,o_u..v>.. A m_xﬁ.u,u‘_,& ,

‘ ¥
43 S0 WIWNDD WHELINOIS  mOMd SRV ..iu;:dl | IMewiti@  Tnave : - s, ‘ - bl !
. . w O w 02 o O &' 02 wm_ O o . ™ i - : .
[ LTI T3S 0 - T./ Y VLT e T v v - ~ an -f. o UF X WY WRELINTE Aol DML A .
. R ) N . ¥ .
L o et N o ae =" 00 , v 05 ow ‘gt ‘a0 o @ o w o ’
evosef . - .. @.\.:J\. DN ~ WD Qpgnmn T }. ¥ L/ e S S ¢ Y PLES Tvare
) .an.n-- - C . Sese.-0® . . . i
on oos | 0 ; k 1. .
, .
ﬂOOG J
en 0% ]
— A R
. - | sanne
. an 0oL {0001
an 0¢9 A St N W R 1/ O I i fmamnan A
. R
. 8N 009

B B Tl W\ TF SRS

—+

OO WO T D TTUTY SR

!.
.
-

DOALILIY Il dne

anoos - : f : . . E:i

ol -
- L3
1
L
. oy ] "
.
. Snoer . 1 :
o v ot “ 4 1. -
- 0O0K

_ampoc

o
-
I
i
1
TYWegeL Yonhw

[

9 o o8 R S H ) . . . .
o B o .
ogl - / . [ VA . .
. . R . ) R .
y - i N . -
. P o N , i . Lo .
. N S : . . N
A as . L -1} N N - . . .
. : E 1 i 2 A 1 1 At 1 A L2 A i L 2 ry .
) \\A»A.:,r. - . : . ’ ‘ Lo b
T Fa— f . L . . . . . .-
. . i . -
-, . . t oo . . . : . )
’ i ) . ‘ : ' L » - - . ’ e ’ < K} -



o 4. ~, i R . - » s . -
. . " N . A .o
. . . ~ C . <4
2 , -0 [ . - A g : .
. . ®
- " ! ! . N '
. . B
- I
. LY . - ¢ - .
N .~ - ’ - : ' » -
; - .
v - -
’ . ’ ) . DR '
.o [ N . . - .
- . . . . . . . .
- - 2 . 2 .

9961 8% ..onEmEmm ‘zouj auedldIny S
: ..8 [oad] A_Ecnb eﬁ e v&:oo w103§ 943 03 9:::3_ mocsan.:m pue mﬁewnm putm | ez34NDL B

; . ) X, 4 A "
" . ' . . . .
) ~
. . : o . - , RV
u° . - - . . . - . . '
) . itey . CIEINA WOHNITYM . Powyite y - . A8)m i aswd TIRLIRIFD N N - '
. . . . - Areml ey . 178
e L IR LI AR 208 o n e W TN W e w Wl e
PR L T " - M T v v Y 7V ] L T T AL al AR " P
o . N ) v . <00 s . " ' . ) A ‘ i
. ' - P - . P - . - S -
R B {os R
- . by - Jof ) K
. , M .,., ! . . V
. ) s
. o ' . ‘
~ . e * "
. ° o ) ; ' ' .
‘ .‘ P T P * ) h -.
. . m i C e a* oL S s
N 9’ tmm. ‘ * o _
~ nn - — : o L i
R e ° . S P
: ) . 1»m o T
o~ . N
. } ' ! )
ot .
- L.
. i .
ov N Lo ) .
’ . o ‘ ' N . -
- oe v_ \
) - WO RIY VY Y eV sed iy
A, " A i P i Y A . s ._ , :
) . P i i a “b i
961 LT ¥IENII4IE TIME, INTINMNeg | - oot 1T wlenlhieis « i
y ] . . Lo IINT, ut«u;.:::
. . / {8m 0S0) 14 0608 vd - {SONIM-T13Y) S3NITNYIULS . _n.u 0GL) 14 0608 Vd [1%) (SONIM wa. “~SHIVYILOST
‘ *(\ ) . . ! ) « - * . h < .
- : .. v ' * s
) . B . - , v « -
. Al N . — ‘ v S, "
+ - - . A .
' . L 2 ' ' ' )
. a he . M
. ¢ 5 * ¥ .
. 2 A ~ ’ )
. - t K N
- . oL - + . N
. R N - ‘ . ~ )
. < . . . -
e - : ' PR ¢ v ' * N ’
. \ru M - ' . . ‘ ' -
e » Ll ‘ \v . ‘ b . v
.- s \ co . ’
i . " N .. R 3 s sy . N
) - - ~ . DS o) . T
’ . . . . L .
. ) - 1 R . ' ’
R , . A ' K A ~ PR s = « N g . '
¢ . ‘ L M « . . . . . . * ! . - N 4._ e
40 - . N . * . . ! '
RN . \ EREN . - - . . N



.< . . )
- - S0 ] vuwgm PUIM IBIPeY %.:@:omw.mmo..u _u,u:...cz m>=.m:_h.mm?iez Gwm:,m:w;n: - _WN JUNDIA
. L. .~ ’ ° . - i VLo

. S (SONIM WAWIXYA 40 SNIGYY §1 “N 3u3HM) ¥3ANID 343 WONJ 3INWLSIG TVIavy L.
““wos . “wee Yoy = Wyge Mwoe | Ywe? oz . - Ywg Yy 01

‘a N ‘ I . . - ;m_“.
.co._zT N . R R .

N + o T g : RS -
(%) e . , o _ 1

COl —cowe S s N

f

=

e tredeam.
. h -

e
Jllll‘l'l

Focnny X TP

JRERS WXE LY

lhun(- 3UNSSINd |0,
g

) ., o.?...

)
Poman,

_ | TSN T Ty
—- g 32 : 00082

»
9
(3wapiasoniLy auvonvis syl

1 4334} NI,

[T S—— > = “oer | .
ot T ”.“\_ww , o
€22 - - T " — 4002 —+- 0002¢
onuz.-.:._ﬁ. M R 27706t s
SdRpea [ [T N r— — o o
e . e et N A
| sia | 0% M S isaids
ELQ 30VH3AV 40 S ANV I HYNH mu__.:,q HOd
“SONM N3AFT IHOITA .uyf.r SEL Y moJ...; J3A3 .;m.._.‘.m. HLVANIS DY .:”.j.té.

)
1
»

EL

- -

LEd



700 mb level Rxehl(1963) Colon(1963)and MxlIer(1967) exarni ed alrcraft
data and fitted observed rad1a1 wmd profiles w:th a modified Rankme
~ combined vortex of the form

v r. 4
( — }
R"MAX

m -

RMAX , ‘ .
= ( | r=RMAX -

r } max

r * = radial distance from storm centre
RMAX . = radial location of maximum wind speed, Vmax
mn * = positive constdnts =~ -

Thi) representation was first suggested by Depperman (1947). The inner
exponent, “m? was generally found to lie close ‘to 1.0, although the range of
actual pbserved values was wide, frbm‘ less:than 0.5 t0 2.0 (Gray, 1981). Riehl
- found the outer exponent “n “n” to be apprommately 0.5. Colon found values of
“n” rangxng from 0.2 to 0.6. These and other studies found “n” to be typlcally
0.5 with a standard dev1atwn_ of 0.3 (Gray, 1981). |

The first attempt to formulate a pressure prdfile.to relate the windfield to
. ‘the pressure field was- made by Schloemer (1954). Hxs ahalysis of nine Florida :
hurrlcanes led to an exponentlal pressure dlstrlbution of the form:
" plry = Pe RMAX

" Pn s Pc - ap‘ } e
pressure at distance r from storm centre '

E Pc central pressure at the storm centre: ‘ -

Pn = periphery press’ure at the cxrcuianon extremlty
'~ ‘radius of maximum winds - *

AP . (Pc-Pn)' the central pressure differenée }

P—

Graham and Hudson (1960) suggested a modlﬁed fonﬁ%of t%i&‘ﬁghloemer

__equatlon

’\q

_ka

.,

e

& P

-r-' f‘h
oK




-

pin ~Pc l (’RMAX )B
Pn—Pc'-—e‘xp _— re /

‘B = pressure profile exponent

L

This was found to produce a better fit to observed hurricane pressure

profiles in the outer parts of the storm cireulati'dn Differentiation of E2-2b -

shows that/mcreasxng the value of B increases the "peakiness” of the wind
profile near the radius of maximum winds. Schwerdt Ho, and Watkms(1979)
examined 10. alternative pressure profile formulae and found that the

Schloemer exponentxal form gave the base overall’ ﬁt especxally for the more . .
. .mtense storms ‘

Holland (1980) exdmined three Australian and nine Florida hurricanes
and found that the modified exponentisl form in E2-2b gave a superior fit to

the observed radial pressure profiles and that the Schloemer profile (B=1, 0) -
consxstently underestimated the radial ‘pressiire gradlent in the eyewall

" region. It was suggested thata theoretlcally admissable range of values. for B
'i$1.0t0 2.5. In attempting to derive a chmatologlcal value for the pressure

E222b

'-proﬁle exponent, B, Hglland deduced a consistent increase in’ B. with -

' 'decreasmg central pressure This xmplxes that the tropicajpcyclone windfield

AT ) o .

becomes more “peaked” with i mcreasmg storm intensity.

‘The strong relatlonshxp in tropical cyclones’ between t.he c1rcu4at10n

maximum wind speed, V ax." and the minimum central pressure Pc, had long
been observed The in¥erence that winds in the vicidity of the eyewall were 1n,‘

almost cyclostrophrc balance (pressure gradient fgtce equal to the centnfugal

force) and the form of the pressure profile in\equation E2- 2a mdxcated that =

they should be related by a functlonal relatlonshxp of the forrn

¢ .
' »

Vo=
mazx

C, Pn-'Pp]r . B ) B ’ "5'12.—3:\

"C'.rr=const.a_nt's-'_ﬁ o L e
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Over the years a nyxfnbef of such minimum pressure;maximum wind

' equatiron's were. developed (Takeh-ashi, 1939; Fletcher, 1955; Myers, 1957).
‘The variability of ship observations, ahemometers being put out of action and

a general lack of attention in-applying corrections to land records_to account
for terrain and topography conditions contributed to-a wide scatter of the wind -
speed measurements used to define these relationships. Perhaps tHe two most
reliabile . deve}oped were those of Kraft (1961) and Atkinson and Holliday
(1975) for the NortH Atlantic and Northwest Pacific regions respectively :

- Kraft ,
‘ V. =1720(Pn—Pc|% . E2—4a
. max . .

_ Atkinson-Holliday

= 3,45{Pr=Pc) *¥ - o E2oas

Vmax in m/sec, Pn and Pcin millibéss.

" To simplify operatidnal use of these “equations the periphery pressure, Pn,
,was assigned average values equal to 1013 and 1010 mb for the North®
‘ -Atlantic and Nerthwest Pacific regions respectxvely Holhdiy (1969) showed ;
that Kraft’s relation predlcted maximum "sustamed" (1- mmute average)
surface speeds withr a standard de\natwn of + + 4.0 m/sec for hurncanes with a
. range of mlmmum pressures from 990 to 930 mb. The comparable ﬁgure for
- the Atklnson Holhday relationshipis't 4. 5 m/sec. o
\ The cyclostrophxc relatxonshlp 1h E2 I was extended to include the Coriolis
force\and hence obtain expressions for the wmdﬁeld in the fo,rm of a gradxent
balance. Graham ahd Nunn (1959) deﬁned the maximum w1nd speed in -
; troplcal cyclones by: v .-

o v —seupn Pc|°5 fR-MAX - < E2-5

max

f = Coriolis parameter - / T




S

In subsequent studies, the constant préceciing ;thé central pressure

difference term in E2-5 was adjusted te take into account the Variation of air -

density with latitude (Schwerdt, Ho and Watkins, 1979). Early studies

-approached the problem of windfield asymmetry due to $torm motion by

defining a symmetric eirculation based on formulae such as E2-4a,b or E2-5
and supenmposmg a right-left asymmetry by addmg to the wmdfield a speed
component equal to: -

Voud = C-_ VT". cosf - ) ' : .52'4‘6 o
Vad¢ = additional wind speed due to storm motion
VT = translation speed of storm . , i o
B~ = trigonometric angle (iie. 0° = East, _.'90° = .North etc. assuming
' . northwards storm getion) - - |
Cn. = positive constants: '

r

Graham and Nunn (1959) used C =0.5.- Graham and Hudson (1960) found

. values of C'ranging from 0.25 to'1.0 for n=1.0. Schwerdt, Ho and Watkins

(1979) gave C QO 60-and n=0.63, xmplymg that the stbrm translatlon speed

played a - relatively more xmportant role for slower movmg storms.

Jevlesmaggkx (1967) used an addn,t,we_ term that was a function of radius :

L - . ‘ .
— I VT csf TS E2-7

r2 -+-‘RMAX2 : S s T T }

addz‘ _
N

(1960) assumed a constant inflow angle from 4 dxstance of 100 km out from the

- Early studies specxﬁed the mnd du'ectron in t,erms of the inflow’ angle ‘
 defined as the devyiation of a gwen trajecbory from alocal tangent to a circle
' located around the storm centre. .Graham and Namn (1959) suggested a value
,-,'0f mﬂow ang'le equal tow20° at the radius of maxnnum winds, RMAX
mcreasmg to.25° at 1.2RMAX, and.constant further.out Malkus and Riehl

'centre decreasmg linearly to 0° at the eyeWall This constant. value was
“, varied from 20" to 25° for moderate to intense’ hurncanes respettwely ‘
.'Schwerdt«, Ho and W’ét’kms (1979) developed a nomogram of- mﬂow angles
'based on Jelesmanskl s (1967) surface wind analysxs The magmtude and
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location of the maximum inflow angle wele both shown to.increase with storm
intensity. Further out in the storm circulation the 1nflow angle was assumed
to decrease rather than remain constant.

The baIance of forces govermng the; tropxcal cyclon wmdﬁeld distribution
was examined by Riehl and Malkus. (1§61) and Gray (1963). Gray uged flight
_ data from a number of storms to calculate the magnitude of the excess of
pressure gradient over the centrifugal and Coriolis accelerations. Figure 2.5 .
shows the values computed for Hurricane Dalsy (1958), indicating a positive
.imbalance-on the right-hand side of the storm and a negative imbalance on .~
the left-hand side. A composite -10- level analysxs combining data from a o
' nur;‘ibe'r of storms showed that the imbalance was only partially reduced when.
.the translation speed was removed from the total wind speed vectors, more so
outside the radxus of maximum winds. Gray’s data also showed that the
asymametry in wind speeds between- the rlght and left sides of the storm
“circulation .at lntermediate levels (700 mb) could be reasonably computed
using Blaton’s formula i.e. substituting an adjusted radms of curvature for

.. the wind flow usmg the followmg equation : oL L
' ’ - "
T . r . .
djusted. ture: = r T ——ee———y . ".E2-~8
adjuste cuwa ure: ' r, -
.. | -f- — sina
r- = distarce from storm'centre o . T
V = actual wmd speed * * | | : ) . -
VT = translatlon speed of the storm - i R
ar = -angle, elock\mse poslt:lve from translatxon dn’ectmn R -
- ‘ . , ) : , - ‘0

3
d

In defmmg the sahent char.acterlstlcs ‘of the troplcal cyclone wmdfield ’
these early studies often contradxcted each other.’ W}ule Gray’s (1963) study *~
’ ‘mdxcated that,' the eyewall region yas in neither -gradxent nor thermal - !

" balance, mdwxdual casestudles e.g. Hawk\ns and Imbempo(1976) segnied to
suggest the opposite: Questxpn were taised about the value of case studies’

versus comp.bsxte data studxe; ffects of pleelpatatxon on Doppler wind
» wmds to surface station winds etc.

measurements the relation of a
Recent studies have tackled these problems and in the interim; aircraft-
mstrumentatmn technology has been improved. Before proceedmg to these

- -
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however, the applicability of the gradlent balance assumption and the balance

of forces generally are mvestxgated

0

- .

7 :
/. ' s
2.2 Scale Analysis of the Tropical Cyclone Bounda-ry‘ Layer

. /\; Equations of Motion . :
-

"To help élarify the arguments discussed in the preceding section, an

:analysw of the boundary 1ayer equations of motion is made to establish the

_order of magnitude of the constitient terms and hence to identify their-

importance within the circulation.. The tropical cyclone boundary layer radial

and tangential momentum equations in a cylindrical co-ordinate system

(r.0,2) whose origin is located at the centre of a§tati9nary storm are :

I-'Radial . o £2-9

II - Tangential - . : R ) E2-10

. v

uw.w = radial, tangential and vertical velocity cdmponepts.'

4+

P = pressure R _ ,
. ’ f = Cibriolisparamet'eir' - R L .
S - . p .= airdensity. .. ' '
o tj  -= turbulent mixing shear stresses ' )

‘gt




>

Ihdivicfual terms are ’identiﬁe‘d by numbers, e.g. E2- 9(1) is the local
acceleratxon term in the radial component equatxon To 1dent1fy the relative
1mportance of each of the terms,’ approximate values were assxgned to each
variable consistent- with actual tropical cyclone observations. This was done

“for two regions of interest in the storm - (a) in’the vicinity of the radius of
maximuym wmds and (b) the outer part of the storm (at about 5 times the

radius of maximum-winds). These regions are referred to respectlvely as the

. eyewall and oufer regions. Table 2.1 lists the values of each of the variables

estimated. They are representatyve of a mature tropical cyclone. Since the
intention of this exercise was to 1nd1cate the relative importance of each term
in the momentum equations, the accuracy of the numencal computatxons is of
an order of magnitude only.

Table 2.2 shows the magnitudes complfted for each of the terms. It was
assumed that the storm wds in a ‘steady-state. Therefore time derivatives and
aZImuthal derlvatlves were set to zero. Inspecting the results for the eyewall
region first, it can be seen that the balance o_f forces in the radial component is
completely dominated by terms E2-9(8) and (7), the centrifugal accelerations
of the tan'gential wind and the radial pressure gradient. The force balance
suggested in the tangentlal component equation involves 5 termg whose
magnxtudes are, comparable but relatxvely small compared T the two

- dominant terms in the radial component equation. This suggests that at the

radius of maximum winds the balance of forces is almost cyclostrophic for the
tangentlal component. The rachal cemponent of wind speed is very much
smaller anyh0w~ These observatxons support the gradient balance
assumption in the eyewall region. If the Coriolis force term is included, this

" allows winds near the radius of maximum winds to be estimated‘ by the

gradient balanc& equation: o . -
o —
1 ap N v? ’ :
- a— = fo+ — E2-11a
p r r
»~ . C
’ y<<vu ‘- : ) E2-11b

The bala.n'cle offorces in the outer region for both radial and taﬁéentfal
components is more ¢omplex. - Although the radial pressure gradient term,

o .- o .

a0
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" TABLE2.1 =~
BOUNDARY LAYER SCALE ANAGYSIS VARIABLE
P * REPRESENTATIVEVALUES
~Vari5'bl‘e . EYEWALL Region OUTER Region
R m . 50,000 250,000
u m/sec £ 1.0 - 15.0
v " 500 30,0
w o ©0.25 e 01
. p~ mb .\_ 250 e 50.0
= 10000 m-
common f = 0.00005
‘to both p = 100 kg/ni3'_
- o regions Cd .= 0002-"
e ‘ ~ — K . = 50,0000 m¥sec
'TABLE 2.2
I . COMPUTED MAGNITUDES FOR TROPICAL CYCLONE
p, . | ... BOUNDARY LAYER CONSTITUENT TERMS
‘ Term EYEWALL Region OUTER Region
No. wRadjal Tangential Radjal ~Tangential
: E29 . 'E2-i0 ~. E29 _  EZ210
. 1 R - . ]
2 0.2 . 1.0% © 1.0t - 38
"3 » - R -
4 0.1 g 25% - 025 05%
© 5 S 25 005 . L5 08* o
6 50.0% - Lo* o 35 . 18 ~
7 L B0 e 2000 - -
o 8 - L L Lor 1.5%
9 - S 10 -0 0025 - . 00250 ™
’ ) ok majordoxmnanf;term g R , \
l *  minor dominant term '
( ~ / - ‘
« T » g .
< - . -




E2 10(7) is larger than the others it is not simply balanced by the Conohs
¢ - and centrifugal accelerations. Advective acceleratlon and frictional drag

terms are appreciable in .both radial and.tange

omponent equations,

This upsets the gradient balance, with the result that the\flow experiences a

net acceleration inwards and produces bduridary layer inflow: as is’ m fact

observed. Within the boundary layer away from the eyewall it would appear

e that no simple relationship exists to predict wmd speed maghitudes nor
| estxmate mflow angles -

2.3 Co_rﬁposite Data Studies ' o _‘, K
By the 1970’s, well over 10 years of rawmsonde data and alrcraft
observatlons had been accumulated in the North Atlantic, Northwest Pac1ﬁc
and Australlan Pacific reglons The coverage of wind speed wind dlrectlon
- surface pressure ete. data then became sufficient.to- obtmn a plcture of a
cpm@osxte tropical cyclone. This approach began and remains centred
" amongst researchers working under’ Professor. W.M. Gray at Colorado State
Umversxty Composu:e raw:nsonde data banks have been screened and
processed for the period 1961-1974 for the North Atiantrc the perxod 1961-
"1970 for the Northwest -Pacific aréa and the penod '1961-1970 for the
Austrahan Pacxﬁc area. The first two. dat,a sets contain more than 10000 and

—

15000 individual r,a-Wmsonde soundings respectxvely. _
In the “compositing” technique, data from a large number of storms are.
- overlapped to reveal-the structure of an “average” or ';coinposite”, tropical
. eyclone. With a large. enough data base, it is possible to subdivide the data to
analyze different storm types, e.g. tropncal storms, hurriéanes. It is also
possxble to classify the data by grouping storms in terms of one parameter e.g.
mtensxty or latitude; and Pren observing the vamanon of other charactenstxc -
parameters w1thm each. group. Ind1v1dual vanabnlxty and asymmemes in
storm’ structure - tend naturally to be smoothed out by the compositing

Y approach. Asymmetnes hewever which are a consistent feature of the tropical . - )

cyclone structure are preserved.’
. 4 - L]




..y'.

' and Gray (1973), based on observations from approximately' 10

h
l

" The first major compositing study was the aircraft data analysis of Shea '

HRP flight
re 2.6 shows

missions into 21 hurricanes durirxg the period 1957-1969. Fi

plan views of composite D-values and actual and relative tangegtial winds at’

the 900 and 7504nb levels. The pressure field around the tropicak¢yclone eye

" is very. symmetric. The actual tangehtial winds show a significant bias

towardsfiigher wmds on.the right- hand side of the ciréulation.eThe relative
mnﬁ wmds are obtained. by’ subtractmg the translation speed of the
from the :actual winds: It can@e seen that a large amount of the
asymimetry is thereby removed. Computations. were made along radial legs to
calculate the. magmtude of the pressure gradxent force (Pgf); Coriolis farce
(Cof) and. centrif,ugal acceleration force (Cef). .These were averaged

azimuthally and the ratio (Cof + Cef)/Pgf determined. A ratio of unity would

indicate gradient balance in the windfield at the partlcular height examined.

. Flgure 2.7 shows the values computed fory the composxte 900 and 750 ‘mb
| height data. A 51gmﬁcant dlvergence frem gradlent balance is evident. At
‘ the 900 mb helght wind speeds near the radius-of maximum winds are 20-30%
: hlgher than those that would have been obtamed assuming gradient balance:

':leloughby (1980) has arfgued that the super -gradient winds indicated in -
Shea and Gray’s’ data could have arisen as -a result of the computatxon

procedure, if the tangentxal wind was the sum. of a symmetric component in
gradient balance and ap asymmetrxc component that was a function of radial
distance in the storm.- Averagmg with respect to the radius of maximum
winds but not the storm centre would then produce super-gradlent winds at

" the apparent composxte radius of maximum winds even though the azxmuthal

'average was close to being in gradient balance Anthes (1982) showed that

, ;the azxmuthal averagingof a number of radial proﬂles of balance,d tangential

wind résulted in sub-gradient‘ ayerage wind profiles.

'. . ’ > .

The large departure from cgradlent balance—rbported in Shea and Gray s

. study was not observed in a more recent composxte study. In an analys:s of
. 700 mb USAF. reconnaxSsance aircraft data. for 25. Northwest Pacxf'ic

‘ troplca,l cyclones, DurmaNan (1983) showed that the gradJent balance wmd

.- equation gave a superior fit to the observed winds measured in over 1000 -

radialflight legs through the storms, at dxst.ances ranging from 50'to 200 km
from the storm centre. o y
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The composxtmg of rawmsonde data ylelded equally valuable mformatlon ,
~about the structure@d energetxcs of troplcal cyclones Figure 2.8 showsl
vertical cross-sectﬁdgof the azimuthally- avéraged tangential wmdﬁeld for -
' comp051te North Atlantic and Northwest Pacific storms through varteus '

stages of development (McBﬁde, -1981). For fully developed tropxcal cyclones

~ itcan be seen that the tangential wind has a maximum at or just above the:
‘_ 900 mb level correspondlng to a herg'ht above the earth’s surface of 500- 1000 .
-metres ‘ o

.

George and Grayr (1976) Frank (1977) and Frank and Gray (1980)

mvestxgated the horizontal asymmetasy {n the troplcal cyclone w1ndﬁel,d

. Flgure 2.9 gives’ ‘north-south and east west vertical Cross- sectmns of the -
.. tangential windfield for . a composn:e Northwest Pacific troplcal ‘cyclone,

showing stronger tangential ‘winds to the. rxght of the storm’s d1rect1on of

" motion. Nunez and Gray (1977) presented comp031te analyses of the inflow

angles for mean-steady-state hurricanes and- tvphoons, shown.in Figure 2.10.
The inflow angle is, as expected, greatest at the surface. -The inflow becomes
almoSt negligible aboye the 800 mb level (1500 metre height). For the two
composite storms inflow angl.‘es are’g‘reatest in the righ_t and l'ront q'u‘adrants,.,

s S : ) , :

- Merrill (1984) compared the structure and energetlcs of - larg‘e and small

. tropical cyclones Thls composite- analysxs included the computatxon of the -
relative_angular momentum (RAM) and intergrated surface fnctlon losses:

(SFL) ‘for five mutually exclusive North Atlantic storm groups :"small to
medium tropxca.l stormis, large tropxeal storms, small hurrlcanes and large
hurricanes located north ‘and south of the 25 degree latltude The RAM and

’SFL values‘ shown in Fxgure 211, clearly mdlcat’e that the. angular

momentum and surface loss processes within trOprcal cyclones are much more

. strongly related to size than to 1nten51ty A number of previous srmulatxo.ns :
" have restncted themselves to modellmg only the behav:our and"
fcharactenstlcs _of hurncanes Mernll’s fi ndmgs support the mclusxon of

 tropical storms as well as hurncanes in the sxmulatxon of the troplca,l cyclone
" wind. hlstory at any p&rtxcular site. The exclusxon of troplcal storms not only 4
" limits the amount of.avallable data unnecessanly but would appear to be i in

- conflict w1th the pnysxcal pz_'Ocesses underlymg the wind climate-itself: - o
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* FIGURE 2.11°
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The @ery success of the composxte techmque u; obtammg meanmgful
average charactensf,lcs of tropical cyclones provxdes strong support for the

.~ ultimate success of the Monte-Carlo sunulatlon method used to.determine

ext.reme winds associated with t.hese storms. Composlte studies have prov1ded
strong ewdence that the basxc striicture and’ energetlcs of all troplcal cyclones

. aresimilar despite the obvious ghfferénces between md1v1dual storms.
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2.4 ,Numerical Models" : ) SR ooa

AR Cn : ' . \
‘ Numencal modelhng of troplcal cycIones has pmgressed 51gmficantly from
the first attempts - of Kasahara - (1‘961) "and Syono (1962) to today’s

sopﬁ'llstlcated three- -dimensiénal ‘models used both * operationally and for |

research purposes to imprové the‘unders'i:anding of tropical cyclones. An
excellent summary of the development “of tropxcal ‘cyclone numerical models
can be found in Anthes (1982) '

L4

The first‘ simulatio'ns' v&iich produced the ‘evolution,of a circulation
resemblmg a typical troplcal cyclone were: reported by Ooyama (1967, 1969) .
“and Yamasak1 €1968a.b). In addition to the reahstlc behaviour of the winds, -

Ooyama s-model hurncane had many propertxes f'ound in typical hurricanes,

%omparable ramfall zates and similar kinetic energy components. These
similarities gave credlbﬂxty to the model -and paved the way for future'

development and unprovements With thig initial model Ooyama was able to
demonstrate the sensitivity of troplg:al cyclones to changes m sea- surface
"t,emperature to'varying frictional gonstraints and different mxtla,l condltxons

- inducing storm intensifi¢ation. .For example, owhen the exchange coefficientin . .
. the model was set to zero (€quivalent to cutting off the supply of latent heat

tkrough evaporation, as would occur at landfall) Ovyama’s model hurrlcane

2
u
L o

Improvements to numerical models wex*e soon introdiced. Ooyamas
- three:level model assumed that the windfield was in a balanced state w1th
réspect to’ the pressure ﬁeld Later models did’ not make this- assumptxon but

1utlllzed the so-called pnrmtlve equatlons of motion and with greater
Y L. o \ . - . ot * 1.

. Lo . ' - .
- ; \ ’ .,

- -

would quickly debay e . ) o . ‘-- »

.51 .
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- usedl These initial models were.all two- dlmensmnal and hence symmetric -

.\'

-t

"

: 'computer power being.made available increased the number of vertidal levels

about the storm centre. To repgoduce the asymmetry normally found in
trop«cal cyclones .and ,to mvestlgate the interaction of a storrh with its

) ‘enwronmental flow, it was necessary to dewelop three-dimensional models.
- The™first of these, reported by Anthes (1971), was able to produce realistic -
. asymmefnes i the outﬂow layer and spiral rainbands. Three dimensional

52

models were used to investigate the effect of the vanatlon of COl‘lOllS o

parameter (Madala and Piacsek, 1975; Anthes and Hoke, 1975) and the
“influence of various types of steering current on the motion of a mature
troplcal cylone (Jones 1977) " The three- dlmenswnal model ased by Anthes
and Chang (1978).to mvesugate the hurricane’s response to changes 13 sea
surface temperature contained a parametenzatlon of the boun;lary' layer

. consisting of syrface and mixed layers whose fluxes were spedified ;accordmg

»

h‘—
p

<

.0
»
e

g

i
.,

. e’

ot
R 1

oy

'_ model Ascale analysxs sfmxlar to that performed in sectxon 2 2 showed tbat if

-to Monin-Qbakhov- surface similarity theory. Flow in the boundary layer was -~

found to be typically sul)‘gradlent due to surface friction. Maximum wind
speeds were lacat,ed Just above the top of the boundary layer; which varied

between 400 dnd’ 700 metres above sea- level There were nearly umform~ .
: cross-lsobanc inflow angles of 20 to 25 degrees at t,he surface.

S g . . v e ‘—“

Tuleya and Kurlhara (1978) Moss and Jones (1978) and Tuleya Bender
and: Kurihara (
mvestlgate the kha,nge % troplcal» cyclone structure ‘experienced at landfall.
" The: hut-off of evaporatwn over land was shown to cause adiabatic cooling in
the §urface mﬂow layer which soon became drier and produced aweakening of
, the Storm. Increased. surface friction over land produced a reductan of surface
wmds only -All three mg_dels _exhlblted someWwhat complex changes in the
windfield ‘at . landfall -While the tangential wind - componenf' typically
decreased over land the radial component was often ‘seen .to increase.

Ephphced boundary layer inflow was detected in the right front quadrant of

‘the §torm Some of these features are reproduced in %‘zgure 2.12 showmg an
example landfall sxmulatxon from the Tuleya- Bender-Kunhara model B

~

4 ’\ 2

Wllfbughby 11979) and Shapnro and. Wllloughby (1982) developed a
balaqted von.ex moglel basgd on Eliassen’s ( 19$1)Iorced secondary circulation

1/ . .
o? ; . I

1984) ut.xlmzed three-dimensional asymmetric - “models to |
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the asymmetric components o"f:.,the' {:'a"hgential\ and radial motions were small,
compared to the symmetric parts, the tangential flow would be in hydrostatic
and gradignt balance. The model indicated a tangential wigd speed maximum
just inside of the radius of maximum winds leading to a contraction of the
wind maximum as the vortex intensified. The model thus predicted’ storm
intensification tk'u'ough both angular momentum convergence and contraction
" .of the radius of maximum, winds, consisteny with the more and more
commonly observed phenomenon of the replacement of a pre-exi.sting inner
o eyewall by an outér concentric eyewall in recently occurring tropical cyclones.

- The numerical model of Shapiro (1983) forms the basis of the inflow layer
windfield model chosen for the current simulation. This model analyzes' the

. effects of storm translation on the tropical cyclone boundary layer windfield.
*Asin Chow (1971), the momentum equations are solved for a slab boundary
layer of tonstant depth translatlng under a symmetric pressure distribution.

’ The co-ordinate system translates with the storm. Using the same notation as
section 2.2, the momentum equations solved are:

. A
Y N

Radial ) ,/' . " E3a2¢
- ) . " - ‘\'\ * e s . ‘

au v v

Lo s

N or r r

ou
+

+F 4,V =0 .

‘.‘_—(
"

o 1 ?._
a0 p or 2 50
Tangential R - E2-12b

A o . .
' .

v v v ou 2 du
u(~—+ )+[u+——-— [Vzu‘-—+——

+F (VD=0
\ or r - d

,
-y L]

A

| . K . = eddy diffusion - - o A ;
vr - ' ’ ’
Fd((u,v).VT)

% \ The partlcular formulabg:;;he advective and diffusive terms is d'u:e to
'§ ﬁ? helor (1967). Whereas My®rs and Malkin (1961) in their tHeoretical .

study of the-same phenomenon used'a empmcally determined fnctxonal drag
6

translation speed of storm
fricti_onaf drag induced by surface

it

- term with almost equal tangential and normal components Shaplro assumed _

-~ . " »



that the frictional drag term, Fd, acted parallel to th-e total wind (V + VT) dnd
had a quadratxc form given by : . | :

F (V V) = g(V+VT)I(V+VT)t - 4 . © E2213

-

v _ = total wind speed relative to storm centre, \/(u +v2) '
V,Q ‘= storm translation speed - “ '
H = depth of the boundary layer

' The drag coefficient, Cd, was assumed to be linear : -t
- ¢ =latbwavnlzio® . o E2l14
e a=1.1land b =0.04,VT inm/sec.
| - ¢ '\

‘Shapiro’s model shoWed that the boundary la&éf ’windﬁeld asymmetry
produced by storm translation was not a simple local response to surface drag,
but resulted from the asymmetrlcal distribution. of fnctlon drag induced by
: storm motion. Radfal. advectwn carrying momentum into the storm centre
‘ .+ from the peripheries played an miportant role. This agrees with the results of
the scale ‘analysis performed in sectlon 2.2. When the total wind was brokeén « -
up into tangentlal and radial components it was found that the tangential
component was sub-gradient outside the ra{hus of maximum winds and .
slightly super—gradlent at and just inside of the radius of maximum winds.~~ <s
Most 1mportantly, a front to rear asymmetry was induced by the action of
.storm translation on the windfield even after the storm speed was subtracted ;
' from the total windfield. In general for' storms moving with average
.. .- translatlon speeds inflow and maximum winds were found to lie ahead of the
R * storm cxrculatnon in the left-front quadrant relative to the moving centre and

*

in th?nght—front quadrant relative to the earth’s surface.- An example is
: shown in Fxgure‘z 13. e - .

3

, ' « : ‘ . .
" A number of ,recent models (DeMaria and Schubert, 1984; Willoughby, Jin,
Lord and Piotrowicz, 1984) have indicated similar features in' the tropical”

. . . -
. , .
g o . . -
. . .
’ , . .
- - M ~
R 3 .
. .
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FIGURE 2. 13 Shaplro (1983) Numencal Model Wmdfield for a Storm
Mov:u with a Translatlon Speed of 10 m/sec o
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" cyclone boundary layer of a moving, storm, in- partxcular the locatlon of the .-

‘maximum inflow- and maximum wind speed contours. It will be shownt m
_section 2.7 that these features dre supported by recent observatlons “of
boundary layer asymmetnes in movmg tropical cyclones . .. .

2.5 The Tropical Cyclone Boundary Layer and Surface Layer g

Slmrlarlty Theory -

Analy51s of the tropical cyclone boundary layer Was held back mltxaﬁly by

lack of data. Interest soon heightetied with the necessity 1mposed by the needs
of researchers developmg num,encal models and by the needs of those mvolved

m the STORMFURY pl‘OjeCt Early knowledge of the tropical cyclone R
boundary layer was based upon indirect methods of analysxs Surface fluxes ' -

were computed from bulk heat and momentum budgeté (Riehl and Malkus,
1961; Miller, 1964; Hawkins and RubSam 1968; Hawkins and Imbembo,
1976) The accuracy of these rnethods typlcally relxed upon - a partl’ally'
B ‘subjectxve analysis of usually mcomplete_axrcraft data. -

o

g".

- The first p‘lulti-level. hurri,c,ane ver'r.ical(proﬁl_e datalwerkev obta;ined from -

| -Brookhaven Natiorial Laboratory (Singef, Nagle ahd Brown,1961; Cohenand .

Spar, 1963), Tokyo Tower (Shiotani, 1975) and North West' Capze Tower.

(Wilson, 1977). The Brookhaven and Tokyo Tower data conformed reasonably;

well to loganthrmc profiles These yielded values of surface roughness, Zo,

ranging from 1. 21 to 2. 07 metres and friction velocity, us, rangmg from 1.46

. to 2.16 m/sec. . ’I‘hey were hdwever over-land prof‘iles and only one. case
‘involved wind speeds in excess of 25, gv/sec.. The first over-water profile data
were obtained from Hurricanes Carolise and Eloise (1975). Seme doubts must
‘be placed on the representativeness of the two. proﬁles obtalnedv from these

‘storms. At the time the data were measured, Eloise’s cxrculatlon wag strongly: : '
affected by nearby islands and the Caroline’ proﬁle was obtamed some IOU km !

A .

out from the storm centre

(s .

-, B

stng these proﬁles, the Brookhaven and Tokyo tower measurements ’

N.O.A.A® data buoy. observations and other data obtained- from previous
- research studles, Bates " (1977) constructed two normalized Tvertxcal wind

-




_ profiles for over- water and over-land ¢onditions. These are shown in Figure .
2. 14. The Wlnd speed was dssumed to be constant between the 150 and 350
‘ metre levels the maximum wmd wa,s located at approximately the 1000
metre helght and the ratio of surface to 150-350 metre wind speed was 0.72 )
- and 0.40. for over-water and over:land condltxons respectively, Comparlson:/ Lo
e vw1th the land data that had been used to develop the Kraft and Atkinson- .
R Holhday relations, ngen in section 2.2, indicated- that the f’fates profiles
| underestlmated surface speeds probably as a result of. the | wind speeds
 from wh;ch the. profiles’ had been constructed. There ‘was thus a suggestlon
* that the greater the wmd 3peed or alternatlvely the closer to the eyewall the

' less the vertical wind shear in the boundary- layeﬁ L

»

4 ' ’ ' ’ ’ . :

. A number of other hurrlcane Vertlcal ‘wind profiles’ ha e since been
-ﬂobtamed the majonty of which -were gathere -at_the pe iphery of 'the._

‘respettive . storms ‘The data of Wilson (1977)¢are the 0 y exceptmn A
:composxte dlag’ram of avaxlable over-water proﬁles compxled by Black and
. 'Adams (1983) is shown m Fxgure 2.15. The profiles have all been normahzed '
., with respect ‘to the, 500 metre hexght wind. speed. All wmd profiles have -
maxima at herghts between 700 and 1500 metres above sea-level. Secondary
'V'low-level wind max:ma are indicated in two of the profiles at the 150 and 60
_metre levels for the Hurrxlcxne Eloxse (1975) data ‘and WllSOl’lS (1977)
composxte proﬁle respectlvely

‘ Moss' and Rosenthal (1975) ap’p"lied Deardorff's (1972) planetary bound‘ary', ‘
layer parametenzatxon scheme to compute surface exchange coefficients for .
Hurricanes Daisy {1958) and Iriez (1966). Drag coet‘ﬁcxents computed usmg
.this similarity-based approach cornpared favourably thh those determmed
from bulk studies (Rlehl and Malkus, 1961; Hawkins and Imbembo 1976)\
\/ - ‘1 Moss (1978), used the 1975 Hurricane Elexse and Carolme data to conﬁrm the
'rsuccess of smnlanty theory predncted surface ﬂuxes The momentum flux
_profile obtamed from the Hurrlcane Eloxse data mdlcated a surface stress -
S . ‘Wlthln 3% of that estlmated usmg the Deardorff scheme, and showed that the ‘
" ! helght where the stress vamshed was at approxnnately the 500 metre level
IDeardorﬂ’s (1972). parameterlzatxon deﬁned the top of the planetary boundary
- layet ‘as the leight aboyé which shear generated turbulence ‘becomes
- regligible, Moss and Rosehthal (1975) and Moss (1978) showed that thxs -

o
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‘above . the ground L= Monin- Obukhov length) " 'The non- chmenswnal .'

61

i
N »_,'

. . - -~ R
-*"hexght comc:ded in the case of tropical cyclones w;th the hftmg condensatmn :
{evel in cloud rain areas and the lowest 1nversxon helght for .clear areas.
- Fsgure 2,16 shows the depth of the boundary layer cornputed for_ Hurrlcanes '
. Dalsy and Inez usmg thls deﬁmtion Tt can be- seen that the depth mcreases
o W1th lncreasmg dlstance away frqm the storm centre. . 1 ‘

In surface layer sumlarlty the.ory the non dlmenswnal vertlcal gradxent of :
. 'wmcl speed 1s a universal functlon of' the stabxlxty parameter, 7L (z=height

7grad1ent can then be mtegrated with respect to height. to obtam a vertlcal :
“wind proﬁle u:iz} whxch hasa loganthmlc form . R ‘

L4

,“. g

ulz2)= —- [n( +qr ] o o - "~E'2—~fl5.
.- L .‘ : a« R . t' -
k=T 0.4, the von Karman constant Do

i lpm = stablhty functnon afurrctxoneof (z/L)

»

/ _- A A number ofdifferent mod‘els wera'developed to apply‘sir'nilarit 3 i o
“‘ troplcal cyclones They chffered prlmanly in the way that/the roughness'
" length and the. stab:hty parameter were determined. The stabxhty condltxon

was typically specxﬁed using a- bulk Richardson Number which requlred as

" . input the hexght, wind speed and virtual potentxal temperature at the top of

the houndary layer and the air-sea-virtual potential temperature dlfference at
» ,'.the surface (assumed to be about the 10-20 metre level) It was thus possxble to
test sumlarlty based predlctwns by substxtutmg ﬂxght—level data -for the-
‘ requlred boundary layer helght data-and N.O.A A data buoy measurements

e for the requxred surface temperature data. The same data buoys« could then be

- used. to compare predlcted surface wind speeds etc. with measured ones. This

" - was done by Powér‘lI (1979), usmg data obtained from aircraft, N.O'A.A. data

~ buoys and. Shlps during the passage of Hurrlcanes Eloxse (19‘75) Carolme
”'(1975) and Amta (1977) Four- dlagnostxc boundary layer models. were -
evaluated along with the Bates (1977) normahzed boundary layer over-water
roﬁle and the so- called "0.8 rule”. Accordmg 16 this gule, in the absence of
- alternatxve meteorologlcal data the ratxo of surface (10 metre) to low- level o
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‘_(500 metre) fhght winds. is z:ssumegl to -equal 0.8. ‘The result;s'of ‘the
comparisons are shown in Flgure 2.17. Three of the similarity models’
(Cardone, 1969 Moss-Rosenthal 1977; Powell; 1978)'and the 0.8 rule were

" “shown to estlmate 10 metre helght wind speeds to within 10% acuracy. The

. fourth sxrmlanty model- and the Bates profile appeared to c0n51stently .
"underestlmate he surface speeds - v

A mod1ﬁe‘d’form ofPowell’s (1978) surface stmllarxty boundary layer model -
is currently being used at the National Hurricane Center 'as the standard -
method for’ convertmg aircraft winds to.surface wmds Compar;sons of

- predlcted surface winds w1th measured ones in recent hurricanes ‘have

- conﬁrmed the rehablht,y of the method and the. sultabxlnty of the logarithmic

‘profile for over- water prof‘ les in tropical cxclones partlcularly in the lowest
several hundred metres '

: / Drag coefficxents values -of fr:ctlon veloclty and roughness lengths ;
\obtamed in. Powell s-study are shown in Figures 2.18 to 2.20. Values of u~ R
ranged from 0.1 m/sec in- the centre of the eye t0 2.5 m/sec in the region of
maximum wmds These _values are’ similar to data obtained from the-
Brookhaven and Tokyo Tower land proﬁles- In the same regions, values of Zo-
'ranged from Iess t.han 1 millimetre to just over 25 millimetres respectxvely g
"These are at least one order of magmtude less than roughness lengths
. obtamed from the land tower data cited above: o %

1
‘¢

Large negative values of the. Momn Obukhov length were present in "
» almost all of Powell's comparisons except for a smgle small positive value
' detemuned inside the ‘eye of Hurricane Anita on September 2, 1977. Over a
-large pomon of the tropical cyclone windfield, the boundary layer s'fabnhty is
o thus predommantly neutral to slightly unstable and may account for the ’ _
' /. - -succeéss’of the simiple 0.8 rule” in predicung surface Speeds from Tow- leVel s
: ' f alrcraft wmds Unlform surface to upper-level wind speed ratios have been - ‘
g f‘ound in other studnes Composxtedllata exam;ned by Frank (1977) and Frank
"and Gray (1977) shoWecl averaged ratios.of surface wind to the 900 mb and 850 - o
y - ~mbwind of 0.8 and 0.75 respectxvely Black and Adams (1983) suggested that' Co '_ e P
LU ) surface wmds should average 70- 80% of the 700 mb or &'5-00 foot fhght leveb '
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“
wind. Using data obtained in recent hurricanes, Powell (1984) suggests a
value of 0.75 for the average ratio ofsui'face to 500 metre height wind speed.

¢

Two locauons where d:h’erent ratios have been found are tfhe eyewall

(higher ratios) and the right-rear quadrant of the storm (Iower ratlos) Choi ‘
(1983) compared typhoon winds measured at.the Waglan Island anerﬁo_mete‘r )

" station (elevation 75 metres) with upper-level measurements made at'the
nearby King's Park st,auon ﬁgure 2.21 taken from this study shows the ratio .
of Waglan speeds to upper-level speeds in the. range 0.6 to 1.0 for wind speeds

“ hngher than 15 m/sec. The ratio monotonically i increases with wind speed. On
" the assumption that the hxgher wmd speeds were measured a,tdxstances closer _'

-in_to the respective storm centres, this data agrees extremely well with the
prevnous ratios dzscussed and accounts for the obseryed t.endency tos
underesumate wind speeds using the Bates(lgz'll profile, S, .

lower rau'os octur in’ the righb-rear'ciuadrant of tropical, cyclones as a
result of the upwelling of coider water to the surface. after the pass!ge of the -
storm. This phenomenon illustrased in Fi igure 2.22, has been documented by

" Black (1983) Higher winds on'the, right-hand side of the storm produce the

obserVed “cold r?):.wbehmd a moving storm, thh the result that the normal
air-sea temperdture difference may actually rewierse sign, pfoducmg posntwe
bulk Richardson numbers, and hence a stable bOundary layer. Under these -
condmons the, ratio of surface to uppel‘ ‘lével winds may- drop- below the 0.6
level L , : : . »

- .
N
>

‘26" Behavlourof‘Ld'nd(al]ingTropical.Cyclongs‘
'I‘mpxcalcyclones weaken substantnally onée they make Iandfall and move .’
;. ind. - Mxﬂers -11963) st.udy of the landfall of Hurncane Donna (1960)"
: 'ﬁh ed t.hat. the removal oithe underlymg oceanic heat source and not ‘the.

N mcrgase ‘in surt‘ace fncdon produced this-<filling".- * Over land, inflow
trajecwnes assume ;pat.hs that are nearly moist adiabatic, weaken the radial
tefhperature gradxent and cause warm,air in the cyclomc core to §pread out.

. The resuiung “degrease . in. aznmut.hal . pressure. gradlents inhibits’ the
rod,wcuon of lunet.w en:rgy “everr the storm mass ﬂow remains
y ‘ : e

o W [N




-

. v
-

SAMAX

F‘IGURE 2. 22 Sea- Surface Temperature (°C) and Mixed L,ayer D\}u

e (m) Changes fora Large, Slow Moving Sto‘:m. Shaded
‘ ‘ Arqa lndxcates Reglon Inside RMAX ( Black 1983) '




.constant for at least several hours after landfall. These actxons, in partxcular

the rise in central pressure, weaken t.he whole storm cxrculatlon
. L

In addition to this overall weakening, an imm'ediate decrease is observed _
in surface speeds forover-land wind trajectories even before the eye has made
landfall. Thisis brought abeut by the change in surface roughness over land
which may incréase by up to two or more magnltudes These two processes,
the storm weakemng due to pressure gradxent degradatxon and ‘the
‘fnctlonalty induced decrease in surface speeds; take place. more or less
_-mdependently durmg the first few hours after landfall is’ made ThUS upper-..
level winds are substantxally affected mmally by the change in central,
pressure only, and not by the reductlon in surface winds. Because-of thxs lt is
possible to view the changes to the windfield of a landfalling storm as a
"+ reduction at all levels due to the rise .in central pressure and a separate
decrease in the spedlis at the surface “The mtermedxate boundary layer t,hen
adjusts to the speeds at the upper and loWer ends.. ‘ »

P >

Fxgure 2,23 shows the rise in central pressure and accompanymg drop in
maximum wind experlenced' after Hurricane Alicia made landfall near
'_Galveston "Texas, | 1n August 1983.. The close relationship between the two -
" variables indicftes the suitability of a?gountmg for the'effects of filling -
thréugh the reduclnon of the central préssure difference of the storm. Malkin
(1959) analyzed entral pressure time traces.of 13 land(aun\;g humcanes and
debermmed an averdge filling cugye, suggestlng that the filling rate was
dependent on the.ratio of land to wat,er in the underl g surface. Schwerdt,
» Ho .and Watkms (1979) exammed 16 landfaihng tropncal cyclo.nes and )
~ subdivided the storms into t.hree categories A,BandC, corresponding to their
landfall locatmns along the Gulf Coast, Florida Peninsulaand Atlantic Coast.
,Arespectwelf Figure 2.24 showsMthat these sub—groups dxd exfuhlt distinct
-, filling rates. Categom B storms, with more of - their czrculatxon over water
- while landfall was takmg place had the slowest J'ates Cat.egory A storms
ﬂlled the fastest . -

' L

Myers (1954) mvestxgat.ed the ratxo of surface to upper—l | winds using i
" considerable data’base of surface wind and. pressure records 6btained from
-anemomeber statxons locat.ed wnthxn and Surrounding Lake Okeechobee
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Florida. Wind speed profiles meaeured for over-water, off-water (water to
land) and gﬂfland (land . to water) condli‘tion's were - com.paréd‘ ‘to the .
theoret.ic‘ally calculated gradient and cyclostrophic winds computed from the’
pressure field, This and other data were combmed to: determine a. st.andard.

S N

reduction curvg for the ratio of the lO -minute average over-water surface .

-winhd to the gradient wind speed. This is shown in Figure 2.25. Reduction

. factors were calculated for lahd stations for both o‘ff-'v\fater and off:land wind -

ﬂow Thege are deprcted in'Figure 2.26 and show off-water ratios independent,
g 'd and equal to 0.89. Off-land ratios showed a strong: dependefice
ed. These surface reduction factors became wrdely adopted and

k)
L indeéd. have remained so to the present, tune (Graham .and Nunn, 1959;
, Graham and Hudson, 1960; Schwerdt, Ho and Watkins, 1979). Recently some.

doubts have been raised regarding the inﬂuence of topography on the original

. anemometer data, whxch were obtarned at the top of levees on- ‘the shoreline of

" the lake,

v Abrupt changes take place thhm the boundary layer of a landfallmg'

troplcal cyclone. In addition: to, sustammg a sudden reductiorrin, speeds at-the
‘Surface, winds in the boundary layer are influenced by the phyéxcal effect of
" the land 1 mass on the 16w-level storm inflow. The pressure contours in front of

a storm approachmg land become somewhat compressed and produce a

comiergence typlcally in the right-front quadrant of the storm. In thlS

likely. " ,’ U

Frgure 2.27 taken from Novlan and Gray (1973) shows the preferred
locat.xon of tornado formation for landfalling storms relatwe to the storm

centre and the dxstnbutmn charactenstxcs of the dxstance inland of tornado-'
spawmng storms. Almost all tornadoes form in the nghtfront quadrant of the

_\storm Figure 2.28, compnl’e’by Black and Adams (1883), shows a number of

.

boundary layer profiles obtafned from land stations, ‘either. through
rawinsonde measurements (Ndvlan, 1971) or: from tower data (thotanx
1975, Bates, 1977‘ Sethuraman, 1978).. Very much’ larger sbears both above
and below the 500 metre level are evident mmpared to t)ze OVer-water proﬁles
shown in Flgure 2. 15 ‘The surface layer appears to becorne decoupled from the
upper parts -of ‘the boundary layer

. Sustained -winds over land are °
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FIGURE 2.27 Plan View of 373 U.S. Tornadoes ASsoclated with
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consxderably weaker than oxer the sea for the sam alized 500 metre

@ height wind speed Wind maxima for the land proﬁles ppe3¥ to be &t around

the 700 mb he‘l.ght somewhat hrgher than the wind maxima indicated i in the
over-water profiles. = "More 1mpor#.antly.,.,the over-land profiles show a

.. continuing carrelation between’ surface winds and 500 metre helght w1nds
_whereas the relationship to 700 mb winds becomes quite va;nable Although”

the profiles are few in number they do suggest that vertical wind shear in the

. boundary layer is less near the eyewall than at the storm’s periphery. ,

2.7 ° Selected Recent Studies

* The primary reason for separating the studies now discussed .is their

. resolution’ of se’veral problems which plagued earlier studles In the late

1970’s reconnaissance aircraft which flew into hurricanes wereequlpped with

. ' quant.xta e plax;posmon indicators and range height mdxcators cou;fled with

inertia na\hgatmn systems, théPeby clearing up many of the instrument

_'problems affectmg measured flight- level winds in early years, Recent studies
'exarmmng snrface wmd records have’ attempted to properly account not enly

for the averagmg ‘times of wind speeds but for the effects of the 13cal terrain

and topography on the measurement.s Recent studies’ have also sought to -
‘ resolve the dxfﬁcultxes in comparing anemomeéter data, representmg a fixed

: poml; sample in a tangential sense relative to the storm centre, and flight-

level data, representing a.moving sample- typlcally in a radial dlrecmon

. . relative to'thé storm centre and dependent upon the pamcular aircraft’s own

speed. Aircraftdata are best suited fo estimating flight-level winds with 10 to

30-second averaging periods. For -an average. storm translation speed of 5°.

m/sec;, this, would' correspond to- a sustained (1-minute average) speed'

measured at the sufface for wind speeds ranging from 20 to 50 mysec’ (Black-\

and Adams, 1983}/ he studies ‘selected in t.hls sectxon all J;e'rta;n to

‘Hurricanes occurrmg since Amta (1.97 n. They hav*e be"@lﬁ'ﬁ”ésen because they -
’shed light on one or other of the major points of interest in this thesis, .
o mcludmg the apphcabnhty of the gradient balance assumption, the exr.ent of
'the inflow layer and its relat;xonshap to the troplcal cyclone boundary layer

and changes to the windfield orice landfall is _niade

RN
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' Willoughby (1979) and Sheets (1981) examirted'Hurricaue' Anita’s (1977)
wmdfield at the 700 mb (3 k:}) height. ‘At -the txme when Amta was in'a
mature, steady-state Wllloughby found that (a) the most m;ense ascent -
occurred just msxde the radius of maximum winds and (b) the azimuthally- -
, averaged tangentxai windfieid was’in 'gradient balance, 8s can bé seen’in
Fxgure 2 29. Sheets found the same for the penod when Amta was a well-

. Walloughby. Clos and Shorexbah (1982) shqwed that the. wmd speeds
-computed using the gradlent balance assumption goiricided almost exactly ..
with the'observed speeds in the eyewall of Hurricane Allen on August 8, 1980.

* Figure 2.30 shows relative wind" 1sotachs and-streamlines for Hurricane AlIen

_reconstructed,by Jorgensen (1984) The eyewall was. in_both gradlent and’
'thermal balance. The. eyewall was. found to slope outwards with hexght arnd
' maximum vertical motion within the eye was locatéd inside of the radius of

. maximum winds. Ln Hurricane Allen and’ Hurncanes Anita (1977 )’Fredenc .

"and David. ¢1979), Jor’gensen found strong two- dnmensxonahty (in the radial"
: du‘ectlon) in'the cmculatxon i’e. consistent windfield features in- azlmuthally
~averaged wmdﬁeld cross-sectmns '

_ i .l

i

(3

‘ Frank (1984) studxed ﬂlght-leVel data obtamed Whlle Hurr_xcane Fredenc
' (1979) was over, the Gulf of Mexico. Flgure 2.31 shows Fredertc s windfield at
' the 560 metre level. The wmchnaxlmum is inr the‘ right-front quadrant of the

“storm. 'When the stofm’ s motion is subtracted ‘the wmdﬁeld is ne&rly

symmetncal ina leﬂ:—nght seuse but exhlbxts a front-back asymmetry, with

o the winds ahead of the storm exceedmg those i Ain'the rear. Frank found that

the total wind speeds were on average 1 mlsec g'reater than the’ tangenﬁal
‘'winds out to approxlmately 150 km from the storm tentre. Also, wmd speeds

at the 1600 metre level ‘were: slxghtly stronger - ‘than at the 500 metre level at .

all radii. The relative radial windfield, also shown in Flguré, 231, md{cated
: greatest inflow in the mght-front -quadrant, Frank fouad she asykm)etnés in’,
the radial’ windfield comparable at the surface; 560 metré ‘and 1600 metre *

levels. Analysxe showed that the 1nﬂow layer became deepemﬁth mcreasmg
T dxstance away from the eyewall. the v1c1mty of the eyeWalL the' deptlf of
) _the mflow 4ayer was approxxmaterSOO to GOb metres, comcxdent thh the- top

77"
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. for Humcanes Fredenc and Ahdia respectxvely L~

- . - .
~ - N R
- 3 . Lo !
.. %.
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.of the strongly turbulent fnctmn layer The Frederic data was shoWn to

support the concept of a balanced frlctlonally dnven inflow layer

s : ¢

Slmllal' featires were reported in the analysgs of H’u.rrtcanes Dav1d (1979)

. and' Gert- (1981) by Wllloughby, Marks &nd Felnberg (1984). Flgure 2. 32
. shows hohzontal cross-seetwns of winid §peed afid-inflow. angle for these two -
'-'vstorms at the 850 mb level The tendency for the wind maxxmum to oceur in -
- the front a,nd to the right of the storm is shown i in both cases. ‘

EaA _
- T ' o ~ LA
; ¥ v

_ The landfall behaviour of Hul‘rzcanes Frederic (197'9) andiAlicia (1983) -
was the subject of two mtens.we studies by Powell ( 1982) and Powell, Marks
and Black (1984) respectlvely In both cases several dlstmctlve f'eatures were o

present. Fxgure 2:83 shows the surface wmdf' elds for the storms at the time of

_ landfall A sharp dlscontmtuty in"isotachs and" an 1mmed1ate reductlon in_
wind speed ‘magnitude at the coasthne is ev1dent In Fredemc the mean over-
land to over-water ratio.was 0.8 to ‘the nght and left of the landfall posxtxon :

i.e. for both qﬁ'-water and off-land trajectones‘ Maximum inflow angles were
found to move from the nght-rear quadrant“to*the nght-fpont quadrant at

. landfall, while the wind maximum remamed in t}ie hght—frent quadraﬂt In' '
- comparing flight-level wmds with surface data at the ™ tlme of Frederic's
landfall, Powell found that while . surfwxnds showed an 1mmed1ate=.'
decrease over land, the winds at 500 metres dld dpt dlifer apprecxably The
. vert.lcal wind shear was found to be much- greate’r over, fl&nd than over whter,
even at 8 hours after landfall ‘had been, made The same features were, T
observed ‘to take place im -Alicia, ' For both storms average values. were
_corhput’ed for (a) the ratio of over-water surface to fhghblevel wxnds (by the:-
ratio of surface over-land to over-water winds and (c) over-land gust fattors "“_

baged on the ratio of 2 to 3-second gust to 10- mmute mean’ surface winds.
These were found to be (a) 0.71 and 0.77, (b) 0. 81 and 0. 74 and (cy1.4 and 1. 6

\\w

-~ Humcane Debby (19@2) was the first storm where vertical profiles were

| obtamed using the new airborne-Doppler radar (Powell and’ Black 1984) In .
- Debby and Hurricane Tico (1983), observatmns indicated that the boundary -
. layer on the inside of rainbands was ‘more mlxed and deeper than on the '
outside. Proﬁles megsured in Debby showed the helght of tlae Wmd maxxmum_
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850 mb Level Total Wind Speed, V,and Inﬂow Ang]e, a °
for Hurrlcanes David (Septembel‘S 1979) and Gert -
(September 12 1981) (Storm Motion is Indxcated by v
Arrows) '
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The data. suggest that wrtfun ‘the area. of mterest %s thxs sfudy three

dxstmct reglons thh drfferent cu‘culatlon p’attems e:ﬂst thhm the tropxcal
qyclone (a)a region where the wmdﬁeld isin gradrent balance, tb) an.inflow '

o regxon whlch the circulation reflects the mﬂuence of surface friction and (c) -
the surface correspondmg to, thg lowest few tens of mem;s from the graund‘ S

L 3
v i,\
.. ;‘

_ The: gradlent balancg regxon begxns essentlally at the top of the clrculatxon
xnﬂow layer. Its existence at about the 700 b level (3 km) ts«supported by an
1mpresswe number of individual tropical cy%lone case st:udxes. especlally for
moré mature: storms, by the seale analysxs performed in; sectlon 2.2 and
Dunnavan $(1983) fhght—level data- compo31£e study. Above the 700 mb level

the wmdfield reyolves around the, sturm centre hke a glant carousel In’ this - .

regrori the effect of sborm translatmg can be assuxmd ‘to mtrbduce q. '. .
predonnnantly nght-leﬁ: 5syxmnet1‘y in t.he Wmdﬁeld as mdicated by Sha TN
and G»dy 5(1973) composxta study . I oL e , \.“':"j"‘ /

. P
[N ‘.- s . e .
{: a . P -~ N

Wlthm the mﬂow layer the scale analysxs in sethon 2.2 shows that wbﬂe
gradxent balance'is still %pphcable t.o statxoﬁary storms’ pear the eyewall

other acceleration terms aré involved i in the balance of. forces f'urt.het out: )n _ " ..

the circulation.” Recent obsex‘\ratwns»and nurierical models o mcwmg s;orms

. - show that an symmetry is m;roduced wbxch produces maxzmu‘m mfiow and’.

<

.

" the hxghesf ind speeds in the nght-fr.ont quadrant of the storm. Theseq o

. observations suppnrt Sharpu'os (1983) boundary layer wi"ndﬁe'ld ‘médel a.nd
dlsagree with' Hughes (1952) axrcraft eamposxte windfield, - A distinétion
@xists between the mﬂow layer hnd boundary layer, if the Iatter g deﬁne& by
the extent of predommantly meehamcally~generated turbnlehce within the
‘flow. The depth of these two fayers appears to. coincide near the eyeWaIl
although the mteuse vertical n’whon in this regxon m.akes their identificaton
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. @ dxfficult Away from the eyewﬁll the mﬂow region’ becomes deeper than the v
boumdary layer ‘Thus, two' sub-regianis can be identzﬁed within the inflow .
lafer, separated by the top of the mechamcally-dommated boundary layer :
‘whicH lies at about the 500 metre level. Above this level very little shear
exasts in the wmd profile. The cxrculanon appears to move as a coherent slab

E : aronnd the storm centre. Below this level recent alrcraft and ocean buoy data

. 'suggest that the vertlcal profile of wind speed follows a logamthmrc profile - -
commensurate with a neutral or shghtly unstable boundary layer

S Y S Ty WY W PENY

PR

¥

At the. aurface (10 metre level) the’ wmdf‘ eld appears. to be well cOrrelated
w1th the500 metpe level circulation. Comparlson of smwltaneously recorded
i buoy ‘winds with low-level aircraft winds indicate umt,’orm sufface to flight- j—
~ level ratios,of about 75—80% Data suggest that this ratlo may be somewhat ) ‘
hlgher approachmg the eyewall ‘and lower furthet out ‘in the storm
mrcula»twhr The’ locatxon of the wind maximum remains in the right-front
quadrant thh%e only mgmficant change bemg increased mﬂow angles atall -
.+ radii. This disagrees with surface. wmdfield models such as found in .
Schwerdt flo .anid Watkins (1979) which indigate maximum. wmd.s m ‘the
C nght—rear quadrant of moving storms Wind- speeds above the surface car: be' _
5 adequately described - using ‘the - loganthmlc profile for which appropnate‘

values of us and Zo can be obtained ﬁ'om receht studles (e.g. Powell 1982)
. yoL

P
.
"4
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C . (u) Wmdﬁeld?‘olution,After;Landfall:'

redn A Lt R einey 2l

Antlcxpatmg that the -greatest interest lies in locations reasonably close to
** the coasthne ‘the changes brought about’ by the occurrence of landfall can be
treated ag bemg additive. The whole clrculatlon is gradually weakéned by tlue a
increase-'in central pressure after landfall s made. - This .takes “place A
gradually, as opposed to the meedxate,reductmn in speeds at the surface.” -
_The filling rdte is a functlon of geographxcal locatzon Thus tlie teduction of.'
"~the 700 mb and 500 metre lével winds over land s due mltlally only tothe rise .
in central pressure This also reduces surfadé Wmds which.are addmonally‘ -
" weakened due to frictional retardatmn The shear in. the vertlcal proﬁle over
land between the surface and 500 metre level i is thus greater than oVer water.’ -
Inflow angles over land vmuld appear to increase by 10 to 20 degrees frorn-k ,
thelr over-water e'qmvalents : a

v, -
| U




Ra\nfall ac.txvxty and torniadogenesxs mdu.'ate that as a trop1cal cyclone ‘
makes.landfall the wmdﬁeld in f'ront of the storm over land _experiences

o mcreased’ inflow, accompénied’ by, mtense rafhfall activity. 'I‘hus ‘winds

throughout the'ﬁoundax;' layer may not decrease in direct proportxon to their
surface’ counterparts Recent landfallmg storms have shown evidence of a,
low-level maxinfum in vertlcal bouridary layer proﬁles over land at the tune of
landfall. a . R R ' S
) N S B . ’ ;7
Windfield models adopted in'previous simulation procedures have mostly
utilized data and wind speed relationships descrxbed in section 2.1. . To date
none have attempted to differentiate the circulations into the various regions
" “and accompanymg wmdfield maxima and mﬂow, ;é’haractenstlcs descr,lbed
abeve. The wintifield model proposed in Chapter 3 attempts to. mclude all of
the critical features of.the tropxcal cyclone c1rculatmn dlscussed in thxs last
summarysectlon BRI o o T
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PROPOSED TROPICAL CYCLONE WINDF‘IELD MODEL

- v . -~ @ .
. o . .

<

3.1 _ Objectives and Constraints of the Simulation Windfield Model

The choice of - windﬁ'e‘ld'rﬂcdél for a particular ‘simulation procedure

_ depends upon the use to.which it will be put. Seme simulations seek only to

estuhate extreme winds ata pa&xcular site, regardless of direction. In.these

_ ‘cases évén empmcal relatlonshlps such as those discussed in section 2. 1 will® - '

sufﬁce The current mmulatmn prbcedure however was developed w1th the

capabxhty of computmg bmldmg response estimates.in mmd This reqmres L
" the speclﬁcatxop of both wind speed and wind direction i in the windfield model.

- Ba:ahse many of thé structures that the sxmulatlon was mtended to study are
' 'Yngh “rise. (over 300 metres), .the windfield model developed in the current
“simulation had to specify the vertlca ind velogity profile throughout the
; tmplcal cyclqne bouridary laye,r One oﬁ

" the mland extent of ‘the hurmicane risk along the U. 8. Gulf and Atlanmc,_

e aims of thxs study was to 1dent1fy

cbasthne Theréfore the w1ndﬁeld model also had to be ad)ustable at-all levels

N 1
/

" A sunulat.mn desxgned to produce extreme wmd speed estimates usually' -

‘_;neéds to- generabe over oné thousand- sborms for stattst.xcally rehable results '

‘When dwechopat mformatxon is required as m ‘the tase of structural dynamxc'- o
' response estxmates, thegumber of simulated storfns increases by an order of
,magmtude $o for exampié,. some of the: numencal models descnbed in

‘ ._;-'sectxon 2.4 whxéh sxmulate tmpical cydone landfali (e.g. Tuleya, Bender and
< Kurihara, 1984) would be unsultable for aMonte-Carlo sxmulatlon because

they typically: requu'e as much cgmputer ume to evolve the windfield of a

‘ ~smgle ‘storm as a normal huiricane mmuiatwn” of the type developed in this’

’ study takes 0 generate one thousand 'storms.. Hence physxcal constraints
B nmposed by limited computer. txm.e dmtate a rp.axlmum level of complexlty for

"‘the stmulatxon model. . ‘ - g : '




B e S L S S .
.
.

e = air dedsity

B
of\

On the other hand a sxmulatxon windfield model should be reahstlc 1f’ the :
Monte-Carlo approach to ‘the estxmatxon of tropical cyclone design wind speeds

is to have any legitimacy. The ‘need to adequately reproduce the m;pacp of

tropical cyclone winds at any particular- site dictates & minimum level of

. complexity fofshe’ sxmulatxon windfield model The summary section in
. Chapter 2 sought to- establish those features of the troplcal cyclone windfield

which. ‘should if possible- be reproduced. These include the- proper locatién of
the maximum winds within the%nflow layer, a reahstxc boundary layer profile

and t.he adequate representation of changes to the wmdfield once landfall is -
e made. A compromise -between the above copstramts led to the choice of

windfield medel developed in the durrent simulation.

»

Over-Wgter Gradient Balance Windfield

vt

‘The simula,tion' windfield model éssum’es that the gradient balance
aésumpuon (E2-11a) can be used to deﬁne mean wind speeds at the 700 mb ..
level in tropxcal cyclones. The effect of storm translatmn is accounted for by

using B]aton sformula (E2-8). The wind speed magmtude at the 700 mb l'evel

is thus glven by

»

.<2 ’
szét
2 -

LTI A
-V .sina f"'gb

L
r P ' :‘r{ Eb

Vgb mean gr’adieni balance wind speed at (r,a)
r = radialdistance from storm centre

a angle, clockwise posmve from translation dxrectwn

p = pressure, at distance r .

[

VT = storm translat:on speed.

f = Coriolis parameter

, #

The direction of the mean gradient balance wind speéd is given by :

0gb =0 +a+P
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Since

kY

wind direction correspondmg toVgb

' storm approach angle, clock\mse posmve from North

90° in the Northern Hemxsphere (270°in the Southern)

the wind speed defined in E3-1 is a function of stow'v.ly-va'rying
mebeorologwal parameters, the averagmg time is assumed to Dbe of the order of
© 10-20 minutes. ‘The horizontal pressure gradlent is computed usmg the

modified ex_ponentxal formula (E2-2b),

win‘dﬁeid as:

B

. ' ) :

- i l’ " .
Vgb(ra)= 2 (VYT sina~-fm .,

Ap
B
RMAX

Flgure 3.1 shows an example of the resultmg wmdfield fora troplcal

. cyclone ;mh parameters typical of ‘h fairly intense storm using: the above
- gradient balance equatmns The most slgmﬁcant contribution to the wind
" pressure in the vicinity of the maximum winds arises’ from. Ap; thé central
The circulation’is symmetric ‘about.ap east—west éut.
through the centre for a nqrthward moving storm. The magimum wind speed
90° and - ne@x‘y =RMAX. In this case the pressure 'gradxent’
dominates . the second term. under the squake-root $ign in E3. 3 and ‘the

= maximum wind speed can be ciosely approx1mated by '

.Vgb, max =

It

" pressure’ dxfference

; occurs at. a =

b
'y
L

-(VTsma—/'r) Bl(

Ky

- Ve .. * . .
central pressure difference

_ pressuresprofile exponent . .
radius of maximum win'dé )

-

3

A fRMAX) +0.81 \/(B.

.y

ol -

This defines the gradient balam:e
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windfield, V,,, Ca

Over-Water 500 Metre Height Windfield

" An inflow layer is distinguished in the present windfield model inofti(_to

* reproduce the asymrnetrical circulation observed in. tropical cyclones
mbined “influence of surface friction and storm

resulting from the
translation. The inflow

ér is assumed to ‘consist of two sub- layers (i) an

upper section extendmg frbi the 71)0 mb level down to the 500 metre height -

in which the vertlcal wind hear is assumed to be negllgxble and (ii) the
tmplcal cyclone boundary lay T, assumed to'extend from the 500 metre height

down to the surface. 'Bhe zerg/shear upper layer is assuqu toactasa slab and

is des1gnd'ted in the sunu fation w;ndfield model as the 500 metre height

The V,,, windfield is determined by” making use of’ Shapiro’s (1983)
hurricane boundary Iayer model, herein referred to as the SHBL model In
Chapter 2 it was shown that t,he SHBL model is able to reproduce

asymmetries in the inflow layey windfield of moving storms in agreement
with actual storm obsemwations. Use of the SBHL model is attractive because- ]
itis a dynamic model whose input parameters are precisely the same as those-

needed to define the gradient balance windfield. A difficulty exists with
implementation of the SHBL model in that the momentum equations are
solved for a slab boundary layer of constant depth. Thus it is not possible to
define at exactly what height model-predlctgd wind speeds and directions
apply. Consideration of the boundary layer proﬁle suggests that SHBL model
wind: speeds apply well up in the inflow layer. What is requu'qd then is &
refe.rence pomt irr the windfield where the wind speed magnitude is known
and which can be related to some pomt. in the SHBL model wmdﬁeld

The reference point chosen is the.eyewall. Here, observations show that
wind spéeds between. the 500 metre helght and 700 mb-level are*almost
constant. Hence, the. ammuthally—averaged tangenhal component of wind
speed at the 500 meﬁe height should be very close to being in gradient
balance, ‘The. SHBL model wmds can then simply be adjustéd so that the
azxmuthally-ageraged tangentxal componenx at the radius of maximum winds
is made to equal the gradxent balance value. Wmd speeds at all other radh are

~

91
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then scaled accordmgly Thus the sxmulatxon model Vspp wind speed

itudeisgiven by ‘e S
. . V (RMAX) . L o ii‘
V .(ra)=V (ra) -+ = . . - E3+5.
s00 ™ = TsH sHBL(RMAX) | SR :
sz - = 500 metre helghtwmd speed at(r, o.) L "
Vsupr(r,a) - = 'SHBLmodel wind speed at ( ,a)& , S
VSHBL(RMAX) = SHBL model azimuthally-averaled tangtenanal wind -

. speed component at r=RMAX T

]

Vgb(RMAX)
o r=RMAX \ ?'.

» . W

Wmd directiop at the 500:metre height is calculated assuming that SH‘BL

' .model wind directions are representative of surface inflow angies and. m‘akmg :
.use of the composite inflow angle data presented in section 2.3. The mﬂow ;

angle in all guadrants is greatest at the surface (10 metre leve’l) and decreases
in a roughly linear fashidn with height. Comparxsons of aircraft data ‘with

. gradient balanck az1muthally-averaged wmd speed at

St

s1multaneous ocean buoy data support the quantitative decrease m inflow -

angle between ‘the surface-and 500 metre height shown in thure 2. 10.
Assuming that the reduction in inflow afrgle will be of the same order at all
azimuths, wind directions Qr theimodel 500 metre height wmdﬁeld are
specxﬁed as: i o :

1

ao(70) = SHBL(ru)/30 " e P SR Eis
Oso0(ra) = 500metre height wind direction at{r,a) “‘.'. o
; Bsyq}d.a) = cSHBL'model wind directio'n' at(r,a) LT

. - ,"

anure 3.2 shows the 500 metre Jevel windfield correspom:hng to the storm
shown in Figure 3.1..The windfield maximum has moved towards the front of ~
" the storm. Wind speéds are shghtly increased in the eyewal’l region’ ‘and
decreased further away from the'eyewall. In F;gure 3.3 the 30.0,35.0 and 45.0.
m/sec contours from both windfields have been replotted showing the counter-
clockwxse rotation of the wind maxxmum It carl be seen that the area of wmds
’ greater than 45 0 m/sec at. the 500 ‘metre héight is greater than the o
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- from the SHBL model' is a series of coefficients

L

) equlvalent area at the 700 mb level, whereas the opposxte oceurs for the 300
m/seé contour. ‘
. . «

. A number of points can be made about the use of the SHBL model to define
"« the simulation model 500 metre height windfield. Firstly, since wi'nd" speed

magnitudes near the radius of paximum winds are essehtial}y' the ?e as-’
those at the gradient balance height, extreme wind speed estimates obtained
from the simulation precedure yield:almost the same-gredicted speeds at both
the 500 metre height and the gradient balance height. The significance of the
500 metre height windfield within the simulation is the influence upon the.
circulation, particularly wina,drrections, of the storm translation speed and .
the consequent effects on building resporise estimates which in many cases
can be extremely sensitive to wind direction. Secondly, any loss in’ ggeuracy -
resumng from the conversion of the SBHL model to the simulation 500 metre ‘
height windfield is considered to be more than compensated for by the ability
to reproduce reallstxc features of the tropxcal cyclone inflow layer hntherto
unrecognized in other sxmulat.xon procedures. T

“ A .

?

3.4 Adépiion of Shapiro’s Numerical Model for Simulation Usage

A greater difficulty in adaptmg the SHBL model to the current sxmulatxon
‘windfield model arose because of computer time limitations. The SHBL model
requires appro_xxmately 280 CPU seconds of execution time on a Cyber Model
835 to achieve 2 convex‘gengolutlon for-a single wmd‘ﬁeld .evolution. This is
of the same order as the time required in typical Monte- Carlo sxmulatxons to
run through a cOmplete extreme. wind /gpeed prediction, involving she

. generation of approximately two thousand storms, Thus it was not possible to -

make use of the SHBL model directly in the simula\lﬁ' n procedyre. The output’
rete radial intervals
a ‘(typlcally 8r=0.125RMAX) which can be used to compute the wmd speed and

- _.duecmon at any azimuth for the radial intervals specified, ‘At any particular -
o fised geographical location the input paraméters required in the SHBL model

consist of storm parameters (Ap, RMAX, VT) and model constants (. f.Cd,K)
(section 2.4). It can be simply shown usipg dimensional analysxs that SHBL




'ap.s

s

-

,‘modeI wind. speeds should then be a functlon of t.he following dxmensxonless '

’ parameters A v
Vel [ - Ap VT K P
FRMAX "l prmax? ' mMax | mMAx®° '
P4 ’)‘ ) . v

Two model sto‘mis'run with the same dimenéionless ‘parameters should
_yield identical dlmensmnless windfields. As indicated i in Shapiro (1983) and -
as was: .determined after running several SHBL windfield simulations, the
resulting winds are relatlvely msensmve to-the-choice of drag coeffcient, Cd,

and eddy coeﬁ'xcnent K. Hence, the SBHL modet windfi eld” is effectively .

determined byft,wo pa\@meters, n, = .Apiy RMAX)? and n, = VT([RMAX).

Figure 3.4 illustrates the effect that a change in the ‘= parameters has on the
circulation. The.six wmdfield examples shown have Lhe followmg stornt -

parameters : 7} ‘ S : . T e
B g . ) . ’ 7 . . H - .

_Allstorms: ¢ = 115kgm?. , latitude = 30.0°N

a"

Setl: ap ~ ' = . 60 mb o o= 6'1,7
© RMAX = 40km = B \. X T
VT = 0.0,50,100m/sec . m, = 00,172,344
Y'Set2: - ‘ap ‘= 20.0;60.0,1000mb  «, = 206;617,1028
.. . "RMAX = 40km R -
VT =. 5.Qx'n/$ec o, =192

The relat;ve changes in the windfields are zllustrated in. Flgure 3.5,
showmg the ratio of the azxmuthally-averaged SHBL tangential component to
“the gradient balance wind speed as a function of radius. Increasing either of
the n paramaters causes the winds to be more sub-gradient outside the radius
of maxxmun'r’/mds and more super-gradient Just inside the radius of
maxxmum winds. When the radial component is taken into account it can. be.
_ seen that after normalizing the SHBL wxndﬁeld so that the average

T tangentlal component at the radius of maxxmun‘f wmds is equaI in magmtude ‘

to t.he gradnent balance value, the overall changes in magnitude from the.
. N [ - .
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gradxent balance values throughout the storm cxrculaho’ﬁ are generally less~

than 20%. Thxs is as. expected In the previous chapter it was shown that a
‘large number of storm obsérvations indicate that the wmds at the surface

rarely fall below 70% of the 700 mb wmds, and that there is very little shear A
. between the 700 mb level and 500 metre heightwinds. The major change then

in the model 500 metre height windfield is the Iocatlon of the maximum winds
and the inflow angle dxstnbutxon S ' / R ,

‘A further check on the reahsm of the normahzed SHBL windfield was
obtained by computxng exponent constants for radml pzoﬁles of wind speed at
dxfferent aztmuths assummg a relatmnship of the form- gwen by E2-1b. For

the six windfields shown in Figure 3.4 the prof‘ les gave exponents rangmg'

from 0. 45 to 0. 60 This is in good agreement with the observed average value

. of0.5in prevxous studies (Gray, 193.1) fncreasxrig either of the n parameters
“gave sharper Wrnd profi] les. Thisi is alsp in agreement with the composite data _

of Shea and Gray (1973) showmg fast movmg storms having sharper. wind

profiles than slow moving storms and the sMe f.endency for more mtense .‘ ‘
' ‘storms compared to weaker stormse ' : :

Lo R -t . i . .y

Fxgure 3.5 shows that the SHBE/mo&el wmdﬁeld varies systematmally
with changes in the n paramet,ers This allows'the possxbxhty of interpolating .
between reasonably spaced  n parameters to obtain mtermedxate "solutions. . -
This was the approach taken to adapt t,he SHBL mod¢l to the’ simulation - '

procedure. A serles of SHBL- windfields wereé computed for a range of n
» parameters that covered the es’umated range of poss;ble._LA,p,RMAX VT, /)

. .values for North Atlantic storms. Thé output wmdﬁelds were normalized. as,
per E3-5 and E3-6 and the azintuthal coefficients storgd in.a data base under

the partu:ular n, and n, value.. As a storm was generatéd in the sxmulaﬁon
the value of -V 3000 Was &etenmned by a two-dxmensxonal mterpolanon
between the nearest n parameters: The orderly variation of wmdfield

" changes between the « parameters gesulted in errors arismg from the

3

mterpolamon process of the order of 5% and less
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- ' . -3 5 Over-Water Sqrface (10 mgtre) Henght Wmdfield R o

' - 'I’he gurface (10 metr&) hexg’ht wmdﬁeld model in the snmulatxon is defined
e - " . usingan empmcal model to compute wind magmtudes and the. SBHL model
' v wmdﬁeld to detemnne wind dlrectlons‘Specxﬁed as: MR

»

Vm(ra) = -¢w" Vsm(f;a-) Ce e - ‘ ES.—BG

—

T

o . . L exo(_"q’ = BSHBL"‘” ' R ) E3-8b
gy = over-water surface to 500 metre mean wmd speed reductlon factor a
' R functmn of (r/RMAX)
e - The vanat}on of o is shown in Flgure 3 6 At any given x‘a%tance
- ‘ " the reductlon factor i is assumed to be constant fOr all ammuths The ratgsof
T ' - surface- to 500 metre ‘height” mean wind speed’ defined in E3 8a -was
- L determined. keeping in tmnd the ebservamonal data dlscussed in section 2.5,
‘e o - .whxch suggest. near constant ramos of 0. 15 bhroughout most of the surface
o . s wmdﬁeld thh the possxbuhty of slightly hlgher ratios. near the eyewall and.
- lower ratios in the nght—rear quadrant away from the eyewaIl The ratios
chogen for the simulation windfield model are'thus’ very shghtly conservative.
The wind dlrectxons glven by the,SHBL model arein ag’reement with obserVed
‘ surface inflow angles. Maxmxum inflow is concentrated, in’ the rxght—front <
S s Ll ‘quadrant of the storm, Figure 3.7 shows the surface windfield c.orrespondmg :
SR “ o the example troplcal cyclone depxcted in Fxgures 3.1 and 3.2.

L 3.6' . Over-Wéiz'pr Boun‘dary LayerProfile .

, . .4»."\««, .
Co The tropxca-Lcydone boundary layer is defi ned in the sxmulatu:v&dﬁéld "
o ,':modeI as extendmg from the surface to the 500 metre height. The simulation ) L
v’ . Lo ‘ \ boundary layer proﬁle as defined in'a relatwe fashion because of the varymg
. ' "~ surfacé to:500 metre hexght wind. speed’ ratxos in the. mndfield model. The
E profile is ba.sed ona loganthxmc relatwnship defined by:
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Tropical Cyclone
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R whe}e i P(z)__

_ forall(re) V@) =V, #P@aV . - T Ese

-
S

Infaz® + bz +.c] oo

2 = height (metres) o L
AV = .sz (r;,a) -V, (ra) . . ,
abc = constaptsdefined such that . P(10) = 00
‘ | P(Zl.) = 05
) | ) , P(500) = 1.0
- Zlo = over-water boundary layer intermediate height

. The functioh .P(z) defines a logarifhmic'\;ariation of wind spéed in-the
boundary layer between any two values of surface and 500 me't%e height wind

" - speed. Thisisillustrated in Figure 3.8. The logarithmic sh‘épe of the profile is

in agreement w1th the data presented in section 2.5. The three constants a.b,c’
are fixed once the value of the mtermedxate height, Zlw, is chosen. Zlw

" defines the hetght where the wind speed i is exactly rmd~way between the value
at the syrface and at the 500 metre height,ie.if V,, = 0. 8V5Q0, then V(Zlo) =
0. 9V‘500 Thisisa convenient way in which to vary the basic 1 logarxthrruc shape

for different exposure conditions. .Figure 3.8 also shows -the resulting

v it

boundary layer psef‘les for ZIw = 100, 150, 200 metres, V-oo = 50. 0 m/sec and = -~

Vi =0. 8 V50 For over-water proﬁles the data suggest that the intermediate
hexght lies at about the 150 metre level. Thisis the Zlw value used for the .
bo(mdary layer profile i in the sxmulatlon over-water windfield model Wxthm

" the boundary layer the ‘wind’ dxrectwn is lmearly mterpolated between the o

surface and 500 metre height values. - Usmg the definition of the 500 metre
height wmdﬁeld a linear boundary layer vanatmn in wind dzrectlon is
assumed : X

S 745-z } L 3710
fora)l(‘r,o_) 9{2) 735 610 . | | 1?3.—1

1y

z = 'heigh't‘(métres) 4 : o

-
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" wmds
o values, i.e, the radlusof maxlmum vymdz translatxen veloclty, storm dlrectlon
.3

: cxrculauon

3.7 ‘ Separatlon of Landfall Effects on. leferent Levels Wlthm the

TroplcalCycloneClrculanon .

- »

The béhavi“our of landfelling‘ storms a'nd"resulting changes to.the windfield-

- are consxderably complexespecxally at the lower levels thhm the cxrculatxon

Interest however is .normally restiicted to sites located near the'coast where

. the'risk is hxg’hest The simulation windfield model separates the effects of -

landfall on the evolutlon of the. tropxcal cyclone wmdﬁeld into* three distinct

2

components “ . - : -

<

(1) As the eye passee over l:jnd the central pressure difference of the storm

» _is decreased Thls affects wmd speeds- at all levels, since 4p .is an input

parameter to both the gradlent balance and the 500 metre height wmdﬁelds
and since surface wmds are ‘derived in ‘the, simulation from the 500 metre
Other storm parameters are assumed to retain their over-water

ete. remam unchanged v

\\

(u) Surface wmds are further decreased to account for.very much larger

. »

" surface friction sustamecLover land. In the sunulatlop windfield model this is
_‘accomplished in a twwStage%pproach b computing what an equivalent over-
waterurface wind speed would be and multiplying bya factor to convert to an

“aver-land surface speed A similar procedure is used to correct for the local

inflow angle by conVertmg an equxvalent open water value fo - a .

R L d

" (iii) | The sunuratlon windfield mode] rec'bgmzes the poss1b1hty of"‘,

. representatlve o-verJaad'one o , - : 5.

enhanced mﬂow activity in the immediate landfall area to the front and right '

ofa storm approachmg land .This is taken into account by varymg the valué

dlstance mland from the ‘coastline and posxtmn relativeé to the storm
Hoy \f———_-

The method of computmg winds within the botlndary layer usmg the three-

.. stage approach outlined above.is dongidered adequate for sites locatecl near

the éoast Somé txme after landfall is made, say 100 to 200 km mland the

Ly

. of the over-la~nd boundary layer” intermediate hexght ZI), as a fuirction of

9-
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tropical cyclone boundary layer will take- onextra tropical charactenstzcs At
this point the estlmatlon of surface speeds may be better calculated directly
« from the: upper-leuel speeds assuming strong wind negtral boundary layer
conditions, The 'followmg three sections detail t.he manner in which each of
- . the three components is defined in the proposed windfield model. |

-

3

3.8 New Filling Rate Model

. . -
.

) ‘ In sectien 2. 6 it, was shown that filling charactenstlcs of North Atlantic
. storms vary with geographxcal location. In Miller (1963) and Schwerdt Ho
and Watkins (1979) the filling rate-was modelled as a functxon of tlme elapséd .
.o .| " after landfall. This is the approach adopted in most simulations, An-initial
_examination of the drop in central presSure‘difTérence for-U.S. .landfalling .
storms however indjcated a substantial degree of scatter in the filling rate
when plotted this way. Schwerdt, Ho and Watkins (1979) note thatin their ‘
sample of 16 landfalling tro?ica'l cyclones, thej\more intense storms ténded to "
. fill the fastest exvept over the Florida peninsula 'where-the opposite was.~
R N observed to occur.” Tuleya, Bgnder and Kurihara's (1934) numerical landfall
, " * .model indicated a faster filling rate for more intense storms. Qther studies
‘ * (Malkin, 1959; Goldman and . Ushijima, 1974) have suggested that other
. . parameters mxght influence the ﬁlhng rate, such as storm size (RMAX) speed .

- . (VT’)etC - . . . ) . f ’ i

. . " - Fromthe National Hurricane Center’s historical records, track and éentral .
preSsuré data were obtained for 26 landfalli;E[E?opncal cyclones. Their 4paths -

. .. . prior to and after landfall are shown in Figure 3.9. They were subdxvnded
) geographxcally 1nt3~ four groups ‘which had- approxxmately equal sampie )
‘ ' .'; o ngmbers: . T
. . Group I - Western Gulf - . 8$torms
Lt " . (U.S.:Mexico border to Houston) '
o o o O, - MidGulf ) § storms
' G e (New OrleanstoAppalachxcola) ; ' Ce T
' et ‘ Il - FloridaPeninusla’ ‘ 7 storms
[ . N v -. At!antxc . | ', ~ 6storms
; N ' ' (Charleston.to U.S.-C?nada border) _ -7 .

.-
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* The variation of the central pressure dxfference ratio, Ap/ap,, with the fours. -
. parameters is shown in Figures 3.10 and 3 13.. Groups I and IV show
considerable scatter for the “t” set. All groups are well- behaved fontfé “d" se

4 of each storm. These were (a) “t”, time eIapsed after landfall (b) "d” =

S

e . . . - 2
Pl -

PN

.I(n order to take into account the in;it.ial intensity at the time of landfall,
values of Ap/ap, were computed for each storm, Ap, being the value of the’
central pressure difference at landfall. This ratio was then plotted agamst
four vanables chosen as being parameté’rs whlch might affect the filling rate
VT.t,
dxstance travelled mland after landfall (¢) “URMAX" and (d)."VT.t/RMAX":

with the lone exceptlon of a single tropical cyclone in Group I. Considerable

Y m——

““VT.T/RMAX”setin Groups I and Iv.

scatter is shown by the “t/RMAX” set in- Groups OI and IV and by the

e

~

From these . comparisons it emerged that the Ap//:ipo ratio was best
expressed as a. function of “d”, the dxstance travelled inland after landfall
The shape of the" deca%r curves shown in Fxgure 3.11 led to the following
relations being adopted for the tropical cycléne filhng rate in the simulation

) "w‘“ﬁdf eld model :
Before Landfall - v T e e
Regions1ALIN  2F g E3—-11a
o o A—po , -
e ) L . . . -
Region IV =10+ E3-116"
" 1500.0 A
After Landfall: _ o
Regionsl, .11 . S .10 E3—12a -
A V=
rd _. s ' ) .
Region IV - [.d ' E3 135
8?n . = exlr 7D | | | -
D,W; = distance to the landfall point (km)
d ! = distance travelled inland after landfall (km)

FD = ‘filling parameter for each regional Group,equal o | -

150 0, 350 0, 450.0, 1000. Ofor Regxonsl I, mi, IVresp

.

© 10




A&iknf’- - ' - ’ ’, : B

- - . s .-
Ap b \\\5‘:@¢_“§ ) GROUP IV~ - B
ZB—- , \\b \ . ‘ : - » - ,%

" “FIGURE 3.10 Ap/Ap, Vepsus'"\'t"' - S

h--o 5 \\ \~‘. . -:_:~.--~-. - N ; . :

to N - -~ ' b T I 3

: ‘ TR Seemel o T=o -

- . . ~ . b SR - -

. - - . . S S, —— . H

. . “~ ~ . 4 . . " ]

f . : ~ : o
e ! | IR NN B ! : ”

Q 10 - 200 30

Tt ) '(Hours.)'

-

N 4

I3




111

1000

GROUP. 111

-0 '_566“1. - 10007

Ve .  GROUP IV




i W e -
\;'ix‘«\“n\\_\ :

%’.‘-ﬁ\ﬁ?‘ AP

. GROUP I

L. Ul

 t/RMAX

" - . FIGURE

o~

4

¢ r4un

(sec/metre) \ ¢

é.;?jAplAbo Vefshs "YRMAX”
’ ‘ - . N N “ . -




N ¥

.;J; .
10

0 ., 10 20 .- 30
tVT/RMAX - (dimensionless)

4

" FIGURE3.13 'Ap/Ap, Versus "t.VI/RMAX”

B
z

e

113

JOTUE RS .
SR SRR
'

1

o -

. - " 0
s .
™ M . . -
L ira .k %#"-‘.h" R IR SRR TN ui'..u.'«;». v .
At ~ < M M -




L OREPRRS U

7

" The mathemamcal forms chosen have a physical mgmﬁcahce Storms -
makmg landfall in Regions I, I arid I are typxcally in'a mature, steady- state ,
or sometimes in the process of deepenmg Their central pressure is typically .

observed to be the same or even less than that regxstered at the time of

landfall ‘and a delay is usually observed at the time of landfall before the
_ central-pressure-begins to rise (see Figure 3.11). For this reason, troplcal- '
-‘_.’-cyclones modelled. in Regmns I, IT and III are assumed in the: simulation

windfield model to-have a eonstant central pressure. dlfference while they are

" " overopen-water. A bell- shaped polynomlal curve is then used after landfall is
made. This has the effect of allowing a sn'loo‘th'tx:ansi‘tion for the onset of

central pressure rise at landfall. In contrast, storms on the Aflantic seabord

are typically in the procéss of weakening even before.they have made landfall,
as they move northwards over increasingly colder waters in the higher -

latxtudes Following the trend mdlcaggd in Figure 3. 11 the ﬁlhng process for

storms i in Region IV is assumed in the windfield model to be taking place over
‘water as- well as over land, and a linear over-water filling rate is. followed at.

landfall by an exponent.xal over- land curve.

"The FD' constant. values were subjecﬁ\;ely " determined . to give
representative decay curves for each regional group that were slightly on the

‘conservative side of the average of the individual storm.curves. The four

.regxonal decay carves are shown in Fxgure 3.14. A transxuon equatlon was -

~ computed’ to atlow for a smooth change in the filling rate along the coasthne
, between the fourgroups

 _This filling model represents a sAi'gnifi‘cant deﬂrelopment over ones used in _
_previous simulations, Apart from the choice of a different dependent varigble, __

"d.”’rather than “t”, the 'eoastline is separated ixito four - basic regiohal

" groupings with dlstmct filling rateés and the weakenmg of storms id hxgher
laut,udes over open-water is taken into account.

&

-~

4 -3.9  Over- Lgnd Surfoe__e Speed Reduction F}gcto‘rs

While it is possible to aceouht for the effect of uniform changes in terrain

' roughness, changes in topography or built-up areas in the centres of large

S 114
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cities can iﬁduce com-pl\icated speed-up and retardation —effects. “These are
beyond the scope of the simulation procedure but may be taken into account

. by combinihg the re‘s‘ults of the simulation with detailéd topographic test
results performed in a wind tunnel through some common reference wmd
‘ speed, typlcally at a height aboye the influence of surface friction.

’

A numbei‘ of studies (eg : Schwérdt Ho and ‘Watkins, 1979) have

dxfferentlated between the\{eductxon factors applicable to sufface over-land

‘. ' ’speeds for off-water and off- land trajectories. In contrast, the two recent case

\ S " studies of Powell (1982) and Powell, Marks and Black (1984) indicate faxrly

o ! uniform reduction factors for the ratio of over-land to over-water surface (10

metre height) wind speeds, approxxmately equal to 0. 8 These ratios were

observed during the landfall of Hurricanes Frederic (1979) and Alicia (1983),

" and appl at, open terrain. The reduction in surface speeds was observed

- to take pla¥s Jor sites located right on the coastline. Built-up arban areas or
o dense fores areas would presumably-sustain higher reductions in mean -

* surface sp s, as long as the tepography fémained faxrly flat, In the

simulation ‘windfield model over-land surface speeds -are computed by

mulﬂplymg the: eqmvalent over:water speed (1 e. at the same value of (r,a)) by
a reduction factor defined by : '

Kl

- [ e o ; 3 .

¢ =" 1.0-0015DC 0= DC <100 ‘E3-13
"= 0875-0.0025DC  10.0<DC 500
=, 075 ~ ."DC>50.0

S e———— h - -
. .

=. ’er-land to over-water surface mean wind speed ratxo
stance inland from the coast (km)

A

«

s 'I'he vanatlon of. xp[ hes somewhat on the conservamve sxde of the .
P observational data for coastal locatmns exhxbltxng generally flat, open terrain.

" 'In situations where the t.opography becomes severe;: r in the core areas of
>_large cities, it is recommended that sxmulatmn winds are corrected at surface’
locations with the aid of topographic correction factors computed froh wind

. tunnel or, if ava:lable, full-scale speed-up wind measurements. Wind .
| | direction over land is computed by adding an inflow angle component to the
equlvalent cver-water va}ue based on the data gathered during the landfall of




~

Hurricanes Frederic (1979) and Alicia (1983). The incre‘as;é;in surface inflow .
angle is assumed to be slightly greater near the coastline and is defined as:

(20DCP , - 0 sDC <400 B3

Ay =
‘ - = (22.5-DC/4.0» - 100 < DC s 50.0
. = 10 . DC> 500
Ay; = increasein inflow angle for over-land location
DC = '

"as per E3-13

©3.10 Over:Land Boundary Layer.Profile - . .
" The 500 metre height windﬁeld in the simulation is only allowed to change .
in> magnitude through the decrease in central pressure 'difference.
Observational data however indicate that the location of the maximum wind
speed within the boundary layer i increases to well above the 500 metre level.
This means that the ratio of 500 metre height over-land to over-water winds
« sheyld decrease slightly, although not nearly as much as the corresponding
surface Winds. Hence, leaving the 500 metre’ hexght windfield unchanged
except for the eff® . of the reduced central- pressure difference is a slightly
conservative assumgtxon creased frictjon over land should’ deepen the '
boundary layer profile Thxs wowld_imply ‘that a value for the over-land
boundary layer mtermedxate hexght ZI~defining the _P(z).boundary layer -

profile function should be greater than that chesen for the over-water
windfield. -

* ‘Opposing’ these effects are the data discusséd in Chapter 2, which indicate
the possﬂnhty of enhanced inflow and consequently higher winds close to the
ground in the immediate landfall area to the front and nght of the landfall
location.. Increased Wmds near the surface can also result from the enhancedl .
downward transfer of mamentum wxiihm ramban.ds, partxcularly the primary -
bands close to the eyewall. These featurés are handled in the simulation

windfield'model by defining an over-land intermediate hefghtz ZI;, such thyat;

= <
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, B ,
e ' .. 2 = 1000 © -90°<a<90° E3-15
L L . 0 =DC < 50.0.
g . 25RMAX SRC s 5.0 RMAX
~ * . v ' \
= 2500 90° <a <270° .
: DC >50.0
: ‘RC < 25 RMAX RC >50RMAX
RC = distance alorrg coastline to the rxght (+ve) and left ( ve) of the
. ' landfall point (km)

. . N
o The bdundary conditions placed ﬁpbn the ZI; values allow for a variation in
. : boundary l'ayer profile as the storm is approaching land. Greatest inflow and
| hence the lower value of ZI; occurs in_the front of the storm (-90° < a s 90°),
as far as 50 km inland (DC < 50 km) and over a slightly greater area to the
right of the storm than to the left (-2.5RMAX sRC<5.0RMAX). Further than
50 km inland the higher value of ZI is adopted. In between, a‘linear
transition is applied. The effect of this variation in ZI; value is to produce ' L
somewhat conservative speeds within the troplcal cyclone boundary layer for
_ locations situated close to the coastlipe as ‘a storm is approaching,
conservative in the sense of bemg somewhat greater than their open-water

R t equivalents.
b — .
3.11 Parameters Required by the Proposed Slmulatlon Windfield
Model : L T—
) -

The over-water wmdﬁeld model begins .with the specification of the
gradlent balance circulation. The SHBL model wmdﬁeld is then generated
using - the same pressure gradient and storm parameters SHBL model wind -
speeds and directions are converted to deﬁne the 500 metre level circulation. '
The surface windfield is determined by factoring the 500 metre height wind

_ speeds through the ¢, function and using the SHBL model wind directions -
du‘ectly Within the boundary. layer, the vertical wind speed - broﬁle is
‘ _ ﬂcomﬁuted using the logarithmic transition. curve, P(,z) after specxfymg the
2 " intermedtate ‘height value, ZIw. At landfall the windfield is adjusted’ by
| reducing the central pi'essure'difference uéirié the filling rate relatiox}ships.

LRy e T

. 'Y . ’ . a
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fac\toring'the\lO metre height speeds by ¢; and fixing the over-land value of ZJ, 1
accordmg‘ to the site location. The parameters required by the, windfield
model may be spht into model constants and storm parameters These are
listed in Table 3.1. o . . ’

The latter group of storm paraxﬁeters are referred to as tropical cyclone
characteristic parameters. During the execttion of ‘a simulation at a
particular site, the model constants do not vary from storm-to storm. It is the

" characteristic parameters which are generated in a probabilistic manner
- during the 31mulatxon that give rise to the ensemble of tropxcal cyclones used
- to reconstruct the troplcal cyclone wind climate at the site of mberes; To

‘these mndﬁeldmharactenstm parameters must be added those _wh,xch define .
the occurrence of storms at any particular location in both time and space.
These will be dlscussed in Chapter 5. C

£
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TABLE3.1 . .

' WINDFIELD MODEL PARAMETERS AND
- . FUNCTIONAERELATIONSHIPS '

Model Constant Parameters :

‘air density . . )
Coriolis parameter 4 functions of

- pressure profile exponent latitude
filling rate constant . '

drag coefficient =~ A
eddy diffysion , - .

" over-water surface to 500 metre height mean wind speed ratio
Zl, =  over-water boundary'layer gntermediate height

¢! =  surface over-land to over-water mean wind speed ratio
“Ayy = = added-surface over-land ix;_flow angle component
zn . = over-land boundary layer intermediite height,

Storm Parameters: . -~ . . . . )

Ap = central pressure difference
RMAX ra‘us of magimum winds"
vT ‘ : transl;a'tion velocity -
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. CHAPTER 4 L ,
- ' . t
EVALUATION OF PROPOSED TROPICAL-
s . - CYCLONE WINDFIELD,MODEL
Lo \ ? '
4.1 ° General . . »
oA

In the current study an attempt was made to base the snmulatxon wmdfield

mode,I on an extensive data base of reliable tropical cyclone observatlons The
model is now evaluated by comparing wind speeds and directions predicted by _

the rhodel with actual wind traces recorded during tropical cyebne events.

Comparxsons include storms frém the North Atlantic, Northwest Pacific and

" Australian regmns While many such anemometer records are available, only

few are locaj:ed in areas where reasonable correctlon factors can be estunated
to convert observed speeds to a_common reference height and standard

. v

averaging time. “

- N . : ' 4 . o ‘_'
+ The meart wind 5Speed and direction histories chosen for cor;px{son were

determined- from the raw anemometer data by smoothing the records to .

" extract the * ‘sustained” wind (a frm of*runnmg average) characterizing the

. .st,eady state behavmur of the storm and representat{ve of mean winds with

" aweraging timgs o£ }0-20 minutes. The model:-predicted wind speeds and

dlrecnons were cpnu:luted assuming constant values of the storm parameters
(Ap,RMAX VT8, DMIMually ggsigned their landfall values. While this-

‘placed a constraint on the abxhty of the windfield quel to correetly reproduce
|

the observed Wmd Speeds and dlrectlons the wind traces thus calculated were

‘the same ’s would be created dunng a snmulatlon given the respectrve

- landfall data values. . : v

™

~

. 4.2 quth Atlantic Hurriganes

Js

e

Partxcular emphasxs is laid in this section on two recently oceurring
humcanes, Fredenc (1979) and Ahcxa (1983),; Umquely for the North

. Atlantic, wmd records ob.tamed dunng .these,storr_ns were suh)eqie_d to

.
8
" . . >

L * .. 121 ) ° o g -7

..
- .




intensive study and corrected to standard averaging times and heights. In
addition, these two storms were part-of the HurricaneLandfall Program run
by the Hurricane Research D1v1510n of A.0.M.L. (Miami), so that a multitude
ofdata including alrcraft observatmns ocean buoy data, radar data and land
station records were assimilated and analyzed. It was:thus possible not ouly ’
‘to é“empa;;e wind speeds and dlrectlons predicted by the mmulatlon wmdﬁeld :
modél, taund1v1d,ual anemometer station observations,. but to- compare the-
cxrculatron,,as a whole ‘usmg observed ‘composite” windfi elds and . mode!
mrculatmp windfields af the centre of the composite period. *
,m‘ ;, o o ..
) ‘(\i):“-ﬂurricane “ALICIA’ " .

n’ . . N - -

o .

Alicia developed from a weak 10w-pre$sure area lnto a tropxcal storm at
_ 1800 Greenwich Mean time (GMT) on August.15, 1983 in the central Gulf of
Mexico, about 350 km south of New Orleans. Alicia became a hurncane at’00 -
- GMT on ‘August 17 while moving slowly northwestward thh a translation
- speed varying between 2.0 to 5.0 m/sec. Landfall was made at 0730 GMT at
. the southwest tip of Galveston Island, at which time Alicia was movmg north-
northwestward at about 4.0 m/sec. The central pressure’ dropped to its
minimum value of 962 mb just after landfall at 0840 GMT. The storm' then -
passed very close to Alvin before mdving over‘the western sectors _of Houston
from 1230 to 1400 GMT. At the point of closést approach, Alicia’s wind céntre *
lay approximately 12 km to the west of the downtown Houston area. Figure
- 4 1 shows the storm track’ and location of several of the land stations from
‘which were recovered Wmd records. - T

-

-

A number of mdxv1dual wind trace compansons are made first. These were L
chosen fromm the 17 sites analyzed by Marshall (1984) who determmed«
correction” factors . for the local exposure condmons and type - of
instrun'xentation at each of the sites. Those shown here are considered to be
» relatwely .unaffected by the surroundmg urban or land topography and

represen‘t original records at heights of 10 metres and greater above the
, ground. Four compacrisons are shown in Flgures 4. 2a-d, for the records .
qbtamed from (2) U.S. Coast Guard Cutter Buttonwood {(b) Baytown Exxon - '
| Tower, (¢) Dow Chemical Plant "A” and (d) Houston Intercontinental Airport
respectively. These four sites were not only located in'relatively unobstructed
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exposures, but cover a ia‘rge area affected by é.licia both at the épastl'ine' to ;he

. ght and left of the iandfall pqsit.ion' and spme distance iniar;ﬂ.

In each case a compansoﬁ is made between the oveér-land 10 metre, hexght ‘

wind speeq and direction’ predieted by the sxmulanon wmdﬁeld model and

‘that computed from the converted anempmeter -data.. Some errors are

expected to arise from the hmxtahon xmposed upon the simulation win field
model of hawing to specify constant values for Ap. RMAX, VT, 6 and DMIN
throughout the passage of the starm, during which time severga of the actual
parameters Ructuated mgmf' cantly. Maximum Wwind speeds are well-

. predxct.ed for the U.8,C.G.C. Buttonwood record although the observed wm‘d ‘, '
directions vary, both greater and lesé than the predicted ones by in some,

~cases over 60°.. The Baytown Exr\j Tower. wind speeds are shghtly under-

‘ estxmated by the simulation model at the time ‘of the maximum winds and -

over-estimated prior to that pomt Thls record exhibits & sharper wmd proﬁle

“than indicated by the model and may be related to the. strong ramband. .

achvxty oecurring in t.he Baytown area at the time. Wmd speeds are also

| ‘'slightly under estzmated at the maxxmum pomt for the Dow Chemu:al Plant‘

" “A™ tecord’ although the wind directions are fanthfully reproduced The
- higher than predicted winds dt.this site may be due to the secondary wind

. maximumi that was located in the left quadrant of the storm as it approached
* land (see Figure 4.3). Wmd speeds are over-estxmated for the ‘Houston -
Inurconunental Axrport site’ prmr to thg pomt of. closest approach and well

predxcted subsequsently

. ) Such specific’ compansons must be assessed beanng m mmd the. local -
. mesoscale- variaho‘m the windfiéld, partxcularly the presence ‘of ramband," g
. activity. . Hurricane Alicia’s clrculatmn was mgﬁiﬁcantly affected after ..
- landfall by the strong convectnve actmty inthe’ ‘storm., Intensg rambands o
outaxde the radius of magimum winds kept formmg in the southeast qtmd.:am o
tand pmpagatmg in a counter-clockwise and outwards sense relative to the *
storm ce;;p-e 'I‘hese raihbands contnbuted to the formation of secondary wind
maxuna producmg hxgh winds 4t t.he sastern end of Galveston Island and in-
" the Baywivn aréa eve&zhough ﬁhese locatmru were. well away from the radxus ’
. ofmax;mumwinds . I D PO

P 4
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With the gredt amount of data gathered during the storm’s: pa'ssafge,'itwas'—

possible to check other features of the simulation wmdﬁeld model.’ Figure 4.3

_shows the over-water 1600, metre level composwe Wmdf' eld for Ahclal seven".

" houys beforé landfall was made. The height of this% composxte windfield lies
roughly midway betweén the gradient balance height (700 mb) and the 500-.

" metre. height. Secondary wind maxinmia to the right and left of the stor
' ‘cmculatxon in addition to the primary maximum in the front quadrant can be

seen. However it may be noted that most of the high winds lie to the front and
.shghtly to the right of the stor.m centre and that the streamlines are almost

" ¢ircular; indicating t,hat the tangentxa} component of the horizontal wind

vector was cloée t,o adient balance. An azxmuthally averaged t;angenmal

wind profile Was comput.ed from the above composite windfield; shown in -

' Figute 4.4.” “After ‘the st.orm translat.xon velocxty had been subtracted from

swind vectors in all quadrants, the wind speeds were converted to lO-mmute :
‘ meéns taking into account the au‘craft speed (110 m/sec) and the aircraft data .
averagmg time (30 seconds) Also shown in Flgure 4.4 is the profile that o

would have been obtamed assuming gradxent. balance with a storm central

‘ __pressure. of 966 mb and Tadius of maximum wmds equal -to- 28 km, the - .
~+ observed values at the time.. The agteement betWeen the actual proﬁle and
T the theoretxcally derxved gradient balance profile is goocl partlcularly at the

radfusofmaxxmum wmds Co ) - oy

‘Hurricane Alicia was ot one “of the storms ‘analyzed in section 3.8
deterxmmng filling rates for North Atlantic tropxcal cyclones. Thus it could be
used to mdependently check the validity of the decay model used in the
simulation. ‘Figure 4. 5 shows the decrease i in central pressure difference after

- landfali was made and that predxcted by the wmdﬁeld ‘model-for Region I -
category F‘llmg The initial bell-shaped form of the simulation- filling miodelis -
- supported by the observed data, and the central pressure dxfference drop is well -

pred1ct.ed if just shghtly_, conse‘rvatlve d}xrmg the first few hours aﬁ;exj Iandfall
()ALLIED BANK'PLAZ,A Case S;tu‘dy -

A unique opportumty arose with the passage of Hurncane Alicia past

: 'downtown Houston, created by the fortuitous recording of the acceleratxons on

the top floor of the Allied Bank Plaza bmldmg dumng Alicia’s approach The
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Allied Bank Plaza, a 71-storey structural steel offite tower, became the tallest

building in the downtown Houston area when it was completed in late 1982,
A wind tunnel study was carried out at the ﬁoundary Layer Wind Tunnel
Laboratory of the University 6f Western Ontario, to i)ro(ride information on
the wind—fndpced response of the.tower in a variety of wina conditions,
including severe events such as hurricanes. As part of this study,
accelerometers were mounted on the top floor of the tower to monitor the
dynamxc behaviour of the buxldmg Desplte the extreme hazard evident at

. dhe time, personnel from the consulting firm responsible for the archltectural

and structural design of the building, Skidmore, Owings and Merrill, were
able to reach the top of the buildiﬁﬁ&‘ nd operate the accelerometers manually.
An acceleration record was obtained lasting approximately 90 minutes just
before the peak of Ahcxas influence on the Houston downtown area. "The

coincidence provided by the availability of the wind tunnel test information

for the building and/the recording of the accelerations sustained during the

'storm led to the idea of reconétructipg' the windfield “seen” by the building

dunng Alpla s passage to obtain estimates of the accelerations and to
compare these thh the actual measured ones.

The wmd speeds and dxrectxons experienced at the Allied Bank Plaza site -
were reconstructed from the large data base of meteorological mformat,lon

. gathered through the Hurn_cane Landfall Program previously menuoned.

Much of this information is reported in Powell, Marks and Black (1984). The

Allied Bank wind trace was. developed by moving forward composite

windfields of the type shown in Bfgure 4.3 taking fhto account the relative
position of the Bank site. Several nearby a.nemometer stations were used to
supplement these 'data to determine the local wind spéeds and dxrecmms

.- Detatls of the reconstruction can be found in Powell, Georgiou, Isyumov and
Halvorsen (1985). The estimation of ‘the Bank site wind history clearly

~contains a large dzgree of subjective analysis. However, by simultaneously

computmg'what an equivalent upper-level, open-water trace and surface,
inland trace would have appeared as, reasonable upper and lower boynds °

" could be established for the variation of wmd speeds and directions at the site.

The final reconstructed wind history is shown in Figure 4.6. The estlmated

accuracy of the wind trace is +5.0 nvsec for the speeds and +10°-20° for the
- wind dlrecnons -
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The wind tunnel model studies carried out for the Albed Bahk Plaza tower
are desctibed in detall in- Isyumov and Churth (1980a b).” They -included
aéroelastic model test.s, an example of which is shown i in Figure 4.7 showing
resultant sway accelerations of the bu11dmg at a full-scale height of, 275
‘metres. Corréctions were made to account for.differences in the fundamental
vibration modes dha structural damping values between the wind tunnel test
and those observed from the ‘acceleration traces, to adjust the wind tunnel test
-data accelerations to the: accelerometer height and to adjust the wind tunnel®
gradient wind speed reference ‘value to reflect the different boundary layer’
“profile d'ur;&ng the "passage of the storm. The resultant acceledation data was
_then subjected to the reconstructed wind hxstory at the 31‘ and the resultant
peak sway acceleratlons caIculated To allow for uncertainties in the wind .-
- conditions at the site, accelerations were computed for d\ range of possible _
speeds and d1rect10ns (£2.5 m/secand £5° respectlvely) The upper and lower
bpunds of the estnmated acceleratlons are shown i in Figure 4 8.

'- .

- - »

. Also plotted in Figure 4.8. are the acceleratlons ‘that .would have been
predicted by the simulation wmdﬁeld model given the storm:Ap, RMAX, VT,
® and DMIN' values’ at the landfall point, coupled*with the wind -tunnel test

_data. Inad actual computer simulation, these accglerations would be the ones

- generated by the model for a gorm with Alicia’s la.ndfall characteristics. The
- copnparison of-the acceleratxons utilizing the- reconstructed Wmd history WIth
the* actual ob,served accelerationd'is excellent most of the points falh near )

- the rmddle of the bourided.range. The. acceleratxons predxcted using the i
sxmulatlon windfield model- generated estlmates do not fare quite as well, in
partxcu]ar during the latter stages of the storm’s: passage. : This is
predommantly due to the 1nab1hty of the smguiatlon model to account for. the
unique ramband ‘activity that accompamed Alicia and whxch undoubtedﬂy

‘ aff’ectbd the wmds experienced in the downtown Houston ares. Considefing

" the. errors introduced by this limitation, the estlmated accelera#fons show .

: rencou.raglng agreement The good agreement however bebween the observed
-acceleranons and those predicted using the reconstructed wind lustory _
pi‘ov;des a unxque and valuable validation of Wmd tunnel model studles, .
1llustratmg the “reliability of wmd tunnel modelling within the des1gn process
for tall bulldma ) o . .
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‘(iii) Hurricane "FREDERIC”

/yurncane Fredenc moved through the Carlbbean durmg the begmmng of
r 1979. As it passed the islands of Puerto Rico, Hispaniola and .
edenc remained relatxvely weak. On leaving the northwest coast of .
 Cubhon September 10, the storm mtensxﬁed rapidly as it moved over warm
Gulf waters. By the time Frederic made landfall just to the east of the
Mississippi:Alabama border the central pressure had fallen from 980 mb off
. the coast of Cuba to 946 mb at landfall. Frederic’s track approqchmg the
- coastlme is shown in Figure 4.9. The landfall storm translation velocity was -
6.4 m/seo : o N~

Hux?ricane Frederic was the first U.S. landfalling tropieal cyclone to-he
part of the HRD Hurricane Landfal'l Program, Some of the“information -
‘gathered as a result of this Program was ‘discussed in .Chapter 2. In
_particular, it-was shown that.Frederic’s 600 metre over-watér windfield -
strongly -resembled the basxc qualitative features of the Shapire numerical
‘model circulation used in the current mmulatwn wmdfield model. '

’.
s

Smce much of the data gathered durmg Frederic’s occurrence fomed tfxe
_basrs of various: séctions, of the slmulatxon windfield Lmodel mdependent‘
assessment of the model is restncted in thzs sectlon to comparlsons of observed

and- model predlcted wind’ ipeeds. and dxrectxons for land ‘stations-in- the S

- Paséagoula,’ stsxssxppx to M ile, Alabama area. By descnptmn of some of .

‘ thése sites.may be.found in- RemhoId (1981). 'Figure 4.9 also shows the o
““location of the Dauphm Island Bndge (DIB) and Ingalls thpbuﬂdmg (ISB)
anemometers and Pensacola Regxonal Au'port (PRA), the statiofis chosen<or |
‘ compamson The wind speed compansons are showu in Fxgures 4 10a cforthe

"'DIB, ISB and PRArecords réspectively. 31 bith the DIB and ISB compansons
the second wind maximum is over—esumated by. the sxmulatxon wxndﬁeld ,
model. The maxxmum winds for all three sites are. generally well predlcted .

" two cases showing under-estunates of 5+10%. ' Wind diréctions after landfall -

are generally less well modelled thén those atand before landfall.
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Durmg the course of this. stuQr a wind engmeermg prOJect was conducted
. af the UWO Boundary Layer Wind Tunnel Laboratory sponsored by Ove
- Arup and Partners, Hong Kong Limited, axdmg in the design of the new N

. headquarters of ‘the HongKong and Shanghax Bank Recogmzmg the

dommant mﬂuence of tropical cyc}ones in the region, a study was made of the .

" Hong Kong area wind chmat.e, in partlcular the expected wind speeds for

typhoon condltxoqs in support of the wind’ climate study- of the region, wind -

: jrecords were made available by the Royal Observabory, Hong Kong, (ROHK),

- froma numberof anemorneter stations in the area, mcludmg the’ Observatory

' ;xtself Kai Tak Intematlonal Aarport "Cheung- Chau; Waglan Island and the

) 'ng $ Park observatxon statmn The exposure condmons of these statxons are”

o descr;bed in Chen (1975) and tbexr locanon shown i FJgure 4.1, Two

L ,deser\respefctal mennon ROHK for 1ts remarkable length (1884-preseut}and

. vWaglan Is‘lén@, far’ Its relat.x(rely -good, ‘open- water exposure fron1 most
.dxrectxons - Chdnges o the surroundmg urban landscape hewever have ‘
mgmfica:ltly affected the ROHK record,s makmg it d:fﬁcult to apply -

" _eorrections. to- convert 'the’ ROHK anemometer -data to st;andard reference

helghts {€hin and Lebng, 19’78) 'I‘he Waglan 'Isiand dat.a do not suffér from

this dmwback Rather the ‘wmd records onlyhave to.be adjustéd to také into”

account the aerodynamxc mﬂuence of the leand‘s shape on wind' speeds

Aceordmgly, 2 topographlc—model wmd tunnel study of Waglan Isiand at a

: ?, ; scale of 1 500 was undergaaken reported in Surry et aI (1981) Results of the

equivaigl_t__u_pper-ievel (500 metre) and surfaee (10 met.i'e) wmds for the f‘our '
' anemometer }ocatzons during the life of the 1sland’s meteorologlcal statton T
11953-pre5ent) Fxg’ure 4.12 shows the rat.xd of t,he anemometer hexght wind
. speed 10 the equlvalent open-water 10 metre hexght wind speed measured
\ "upStream of the’ 1s}and It can be' seenr that the. mterference effects caused by
g ’:"vnearby bmldmgs which aﬂ'ected the Weglan Island records at the second -
R ’-‘anemometer loeaf.mn (J&nuary, 19€§tltoduh;vy 196B) \:ausmgfttobe relocated
PSS .are: well capturedp in the wind tunnel model tests.” A nurnber of such ‘sets af '
L " 'cOrredtlon factors.. were determmed for . dzi}‘erent exposure cc)ndxtmns, i e '
.. different approaching’ boundary }ayer proﬁ les. Using these corredtion factors
. .1t was possibleto determmé wmd speeas and dxrectmnsfor the Waglan sxte,at S
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" the 500 meétre and surface hexghts from the raw a,nemomejer data. The wmd o
L tunnel.correchons cannohnclude for obvious reasons the. turmng ‘effect oh L
‘ wmd du'ec:tnons eaused by surface friction on upper-levels winds. . Therefore c
i comparxson of wxnd dlrectmns between the corrected Waglan data and -
slmulatmn_wm_d_ﬁeld model predwt;ons is restrrcted to surfaee angles only.' -

ROHK also provxded general meteorologlcal data relevant to.. stm'ms -
- ,passmg through the Honk Kong ar\ea Thése mcluded the 1968- 1982 ROHK

- “Annual Tropical Cyclone Summanes From these were derlved the mput' S
data for the simulation wmdfield model The storms chesen for comparlson -

between- simulation model- predlcted winds and the actual recorded winds all '
, -passed by Waglan Island thh tracks that. resulted in wmd directuons from the. ‘
* . long fetches of clear open sea. surroundmg the island. '

(1) Typhoon “ELLEN” .
AT . i
S Typhoon Ellen ongmated as a tropxcal depressxon near. the Marshall .
. ,Islands on August 29 1983 and reached typhoon streng'th (equxvalent to -
~‘humcane intensity) on September 4. As Ellen passed the northern tip of )
Luzon the central pressure of the storm rose frgm a n'ummum of 928 mb to 966 i
- mb,. Ellen re-intensified shghtly in the South " Chma ‘Sea, . The central
pressure Fell t.o 960. mb and remamed at-that level till landfall was_made on
‘September 9, Figure 4. 11 shoWs Ellen’s path in the vxcxmty of Hong Kong i
The eye crossed the mainland, coast just to the north of Macau at about 0845
local time. ’I‘he storm then adopted a more northerly path mto Guangdong
Province where it weakened rapldly later that night.. Meteorologxcal data. .
- recor;ied during Ellen s passage past Hong Kong indicated that the cu'culahon -

- wasina steady-state during that time. The radiusof maxxmum wxnds mrtlns : T ;

‘ tune period-: wa_s 45 to 50 km and the storm translauon velocx ty 3.7 m/sec _

1

Typhoon Ellen ranks as one of the most intense typhogns ever to strxke ,

.Hong Kong. Hurncane force winds lasted for record periods at the Waglan: -

 Island and Cheung Chau anemorneter stations. Several stations in the area .
: recorded their maxn.mumoever values of mean and/er peak gust- w‘m& speed
. Figure 4.13 shows wind records from three statxons in the area, 1dentxf‘ edi 1n -

Flgure 411 All three statxons were ‘bneﬂy msu‘ie of the radxus of maxxmum o "
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winds and located to the right of the storm path as Ellen. moved in a
northwesterly path through Hong Kong. The Waglen"lsland Speeds show twe
‘maxlma of almost equal magmtude, consistent with the assumed steady-state“ "
: unature of the circulation at the tlme Phe Tsim Bei Tsui record clegrly shows
- the weakening of the cu'culatlon once landfall was made, evidenced by the -
reduction in the second peak of the trace. The Cheung Chau wind speed.
: hastory shows anincrease in the second wind maximum as the storm passed
the site. An examination of the wind dxd'ectxons asspciated with the two mean
\maxxma (0400 and 0600 local time) shows that in the former case theé: winds
had passed over Hong Kong Island and Lamma Island before reaching
Cheung Chau while " for -the second maximum the winds were off-water.
These variations show the problems encountered in correctmg surface winds
- where’ subst,an;xal changes in topography and terram\ are pregent, thereby
"emphasxzmg the unique value of the Waglan Island data.
The sxmulanon windfield model predlcted wmd speeds and du'ectlons for
’I‘yphoon Ellen’ at the 500 metre and surface hexghts were compared ta the
K _'é\laglaﬁl Island data, converted ‘to the same heights, usmg the resultsof the
' topegraphic model test correction factors.. Theé results are shown’in Figure
'4.14. - Wind speeds are over-estxmated while the'storm was approaching, but
can. be seen to match well during and after the hours when Ellen’s'maximum
winds were experx.enced on the 1sland .

O

(if) ’l‘yphoon “ROSE”

- - hd .

v’
L 3 ,

Typhtton Rose developed as a tropncal depresswn about 175 km west of

: Guam on August 10 1971. Rose traverséd the northet;n end of Luzon éarly on
" August 14 and entered the South China Sea later that day. During the next' °
day, the sterm t;ranslatlon speed s\lowed down to\about 3.6 m/see and Rose ’
underwent a period of mtehmﬁcatmn during whu;h the central pressure ‘fell to

959 mb by midnight of August 15. The 36- krn diafeter eye became well-
i defined-and the storm veered northwards towards Hogg Kong. “Fhe edge of .
* Rose’s eye passed close to the west of Cheung Chau at about 0115 local time on '

. August 17 with'a central pressure of around 961 mb. After crossing the

- western coast. of Castle Peak, Rose moved away- from’ Hong Kong north-
northwestwards towards Canton An unusual phenomenon accoinpﬁnymg the ®
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passage of Rose was the development of sea fog at Waglan Island Cheung
. Ghau and Cape Golhnson on the momlng, of August 18, most probably eaused
by the IOWermg of the sea surface temperature after the storms passage
" Rose’s track past Hong Kong isshown i in Flgure 4. 11 . - "o
" L
As with Typhoon Ellen, tﬁe wmd recor ?Wmed from Waglan Island
exhibited wind directions from predormna ly off. witer trajectories, makmg
) t:he comparison of observed thh simulated: wmd speeds possible wnth only the
topographxc test - correction ‘factors necessary to bonvert the island.’
anemometer data. This ¢ comparison is-shown in Fxgnre 4.15. ’I‘he wind speeds
" are slightly under-estxmated by the. windfield model at the 500- metre and -
surface hexghts The observed wind direcnons show a greater amoqnt of .
. 'veering than ptedwted by the model especxally after the. point. of- clesest o
" approach. Thxs may”be due’ partly to the pore northwesterly movement of the
~ storm after leaving the Hong Kong vxemxty The sxmulanon wind speeds were
? computed assuming a. constant dxrectwn of storm translation nerthwards,
~ which’was the value of approach angke at’ the c{osest pomt ‘of the storm to "
’-Waglan Isiand . ‘ : S

LY

A

1 (i) Typhoon "WANDA"

_= Typhoom Wanda formed on August. 29 1962 as a tropxcal &epresswn ahout ..
2000 km to the southeast. of Hong Kong Mqvmg west-northwest towards the

' Luzon Straxt at 1.8 m/see, it: graduaﬁy mtenaxﬁed exhxbmag an unusualty
darge circulation ; with & dmmeter of 1500 km. Wmds reached gals “force on .
‘Waglan Island at.0200. loéal time on Septémber 1 when the storm was centred
* about. 170km away and mmnng ﬁowards chg Keng vnth*a tr&nslatxomspeed
of b Qm/sec Wnnda pqssed bhmugh thecolony dur;ng the period 0900 to 1200
iocal time. ’I‘he path is shewxi in FLK\IX‘Q 4,11, With the' typhoon passmg 80°
. .close to the ssuth there was a rap;d veenngof wmds to the suu&heast over the o
- "whole aréa and. many rqudmg atat;mns regxaterad a temporm lufl m?\?"‘a*‘ A
sgteng‘th dumlg this time. The: then maved ;mland over (Yuaagd,eng
Provmce and weakened rapxd’ly dunng'the marnxag BTN

[

R
Q}.\ﬁ-&g\zm&q oo v
. . - .

R Ty

i
-

" 'The’ swrm mmxmum centml pressuté of 953 mb regordgd by tge Royal. SRR | |
Obaervawry was (and temgms) the Iawm wef Dam&ge fmm t.he storm was RS B
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| severe, with 130 fatahtaes, 53 mlssxng and over 72, 000 reglstered homeless

Figure 4.16 shows the comparison of observed and model-predxcted wmd

peeds at Waglan Island. In this case the model wind speeds are shgbtly over-
: conservatxve at thé time the maximum winds were occumng ’I‘he wind o
.directions are Well predlcﬁed by the simulation windfield model.

v

4.4 Australian »C_yclone_s- g

-

Two m;\mcal c‘yclones‘, aré‘,exa,mlned»in- this’sec‘ti_ozl,' Cyelon‘es Tracy and =

Althea. In each case, these storms pasaéd close to major cities (Darwin and
Townsville respectively) where: anemm‘hm' stanons. operated by the -
Austrahan Bureau of Meteorology and located at the respective city airports

_ recorded wind speeds and directions dur‘ing the passage of the storms. In both'-

cms"ﬁ;e anemometer statidns were sxtnated close to the coagt. and surrounded -

by generally flat, open terrain; Smce both anemometer helghts were at the 10 -
* ' metre level no ad;ustment was made to the anemormeter, r records exoept to

average the- actual raw data to compute the mean recorded speeds anc{

- dxrectmns

@ Cyclone‘_’T_RACY” o N

, Cyclone ’I‘racy developed from a. tmpical low wluch formed 700 km
,-northeast of Darwin early on December 20 19‘?4 Tlus low mo»‘ed slowly

southwest and. had mtensxfied m!o a tropxcal cyclong bq(‘bhe pext evenmg
 After eontinuing tp move very slawly southwestwards for-two days, Tracy

changed &wect:on on the mornmgaof December 24 to the east~southeast and -

N fheaded direttly =l‘or Dmm 1t rémiained-on_ tlus path and passed almost ’
dlrecﬁmvﬂ Darwm t.he next rmrumg making Iandfall at 9330 local time, - 2
PO Fxgure g 17 slmws Tracy’s path approaching and aﬂ;er makmg landfaﬂ at

P '-,'_ . '\‘.‘ ; .
AR S
P L EPRREE N "

At the tnne or la.ndf'all tb,e eentral p;‘essure wae abont 940 mb and the

R translauon spaeénever great.er thm 2 5 m/sec Radar pictures mclxcate ﬁng “
L Tmy pommd a very gmall eye, varymg in. d‘iameter betiveen 10; W 18'km.

R ‘Mmogmai repdm alsa xndxc&ee that ishe eye dt&me@er wes mm"ﬁ”
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- . reports suggest strongly that the winds went higher, as. the eye passed
. hour or so later. Figure 4.18 shows the comparison between the airport wind

R L1

e ¥

‘Tracy approached Darwm ’ Thxs may have been aCcompamed by
~mtenslﬁcatron of the cxrcuiatxon and hence the wind speeds and' directions .

sustamed it the Darwxn area may not be representatwe of a steady-state
'3j,storm: ' ’ N

Wxnd speeds and drrectmns were recorded at the- Darwxn Pport
- anemometer statxon At 0235 local time the anemometer was record1 mean .

. winds ovmm/sec with gusts up to 50.0 m/sec Unfortunately, the
' 'anemometer Was struck by debns and ceased to functxon at 0305 local time..
-~ ust pnor to failure the record showed gusts over 60.0. mv/sec; although verbal

" record ‘and the. wnnulatxon windfield model wind sp .and dir¢ctions.
- Arrport wmd speeds and dlrectxons are-available only upto the far time. .

o

",(ii)Cyclone"ALTHEA"’ o

Cyclone Althea crossed the North Queensland coast just north of . )
Townsv1lIe at 1900 GMT on December 23 1971 “The central pressure of the .

o ‘storm had held very steady at 970 mblas it approached the coastline: The eye

was’ not w‘eil-fon'ned and had a d1am ter that varxed between 60 to 65 km.

Townsville thus did not experiepee-the_full force of Althea’s Wxnds, the
landfall position bemg some 48 km to the gorth, During Althea’s approach to

the coasthne the translatwn Velo,crty of the. storm remmned steady at 5. 1 _

_' m/sec Frgure 4. 19 shows Althea $ track

Wrnd speed‘s and dxrectlons Were recorded’ at Townsvxlle s Garbutt Airport’
L anemometer statioin. The statzon is- located close to the coast’ and is
/ sutrounded by predommant&y flat terram, except for a number of nearby htll,s

7" Theae include Castle. Hil) (286 metres), 5'km to the east-southeast, and Mt.

L Stuart (580 metres) 10 km to -the oouth-southeast These hllls therefore ‘have T

- some effect oh the wind ‘flow at the a'ltport for winds in the southeast

:".;quadrant, whwh comctdes thh the direction:of the wmds expenenced at '

‘ ;Townw;ﬂe dnnng Althea 'S &pproach and at landfall
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Figure 4.20 shows the wmd hlstory recorded by the Garbutt station and,
the simulated wind Speeds and directions predlcted by the wmdﬁeld model at
the 10 metre height. The simulated wind speeds were comput.ed assurmng the
‘ sife to be 1ocated in open terrain, The maximum wind speeds are reproduced . .-
well but the correspondmg wind dlrectxons show significant deviations. These
however are for’ directions where the nearby hill’s may have interfered with
the wind flow at the time of landfall.

6

.- » 4.5 Discussion

The comparisons ngen in t.hxs chapter are unportant for two reasons:

(‘a) They are the only independent: means by- which the sxmulatxon :
windfield model can be shown to be capable of reasonably reproducmg the .
‘mean wmdﬁeld in’ tropxca.f cyclones gwen the necessary charactenstlc
parameters It is not. possxble to say that the comparlsons gwen in the ‘
precedmg sections prove thxs beyond doubt Each partlcular troplcal :
studied had i3s own unique f features added to the’ questlon of the suiphbility of -
the measuring sites chosen for the comparisons. In general however the' -
simulation windfield model seemed to adequately reproduce the mear wmd
speeds a&d:recuons observed at surface locatxons near the coast.

“ One hmltatlon of the compansons 1s *tha.t they all dealt: thh faxrly mtense ‘
troprcal cyclones. All had minimum central pressures lW?O mb.atthe
time of landfall, Thus the apparent success of the comgansons should be. )
qualified to refer on,ly to t.ropxcal cyclones of hurw;ane-force intensity. ‘It
should be noted however that the purpose of the sunnlatxon proc,edure uselfxs
to determine desxgn wmd Speeds fory engineenng stru,ctures Tnterest is:
therefore centred on the hngh wind speed rang'e For this reason; attenhon .

‘ ‘was focused in_this chapter on those storms which wonld have the greatest -
unpact on.the final predictxons made by the sr%xulat‘ion '

»

(b) The compansons offer a relanvely /érmple means by whxch ﬁq attach -
. error estimates to model‘predrct.ed wxnd sgéeds and chreet.mns. An altematwe o
" approach would mvolve esf.unatmg emrs for each sequence in t.be wmdﬁeld B

o
S
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computations, the- gradxent balance assumptlon, “the SHBL- cxrculatmn
_computation, the 580 metre to 10 metre conversmn, etc. Excludmg Cyclone'

Tracy (the maximum winds were not observed)- the comparisons- showed no
bias i m the windffeld model to consrst.ently over-esnmate or \under-estmate

observed wind speeds. Qf the examples included in- this. chap;qr, all model ,

speeds were within 110% of the observed speeds at the txme the mmmw

winds were being recorded. Over-half the courpansons ‘were within i5% o
 Away from the region of maxlmum winds, the model wind speeds’ in some -

cases differed from observed ones by as much 4s 20%. In these cases it is

difficult to assess whether the deviation is due to deficienciesin the wxndfield

model or extraordmary features exhxbnted by the parucular storm m questlon

~ Wind directions showed generally greater vanatmn than wmd speeds. -
‘However in some cases, e.g. Cyclone Althea, exposure conditions existed
whlch undoubtedly affected the observed dxrectxons which could not be taken L
,.mto account by the simulation Wmdﬁeld model.. Therefore a hkely estlmate of
' ;he variability of the modglmndrdlrect;ons is 120-30°. .

]

T+ 160




CHAP’I‘E RS

L DETERMINATION OF THE PROBABILITYD[STRIBUTION
- .+~ FUNCTIONS FOR THE TROPICAL CYCLONE SIMULATION
CHARACTERISTIC PARAMETERS

P

‘ Thls chapber presents the data’ analysxs devoted to improving: the o
statigtical representatxonkof the tropical cycione characteristic parameters
used in the simulation procedure This covers six storm vanab[es the annual -
occurrence ‘rate ), central - pressu.re chfference (Ap),” radius of maximum

, R ' 5.‘,;.hrﬁauu,_F{o_' &, 1;' the area of ﬁorecast.mg, it ‘has’ deve‘!oped under t;he h
N | : ;"Eendersh;p qf Dr. CJd. N"umanm‘ana tional capabthty as’adata coliectxen o
L - f;agencyf The smglemost' '_po@qtm ree for this study is the ebmputer‘ .
, T o L ﬁlenf dahes, tracks een', ' pressure values and wmd speed esumates (if S
PRI SR avmlable) fbralitropxcal eyclanes occumng in- t.he meh Atlantic | reglon over
L7 7. the 9B-year period, 188610 1983, "This file is heréin veferred wasthe o
Lo LT -’-f'__;”HURDAT(HUBnmeI}ATa)wpe A A SR
:',»;';}f Sl The B RDAT tape conuintﬂow'pwcesofmformahog for each topical | .} -
= "fzyclom ed : hmeanfddite. la'awde and Jongitude pdkl,twn maximum L
mmuned wmd speednnd eentral pnnm (1£ pyailable). Qbservutg systems o

' winds (RMAX), translation velocity (VT);. approaeh angle (8) and minimum’
approach distance (DMIN) Statistical models used in prevwﬂs studles were N
examined as well as alwmauvg,dlsmhuhons ‘which seemed. likely to fit the - -
: . ;

"« data. In Several chses new 'probabthty dismbutmn functions were proposed - 4
- with sngmﬁtant unpant on the ﬁnal extreme wind estimates given by the - ]
iy procedure » S "' R PR

: ' DataSources ’ : ~ e SRS ‘, .

;l ' Althorugh i ary iuncuon of the N atmnal Humcane Center (NHC)‘ ' 5.';'

Wﬂ Wer. fﬁeitom data t‘bund ;nthe KU"RPAT tape are deacribedm' : » LRI
Jam;xen, 'Neunmm wd Davuﬁs&n 'i‘he msaot ch,ange in the overall‘, RPN P

i
y =t
. L
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effectweness of the data gathermg systems came in. 1944 with the stai-t of A
organized aircraft :econnmssanc& Pnor t0 this date some storms occt rring -, .
over the ocean’ ‘may have gone undeteeted partxcularly 1f they were short-
hveg storms moving® ver areas unused as shlppmg lanes. This shorbcofnmg
did not affect the recording of troptcal cyclone occurrencés along the ccast.hne .
After 1944, "coatinuous- mombonng of t.roptcal cyclonts by anrcraft . T
reconnals?nce allowed the continuous recordmg of a storm'’s tratk; maximum
‘winds and cqptral pressure A sxgmﬁcant mcreasedn pressixre data at this S
| B - date reflectSf this. The continuous coastal radar network whxch began -
G functxomng in 1955 mcreased the amount ‘of track mformataon ava:lable .
t niamly for 1andfalh£g storms. A second major breakthrough oﬁcurred with .
| the introduction of weat.her satellites with visible and mfra-red sensor ) o
. capa’bxhtz. oﬂ‘ermg ccnhnuous momtonng of tropical cyclone syst.em’s at any - '
" _ point of the globe In 1977 for the first time, met.eomlogxcal xnformat.ion was
i'elayed from reconnaxssans:e aircraft to- the vational Hurricane, Center via
ajmost mstant.aneous commnmcanon through a geostatxonar»y satelht,e

S e ‘ ,
E . z - Aﬁ efample of the data compxle& m the HURDAT upe is ngen in Fxgure
ST "1“{' o 5;1 ‘showing the- t;raoks of all, t.romcal cywclones engxnatmg in ‘the montit.of
L RN July for the. pemod 1886- 1977 Tmpmal cycione tracks found in rhe HURDA'I‘
I tape are-often. refetfe;d w as"best trac ", Fhey are; constra;tcted dnnng a ,post-—

¥ L e

' stomx analysib l.akmg in:m agt:ount t the avaxlabk xnfqrmahon.. sate:lhte
S pxctures. reconnmssanm mrcraﬁ data; ,land—based xadnr fixes, ship reports
e - :and ocean dat.a buo.y records Tmpucal cyglones oﬁ.gn gxhn,b:t small oscﬂlat.ory
S mphonsm thw tranks Guwr&lly these trochoxdal tratk k@p@ are smeathed e -

. N _outin. ﬁw"hest t.rack deﬁned fora storm, so that me.itomgﬁakh rbﬂem the ;. ~
] largancate worm motiod rathqrth@ri the precise locatiqn ofthe. ptt.h taken: by :
“ the eye Tmck, posxﬁq‘?ﬂf .pmal cyc‘lonet reebnted in *t.he HWDAT ﬁtpe
oy mmud atuhb;u-ly mt;rvalsatoow 0600, Imm 1890“ Gmmch
IR ", ﬁmanmm{m Tlfe lax;tude and «longi’ﬁude pomm asb: gmg 9 ghe

- o ;l !3 i agl,aeme o C Y o _ . e ) L e ‘ )
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> The currentmmen oftbe HURDAT &ape habeeyureva ed séveral dm . ‘,-‘_",l _i .
It inéludeﬁ mmlwdamatuchmmpoﬂhbn “These msmtamed "
(1~m,tmté aierags) swirficy apesds, i cicin kaotd () knot = ", S14dmupec) and -
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. these wind spe’ed“e;t.imat'e's must be considered to be limited. Over the ocean
_speeds are determined from ship reports and state-of-the: :3ea assessments.
Even when wind speed estimates aré made fronjaircraft reconnaissance. f.hese
are based once.again on Subjectlve estimates of the sea-state or, tables relating
mght-leVel winds to surface winds. For tropical cyclones: over land, wmd
. speéd estimates have more recently been made from anemometer stations’
operated by the Nanonal Weather Service. - Initially no attempt was made to
account for the vnde variation in, hexght.s, locations. and, expostire at these

C statmns Finally wind spead values. entered in. the HURDAT tape are

- sometrmés computed from Krafts (1961) minimurh pressure_—maxnmum wind
eQuauon(secudn22) N ' L - N

\“‘\

,

Flgu.re 5. 2 contains ﬁmurface vnnd and pressure profiles for Humcane
Anita {1977), as well uy ‘the. ongmal information “used. to det.ermme the
profiles. The wide scatter in-the wind %peed data compared b t.he pressuré’
data is avldent. In contrast to wind speed estimates,; pressure values noted in - .
t.he HURDA‘I‘ tape are obsérved :vaLues. not detenmned vurany ot,her sogrce-

"of data. Central j pressure is tecorded for a storm only if- reported within 2.

hours of the four HURDAT standard track times. " It xsaclear from the raw’
pressure data s’hown n: Figure 5.2  that central. pressure is a much . more L
conservaﬁve property of a. tropu:al cycloné than-the windfield. This is also .
- true of the other storm parameters, exammed 1n this chapter. The tropical '
cyclone wmdﬁeld deﬁned using -these parameﬁers is thus a sbeady-stat.e

.. wmdﬂeid Yarymg mthtlmt;scﬂis/of t.he order of an hour '

R A . . A et i - : -
> . . / . ] '

e A

-

Tk b ot B g B
N . v
. LI

&

.A second 1mporta.nt sontoa uf dm used" in t.his~chapzer is NOAA ’I‘echmcal
Beport NWS23 (Schwerét. ;-Io 'u;d Watkins; 1979) herein referred to ..as
L *NWS23, ;etupg out meteorqlosxcal criteria to. wmputa mn&spewdsfor the. so-
& cailed Stanﬂard Projectﬁ Hurncane _and" Probable Ma:umum Hurricane.
w NWS?S" 1s anqutension .and revmon of g’ numbe: of earlier e‘ﬁ‘orts 0
r‘* : ~Suinmarize the ch’hatoloéy of North A-tlanﬁc tropigal e cyeion.es (Gfabam and
! Nunn, 959'11;: SchwerdtandGoodyear, 19751 Thisneportincludes themost -
exusnsive eompxlat{oo i m‘tcal cyclone, :achus of . ma;imum wind and
" ure dat.a‘ avaihbte, whiéh are not covered i, the Iium)AT
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- 5.2 Methodology of the ’l‘ropxcal Cyclone Landfall Approach in -
Speclfymg the Sunulatmn Charactehstlc Parameters L e

Wxthm the sxmulatmn procedure tropica} cyclones generated are assumed
to be'in, steady state while over wat,ex; and modified only if landfall‘xs made,”
according to the manner prescnbed in Chapter 3. Various methods have been.
T~ used for choosing the tropical cyclones from whxch to define the ﬂxmamlogacal‘
" storm ddta reqmred by the sunulatmn at any partxcular sabe‘ Some _previous’
“studies have used linear coasta.l segment,s and only cons:dered ‘data from -
landfalling storms. This exc}udes much relevant mformatxon especially for : .

' sites along the Aﬂannc Coast. In the cnrrent procedure a c1rcIe ground the

‘ s,xp:e of mterest is- utilized.” All tropical cyclones wbose paths (as determxned7 L
from the HURDAT tape) have entaered the. cu'cle are.then used tQ assimilate .
sam;vle sets of Ap, VT etc from whxch the. pro‘bablhty dlsmbutwn functxons T
aredeﬁned R T ‘ .

,,‘L

) Two factors mﬂuence the clﬂzlce of data arcle size : h) the total number of" .
tropwai cyclones entermg ‘the cirele whxch d:ctates the sample size for,
aetermmmg the parameter dismbuuon fusictions and (i) the sénsmvity o‘f
 the paramebers to geagraphxcai location, Staustrcally speakmg, thé ‘more
. tropical’ c}’clones within each data cu-ele the bett.er, and hence the. larger the .

" required cirele &lqmeber Howaver, will be seen, 4l the model parameters.

. were found to display modetat.e t hzgh sensitivity w;&angesm position along ' -

the coasmne, especwlly the. centrai pressure dxﬁ'grence, Ap. This argues for '
. the.use of smaHer dam cxr@l ~ta, pres rve the geog:raphxcal vanahon of the
pmmetem Imhal Cxamxpauon ' the data suggg.md thatdatamrcies thh a
dmmater a? 500 km represwned the be,st couwroause betwegn tktabqve Wo
’ C‘ ' ST T el - _’Jf‘ ‘ fn A T N
I:u arderw examine hhe chmcteﬂm p&rametets systematmalry, data S A
cxmlgawzte locatgd alﬁng the Umted S’tates Gulfandéﬂanue Coaqta a.t ong
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Fxgure 5.4 shows the way in whxch the storm model param ters are
. defined. The central pressure’ value chosen from a storm entering the data
circle is the one clogegi to the station of i m‘erest Values of translation!velocity
.and approach angle are deternfined as the average values exhlbxte& within
the d,ata. circle. The value of mmmfx;z approach dxst.ance is determined from
the path of the storrn represented as a series Wzghthne segments joining

" the. 6—hourly HURDAT track points. » ‘

»

5.3 Annual Occurrence Rate-"A" . N

It is well known that éropicé'l eyclones eccur mostly in the hot months of

.~ late summer and early fall, when warm ocean waters favour-their genesisand .

' mtensxﬁcanon In the N‘brth Atlantic, the main season commehees at the end
v - of -J uly reachmg a maxxmum around mxd-September, Actmty virtually
T eeases by the end of November. A typxcal tropical cyclone sxmulation however
‘may generate & wind. hxstqry spannmg many thousands of years. Th’erefore
“the monthly and seasorial variations of tropical cycioue occurrence are not of
 immediate interest. What is requxred in the sxmulauon is: the- anhual
* variation of tropical cyclone occurrence, specifi cally ‘a”discrete probabxhty
-dlstnbuhon yleldmg the expected number of tropical cyclones occu;x‘mg every
" year over the span’ of the sunulaﬁon. T . -
& . - L -
There afea number of passxble candldal:es However there are’

s

. - 1 reasons for mkznta dis’mbnnon whose mathematxcaf form is rel d to the \
T AL ehmatology underlymg the process The occurrence of tro'pwal cyclones is a

;.- rare event: Even on & regional basis the annual frequenicy is small: This

ERg feature suggé‘scs the use of the Poisson distribution fo define the annual .

. oecu‘treqce rate. An addxtmnal requirement aﬁ'ecung the suitabdny of the-
quson dasmbutmn is that there be no correlation between the oecurtence of’

¥ .f wbceedmg stofmms, - Ther%s.esgdence however that there are ‘years during -

whmh the fomation of tmmcal cyclones is mdeed favourecl The incidence. qf

e - '4 ; ‘ o - acﬁve Wpical eyc!one penods‘in time hgs bqen noted in al;f:mtxon areas of

e world. (Gray, 1979). In the North Aﬂantxc, byrricane getivi mmed to
e . ponentrats areund Florida in the 1940's, on.the Atlantic s%abe i the 1950’s
e f; md aipn_g the Gnlf Coaat durmg the next twd decades. A, ;mm’ber of recent.
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*
studies have sug’gested links bétween these observed mter-annual vanatlons
and regional and global climatologieal’ patterns. Shapxro (1982a,b) analyzed
North Atlantic hurricanes in the period 1899 1978 and found ¢hat both the
annual occurrence and regional shifts in hurmcane activity were related to the:,
Quasx Biennial Oscxllatxon (QBO) of sea-level pressure and 700 mb hexght
winds in the region. Gray (1984a, b). demonstrated that tropxcal cyclone T
activity in the North Atlantic was related to four factors : (i) the occurrence of \
El Nino events, (ii) the QBO zonal wind direction, (iii) the QBO zonal wind
change and (iv) the April-May Canbbean Basin sea-level pressure anomaly, |
For example, the average annual occurrence rate of trop;éal storms and °
humcanes in the period 1900-1983 is 5.3 and 9,0 for El Nino. and non-El Nino
 years respectlvely - s e :

»

- The quesuon then arises whether the dependence of troplcal cyclene
occurrence upon the climatologxcal parameters 1dentnﬁed in Gray’s’ study {or -

f‘any bt.her study) favours a dxstnbutmn defir mng ‘the occurrence rate not
compatible with the assumption of a- randomly occurring rare event, i.e. is )

. 'there reason gos ppose that some period other than an annual one is the basis
" of tropical cyclone: occurrenee and. that some correlation between even%
~ exists. Of the four parameters cited in Gray’s study, the two felated 10 ﬁme
‘ QBO do in fac't. have very x‘egular perlodxcxty,,nf the prder of 26 months. ’I‘he
“other two, the oecurrence of an El Nmo eVent and thesGanbbean Basin sea- .
- level pressure anomaly, have no evxdent pemodxcxty Both Shapiro and Gray
" found that-the’ contribution--of the QBO correlations to troplcal cyclone '
| freq;uency explained onlyavery sma}l por;mn oflts total yariance. Thus, eVen L '
thou‘gh it has been _demonstrated that occurrence of tropxcal cyclonea in”
" the North Atlantw is ‘subject tp’) matologtcal const.raxnts these lnclude
: factors whxch ‘appear tp be‘c*omplebely random m cham:uer 'I‘herefote it *
’ wonld seem that at the presént time there exists no alterna 2 ~thaxi the
Almfoneai reqords from which 10 estunate the vmanon of tro 1 cyclune
: occnmnce e . R : |
. The fim attemp& to model the anfrual troplcal cycloue occurrence rete was< oo
L ,;madehy’rhozq(w?ﬁ). who mmt:gﬁté& the incidence of beth tropical storms.
ST mdhntriupumkmgthe New Englaritl coast. lnwmpjmnztheoccumnce A
SR ‘}, 3 cf hnmctma in the lantbern North Atlaxnuc,Ocean. mth thpu reachxng the PR

'z,* o




Us. Atlantic coast, a gradual increase in the mean frequency w\as observed
,». forthe ocean data but not for,the land data. Over the ocean it is quite pos&ble
that smaller weakel storms went undetected in’ the years preceding the
introduction of aircraft reconnaissance.. Over land however the dadta
gathering syétem,s, at least in so far as the signpig fecord‘ingvgf a tropical
cyclone occurrencg, seem to have been quite uniform for the period of interest,
', 1886-present.-Thom fitted distributions-of the Poisson and negative binomial .
* type to the annual frequency series of tropical cyclones for the whole southern
Mic region and for those incident upon th& U.S. Atlantlc seabord.
1ve binomial djstnbutmn is répresentative of a proce?s in whxch rare
_oceur in time but with some.-correlation eXIStmg bet jeen successive
\ " evehts. The negauve binomial distribution was found fo. model the whole
ries the best while the Ponsson was’ found to give'the best fit to the
.coastline 1}1cxdent series.  Chi-square tests performed for the fit of the'Poisson .
dlsmbymon to the coastlme series shewed remarkable agreement Thom
suggested that ‘while the ' data did indicate somh correlatxon between . .
occurrence of events on a whole-ocea),réfmnal Basxs. the occurrence at any
partlcular coastal location appeared tobe. mare random in nature thx‘ough the

sxmplereduéuonmchanceofm}cxdence, T e /»9".‘/-‘
» . ., . 7."’ o o e L e ‘

< A further reasan for t.he success of the Purssomdlsmbunon at- pamcular ]
coastal locations lies in 'che obsetvahon that any cofrelation that does QXISt -
| between’ successive stdrm_occurrénces s strongest ‘at_the genesrs stage,
| typieall 'ény thous;nds of milés way from any potenaal U.8. landfall site.
T 'I\he pﬁA Q ata t,mmc’él eyclone t.akes after its. genesxs, determmmg if and-.‘
L W all ‘will be made is dependent upoh clﬁnatoiogtcal fact’ors and
regmnal steenng cm'rents quwe mdependent ef%hose affgcung lts genesm -and -,
| in no sense predxctable ‘Thus the mmplete sét of physical processes dxcta@mg'-_y L
j the chatacter of the caastal mexdence of ttepical cYclones in the Uzﬂwd States S
t.endt to pmduce an annual ft;qu’ency pattﬁt:a of i‘andom eccnrrences rather L ]
:‘than - ¢orrelated ones, Supporﬁng ;he use “of the Poisaon dmtributxon "ot
xfepresentthe annuglqccum’m:é raf’te‘ ::i: ':'._“]:‘,.1_'

L

The amopngﬁenm of ﬁu ?omsbh ‘buﬂon hgs been conﬂrmed by
f Hope and Neumam (1968)qnd Nﬁnmn _'1971) fdrﬂae mﬂuakmmaee of‘
pio@l mlqm at oeherv. ,mnoeaﬁm anﬁ Xue and Neumatm (1985)

v




Dl i ol

Raut AR R AR M

ST B TR O e

L

: 0.
_@;I:I orthwest Pacxﬁc locations. These studxes showed thét the annyal storm

Fequenty of occurrence could be closely modelled fitting Poisson distributions
to the data, where the Poisson .parameter was estimated from the sample

mean. TheP distribution gives the probability of having k occurrences
in any one yearas: ’ '
oy
- Aremh SRR
plk) = © - k=0,1,2,3,." : -
. plk) We . 0,1,2 , Es}, 1

A= Poisson parameter

s,eclﬁécias SRR g , ‘
AD = the average nmnber of troplca}cyclones per annum oceumng mthm
acxrcle,dxameterD centred areund that locahty o

—

Fxgnre 5.5 shovis th@ vanane{ of }q; for 500 km dxameter data mrcles,
around the U S, Gulf and Atlantic COasthne debemnned from the: HURDAT .
tape. . The' mcrzased frequency. evident- at’ Cape Hatteras is-due tp its -

géogmphx@liy—expesed bcanon on the Atlanhc seabord For any part:xcular
© datd circle swe it i possxble ta baekﬁmltxply by the ?record lzngth (98 yem) to

calculat.e the mimber 'bf lnstancﬁ tropwal eyelones passing. mthm each‘-
res;sectwe data’ cgrcle 'I‘hm number is mpomht because it mdxcates the -+
sample size from which ;he dxstnbuuons of- the other parameters, eg track -+

angle. ttansiamn speed etc.z must be. dmved asany pamcuiar site,. For 500"
kméxnmter &ata arclea tlns number mnges from 50 to' 140 oct:urrences v}fth

wgll oirer half the c,oastal sztaea expenencmg moret&an 90 ;ncxdenoes SRR "

-

The ev‘ents whxch.mal;e up the popnla;non from wlnch ;he chambetistxcfi . -
pﬂrmem m detgnmned m the uecn‘m:ncgs Oftropwal cyciones which S
lmva nached sul'ﬁcfent intgwfy ¥ asit0. be oblerved and hénge. commled i,y
. p;h. Thius the. Mtﬁlity diiﬁ'ihuﬁon ﬁmcﬁani deVeIoped LT
‘;ig ﬂw fbnowm -eeﬁm far ép, VI et mm be considered to:be
tern aed from 8 pqpqiahon of

‘and standard deviation (rms) of this distribution are both equal
fa parameter A. -At any partlcular locahty the value of A can, be '
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a 'Cont.muous rehahle observatzons of Pn_and 'Pe have been takexi only. \since '
' about 1944. *'I'he use of 500 km dlameter data circles for- mdivrdual site
_analyﬁxs resulted in samples which in cértain giises had to.be considered as-

.comparlng the statistical parameters now examined with those. in %t.her
* studies, where t.he relevant populatmns may have been truncated to include /

e >Central Pre\isure Differencef-'"Ap"‘ ' ¢

‘minimum central pressure Pc, at the’ storm certre. The gradient balanc;

- fundamental to the whole tropical cyelone cxrculauon. The storm surge hexght B

~ parameters being held constant. Much xmportance was thus attached to
,detemunmg the: character of Ap amund the coastlme Stahstxcal .restxlts ’

.generated Eaeed on 1000 km digmeter data circles. The fina} form of the

Judgement in addmon to the qua.ntntative statxstxesl bests perfomed, N

flow. The most. comprehensive data set. oan vaIues can be found in NW323
- listing 74:Gulf: Coast ‘and 55 Atlantie Coas humna,qes, Vaiues of £n were' ':-
‘. _‘determmzd st of fear the‘tune ofa story’s siniinunt centra! pressure mthm f
" " 160 autical imiles (278 k) of she coast. This doss not quite chincide wjth the " -

A\ R e
events limited by ‘some intensity level. _This should be borne in mmd in-

only those tropxcal cyclones reaching tropxcal starm mtensxby or humcan
mtensxty - _ ' N

4

&

“The central pressure dxfference Ap, is the unmersally" accepted mdex ofa "

t.ropxcal cyclone’s mt!ehsx%y It .is" defined as the difference between the/‘—- .
periphery pressure, Pn, at the outer limits of the storm circulation, and the .*

equation (E3-3) defining the 700 mb windfield indi¢ates tha,t, all else Bemg
equal, the*square “of the wind" speed varies du-ectly with " Ap Ap Ls

mduced by a landfalling: storm is approxxmately proport!onal to Ap; all ot.her

concerning Ap d:enved in- this secuon were sub)ect to some uneertamty

lumted dhes. Hence for the. auaIysxs of. Ap, a parallel set of statigtics was .;

assumed Ap distribution- was shaped by a- certain amonnt of meteorologxcai

-~ N B A ;“»,

. ’ i
The periphery pressure, Pn, is frequently deﬁned m the average preksure !
arotmd a8 humcane where tbe isiobars- change -from. cyclomc to auu;:yclomc v

sury deﬁneg i the simuhhon procedure i the c’lasest
L Bevtt 543y pagila s, Als, the EVRDAT. ©
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 constant value for P equal 0 1013.0 mb. Thig it e average value that Pq ..

o ( o taktfs mNWSQaand i.soglm'eqpa_l t_é@qjy@ipé af'sténdgra‘se;-le(el pressure.
S The coeHicient pf variation of Pr in the NWS23 compilatian is 2.5 mb, Priar to S
C ST NWS23¢he most i:pmpig,te_‘lf_sﬁng QF_?’»{ wag ‘con;ai‘ned i,ii':NHR‘E:»&_Rf}'_(l.gs"‘)--" R
Lo .72 Thése were ‘xm'stnlyxva‘lues of asymptotic p‘ifessu;'gd‘_é.—'&hé"vg‘i"tfe_t.c':',_:whi‘ch'an’f‘ -
U= T exponegtial Fressure profile-(equation E2.2s) is asymplolic, By coincidence ©

| o e 10130 b Most terest ia 'z,{t_;fce‘esgﬁ‘x;.a&ecéa towards!:e behaviour of L
T T Ap at gl values, wh&é’;ﬁal:l"dgﬁgﬁogs in:the value of Pn-have the leagt. -

: qm?g ! oy ,;iﬁmff'

L Figure-@.ﬁghog‘vs the variation of the fxieanapdm_g\(alpp bf'Ap;alungghe ST
- Soneline for both 500 and. 1000 kimdiamter. data cirele, i 5 Emdata -

i of &p the 50 ko e s s et b
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the Weibull distribution might also su1tab'fy fit the data so comparltlve tests
were made on the Ap sets for stations along the U.S. cpastline using three
predxctor dxstrxbutx}zé (i) Weibull LSF. (least squares: fi fit), (ii)- Welbull
M.L.F. (maximum likelihood ﬁt) and (iii)-lognormal M.L.F. The Wexbull
cumulative_distribution function (CDF) and lagnormafl prq,b'ab:hty densxty
functlon (PDF) are respectively: -

: : p k
74
Weibull CDF F(3p) = 1.0 - a;p[,-( 4
3y

c

Lognormal PDF f(Ap) = —————— &1
. ¢ ‘ fap Apx/ZnS[nAp

’m\/j s Weibull constants

Mindp » Sindp mean and rms valuosof dlstnbutlorxof log’ ( Ap)

Statlstlcal analysis of the three predlctor equations compnsed {a) Ch}-
square tests and (b) visual exammatmn of the predictor C-DF ﬁttéd curves for
goodpessmf-ﬁt to the data samples. oo :

\ N

(a) Chi-Square tests : these involve the calculation of a statistic.related.to"
the dev1atxons of thfe sample data values from the predlcted values. For a
particular- data ‘set separated into N classes, the number of degreesi“of

" freedom, k, attached to the Cht-square (x2) statistic is equal to (N-I) minus
one each for every parameter estimated in the distribution, "Attached to the
statistic ‘is a level of sxgmfcxance, a, defined such that the
prob(x2(sample) >x%(a.k))=a. High values of "a”“‘mply that:the deviations
found when using a f)ﬁtxcular predictor distribution furrctlon from the sample
data are qugte hkely The x2 statistic is additive, so it i is possxble to lump the ¢
indiviflual data statjon x2 values together to give an idea as to the goodness-
of-fit of a particular distribution over the whole coastline. A cOnservatlve

_estimate of the smallest number of observations possible in a x2 classxs 5to 10
(Cramer, 1956 ; ﬁal;i, 1952). Recent studies (Lindley, 1956; Fisz, 1963) have
shown that tests based on as few as. two observations per class give

_ satisfactary results. - Sample sizes for the 500 km and 1000 km data circles '

v

- k
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rangmg from 1,0 to 80 led to the chonce of § and 16 for the number of classes to
be used for the x2 statistic. The cornputed values for the’ three predlctor .
equatlons are summarlzed in T,ab]e 53 In all casés the Welbull MLF - .
‘ candldate dlstrlbutxons exhlbxted the Iowest x2 values and hlghest “a” values '
. . maklnglt the most favoured.’ . o S

)
i

. , |
(b1 Goddness of fit tests : when m\txally comparlng the three predlctor
CDF functions to the~sample data sets it was found: that standard linear CDF L
plots cQuld be amblguous to thé extent that beth. Weibull* and lognom}al fitted. . o
curves appeared equally suxtable The Welbull d;str’"butxon carfbe rewrltten .
Lntheform - Cor L I :

-

A i
LI '
; “ re

S0 'ln{.—!n_(l.407-F(<Ap))'r‘-=kl(lA“p‘-'klnCI' ‘ L. : . E5-4.

- N ’ “ . . L . . 3 . [N

(S

~ Data sample pau's of (logAp, log[ dog(1. OF(Ap))l) thus yield linear
o relatxonshlps for data followmg Weibull distributipns, On the same axés .
lognormal distribution functions appear as monotonlcally 1ncreasmg convex- g

o )‘ ' . upwards curves. Four examples are showu in Fxgure 5.7..The g’eneral trend

. exhlblted“by the - data did not l’avour the lognormal distribution. In fact a

Do ‘l'j . slightly concave-upward trend persxsted in v1rtually all the data samples.

" Most importantly,:in the critical area of the gréaphs (1 e. the high Ap end) the’

sa.mple points showed no'.sign of a curvmg trend in comphance thh ‘the

R lognormal dlstrxbutxon The CDF goodness—of fit tests thus also favoured the

0 Wexbull MLF dlstnbutlon

v : . N A -~

As a final crlterlon upon which to base the choxce for the Apdxstrlbutlon
_ the Welbull MLF and lognormal MLF predictor curves were combined w1th
e the local occurrence rate to calculate the estimated Ap value assoc1ated with a
' £ 100- -year' return period storm along the coastline, The results are shown in
Flg'ure 58" From a meteorological pomt of view it is .impossible tOJusnfy the
. excessive Values indicated by the lognormal predxcted curve for'a’majority of
the. coastal sites (e g. the expected 100-yedr return period hurricane for Miami :
; 3 woqld have a mu_nmum- central pressure. around 750 mb). The values
o prédicted 'by the Weibull MLF curve seerh reasonable altho,ugh somewhat
l " con\servative in the Florida peninsula area.

;e §
ooy . o
v
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ranging from lg to 80 led to the choite of 8 and 16 for the number of classes to
be used fo:; ;.he x2 statistic. The computed values for the three predictor
equauons are summarized in ‘I‘able 5.1. In all cases the Weibull MLF

w1

candidate distributions exhibited the lowest x2 values and hxgﬁest values

makmglt the most favoured R o

(b) Goddness- of fit tests : when 1n1txally comparing the' three predictor
CDF functions to the sample data sets it was found that standard. lmear CDF
plots could be ambiguous to the extent that both Weibull and lognormel fitted
curves appeared equally suitable, The Weibull distribution can be rewritten
in the fer;f} :

s
L A

In| ~1n(1.0—F(<Ap)| = k InAp — k InC l\ . E5~4

Data sample pairs of (logAp, log[-log(1.0-F(Ap))]) thus yield linear
relationships for data following Weibull distributions. On the same axes
lognormial distribution functions appear as monotonically increasing convex-
upwards curves. Four examples are shown in Figure 5.7. The generkl trend
exhibited by the data did not favour the lognormal dxstrlbutxon In fact, a
slightly. conicave- upward trend persisted in virtually, all the data samples
Most 1mportantly, in the cntlcaf area of the graphs (i.e. the high Ap end) the
sample points “showed no- sign of a curving trend in compliance with the
" lognormal dxstnbutwn The CDF goodness-of-fit tests thus also favoured the
Weibull MLF dlstnbutxon ‘

-"'
5'3 v 3

A‘s"ja. f’i'hal crite}ion upon which:to base the choice for t'he Ap di’stribution,
the Weibull MLF and lognormal MLF predictor curves were combined with
_thée local occu’ence rate to calculate the estimated Ap value assoctated with a
100-year return period ‘storm along the coastline. The results are ‘shown in"’
Figure 5.8. From a meteorologxcal point of view it is impossible to justify the
“excessive values indicated by the logpotmal predicted curve for a majorlty of
the coastal sites (e.g. the expected 100-year returg peftod hurricane for Miami
would have a minimumy’ central pressure around 750 mb). The values .
predicted by the Weibul} LF curve seem reaSOna'ble a}though somewhat ¢
conservative in the Florida nmsula area. |
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 x2STATISTIC TESTS: AP DATA

A.

4

) .
« Distribution ;

A%

_ WEIBULL "WEIBULL LOGN?‘RMAL
‘ . LSF . MLF . MLF

(¥ 500 km Diameter. . ‘

“Data Circles

.

8Class w2 2729 '167.8 200.3
: ‘ +a(%) 26.2 421 : 36.9

16-Class . xZ. 4714 7 4184 Y. 4294
e a(%). 39.5 43.2 42.6

o

(2> 1000 km Diameter
Data Circles. .

8-Class

16-Class
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"Hw'g;:;hstlcally hngh values of A; generated in a simulation running

' several thousands of years utilizing the lognormal dxstmbutlon is a defect
which has in fact been recogmzed by researchers who {ise this distribution.
“The problem hasbeen remedied in these cases by introducing amartificial cut-
off point (e.g. Ap=135 mb in Batts et al, 1980). Storms generated in the
simulation which have a Ap value greater than'the cut-off value are then
either completely rejected or the Ap value reduced to the cut-off point. Such
s artificial mechanisms only serve-to warp the resulting extreme values at the

) upper end and do nothing to rectify the errors in modelling the body of the Ap
N ' distribution. The effects of such ar‘nﬁ@al cut- offs.are djscussed further in
- =-- section 6.5. These considerations coxibined with the Chi- -square _and
goodness-of-fit tests led to the choice of the Weibull distribution as the one

best suited to represent Ap. .

]

5.5 Radius of Maximum Winds - "RMAX”\

The radius of maximum winds, RMAX, is the primary measure of the
lateral extent of a tropical cyclone and is an impox"tani factor in the generation.
‘of storm surge. A tropical cyclone that is both large and intense has enormous
destructive power. Intense tropilal cyclones tend to have small values of
RMAX and storms in northerly latitudes have larger RMAX values than °
thoge in southerly latitudes. For example, two\of the most intense North
Atlantic tropical cyclones ever recorded, the Labour Day hurricane of 1935
- #(Pc=892mb) and Hurricane Camille 'in 1969 (Pc—-,908mb) both had well-
.+ formed vortices with small values of RMAX, 11 and 15 km respectively. The
12 Northwest Pacific typhoons which had ‘minimum cent,ral pressures below
¢ ; ‘ | 900 mb in the period 1960-1973 had a mean value of RMAX equal to 15 km,
. ’ with the largest value in the group equal to 32 km. This compares to the
overall RMAX ave'ragé of 25 km for all Northwest, Pacific tropical cyclones in
the same period; ~W1th more‘than 20 storms havmg RMAX values greater than
50 kni. '

' Several studies have examined the correlatlon between RMAX and other
tropical éyclone characterlstlc parameters. Myers (1954) applied a kinetic




)
’

! energy evaluation to coastal h&rricax_xes and'fqunfl a suggestion of an {Rerse
relation between size (RMAX) and iritensity (4p) for the more intense stoxms. '
. Kuo (1959) showed that from theoretical considerations the eye diameter
| should decrease if the central pressure was reduced. These notions were
reinferced in Colon’s study (1963) which showed that in a majonty of observed
cases the w1denmg of the storm eye accompamed weakenmg of a storm and
" vice versa.
»

Depperman (1959) examined data from 195 tropical cyclones which crossed
the Philippines and concluded that deeper storms tended to have smaller eyes.
Shea and Gray’s (1973) compesite data_analysis (section 2.3) confirmed this
trend for the North Atlantic. Figures 5.9 and 5.10, taken fror"x_;f their report,
show the variation of RMAX with maximum wind sbeed and latitude
respecti§ely. These graphs indicate large variability in RMAX values at
particular wind speeds and latitudes but nevertheless exhibit a- definite
pattern correlating RMAX inversely with maximum wind speed, apd hence
intensity, and inferring increasing RMAX values with increasinglatitude.
An analysis of RMAX versus Pc, the minimum central pressure, found in Ho,
_Schwerdt and Goodyear (1975) supported the same conclusion. However,

" when the latitudinal trend present in both RMAX and Pc was removed, it was
found that the relationship between these two variables weakened"
considerably. Graham and Hudson (1959) had previously suggested that
there was no latitudinal trend in RMAX once the RMAX-Pc inter-relation
was removed. A final study worthy of note is that of Bell (1974), examining
tropical cyclone eye observations in the Nornhwest Pacific for the period 1958- (
1973, Table 5.2 shows the dnstnbutxan of RMAX values separated into groups .
by their minimum central pressure; It can he seen that the mean RMAX
values decrease with increasing mtensxty One partlcularly mterestmg
“feature is that for values of Pe greater than 980 mb the mean RMAX value
begins decreasing again. .This 'feaj;ture" agrees with an often observed -
characteristic of tropical éyclones fn their formative stage to begin by
increasing thelr size until they are pfoperly organized and then once tropical
storm intensity ha$ been achxeved fon the eye to begin contracting.

P [
i’

" Tryggvason, Surry and Davgnport (1976) and Russell (1976) both assumed
RMAX to be distributed as a lognormal random variable with constant .°

»
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TABLE 5.2 o S
FREQUENCY, DISTRIBUTION OF NQRTHWEST PACIFIC
TROPICAL CYCLONE EYE DIAMETER VERSUS EYE PRESSURE
1958-1968
: Total Number of Storms = 2013
Eye Pressure
) (mb)
Eye 919 920-939 940959 960- 979 980- TOTAL
 Diameter , ot
. (. miles) :
d - 0-20 720 524 - 466 . 410 494 . 47.8 .
21-40 247 441 409 .. 417 3638 38.9 /
o 41-60 2.1 3.5 8.0 126 1.7 8.6 a
L .. 6180 10 - - 2.9. 29 - 3.7 2.9 |
81-- : 1.7 1.9 24 1.8
-' .8 . I \f
' TOTAL 4.6 84 174 295 401  100.0
MEAN .
DIAMETER 360 - 445 52.7 55.2  51.9 ot
(km) .
RMS SR :
DIAMETER 216 ' 1938 335 . 337 377

(km) : o Nan]




variance and its medlan"hneanly-dependent upon Ap in the former case and its
megn linearly dependent upon log( Ap) in the latter case. Gomes and chkery
(1976) found the best correlation to exist between the mean of log( RMAX} aond«

wlog(Ap). Batts et al (1980) also assumed RM-AX to be lognormally dlsmbutej
The governing, distribution ¥as censdred - howeve_zr 'so  that
Skm<RMAX<100km, to avoid unrealistically, “tight” or “broad” storms.
Tryggvason et al (1976) also placed limits upo;1 the median of RMAX, so that
14km <median(RMAX) <93 km. '

7, NWS23 formed the basis of the analysis of RMAX data in this study,
) comprismg 49 Atlantic Coast hurricanes ( 1900-1978), 67 Gulf Coast
" hurricanes (1900-1978) and 179 Northwest Pacific typhoons (1960-1974). The
first two sets relevant to/tiue United States list values of RMAX. at or near the -
time of lowest minimum central pressure within 150 nautical miles of the
coast, for tropical cyclones with Pc less than 982 mb. The cut-off used for the
~typhoon data was 985 mb. RMAX values were determined from land station
"_’;‘;"".: wind speed records,«gy“__radu from aircraft radar eye radii from aerial
reconnaissance wind reports estimates from pressure profile data and
narrative or tabular data documented in the Monthly Weather Review
Journal (pre-1950). A screening process was used in compiling the data which
rejected questionably high values-of RMAX for a number of tropical cyclones.
Figure 5.11 shows the complete set of U.S, tr0p1cal cyclone RMAX values used
to develop the governing probabxhstlc.!'e}ahoﬁshxps around the coastline.
‘While considerable scatter is evident, the ::otrelatxon between RMAX and Ap
‘is borne out by the monotonically decreasing upper limit of RMAX values
with increasing Ap. There also appears tode a hlgher percentage of tropical
cyclones with large RMAX values at agy given value in the Atlantic Coast
sample ¢et than for the Gulf Coast set. The correlations between RMAX,
minimum central pressure and latitude and longitude determined in NWS23
are given in Table 5.3.

Establishing the joint probability relationship between two parameters
with a given degree of reliability. requires a larger sample of data thas that
needed in determining a single parameter probability density function. '
Clearly much more data thqn Presently available would be necessary to

establish conclusively the joint probability relatlonshxp between RMAX and
r
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TABLE 5 3

CORRELA’I‘IONS BETWEEN RMAX, Pc LA’PI'I‘UDE AND ©
'LONGITUDE FOR NORTH ATLANTIC AND NORTHWEST PACIF“IC
TROPICAL CYCLONES '

.

-
/

5 .

* CORRELATION COEFF&?TENT pXy

.Pc ' Létitude ‘Longitude | "

-
-

Y
(1) GULF COAST

RMAX

Pe . &

Latitude

Longitude

(2) ATLANTIC COAST
RMAk

Pc

Latltude

Longltude :

(3) ‘NORTHWESBPACIFIC
RMAX )

Pc

Latitude

Longitude

*Not Applicable




Ap. Hence some meteorologlcal judgement tempered the statistical analysis
that follows. | ’ .

The data were exammed in three groups - Gulf Coast Atlantic Coast and
Gulf and Atlantic Coasts combined, referred to as groups G, A and C
respéctively. Relationships: between var*ous parameters were investigated in
terms of theu' variation with log(Ap), in'particular the mean and rms value of
RMAX, {m(RMAX), s(RMAX)}, and the median and rms value of ‘
log{RMAX).{med(RMAX), s(Ibg(R§AX)}. Initially, data pairs of (ip,
RMAX) were séparated into an equal number of groups on the basis of
" increasing Ap. Correlations between the various parameters cited above
preved to be'quite high, so the lognormahty assumption of the dlstrxbutnon of
. RMAX was tested in t,he followmg manner. The followmg relationships were
assumed:

_ 9

C C
. med(RMAX) = — , (E5 —5)
Ap* g .

C. -

Alog\RMAX) = — usts) ‘
‘ Y-V oA

C‘, x, C,.y = positiveconstants

The values of C,, x, C, and y Wére determined by maximum likelihood
analysis assuming RMAX to be lognormally dlstnbuted In order to examine
the suitability of relatronshlps suggested by previous authors the ana!y51s
was performed three times with (i) all four parameters max1m5zed (ii) C,,

. C, maximized and®y = 0.5, and (iii) C,. C, maximized and x = 0.5, y = 00 S
The results of the analysxs are given in Table 5.4. Distinct differences

appeared in the parameters determined for groups G and A for all three

analysis runs. Parameters C, and x showed only small dlfferences between »
analyses (i) and (ii). The value of C, hardly changed at all for analyses (u) and
(iii). Thes® results"suggested a further examination gf the data to test (a)
whether the Gulf and ‘Atl_antic‘ Coast data belonged to statistically sep"axjate *
\ -populations and (b) whether the simpler, and hence more attractive




TABLE 5.4
aw s -
MAXIMUM LIKELIHOOD RELATIONSHIPS
BETWEEN MED(RMAX), S(LOG(RMAX)) AND AP

—

Tropical Cyclone Group

quf Atlantic Combined
Q'G'l ('A" "C"
Analysis

2344 1693.6

Med(RMAX) pemenan
- Ap?-466

. p
), :
S(log(RMAX)) 0.149 Ap®?"' . 0.141 Ap®2%¢  0.274 Ap® 1%
‘ 1796.8
‘ ‘Med(RMAX) L
(i)
S(log(RMAX))

Med(RMAX)"
D ‘
S(log(RMAX))

"} Maximized Relations: ¢  Med(RMAX) =

~

Stog(RMAX)) =

Anal.ysis . (i)‘ ‘no réstriéﬁxﬁls‘,oﬁ CI, x,C2,y
(ii) setys0" . - .
(iii) setx =0.5,y =0

L




relationships for analysis assumption (iii) with x=0.5 and y=0.0 were
adequate. This gasdone through the use of the standard “¢"-test.

Each of the three tropical cycloneﬂfg'roups were tested in the following
manner. Data paiﬁﬁpRMAX) of group I say were assumed to obey the
functional relation® p‘s that had been determined for group J. Unit normal

- variates for each data pair could then be computed and this new sample set

subjected to the t-test under the hypothesis of a Gaussidir population N(0,1).

The results are shown in Table 5.5 expressed in terms -of the cumulative
dn'Strxbutlon percentage of each samplé s "t parameter A very high
percentage indicates that the sa.mple is very llkely to have ‘come from the
assumed populatlon and v1ce versa. As expected, each group did well when it
was assumed to be part of a population whose parameters (C,, x, C,, y) were
determined by its own data pairs. However both the Gulf Coast and Atlantic

Coast groups fared badly, especially the Atlantic Coast group, when they were

assumed to belong to thfe Combined distributiens. The hypothesis that the -

Atlantic Coast group could be represented by the functional relationships
derived for the Combined group (Gulf plus Atlantic Coasts) is strongly
re)ected As a second outcome of the t-test. analysis, it can ‘be seen that the
three parameter assumption groups (i), (ii) and (iii) fared equally well
amongst each data group. Infact, group (iii) thh x=05andy=0.0 appears to
be shghtly more acceptable.

4

For the sake of completeness the same statistical ana1y31s was repeated

with the (Ap.RMAX) data grougsto see if relatmnshlps assuming RMAX tobe

Gaussian or Welbull distributed gave better fits to the data. The results gave
very poor fittmg relationsh»ps compared to the lognormal analyé1s Thus it

’S{as decided to define RMAX as bemg lognormally distributed and

cdnditionally dependent upon Ap. On the basis of the t-tests it was decided to
adopt the simpler form of the relatmnshlps examined, x=0.5and y= 0.0, “with

a view to checking the sensitivity at a later stage within the sxmulatxon.

procedur.e itself. It may be noted that the simpler form of the resulting
equations facilitated-certain analytical formulations subsequently performed
in conjunction with the running of the simulation procedure. The governmg
relatxonshxps thUS chosen to describe the RMAX parameter ate:

]

\
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TABLE 55 /1

- GULF AND ATI'JANTIC COAST RMA)_("t”oTEST; N

Group J (Sample),
Tropical Cyclone Group

Gulf Atlantic Combined

. ) TNG” ’ IQA)Q "Cn ’
Group|

(Assumed Population)

Gulif
Analysis

_ Atlantic
Analysis

‘Combined : .
Analysis . (i 7.2 . 08
° ~ 8.0 - " 0.9
' " 6.8 08 -

Analysis Groups (i), (ii) apd (iii) '

s Same as per Table 5.4




"
Gulf Coast
'268.1 - ‘
med(RMAX) = ——— : E57a
+ . -\‘\/Ap
] ~ v
stlogRMAX)) = 0 443 . E5-~7b
Atlantic Coast
2600
med(RMAX) = —— E5-8a
Ap .
stlog RMAX) = 0439 { ‘ E5-8b
] o :

Figures 5.12 and 5.13 show the chosen relationships between RMAX and Ap
for both coasta] regions along with the acfual data values. o,

5.6 Translation Velocity -“VT” - o \v

(4

In contrast to the two preceding parameters the tropical cyclone
translation velocity, VT, was found to behave in a most regular manner. The

-translation velocity dlctates how long a partxcular location will be under- a

storm’s influence. It xs resport¥ible for the added component of wind velocity

on.the right- hand side of the storm circulation abeve the inflow layer and'the

nght front quadrant wind maximum within the boundary layer. It is also an
1mportant parameter in the potential storm surge a landfallmg tropical
¢yclone can generate.

In Figure 5.14 can be seen the coastal variation of the mean and standard
deviation of the translation veloeity, VT. VT increases monotonically with
latitude. The tropical cyclone translation velotity has previously been

“described using the lognormal distribution. By way of -comparison, coastal -

data -sets of VT were also fitted using least squares fit and maximum
lxkehhood Weibull dlstnbutlons in exactly the same manner as had been done

for the central pressure: differentce, Ap. The comparison of the three predictor -
dxstnbutxons was based, as for Ap, on (a) Chi-square tests an%ual
c ive

examination of the data sets for goodness-of- fit to the assumed

-

-distribution functions.
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. (a) Chx-square tests : these were apphed to each predxctor equatxon using

three class sizes, 8, 12.and 20. The results are St}mmanzed in Table 5.6 -

showing values of x? (all stations).and the s;gmf‘mance level of this value for
each distribution tested. The lognormal dxstnbutxon becomes superior as the
number of classes increases. ' This trend arises because for the 8-class tests,
the first and last classes’ are not as sensxtwe to the deviations in the
distribution at.their extremes as for the 20- class tests. The Weibull
distributions become less satisfactory as the number of classes increases,
whereas the lognormal dlstnbutxon appears to retax"n a sa;\éfactory level of
acceptance in all cases. '
. oot

(b) Goodness-of—ﬁt tests graphs of the CDF of the translation velocity

‘were plotted in the same manner as for the central pre.ssure dlffergpce As

mentioned before/the vertical double-logarithmic scale chosen linearizes data -

belonging to 'Weibull-type distributions, but results in monotonically
_mcreasmg convex: upwards curves for lognormal distributions. Graphs for
three coastal locaﬂons are shown in Fxgure 5.15. These were typical-of the
" entire coastlmé’h&e -data follow the lognormal predictor equations much
better than the We}{)ul c&rves It can also be seen that for the central portion
"~ of data pomts both dlstnbutlons fit ‘the data well, explaining the
approximately equal Chi- square values for the 8.class tests. It was the
extreme points which really showed up the ‘bias in the data towards the

Pe—

; lognorrnal fitting curves. .. " *’\

Thus both the Chi- -square tests and CDF goodness of-fit tests strongly
supported the adoption of the lognormal distribution to describe the tropical
_cyclene translation velocity. The pregicted mean and rms values of the VT
data sets, assuming that they are lognormally distributed, are:: .

. f;;l ., ) .
mP(VT) = exp | m(log(VT) # Y sz(log(VT))l . _ E5 -9

<

; 1
Lvn=mfivn {'ap{s"’(zog(vm'-_l_‘o} 2

E5-9b

a .

-




.500 km Diameter
"Data Circles
8-Class

12-Class

16-Class

TABLE 5.8
v

X!STATISTIC TESTS : VT DATA

,‘”‘

o ~ DISTRIBUSION
LOGNORMAL _ WEIBULL  WEIBULL :
MLF . . LSF .MLF .

X2 147.4 1446 " 1985
a(%) 29.3 30.3 14.2

¥ 2174 233.7 281.4
a5) . 431 , 37.1 , 22.8 ~

2 .. 422.8. 527.0 533.6
a(%) " 413 . 185 17.0 '
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FIGURE 5.15 VT Data Goodness-of-Fit Tests
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m(log(VT))s(log(VT)) = observed mean, rmsof log(VT)
mP(VT) sP(VT) = predicted mean, rmsof VT

Using equations E5-9a and b it was possible to comparé the observed mean
and rms values of VT to the ones predicted under the lognormality
assumption. The comparison of the means was extremely close, with slightly
greater variation between predicted and observed rms VT values. Figure 5.16
shows the variation of the observed mean and rms values of log(VT) data used
to define the distribution of the tropical cyclone translation velocity.

5.7 Approach Angle - "8”

"The tropical cyclone approach angle was determined as the average angle
exhibited by a storm within each 500,km diameter data circle. This angle, 6,
is the average storm heading % clockwise positive from North (=0°).
While a tropical cyclone may chan}e its translation direction considérably
within a circle of diameter 500 km, the average angle will usually be very
close to the actual value at the centrepoint where the track is closest to the
site of interest. Since most interest is concentrated on the time when the

storm is reasonably close to the particular site no attempt is made to account
' for track curvature thhm the sxmulatlo&procedure The approach angle has
a 51gmﬁcant effect on the simulation results when these are combined with

wind tunnel test data for structures whose dynamic response is sensitive to.

wind direction. The variation of approach angle along the coastline has an
added significance with respect to the risk associated with line-like structures
"such as transmission lines, dealt with in Chapter 7, ’
The occurrence of tropical cyclones mg\}ing with track headings in the
-range 90°<6<270° is rare. Those, stormis with values in the range
180°<0<270° occur under the influence of deep northeasterly flows and have
only beén observed in several instances on the west coast of the Gulf of Mexico
and two cases in the region of the Florida Peninsula. NWS23 in fact totally
excludes the possibility of hurncanes moving with headmgs in the range
- 90°<0<250°. Figure 5.17 shows the variation of the mean and rms value.of 6
around the U.S. coastlme At the western end of the Galf of- Mexico the storms
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are typxcally movmg west-northwest and northwestward. From New Orleans
till the Florida west coast\the mean value of 0 is ‘é/—‘ost exactly zero (due
North). North of the 30° latitude tropical cyclones turn northeastward. The

‘rms value of 0 lies in the range, 40°<s(8)<50°, over most of the coastline,

except for the Atlantic north of 30° latitude, where it falls to about half this
value N '

The analysis of the tropical .cyclone approach angle, 6, made in most
previous studies was not vnewed as being critical to the outcome of the results
of a simulation, except in cases involving the estimation of storm surge. In
most simulations the distribution of 8 was assumed to be uniform within
some empirically.determined tange spanning the observed mean value,
Tryggvason (1980) used the von Mises distribution.” This distributioh plays a
central role in statistical inference on the circle where its importance is
somewhat similar to that of the normal distribution on the line. Its PDF is
defined by:

y .

‘l cos(B - B ) ’ %\ - .

8) = E5-10
f6) 2l (k) e"p[ B ] & o
. k . '

Q, , . . - 1

I(k) = modified Bessel Function, 1st kind, zero order ;

9, = <mean approach angle '
'k~ =" “concentration parameter

" As 1/k becomes very large the von Mises distribution reduces to the

.uniform dis@ibution. For small 1/k, B is distributed as a dormal distribution

with mean equal to 8, and rms equal to 1/k. The smaller that 1/k becomes, the

more concentrated the distribution of B ecomes aboit its mean 8,. ‘This -
flexibility makes it a natural one to choose.as-the distribution governing the
approach angle An inltial eXamination f CDF plots of 6 data sets confirmed
the sultablhty of both:-the von Mises and normal distributions. For further

- comparison, Weibull CDF curves were fitted to the data sets. Figure 5.18
- shows two comapnsons typxcal of what was observed for. all the coastal sites.
‘The von Mises and normal distributions were for all intents and purposes

identical. The Weibull fitted distributions showed significant deviation for a
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‘number of data sets particularly the Atlantic coastal sites. Chi-square tests
reflected the visual assessment of the CDF fitted curves.

For these reasons it was decided to adopt the von Mises distribution as the
one best suited to describing 6. Figure 5.19 shows values of 6, and I/k
around the U.S. coastline used to generate the distributions of approach angle
at any particular site. ft_may be recaled that lower values of 1/k indicate

greater concentration of values about the mean 8,
. -

% NN v

5.8 Minimum Approach Distance - “DMIN” . &

o

The minimum approach distance, DMIN, was obtained from the track data

as the distance from the closest point on the track to the particular site in

question assuming straight line segments between each 6- hourly recording of
the tropical cyclone’s latitude and longitude. If the site was to the right-hand
side of the storm as it passed by at its closest point, DMIN was taken to be
positive. Figure 5.20 shows the variation of the mean and standard deviation
of DMIN taken around the US. coastline. It can be seen that more tropical
cyclones pass to the right of coastal locations from Miami northwards i.e.
there are more storms on the ocean side of Atlantic coastal sites than on the
landward side. ) ‘

A first approximation to the distribution governing DMIN might be the
uniform distribution i.e. an equal chance of a storm having any value of DMIN
within the allowable limits (£ 250 km for a 500 km diameter data circle). This
would require that DMIN should have zero mean.and a standard deviation
equal to its range divided by V12 (equal to 144.3 km for 500 km diameter
data circles). The coastal variation shown in Figure 5.20 does not conform
closely to these conditions. The deviations of the DMII\f_ mean values from
zero however are more prominent than the deviations of the rms values from
their predicted value of 144.3 km. This suggests that the PDF of DMIN may
be adequately described using either a linear or quadratic model. DMIN
PDF’s were generated accordingly for coastal data sets. Four examples are
shown in Figure 5.21. The deviations of the data from the fitted curves are
generally small and the differences between the linear and quadratic curves
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small. The CDF represents the integration of the PDF, so the linear and
quadratic PDF fitted curves have quadratic and cubic CDF equlvalents

F (DMIN) = a, + q,DMIN + g, DMIN® E5—11
F (DMIN) = C, + C DMIN + CzDMINZ +C, DMIN? E5-12
q,.¢, = constants

-

' I

The polynomials were constrained to satisfy the boundary conditions, |
F(-250.0)=0.0 and F(250.0):1.0., i.e. the probability that a storm occurred ...
outside the data circle was zero. The coastal data sets were fitted with
polynomials Fq and Fe.” These were found universally to be monotonically
increasiﬁg functions. Figure 5.22 shows the comparison of fitted curves to the
data. Both the quadratic and cubic CDF curves were found satisfactory in
-almost all cases. In“an attempt to comparesthe two fitted curves on. a
.quantitative basis, a parameter DD was evaluated at each coastal site, defined
as:

N (DMIN, - DM[N,;)Z

_ b S E5-13
N o DMIN !
DMIN ¢ =  okserved DMIN values, with CDF value ifN 427\
DMIN i =  predicted DMIN value from F(i/(N + 1)) =
N - = number of data sample points
» L]

- The average value of DD for the quandratic and cubic CDF curves was 4.2
and 3.5 km respectively. In only 3 out of the 24 coastal sites examined was the
individual DD value smaller for the quadratic than the cubic CDF curve.
While the comparisons favoured the choice of the cubic CDF curve over the

- quadratic, the generally satisfactory agreement of both seemed to suggest
that further investigation of higher order polynomials was an unnecessary

- refinement whose effect on the overall simulation results would be minimal at
best. Thus the cubic polynomial CDF was chosen as’the distribution most
suited to defining the minimum approach distanc‘e, DMIN.

’
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* CHAPTERS®G

APPLICATION OF THE SIMULATION PROCEDURE TO
, HURRICANE-PRONE REGIONS OF. THE UNITED STATES

6.1  Simulation Methodology and Choice of Global Parameters

The computational procedure used in the simulation is illustrated in
Figure 6.1. ‘It is assumed that the distribution functions describing the
tropical cyclone characteristic parameters (A, Ap, RMAX, VT, ‘6, DMIN), have
already been calculated. During the execution of the simulation program a
separate record is kept of all wind speeds and their respective directions as
well as the peak speeds registéred in each storm. The former are used to
calculate the parént distribution of wind speed and direction, the latter, the
extreme-value distribution. The simulation procedure requires the setting of
a number of "global” parameters. These include (a) the size of the area used in
the simulation, (b) the computational method used to estimate the parent and
extreme-value distributions and (c¢) the number of storms generated in the
simulation to ensure statistically reliable wind speed estimates. |

Two factors influence the choice of simulation circle diameter. The first is
the geographical sensitivity of the climatological parameters governing the -
input to the simulation. In the previous chapter it was shown that, for the
North Atlantic, the choice of 500 km diameter simulation circles preserves the
local character of the meteorological parameters while ensuring that enough
data points can be obtained from the HURDAT tape to reliably determine the l
statistical functions for these parameters.. The second factor is the potential -
“area of influence” that a storm has, i.e. how far awa); from any par% ar site

of interest daes the passing of a tropical cyclone influence the

especially the extremes, at the site. There are two consequences & !
finite-size cfrcle for the simulation. Firstly, the wind data used to cogapute the
parent distribution are incomplete at the lower end because the gxlatifm
- wind speeds and directions recorded at the site do not begin and end at their
zero points but at the values computed at one radial distance from the site.

Secondly, the set of extremes obtained at the enti\i)\fT:he(simulation will be

212 >
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“missing” the values from storms that would have passed by the site outside
the circle. For example, an extremely intense and large storm (Ap = 100mb,
RMAX =80km) that passed a site 255 km away at the closest approach point
would still have reglstered a peak wind at the surface close to 20.0 m/sec at the
site. This value is effectlvely missed if the area sxmulated around the site is
: ohqedted to 250 km in radius. This truncation affects the extredfié-value
distribution mostly at the lower end and may be avoided by basing @e
computations on the upper end of the distribution. In section 7.2 it will be
shown using an alternative and independent approach for computing the
extremes that, for the North Atlantic, the effective area of influence of tropical
eyclones is consistent with the use of 500 km diameter simulat“ion circles.

Different methods are used in the current procedure to calculate the parent
and extreme-value distributions. The parent distribution is derived by
- separating the data into 22.5° sectors, and fitting each sectorial sub-group
‘individually by conditional probability distribution functions. The joint

probability density function of wind speed and direction, i.e. the _pax"en't‘

" distribution, is then calculated by multiplying by the n3argina'l probability
that the wind will be in each given sector, equal to the relative frequency of
occurrence of all wind speeds in that sector. From a number of trial runs it
was found that the sectorial data were well-modelled using the Weibull

distribution. Thus the probability of exceeding a wind speed, V, when the .

" »”

wind direction is in sector "1 isgiven by:

N®) v 18 . :
prob{ > Vlsector™/” } = .ITIF exp[ { -CTG—IS ] E6 -1 '
C(8,, k(9,) = Weibull parameters, for sector “i” winds
N8, = total number of hours when tropical cyclone winds oceur
. with wind direction in sector “i”
NT =. total number of hours when tropical cyclone winds occur

-

. L J
The 16 sectorial N(6)), C(8;) and k(0. values can be Fourier-fitted to derive
a continuous variation with azimuth. ThlS is usually done using the first four

expansxon terms, e.g.: : ‘ ) )

214




215

’ i “~

4 .
CO =C, + > {CcosiB + CFsini® S E6-2

Y

=1

Co.C5, C,",Lﬁvg“. C,% ... = Fourier coefficients

During initial trials, it was noticed that the extremes seemed to follow the
Weibull distribution at the upper end but exhibited a persistent upward
“swing” aththe: lo‘\;ver.velocity range. This upward trend is coincidentally
evident in the extremes obtained in the Batts et al (1980) simulation (their
Figure 7). It is suspected that this phenomenon is caused by the loss of wind
speed maxima resulting from the finite-size circle used in the simulation.
Computation of the extremes is accomplished in the current procedure using a
modified approach that avoids this effect. If a process is Poisson distributed
with an avera’ge rate, "n”, the probability of no events occurring in time “T" is
given by Prob(0) =exp(-nT). Trial runs indicated that the exceedance rate of 4

__the extremes, N(>Vo), for some velocity, Vo, followed the Weibull - o
distribution, i.e.: C-

), |

_(E

c , .

. N>Vo)=Ae . E6 -3
A = annual occurrence rate
C.k = Weibull parameters

Since the exceedances of high velocities are rare and independent, they can
be considered to be Poisson distributed. Hence the probability that no storm’
wil have a velocity greater than Vo will be given by Prob(0) =exp(-N(v> Vo)T).
This is identical to the situation where all velocities are less than Vo, and

hence equivalent to the extreme-value distribution value of Vo. If unit time is
taken as annual the extremes are then defined by:




In the simulation, the extrémes are computed using .the maximum
likelihood technique, maximizing all three constants A, C and k. A lower cut-
off point is designated so as to bypﬁss{the problem area in the low wind speed
range. By maximizing the value of /A, and not simply assuming it to be the
local value of occurrence rate used to gemerate the storms in'the simulation,
the calculation of the extremes is not affected by the loss\of wind data
resulting from the limited simulation circle size.- \

The numbgr of storms-which need to be generated to 'ensuré\ statisticaf_
reliability depends upon whether the parent distribution is to be calculated in”
addition to the extremes. The stability of the simulation extreme-value
estimates was investigated by running simulations for three locations -
Galveston, Miami and New York City - using an increasing number of storms
é‘enerated in each simulation. Figure 6.2 shows the convergence of 10-year,
100-year and 1000-year return period V,,, extreme wind speed estimates with
storm number for the three sites. The variability of the extreme estimates
increases with return period. The Miami estimates take longer (more storms)
to converge to a constant level. This may be due to the higher mean and
standard deviation values of central pressure difference’for this location.

From these trial runs it appeared that a suitable number of trogical cyclones
necessary in a simulation generating extreme wind speed estimatles was 2500,
so as to ensure reasonable reliability up to return periods of 1000 years.

When the parent distribution is to be determined, the number of storms
necessary to simulate increases, since 16 separate sectorial distributions have
to be fitted. However, the calculation of each sectorial distribution only
requires the determination of the two Weibull parameters (c,k) and not a rate
parameter, A, as in the extremes. Trial runs indicated that a minimum
adequate number of storms for the estimation of the parent distribation was
10,000. This typically resulted in the compilation of 10,000 or more hourly
readings of wind speed in each of the 16 azimuthal sectors, providing enough
data at the upper end to give an accuracy to the estimated ;arent distribution
comparable to that of the extremes.

. -
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6.2 Return Period and Risk

In the following sections extreme-value wind speed estimates are related

to the notion of “return period” and “risk”. In the case of tropical cyclone
simulation estimates, these noﬁoEE/sT\ould be distinguished from their normal '
statistical meaning. In conventibnal terms, the risk of exceeding some value
of say a velocity, is interpreted as the probability or chance that it will be
exceeded in one year." This can then be related to th extreme-value
distribution, F(V). The veloeity, Vo, which is ex¢eeded r% of the time in any
one yea."‘s given by F(Vo)=1.0-r.

If a velocity, Vo, is exceeded, on average, once every R years, the velocity is ‘
- .said to have a return period of R years. It then follows that r=1/R. Thus, the
"100-year return period wind speed can be thought of in two distinct ways, (i)
as the wind speed which, on average, is exceeded once éver’y 100 years, or (ii)

. h)

as th%i speed which has a 1% chance of being exceeded in any one year.

Turning now to simulation extreme-value e.st'imat.es, it can'be noted that
they are based on the analysis of meteorslogical data .going back gome 100
years. Therefore, wHen a wind speed is quoted as being the 100-yearesreturn
period sfpg.ed, it is reasonabler to interpret th.eéateme’nt in both ways
described above, i.e. that it will likely be exceeded once in the next 100 years
or that there is a 1% chahce of it being exceeded in any one year. Hc;weve‘r. a
wind speed estimate with ‘a 2000-year return period cannot legitimately be.
interpreted as being the valug which will be exteeded roughly once in the next

’

2000 yearg, since this implies that the state of the climate is known over the
next 200" years. Clearly, no basis for such a claim exists. Rather, a
simulation wind speed estimate quoted as having a return peried of 2000
years should be interprete& strictly as the speed which has a 0.05% chance of
being exceeded in -any one year, based upon the current historical
meteorological data base. In the following sections, although simulation
extreme-value estimates are quoted in terms of their respective return
periods, they should be viewed generally in terms of their rigk percentages,

especially for the higher return periods.

<




6.3 Example Simulation Run - Miami

The simulation procedure isillustrated using the computations and resu‘lts
fora smgle simulation run for Miami. The first step involves galculating the
) characteristic parameter distribution functions. A#imulation circle is defined
around the site pof interest. The statistical relationships governing the
parameters are then determifned from the HURDAT tape using all tropical
cyclones of record that have entered this circle. The usual North Atlantic
simulation circle diameter of 500 km is used. Data obtained from the
HURDAT tape showed that the average numbegof storm occurrences per year
for this circle is 1.14.
j . .
A sumjnary of the distribution fundtions used for the Miami simulation is

-4

given in Table 6.1 along with the nurfierical values.specifyi'ng each particular
distribution. The average v&lue of approach angle, -11.4°, indicates that most

tropical cyclones approach Miami moving slightly to the west of northward.

The mean minimum approath distance of 8.4 km indicates an almost equal
likelihood for storms passing td‘the west and east of Miami with a slight bias
for storms to the west. The average lation velocity of tropical cyclones in
the area is 5.8 m/sec. The parameter values for the central pressure difference
suggest, not surprisingly, an area of intense hurricane activity; the estimated
100-year return period central pressure is the lowest for the whole coastline,
Fjgu;'e 6.3 shows the immediate geographical area covered in the Miami
simulation indicating the model coastline used in the filling computations.
The site of interest (at the circle centre) was located right on the coastline.

The surface speeds calculated are open-water 10 metre height speeds.

Two simulations were run for Miami, for 2410 and 9630 years. This
resulted in the generation of 2503 and 10023 tropical cyclones respectively.
The extreme wind speed estimates for Miami were based on the shorter run.

The longer run was used to compute the parent distribution function. The
parent and extreme-value distributions computed from the simulated ‘win‘d‘
‘histories are shown in Figure 6.4 and 6.5 respectively. The contowrs of the, .
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pareat distribution of wind speed and direction are nearly circular with

somewhat higher exceedance probablhtxes from the south-southeast d,lrectlon: ) 2. '
for the 500 metre windfield. The increase in inflow angle at the surfacevt}

- ’ °
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o
“ TABLE 6.1
MIAMI SIMULATION STATISTICAL-DATA SUMMARY

Parameter . \Distribution Simulation Value

Annual Occurrence Rate Poisson . mean
(Tropical cyclones/year)

1.143

Central Pressure Difference © Weibull C = 35004
' (millibars) k = 1.038
Ttanslation Velocity Lognormal log-mean = 1.673
(metre/sec) : logyms = 0.436
Minimum Apprgach Distance Polynomial * mean = [ 8423
(kilometres) - rms = [140.42
Approach Angle -~ Von Mises o mean = -11.42 .
(degrees) k = 1.680
L]
. ) |
— TABLE 6.2
) . MIAMI SIMULATION
'MEAN HOURLY EXTREME WIND SPEED ESTIMATES
(metre/sec) -
Return . Gradient Balance 500 metre j\ E{ urface
Period ‘Height Height elght
" (years) -t

10 395 398 : 32.0
- 25 47.1 476 38.8

50 52.5 53.1 43.6

75 55.2 . : 56.0 - 46.2

100 57.1 ) 58.0 - 47.8

200 61.6 62.5 51.9

500 67.3 - 684 57.1

1000 . 71.2 73.1 60.8

. » ’
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Contours show wind speeds which, for different directions, ,
have equal probability of being exceeded. The probability of
of wind speeds 1ying outside the hatched contour i1s 17

Other contours represent probability tevels of
0.17% -0.01% 0.001% and 0.00017% respectively

Radial distances indicate
wind speeds in metres/sec
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FIGURE 6.4 Miami Simulation Parent Wind Speed Distribution -
N p(V,0), (a) 500 Metre Height
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Contours show wind speeds which, for different directions,
have equal probability of being exceeded. The probabxllty of
.of wind speeds lying outside the hatched contour is 1%.

Other contours represent probability levels of
"0.1% 0.01% 0.001% and 0.0001% reshpectively

&

Rodial distances indicate
wird speeds in metres/sec
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FIGURE 6.4 (contd.) (b) 10 Metre Height
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results in the bias moving to the éa%t-§o.utheast direction. The extreme-value
analysis is summarized,in Table 6.2 and indicates 100-year feturn f;eriod
mean hourly wind ‘gpeeds of 57.1, 58.0 and 47.8 m/sec for the gradient
balance, 500 metre and 10 metre hexghts respectively. The mean gradient
‘balance and 500 metre height extreme estimates are virtually identical.
Because the simulation site was located on the coastline, locations several
kilometres inland could expect a reguction in the surface speeds quoted. Both
upper-level extreme estimates however would be unchanged.

”

6.4 Comparison of Hong Kong Simulation Extreme Wind Speed
Estimates with Waglan Island Data

-~

. The simulation windfield model was evaluated in Chapter 4 by comparing -

actual wind records with modelupredlcted wind speeds and directions. The
overall reliability of sxmulaﬁon extreme wind speed estlmates could similarly
be assessed by comparing simulation results with extremes obtained from
actual tropjcal cyclone occurrences. In the North Atlantic this is not possible.
No recording station has accumulated a sufficient data base of maximum wind
speed measurements to allow such a comparison. This is possible however
using tropical cyclone data obtained in the Hong Kong region.

¢ N

Records of wind speed and direction obtained during> tropical cycloné
occurrences in the Hong Kong region were discussed in section 4.2. Dye to the-
relatively high frequency of storm occurrence in the area records from two
stations in the area have been used in past studies to estimate extreme wind
speeds (Chen, 1975; Melbourne, 1984). These are (i) the Royal Observatory,
Hong Kong (ROHK) with its regnarkable length of record {1884-present) and
the Waglan Island anemometer station with the long fetech of winds over
water is most directions. While the ROHK record is almost 100 years in
length, dramatic changes in surrounding building development have affected
the uniformity of the data. For this reason, the Waglan Island record was
chosen to éstimate extreme wind speeds in the Hong Kong region.

" The analysis of Waglan Island tropical cyclone wind speeds to obtain a
distribution of extremes involved the same correction process which was used
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to compare individual storm records in section 4.2. The raw anempmeter
winds were corrected for aért‘)dynamié effects using the results of the wind
tunnel topographic tests performed for the island (Surry, Lythe, Horvath and
Davenport, 1981), and converted to the two reference heights used in this
study, thereby obtaining two further data sets at the 500 metre and surface
heights respectively. |

The data- made available by ROHK included maximum 10-minute mean
winds for 175 tropical Cyclones recorded in the period 1953-1382 and
maximum mean hourly winds and p;zak gusts for 72 tropical cyclones recorded
" in the period 1973-1982. Fromémormation eight data sets were derived,
‘detailed in Table 6.3. The makimum 10-minute means were separated into
two groups, one for the overall period 1953-1982 and a second for the period
1973-1982, g0 that a comparison could be made between hourly and 10-min}xte
mgans%and peak gusts for the’ same set of storms. For each data set, a parallel
- orzg' was obtained by choosing the annual maximum recorded each year. The
1973-1982 sets comprised only 10 annual maxima and were clearly proneg to

high uncertainty. These final eight data sets were analyzed using stdndard

maximum likelihood techniques, fitting Type I extuﬁ-e-valﬁe distributions

using the least squares method, an adjusted-weights ethod (Gumbel, 1958)
and the Leiblien method (Eeiblien, 1974). '

The results are summarized in Table 6.4, showing the 100-year return
period predicted wind speeds for each set. The estimates dérived from the
annual maxima sets are consistently higher than those obtained analyzing all
storms and are not considered appropriate given the small s‘élmple number,
The estimates for the 10-minute mean data sets are consistent between the
1953-1982 and 1973-1982 periods. From the raw data the average ratio of
maximum 10-minute to hourly means was 1.06, and 1.47 for the ratio of peak
gusts to maximum mean hourly winds. ‘These ratios are preserved in, the
extreme estimates. A large discrepancy exists betwten estimates for the 1973-
1982 period data sets.depending upon the particular fitting technique chosen.
This would appear to be related to the size of the sample as the 1953-1982
period estimates are not similarly affected. These considerations led to the
_decision to use the Leiblien calculated estimates for the “28/E/10" data set (28-
year, 175-storm, maximum 10-minute mean winds) to define the extreme-

L]
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TABLE 6.3 _
WAGLAN ISLAND TROPICAL CYCLONE DATA SETS

' [] -
L\ Set Record Sample Storms Speed
< Name Length Number Chosen Type
I (yeans) _
28/E/10 28 175 , all storms 10-minute mean
" 28/A/10 " 28 annual maxima T
10/E/10 10 - 72 all storms 10-minute mean
10/A/10 " 10 annual maxima 7
'10/55/60 10 72 all storms ' mean hourly
-10.A/60 ? 10 annual maxi ”
J10/E/G 10 72 “alT§torms peak gust
10/A/G " 10 anpual maxima - ”
TABLE 6.4 ’

: IOO-Y.E-AR EXTREME-VALUE ESTIMATES FOR
WAGLAN ISLAND DATA
(metre/sec)

i

Type I Analysis

Set Least Squares Adjusted-Weights Leiblien
28/E/10 51.4 . 5286 49.5
10/E/10 50.8 52.1 46.2
¢ 10/E/60 : 49.7 ) - 50.8 : 40.8
- 20/E/G 66.9 - 68.4 60.7
28/A/10 54.5 ‘ 56.0 54.1
10/A/10 55.7 C 58.7 51.2
- s 10/A/60 53.2 54.9 479
10/A/G 75.4 77.7 71.5
7 2 :
P
wm.
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value distribution for Waglan Island and to convert the maximum 10-minute
means to maximum hourly means using the 1.06 ratio value measured from
the raw data. The Waglan Island estlmates51 are in good agreement with those
made by Chen (1975) using annual maxxmum hourly means for the period
1953-1975, as can be seen in Figure 6.6.

These estimates are now compared to tl‘lose derived using the simulation
approach. The simulation procedure was modified for use in the Hong Kong
region in a number of important ways. These are discussed in detail in
Georgiou, Mikitiuk, Surry and Davenport (1984). The most important
changes were:

(a) The circle diameter used for the simulation prediction was increased to
1000 km, from the smaller 500 km size used for the North Atlantic. Data
obtained from ROHK tropical cyclone data tapes "showéd that the ‘average
annual number of storms for this size circle was 5.8. This is close to the
average annual number of tropical cyclones that necessitated the di%play of
Tropical Cyclone Signals in the Hong Kong region in the period 1946.1982,
equal to 6.3, and supports the inclusion of all historical tropical cyclonesin the
analysis, not just those reaching typhoon intensity. The larger circle requlred
for the Hong Kong simulation also reflects the observed increase in mean
storm size between Northwest Pacific and North Atlantic tropical cyclones (a
40% increase in the average storm radius; Merrill, 1984).

(b) Several of the parameter distribution functions were altered. In'the
Hong Kong region, the lognormal distribution was found to give a better fit to
the central pressure difference data than the Weibull. The conditional

dependence of the radius of maximum winds upon the central pressur_e\
difference was adjusted to fit the data compiled by Bell (1974).

The simulation procedure was run for a time period of 1702 years, which
resulted in the generation of 10004 tropical cyclones, allowing the
determination of the parent as well as the extreme-value distribution. The
results of the Hong Kong simulation are shown in Figures 6.7 and 6.8 and
summarized in Table 6.5. Also shown are the extreme wind speed estimates
derived from the actual Waglan Isl'fmd data as described above. The
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Contours show wind speeds which, for different directions,
have equal probability of being exceeded. The probability of
of wind speeds lying outside the hatched contour 1s 1%
Other contours represent probability levels of
0.1% 0.01% 0.001% and 0.0001% respettively

Radial distances indicate
wind speeds in metres/sec
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0 20 40

FIGURE 6.7 Hong Kong Simulation Parent Wind Speed
Distribution p(V, 8), 500 Metre Height
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égreemé‘nt between the simulation pi-edictions and the extremes derived from
‘the Waglan data is enmuragﬁng, taking into account the uncertainties
involved in c&mverting the ahemometer wind records to suitable reference
heights and the statistical limitations imposed by the 28-year length of
historical record available. The opportunity to make a direct compariso‘n of
actual recorded extremes with simulation predicted estimates is a unique one.

\ - TABLE 6.5

COMPARISON OF SIMULATION WITH ACTUAL DATA DER 3
MEAN HOURLY EXTREME WIND SPEED ESTIMATES '
FOR WAGLAN ISLAND ‘
(metre/sec)

-

Return . 500 metre level " Surface.
Period -Corrected Simulation Corrected Simulation
- (years) Waglan Data . Waglan Data

L 10 39,0 8- 31.8 -32.5
+50 47.7 8- 39.0
100 . 516 . 42:0
200 . 554 ‘ ) 45.1
1006, 64.2 : 522

\
\

6.5 . Tropical Cyclone Extreme Wind Speed Estimates for the United
States Gulf and Atlantic Coasts

The simulation procedure was applied to the Gulf and Atlantic Coasts of
the United States. Simulations were berformed at 250 km intervals around
the coastline, at the'same, locations chosen for the Chapter 5 parameter
analy$is and shown in Figure 5.3. Simulation circles with a'diameter of 500
km were utilized. At each site, a constaft number of tropic?al cyclones vi(as
generated, approximately equal to 2500. The actual simulatior time. length
varied according to the site’s local occurrence rate. Two parallel runs were
performed initially, (i) for sites located right on’the coastline and (ii) for sites
located 100 km inland. Extra runs were made at various locations, both

L]
inland and offshore to make up a regional hurricane extreme wind speed map.
. . R «
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The coastal simulations were run assuming the sites to be located right on
the coastline, i.e. the surface speeds are open-water equivalents. The inland "«
site simulation runs were made assuming flat, open ‘terrain exposure.
Therefore inland surface speed estimates may vary considerably for eastern
locations were the topogja'phy can become severe at moderate distances
inland, as opposed to areas in the southwest and the Florida peninsula, where
the terrain remains remarkably flat, often for a considerable distance inland

* from the coast. The results presented in Figure 6.9 to 6.14 do not include the
gradient balance height extreme wind speed estimates, as they were. found to
be almost identical to the 500 metre height extremes.

- =%

Extreme wind speed'estim%tes t:or the coastal sites are shown in Figures
6.9 and 6.10. Significant variation exists around the coastline:- Five regions
exhibiting local maxima are separated by “quiet” areas where the estimated
extremes are considerably diminished. Local maxima occur at the U.S.-
Mexican border, the Mississippi delta-Pensacola ared, the lower Florida
' peninsula, the Charleston-Capé Hatteras area and Cape Cod. The overall
maximum is found in the southern Flox:i'da regiofn. The estimated 100-year
return period extremes at the surface vary from 47.8 m/sec in the Miami area
to less than 30.0 nmv/sec near the U:S.-Canada border. The differences between
neighbouring sections of coastline can be lar'ge, e.g. the 100-year surface speed
" estimate drops from 42.5 to 36.5 m/sec in just 300 km from Pensacola to
Apalachee Bay. The change along the eastern Florida coastline is even
« ' greater, dropping from 47.8 m/sec near Miami to 37.3 m/sec at Jacksonville,
500 km to the north. This 25% drop translates into a 50% difference inv’the'
value of the square of the wind speed, a direct measure of the expected wind-
- . induced pressure loads. '
: . | ‘ . ;
Figures 6.11 4nd 6.12 show the simulation extreme wind speed estimates
\ for the 100 km inland locations. The variation is similar to that of the coastal
Y sites. Surface speed§ for sites running down the; centre of the Florida
‘ peninsula increase from 32.5. m/sec inland from Jacksonville to 38.0 m/sec
'+ " inland from Palm Beach. The reduction in surface speeds within the Florida
' peni;xsula thus reflects mostly ti'\\xgduétion'due to surface friction, For other
coastal areas, a greater refative drop is experienced due to increased influence
from filling, e.g. the‘drop in 100-year surface spe':éds along the western portionn’"
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of the Gulf Coast between coastal sites and 100 kin inland is typically 70-75%
compared to 80-85% for the Florida peninsula. ’
re

The .results from all the simulation runs were used in the production of -
hurricane extreme wind speed risk maps, shown in Figure 6.13 and 6.14 for
the 100-year return period estimates. The surface risk maps show marked
discontinuities at the coastline compared to the 500 metre height map. The
potential to identify areas where the risk is high is of considerable value to
planners,.engineers and other interested gorups (e.g. the insurance industry).

6.6 omparison of Results with Previous Studies
i {

The results of the pwesent 51mulatxon may be cdmpared to two recent
studies examining hurricane risk in the United States. These are NOAA .
Technical Report NWS23 (Schwerdt, Ho and Watkins, 1979) and Batts,
Cordes, Russell, Shaver and Simiu (1980), herein referred to as NWS23 and

BCRSSrespectively.
VS

In NWS23, meteorological characteristics of North Atlantic tropical
cyclones were used to develop estimated windfields for the so-called Standard
Project Hurricane (‘SPH) and Probable Maximum Hurricane (PMH). The SPH
s a steady-state hurricane having a severe combination of values of
characteristic parameters (Ap, RMAX, VT, etc.). It is difficult t¢ assign a
return period to the'SPH. Values of each hurricane parameter are chosen so

that only few historical storms over a large region have had more extreme

values. The process of choosing each parameter separately medns that the.

actual probability of occurrence of the SPH is small, with a return period of

perhaps several hundred years. The coastal variation of the 10 metre height
open-water equivalent wind speed was calculated for a number of different

SPH storms depending upon the choice of the highest or lowest possible value

of storm translation velocity or radius of maximum winds. The results are

shown in Figure 6.15. A range is given at any particular coastal site. The

lower estimate was obtained assuming a high value for RMAX and low value

for VT, the upper curve for a low value of RMAX and high value for VT.

L] &
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The variation ingestimated maximum wind speeds is qualitatively similar
to the results obtained using the present simulation. Wind speeds exhibit a
gradual decrease from the Mexican border until around Pensacola, where a

é/gniﬁcant drop in predicted speeds occurs having a minimum in the Florida

Panhandle area. The SPH winds quickly rise again to their overall maximum
on the southeast coast of the Florida peninsula. Wind speeds decrease again
until Wilmington where there begins a secondary maximum located just to
the south of Cape Hatteras. Northwards, the “winds ‘gradually decrease.
Without being able to attach an exact return period to the SPH storm

extremes shown, it is not possible to compare the actual magnitudes shown in~

Figure 6.15 with the simulation extreme wind speed estimates, shown in
Figure 6.10. The SPH curves however lie close to the simulation estimates in
between the 200 and 1000 year return periods, in agreement with a subjective

assessment in NWS23 of.the likely return period for the SPH.

In.BCRSS, a simulation procedure was used to obtain estimated fastest-

mile extreme wind speeds at 10 metres above ground in open terrain near the

coastline, and at 200 km inland. A constant factor of 0.85 was-used to convert .
over-water to over-land surface wind speeds. Figure 6.16 shows the coastal’

extreme wind speeds computed in BCRSS' after conversion of fastest-mile

' winds to mean hourly winds. The variation ofextremes is qualitatively very

similar to that obtained in the present simulation, although®he ragnitudes
differ in a number of important respects. Local maxima are coincident with
those shown in Fj 6.10. The 100-year and 2000-year Teturn period
present simulation results are included for comparison.l The magnitudes of
the 100-yeaf‘ curves are in close agreement. The 2000-year BCRSS curve is
almost coincident in the Florida peninsula area but about 10-15% higher
everywhere else. Inspection of the BCRSS curves shows that the ratio of
expected extremes for a given site to the maximum value close to Miami
increases with return period, e.g. the ratio of Cdpe Cod to Miami extremes
increases from 80% tp 90% betweenthe 25-year and 2000-year return periods.
A probable explanation for this trend which would account for the discrepancy
between the 2000-year return period curves lies in the choice of distribution
for a central pressure difference. In BCRSS, the lognormal distribution was

-chosen coupled with a truncation of Ap values at the 135 mb level. Thus the

more intense hurricane regions would have aproportionately greater number
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of storms within the simulation cut back to the 'trun'cation Ap value. This

would lead to a relative overestimate in “quiet” areas (e.g. Florida's

Fanhandley and relative underestimate in severe areas (e.g. Miami). There

would thus be a tendency to level out the contours around the coastline for
~ higher return periods, as is observed in the BCRSS results.

. There is thus general qualitative agreement between extreme wind spéed
estimates obtained using the current simulation and the two studies discussed
distributions for individual sites were Eot’d’d;erm.med in NWS23 and BCRSS
and hence/ior}_lgggsons’of“tﬁ/arent digtributions are not possible. The -

. ___uncertainties associated with estimated extreme wind speeds obtained using
T the simeroach wqre the subject of a recent study by Dorman (1983).

Dorman applied the simulation technique to a typical Australian cyclone-
prone coastal site and varied input parémeters within th¢ simulation in order
to assess the seneitiyity of the approach on the final exfreme estimates. The )
range of possible values for any particular variable was-determined from the
hterature with-a supposedly substantial opinion supporting both the hlgh
and low values. -Many of the studies from which representative data were
obtamed however are outdated and inappropriate. For example, the ratio of -
over-land to over-water mean (10-minute average) surface (10 metr®) wind
speed was allowed to vary from 0.79 to 1.0. This ratio is represented by the ¢
- parameter in the current simulation procedure. The upper value, 1.0, was
justified by the assumption that the surface roughness Ier{g'th over open-water -
. in extreme wind conditions (e.g. hurricane conditions) corresponds to °
" suburban terfain ie. a4Zo value of about 0.3 metres; This is in direct conflict -
with” all observat.lonal data gathered in open-water conditions for North
~ Atlantic tropxcal cyclone occurrences as discussed in section 2.5, and as can be
e see;/gi F:gure 2.20. A rangeo? values from 0.7 to 0.9 was adopted for the ratio « ..
) open -water surface {0 g‘radaent mean wind speed. The large amdunt of
tapeous au:craﬁ s}fd-’ocean data buoy measurements (see section 2.5) .
observed in tropical cyclones oyer open-water contradicts the upper value, 0.9,
of the assumed range‘ Tﬁe relationships chosen as well-substantiated L
'_'candldates to define the gradlent wind speed were taken from Myers (1957), I

Graham and Nunn (1959) Holliday (1969) and Atkmson an@Holliday (1975) "~
' . » . 4
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o
even though in some cases they applied to 'differen‘t tropical cyclone oceehiq
regions. The limitations of these predominantly empirical formulae were
discussed in section 2.1. Other model parameters which were allowed to vary
inctuded the simulation circle size, radial wind proﬁle"egponent, central

pressure difference cut-off value and radius of maximum wind representation.

It is not surprising therefore'that combinations of these parameters could
_be_ chosen to yield large differences in the final simulation extreme
- predictions. Dorman found that the 50-year ‘return period over-water, surface -
mean wind speed and over-land, surface gust wind speed varied between 223
to 45.9 m/sec and 24.7 to 82.5 m/sec reSPectively.
simulation-derived

This wide range of
estima%es resulted 'however from” inapprop_riate
assumptions regarding tropical cyclone windfield characteristics eoupled with
an unnecessarily arbltrary choice of adrmssable glo#al parameters
(simulation circle size, Swind profile exponent, radfus of maximum wind
limitations, etc.).
tropical cyclones and reasonable care in definintg simulation model global
parameters would greatly reduce the uncertainties in the simulation-derived
extremes in Dorman’s study, uncertainties which are unduly pessimistic and

certainly not supported by the results given in this chapter.

¥

Attention to, recent advances in the understanding of

-
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i applymg the simulation procedure dxrectly to these problems analytxcai
* approaches are developed which aid in forming general solutro.ns‘ reducing

. struetures, i.e. mdlcatmg the rxsk that an 1solated Wyilding would experiefnce,

| shown in Figure 7.1, in the vxclmty of Gaiveston Miami and Charleston. At
~each of these lgcations two hnes were deﬁned one rﬁnmng parallel to the

. The three sxtes allbw different relatxonshx ps to be examjned bet\veen the lines

* track angle of tropxcal cyc“lones m the area respectxvely Tbé oppos;te oteurs

-t

L3

CHAPTERT | '

EXTENSION OF THE SIMULATION RRO FDURMO EXAMINE ’ *
LINE-LIKE R1SK AND STRUCTU RAL. RES ONSE COMPUTATIONS ‘ %
‘$.‘ 2 . . e

The sxmula,txon procedure is extended to examine two p;oblems of -
engmeermg design interest, the increased risk sustained by line-like
structures 'such as transmxssxon lines and the computation of structural ’
response exceedances from xhe tropical cyclone wind climate. In addltxon to .

the Vco,mputation time required and hence increasing the efficiency of the
simulation method. . ‘ .
’ - .' N '15 M

. ’ [ ]

7.1 Line-Like Risk for United States Cosstal Locations |
The extreme wind speed estxmates that were determmed along the U. S :
Gulf and Atlantic Coasts in the ‘previous chapter are apphqable to pomt

.This risk can be egpected to mcrease for line-like structures, most notably =~
transmission liffés. Apart from the actual length of the line, a number-of other . )
factors play a role.in influencing the final risk, These mclude the position of o
the line relative to the coastline and the orientation of hhe hne in reIatzon to

the mean storm approach angle .

v

*

Inorder to examine the line- hke risk problem three locatlons were' Ehosen
coasthne the other running inland perpendjcular fo the coastline. Alsof Los
shown is' the mean tropical cyclohe approach angle at-each of the three sites. .

and th& predommant. direction of storm motion. The Galveston coastal line -
(GC) and mland Ené {GD) run perpendlcular and parallel vmh the average '

.

.oy
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. for the two Charleston lines, with the goastal line (CC) aligned almost parallel

with the predominant storm direction and the inland line (CI) perpendicular.
The two lines located within the lower Florida peninsula are both-inland.

For each of the six lines defined, the simulation procedure was run for time
periods resulting in the generation of approxlmately 2500 tropical cyclones
As each storm was created. within the simulation, wind speeds were
concurrently recorded at fixed intervals along the line and the maximum

value at any point recorded. This resulted in the compilation of a separate set

of "line” extremes, representing the maximum wind speeds seen by ‘the ling,
regardless of where along the line the particular speed was sustained. Clearly
extreme-value distributions fitted to the line extremes would be expected to be
more severe than those determined at any isolated'p()int along the line,

The results for the two Galvest.on lines are shown i 1n Figure 7.2. Extreme-
value distributions were computed for a point on'the coastline at the Junctxon
of lines GC and GI, for two GC lines of length 100 km and 200 km running

along the coast and for a single GI line of length 100 km running inland from.

the coast. There is a marked increase in the risk (higher wind speeds for the

same return period) for the two coastal lines, as compared with the inland line

w?uch ‘exhibits only a modest increase. The increases are significant. For
example, thé"100- -year return period extreme wmd speed estimate is 48.0

c for the single point distributiofA. This same speed has return periods of
50 and 25 years for the 100 km and 200 km GC coastal lines. Alternatively,

" the 100-year return wned\xtreme\for the,goo km GC coastal line (55.0 m/sec)
" has a- return period of approximately 500 . years for the smgle point

dlstx‘lbutxon v |

" The extreme value dlstrlbutxons for the Charlest.on point, coastal (CC) and -

inland (CI) line extremes are shown in anure 7.3. The increase in risk is

almost the sgme for the coastal and inland lines (note the coastal line is 200

km long, dotble the. mland line length). The risk ma‘gmtudes do not change as

" much as mdxcated for the Gglveston lines. The 100-year extreme:speed for the

200 km CI eoast line (54,0 mysec) corresponds to a 200-year return period for
the single point distribution. The results of the two simulations performed for;

the Florida pemnusula lines were ‘almiost identical to the Charlestor® runs

2
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with similar increases in risik for the two lines running along and across the
axis of the peninsula. )‘ ‘

The differences between the line-like risk behaviour for the three locations
examined can be related to the track characteristics in the area. “Lines
running perpendxcular to the main storm track cﬁrecnon are likely to
experience higher wind speeds over their total length. This efféct coupled
‘with the decrease in wind speeds for landfalling storms accounts for the lower
‘risk in lines of equal length running inland in the Galveston area compared to
coastal lines, Along the Atlantic coast two opposing influences tend to

balance out the risk for lines lacated along the coast and perpendicular to the

coast.’ Although wind speeds are generally weaker for inland locations, lines
located perpendicular to the coast are also perpendicular to the mean storm
directibn and hence experience a greater range of storrh maxima than lines
located along the coast whose povints will typically be at the same distance
from the storm path as it moves parallel to the coast.

The three examples chosen indicate that line-like risk behaviour may be
conveniently described by considering regions along the Gulf Coast separately
to the Florida peninsula and Atlantic Coast. For Gulf Coast locations, a useful
rule of thumb for estimating the increased risk for line-like structures is to
reduce the return period associated with a given wind speed for a point
structure by approximately 50% for every 100 km length for coastal lines, and
-15% for every 100 km length for lines perpendicular to the coast. For Florida
;;qninsula and Atlantic Coast regions a single reduction may be used for all
lines regardless of orientation, equal to approximétely 25% for every 100 km
length of line. ' .

72 Theoretical Approach to the Line-Like Risk Problem

N

The above approach is computationally demandmg As the length of any,

partxcular line being investigated increases more points must be used to
record wind speeds along the line to obtain the line extremes. A more general
approach to evaluating the increased risk associated with line-like structures
is pgssible, rglaking use of an alternative computational procedure for

N
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evaluating the risk to iSolated point structures suggested by Davenport

(1984). Attention is restricted formally to the gradient balance widdfield,
although the results apply without any sxgmt‘caﬁ‘ﬁ loss in accuracy to the
windfield at other heights. .

The gradxent balance wind equation (E3-3) can be solved exphcltly for any
given group “of storm parameters (Ap, RMAX, VT). Hence the maximum
value of Vigh, denoted here as VMAX can be determined if thevalue of DMIN
isbknow/By defining a variable, D, cqr sponding to distance perpendiéular
to the storm motion, it is possible to compute the variation of VMAX(D), as

* shown in Figure 7.4. For any particular storm, the peak value of VYMAX(D)

will be located near D = RMAX. Using the snmulatlon procedure, a set of
tropical cyclgnes is generated with storm parmeters (Ap, RMAX, VT, ;i=1

y fixed value of D, a*set of wind maxima can then be computed,
(VMAXyD); i=1 , N). These N maxima can be fitted by a frequency
istribution, conditional upon D, whose cumulative dlstrlbutlon function is
defined as FPVMAX/D(VMAX D). The superscripts,.p and l, are used herein to
differentiate between point and line-like structure parameters and functions.

This is done for a complete range of D values, resulting in a set of contours of

equal CDF magnitude, asshown in Figure 7.5. These are redrawn to indicate °

the variation with D of the exceedance probablhty of some partjcular value of
wind speed, Vo, given by

PymaxiDl Vo D), also shown in Figure 7.5., From
the historical records, it is os to computé the number density of storm
occurrence, ny(D), equal to the number of tropical cyclones per annum and
unit distance crossing the D axis. The exceedance rate for the velocity level,

-

" Vo, is then given by: v

(Vo,D)dD ' ET-1

‘
o

N(>Vo) = J_ n DYFG, ;oo

In section 5.8 it was shown that for most coastal locations the variation of

the minimum approach distance, DMIN, can be reasonably approiimated by
the uniform distribution. Therefore, EY-1 may be rewritten:

»

“.

N(>Vo) = f’DI FcMAXID(Vo,D)dD , ¥ p1og
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~

n, = average number density
" For high values of Vo, the exceedances can ~bé“'h sumed to be Poisson
distributed and hence the extreme-value distributi § wind speed can be
obtained as : ’ ;:
Fi<Vo) = .
> ‘
‘The advantage of this particular approach stems from the economy in t\he '
number of storms required to establish the extreme-value distribution. Thns
is due firstly to the reduction in computations resultmg from the direct
integration of .the distance to track influence. Secondly, the mformatxon
required to form the CDF exceedance functions is obtained from storms whose
maximum wind speeds exceed the Vo value. Weaker storms generated in the
simulation are not needed in the computations. Hénce it is possible to spec1fy
a lower cut-off level for Ap values further decreasmg the necessary
computations. Disadvantages arise from the necessity of hdving to be able to
<analytically determine the maximum wind speeds-for a given value of DMIN,
once Ap, RMAX, VT ete. are known. This is poss1ble for the gradlent balance
windfield, but not for the 500 metre height and surface wmdﬁelds, although
a the approxxmately congtant ratios between surface winds and upper-level
i rors. A more significant problem’arises from having to
takednto account the effects of filling, and the resulting decrease in maximum

wind speeds, for locations inland from the coast.

1

This approach can however be used to determine the relative change in
risk for line:like structures, not affected by the previous constraints. The
gradient balance windfield shown in Figure 7.4 is considered again. This time
a length of line, DL, spanning the storm centre is constructed and .the
resulting VMAX(D) computed. In this case VMAX(D) is the maximum value
occurring anywhere along the 1eng£h of the Jine. It can be seen that the
resulting curve, shown in Fjgure 7.6, is §imply an extension. of the isolated
point curve in Figure 7.4, with a constant maximum level over a length equal
to DL. The exceedance curves, applying to the line, Flymax/p(VMAX, D),

- shown in Figure 7.7, are also simple extensions of their isolated point
. : .
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counterpart. The influence of the line is to increase the area in the integral of

- " 'ET:2, so that the liné exceedance rate for a velocity Vo becomes
NH>Vo) = NP(>V3) + n, FMAX DL . ' ET 44

"F‘MAX = maximum value ofFPVMA;x,D( Vo.D) (.sée Fxgure 7.5)
Thus the ratio, n(Vo), of exceedance x:ate of velocxty Vo for 111;1e of length

>

“DLo that of a single pomt Is

NY>Vo) )
nVo) = —— . ET-5
~ NP(>vo) .
. FMAX.DL ¢
= . p
. -I_ Fysaxp'Vo L) dD

/
This rxiay be somewhat more convenfently written by defining an “effective

hurricane line length”, D,,’such that :
@ - Y
I‘m Ff,MAx/D(vO,D)dD = FMAX' D, (Vo) E7-6
' 4 .
The exceedance rate

; The value of D, depend‘é upon the wind speed, Vo.
‘ratio for line-like to point structuresand-the resulting line-like extreme- value

°

a

dxsmbutlon can then be sxmply wntten as:

f (Vo= 1+ —& . p—
. 0) = . -7 .
. , b D, Vo) R
‘a4 o _ Fl(<V6) - —r](VolN‘P(>Vol - B A E7-8
i This sunple formulation needs to be correct.ed for two facbors 'In the above
f derivation it was assumed that all storms move along parallel tracks (i.e. w1th ‘
the same approach angle) and that the dxrectxon' of these tracks is '

perpendicular to the direction of the line. The second fdctor is szmply handled
‘ h y: r ' ’ .‘t ‘ ! ’




by taking the digtance component of the line that is perpendicular to the
direction of the tracks. This modifies E7-7 so that : :

(Vo) =1 + sin b oL
0) = sinb, .
"1 L._.'De(Vo)

8L = angle between;wm track and line (. | )

In pragtice the track angle is not constant, but distributed about some
mean direction 8, typxcally in a Gaussian fashxon as described in section 5.7,
The effect of the variation in approach angle is illustrated in' Figure 1. 8.
When the mean storm approach angle is normalto ‘the line, there will still be
. a consxderable percentage of paths with values of 8/, less than 90°, decreasmg

the value of n(Vol. Conyersely, lines which run parallel to the mean
'approach angle will not experience zero increase in risk as suggested in E7-9
' agmany paths will exhjbit values of 8, greater thad zero..

Figure 7.8 shdws how the value of n(Vo) is affected at various;values of 8.
The fractional change is expressed by a factor, ¢, which depends on the

' magmtude of the standa/rd deviation of the approach angle, RMS(8), about the
mean storm du'ectmn Locations on the upper Atlantic- coast gxhibjt "tight”

. approach angle dzstnbutxons, ‘RMS(9) less than 20°, whereas ;\S'(B)‘values
are typically around 40° fq,r much of the Gulf Coast and &ver 50° in the Florida
peninsula region. . A‘number of trfal computations showed that the $L factor,

' couhd be estimated as RMS(6)/500. 0 This last correction gives the rat;o of
lxne-hke to point ex.ceeda:nce rateas :

. - |
v =r A . -
’ nVoy =1+ W(BL, q;L "‘-——-—(V )

where
‘ \p(ﬁL,x‘pL) = 3¢L . a -4¢L>sm8

©

R et TR RN SRR
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v

m/sec. In the Galveston area, the rms value of approach angle is 42. 8. Hence

‘the value for ¢L is 0.086. If two lmes of length’ 100 km are conslde'red one

runnifig parallel to the coast and the other inland, 'which coincide
approxxmatelx with values of 6 equal to 90° and 0° respectively, then the

. ~ ‘increase id exceedance rates for wind ‘speeds in the range 45-50 m/séc are
. . . approximately 1.7-2.0 and 1.1-1.2 respectively. These ﬁgures translate into
' _reductjons of the correspondmg return period oi‘ 50-60% and 10- 20%

respectively, which agree very well with the actual ﬁgures calculated in
-section-7.1. - '

&

73 Standard Exceedance Rate Method for Determmmg Response' -

Lo .Extremes
: N
'l‘he “wind loadxng cham” dxscussedm section 1.1 (Fxgure 1.4) showed the"
sequence’ involved in comput.mg the wind- mduced response of structures.:
: Through the use of wind tunnek testing; relationships can be determmed
betweenaresponse R omextemal or internal pressure p: -and wind §peed and’

%

dxrect.xon These us,ually ;&k’ethe form: s N e 8
‘ RS B(e)v"“” PR -t §
IR C Ve =CO) -V e . ET-12
ey ’ Sl .’-"2 B SR Sl ey ;
: \ R B(B), n(O),CiJ(.O)J, = functmnsof wmddxrectlononly e {
P SR airdemiy o o

:’ . L e e . ' . SN - l .
% ... o IS P .
7. . .o

. For t.he purposes of analysns, dxgmzed values of B(O) n(e) and Cp(G) can be A

‘ Founer-fimd as cownuous functions -of the azimuth angle,ve These

mthxn“the Monte-Culo sunulauon
peak.preuuree. whxch «can then be fi

> -2

distnbutiom of stmcm:alr.espanse clasldmgpre'u etc.. . . e

) generate a set of response extrgmes or

relshonahxps can be used in conjunctign with the wind speeds and chrecuon; o

ir ectly to de&emme ettreme-value

A

I
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. _This quickly becomes co.mputaiionally exhaustive, particularly in the caee

.of ‘peak pressure calculations ‘A typical wind tunnel te§t may involve the
measurement of pressures in over 500 locations of a building facade.. Since
peak positive pressures and peakvsuctlons must be considered separately this -
would require the storing and processmg of over 1000 sets of extremes if the
aboue djrect approach were used This problem can be avoided by making use
of the parent dlstnbutlon of “gnd speed ‘and du‘ectxon pV.8). Davenport
(1977) has shown that for weIl behaVed wmd climates the exceedance rate of

R some response R is given by

;" -2

- B A

2 dv. 2 .
v {1 +( R )} (V. 0)do ET-13
, 0 SN 2% I R

RN ‘ R - :

P N ‘whe‘re L/

M>R)=V2n vou.{

T 'v'={£‘m‘- et : |
: .~ R | B®) L oo
o . V' = mean cyclmg rate

Loy, = wmd speed standard devxatlon regardless of dlrectxon '

S . The cychng rate of the process v,is usually evaluated from the spectrum of

B the wind velocxty and is of the order of 600-900 cycles/year The. relatxonshrp‘ AT
a between the parent wind dxstr)butxon. p(V.,0), and the exceedance rate of b’ '

| extremes is of parucular interest to. the sxmwlatmn prucedure-dtnved mnd" . -
speeds Smce the exceedance .of some veloclty, Vo, is a specxaﬂ case of a . g
. response, excee(}ance, ie. R=Vo, E? 13.can be used to’ re{ate the parent. wind *© ,
dhtnbutxonandextreme wmds Lo | I H

I N(>Vo) \/Zn vo, I p¥o0)d8 - - e
.. c ' ". " o L‘»‘.!‘ " . ; /'. ' Lo- ‘.: ' ’. ‘ ‘y-“ .

; ~vzqva p(Vo) A S SR o '3_1_..1,4’ T

e gt

0 ' ,' .
' Lo e ":,~‘ s
., e

P(Vo) Pm veloezty Probabnl‘ity dmﬁbﬁnon ﬁmcﬁon, regardless of - | S

11111

o ’* ;| dxi'eeupu" A SRR AR ‘ ¥
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This is a useful check to apply to the parent and extreme distributions
' obtained in the simulatig}ﬁ procedure before using E7-13 to predict extreme-
» value estimates of structural responses and peak pressures. When this is done
it has been found that E7-14 does not hold. In the previous chapter, the parent
and extreme-value distributions obtained from the anmx simulation were
N - shown (Figures 6.4 and 6.5). Figure 7.11 shdws the value of the cycling rate
' reqmred to satlsfy E7-14, using t.he values of p(V.8) and N£>V) derived from
the Miami simulation. It can be seen that,the cycling rate"/anes 51gmﬁcantly
over the range of velocmes of interest.

The . dgnvatmn of E‘Z 13 involves assumptmns about the statistical 5'
‘ charactenstxcs of the wind. These are satisfied for non-troplcal cyclone winds, -
.whlch can. effectively be onsxdered as stanonary in the exceedance
- calculatlons, but not for tropidal cyclune winds, Whlch clearly cannot. The
\ - derxvanon of the DaVenpo exceedante rate formula, E7- 13 is *now
S R reformulated in a more gen ralmanner, showing which assumptxons,need to
t be modxﬁed in order to be ap licable to sunulatmn- generated wmd.speeds (and
. ’ : nom- st.atlonary wmds in general). - > ,

-
-

: .4 ' Modtfied Exqeedance Rate Method Smtable»for ’I‘romcal Cyclene
v Winds S

- ”‘ ," ) B ) s‘, o ) 'H'
. .

. 12 shows the two—dlmenslonal variation - of - some proctes:’»>
. mng arandom ‘path in tbe x—y plane The problem to be solved: concerns
. the out-erosmng otaconunuous response boundary, R,i. e.the ex;eedance rate
,‘ v of response, R by the yrocess Also shawn xs a section the boundary in
s great.er ﬂe}axl A local;atystzem of co—ordmatea ( n,s), is defined for normal and :
- . tangential eomponents fo the bmmdag gome point (x,,, yg). At this, pmnt o
... the vseloclty comwnentaof the process as it crosses the boundgry are (x,y) or
S o{n s) %e jom; pmbahxhty densxty functlon (PDF) of the process bemg éf. (x5
' Y ,,) witb, velocfty componwu ( x,y) is dpﬁnedm P(xnryn: x.y) 'l‘he percentage . .
‘ 'or‘uu tishe thatithe progess will be within the boyndary slement [ds dnlwill .
e ; p(x,,yg, x,y)d:dm The time t.&ken tq cross thd‘bmmdary i dnln. Thus the
* fiu , g8 of *he boux!da‘ry av‘. (.:3, yﬁ). vmh velocity (i,&) vnll be
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np(xg, Y. J'c,j}ds. The tota] Sumber of crossings of the boundary element can
be computed by integraﬁ'hiover all possible values of the ve{ocxty,

ie [° J ol... . . Jdxdy. This then allows the total number of crossings of the !
complete boundary, R, to be calculated, yleldmg :
A : -
: o *? ® (o ~ . .
,\N TR = fﬂ “_m Lw r'fp(i,&lt?,yg)didj Plxp.yp)ds | ET-15
p(x,ylxr,yr) - = marginal PDF of(i,j;cohditibnal upon (x,.y,) ® )
p(xR.yR) = vPDF of(xR,yR} . - v

o« The term in “square brackets in E7- 15( cast be sxmplxﬁed by a chnge of >
variables from (x,y) o ( Bd). It may then be noted that for an out-crossing to
occur, n>0. The total numbér of out-crossings’ of the complete boundary is
then given by

. ' 1
- . ‘
®

.- . e » . ) A
N+ (R rf_f ” v j ‘ -sz(ﬁ,ng,yR)dhdi]p(xR,yR)dé v ET-16
L R e 4 > T

»
.
BN S

If the process considered is the the'ﬁ'rind velocity, then ( x~,y){are the east and
north componexits of the wind vector. If the cartesmn rdinates (x,y) are
-transformed t.o t.he more - fa:ml;ix\ polar co-o "(V,0), then .
dsh\/(dx2 +dy ) =V( V2d92 + de) and the crossmg rate of the b.oundary ‘

(out—crossmgs consrdered only) is glven by:
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'l'hi- expreuioqxsexact but. chﬁ‘icult to oompute i the eue of arbttrary { ,
boundann because of f.he mxxing o%thg two eo—ord.mdte symms {n,:) and REER PR
':"'G
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(V,9), involved in determmmg e value 8f M(n sIVR, Or)o The r.eduat n of

_ the somewhat complifatéli expf¥ssion in B7-17 to the Davenport exce
rate form\la E7-13, involves four] assum‘ﬁuons These are ;

[§)) ;r'i‘ar‘xdké areindependent

- These mddify E7-17 as follows :

N

S(V 4,01 p(V,0)d

sl ar
v = || apiv,edi
. 0 o . . .

P 2

@ 2n
= I np(n)dn ’ S(V,.0)p(V 0 do
o - .\"*

[ ' -

’ oi ’2“ '
= ——== |- SV 81 p(V . 8)dE
- Voale . B &
£ . .
o5 "’2n f 57
= ——= SW 9)p(V G)de
V2n L. R
4 e

by (1)

by (2)

by (3) «

Cby(4)

-
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E71-18

The last expressxon, E7-18, for the crossmg exceedance rate is eq\uvalent ,

LN mpge R
| ;M>m=’:] . [ j ¥ pOVIV 1.8 )V G(V’Rf.e)p('&’:ﬂ,é)dﬂ
Lo 0_"0‘.‘,v~ . -

w ot

- toE17- 13, since v = Il2n(ov/ov) Assumptxons(l) t.hrou&?ﬂ?‘have been found
" tobe satxsﬁed for non-tropical cyclone winds." Assumption (4) does not depend . .
- upon the wind climate but the shape of the response boundary, R. For tropical
- . cyclone winds, assumphon (1) xsappropnate as determined from distributions
. “of vnnd speed ,and dn'echon generat.ed using- the sxmulatwn procedure The
i ~‘assumpuons whichs fail for tropical ¢yclone winids are (2) and (3).
- clearly related 4o the lack ‘of stationarity in the parent:wind distribution.
. .'Thus airapproprigte formula for the cxceedance ra;e of structural fesponses
* apﬁhcable to tmpxcal cyclonc wmds is:

Thxs is




4

»

, The process used in the development of E-19 had a contmuoqglpath in the
J , whereas in the case of tropical cyclones the wind speed vector can
only egi durmg the occurrence of a storm. This problem’'may be overcome by
replacing the square bracketed term in E7-19, the average v‘lue of posmve
veloeity components, V -at a given (VR, 6g), by the probability that'a storm
occurs coupled with ghe conditionally dependent local V derivative. This
yields the final expression necessary to evaluate extremes from simulation
generated wirid speeds and directions: ’

®

2n
N(>R) =) I GIV|V,.8,)S(V,.0)p(V,0)d8 *
> R ° R . . .

o Tav (v dv
here<  G(VIV.0) = | = ( ,e)d{-—-.-
cwheres GVIVp 8 L n PlalVa o

L 3EY

A = annual tropical cyclene occurrence rate -

The c6rresPonding‘“relation to E7:14 then becomes :

n',.‘

. m . N
N(>Vo) =) [ GVIVo ) p(Vodde - - E7-21
. o . -

A typical variation of G(V’|V ) is illustrated in Figure 7.13. The results
were derived from the extended Miami simulation run usmg 10, 000 tropxca'l

_ cyclones to generate the dxstnbutmn functions.. The. parent distribution of

wind speed and dxrectxon was shown in Figure 6.4. Figure 7.13'shows that the
exceedance potential is g&‘eatly” enhanced when the wind direction i is from the’

' northeast and the speed in the range 25-50 m/sec. '

s v\ .. , ) .
/ Finelly, E7 21 waéshsed‘?o estunat.e the extteniee using the simulation = -
derived p(V,0) and (Y ’l V.0) distribution functions These are compared to

i Wextmmes denved from the simulation in Fxgure 7.14., It can be seen

‘that the modified exceedancd equation E7- 31 performs well. \This then alows ~
‘the . use of E7-20 for the 'predictions of respome extremes, sxgmﬁcantly .

reducing thecompuuhonal reqmremenu ucaury for response ealculatxons :
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK »
8.1.Sommary"; A . o ‘
. ‘ ‘ ' < . L ’ . ‘ '_,7:'
' The simulation approach has emerged receriﬂy as the most reliable means.,.
available for predxctmg desxgn wind speeds in troplcal cyclone-prone rggxons -
, ~ Thid thesxs has presented a refined sxmulatxon procedure and applied it to -
.{5. ‘ S humcane pfone i‘eglons of the. UmtedStat.es Improvements have been ue d

in the current procedure it all phases of the slmulation

S . \ L . -

S AT S A '

:‘ ' - The wxndﬂeld model proposed is oonsfderably more complex than ﬂ:os«z, RN

§ : ""‘"‘Tm pnevrous sxmula procedures. - Upper-level speeds have - been -

.o . separated mtp two circulati s one wheré the g'radxent balance assump&xon is -
S assumod to apply and 4 lowér Yevel within the tropxoal cyclone mﬂow layer TR

T A where sﬁface fnctxon affects the wind gpeeds and d.lrectmns 'I"hé' gradrent S

s balance equauon mcorporates Y pressure profile exponent gmng "greater
ey L flexibility to the mddel when apphedwdlﬂ’erent tropical cyclone regwnh 'I‘he",
L #. 7 .- circulation des.tgnatod atthe 500 metre Height has been defined i in the 'current‘« )
o procedure making . use of 3 numencal mode] (Shapiro, 1983)  recently . !
o . developed at the Humcaﬂe Research Divigion of A.O.M.L,, Miami, Flo‘hda,——

. ' ., The adaphon of thxs numencal ‘model to"the current simulation windfield

L sy model allows reah,stm evaiaation oﬂhe colnbined eﬂ‘eets of sarface fmtwn

g and storm' ttmhhuon the. tropxcal gclone cirulation to be com:puteq

L boﬁa?y layer vanahon ‘of vnncl speed and the influences ‘of -laud{gll JRE I
g ani!faco epeeds have been bnsed on- date gathered in ‘recently’ otcurring "+ - FC
landfamng stomns -A gew ﬁlhng model has beeo developed fo; use in the f B 5

\ amuhhon procedl.m! ig- moael aliows for geographxcal vﬁnaﬁons in the .

. decay rate of landfalling storms lmd takes ateount of %he,qburved omiwér
oentral preaure dzﬂ'erenoe dmpforAthnttcuabordWrms —' '}j LU _
e R ot
( 'Hu ﬂpmentatmn o£ tropful cyclond" éharucterithc ptrnmeun mthu; s .
thclimdaﬁoniumviewedmd in paveral eases new distributions | havebeen B A
propoud i‘hechomafthe Weﬂmﬁ distributfon for the centrsl presaure

"
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) sxmulatmn could be used. This bypassed the hmxtatxons unposed by 1ts non-
statmnary characteristics.

- )
[

- »
€,

8.2 Future Refinements to the Simulation Procddure

>

o , S e .
Improvements to the windfield model must be vie’wed'-in‘thé‘ light of the
overall uncertainties in the simulation. For example, a more sophisticated
definition of the value ef air density Yo take into account the variation of sea:
sixrfece temperéture with latitude would seem ‘unwarranted in view of the .-
overall potentxa} ageuracy of any windfield model in predicting wind speeds
and directions. . On the other. hdnd.there are several areas where
improvements may enhaﬁce the reliability qf the model.

The gradxent balange wind equatlon contains a pressure prodle exponent
which theoretlca,l’ studies have, suggested has a climatological variation as .
well as bexng sensmve to storm intensity. The definition of this parameter, B,
isan 1mportant input to the windfield model In the present study, the value
of B was based upon data gathered in a hrmted number of predominantly
sévere tropica 1 cyelohes. The specification ‘of B would benefit significantly
from the compdatxon:gf 2" larger data base of concurrent maximum wind,
central pressure dxﬂ'ereneé.and radius of maximum wind data. This would '
allow the variation of B with parameters such as storm ipterisi_ty and latitude
. to be better understood. - . -

»

thle the average surface to upper-level wind speed ratios ‘over water
appear to be adeqﬁateluy accounted for, the variation of the vertical profile
with wind speed should be improved when data currently being gathered .
using the new axrbome Doppler radir-instrumentation have been analyzed.
Initial studies have shown a significant variation in profiles, within and
outside of rainbands and close to and far away from the eyewall. Once these
are more cleariy defined it may be possible to vary the boundary layer profile

- - within the windfield model as a function of radial distance from the

circulation centre or with storm intensity.
: , - \
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8.2 Future Refinements to the Simulation Procédure

: ~ , e i .
Improvements to the windfield model must be viewed'-in thé light of the

overall uncertainties in the simulation. For example, a more sophisticated - =

definition of the value of air density Yo take into account the variation of sea-

;s:lbféce temperature with latitude would seem ‘unwarranted in view of the
o(re;'all potential aecuracy of any windfield model in predicting. wind speeds
and directions. . On the other. hand. there are several areas where
improvements may enhance the reliability of the model.

The gradient balanyge wind equation contains a preséure prof'}le exponent
which theoreﬁeaﬁ studies have. suggestéd has a climatological variation as .
well as being ;en’sitive to storm intensity. The definition of this parameteér, B,
is an 1mportant input to the windfield model In the present study, the value
of B was based upon data gathered in a limited number of predominantly
sévere tropical cyclohes. The specification ‘of B would benefit significantly
from the compxlatlomgf 2" larger data. base of concurrent maximum wind,
central pressure dlfferen(:ef fnd radius of maximum wind data. This would ,
allow the variation of B with parameters such as storm intensity and latitude
. to be better understood. : , -

-

-

thle the average surface to’ upper-level wmd speed ratios over water
appear to be adeqﬁatelfy accounted for, the variation of the vertical profile
with wind speed’ should be improved when data currently befnig gathered .
using the new airborne- Doppler radér-instrumentation have been analyzed.
Initial studxes have shown a significant variation in profiles, within and
outside of rainbands and close to and far away from the eyewall. Once these
are more clearly defined it may be possible to vary the boundary layer profile

-+ within the wmdﬁeld model as a function of radial distance from the

circulation centre or with storm intensity.
. - N
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At landfall, there remain significarty tincertainties in the magnitude of

« wind speed and dlrectlon changeés within the boundary layer, especlally to the
front. and right of the storm circulation at the tinre of landfall, with the -

posS1bxhty of a low-level jet sustaining winds in the ,boundary laper while
winds above the inflow layer are being reduced due to ﬁllmg Gust faktors at

* the surface have shown, large variability, from 1.4 in Hurricane JFrederic

(1979)to 1.6 in Hurricane Alicia (1983).- The reduction of these ungertainties

must await the documentatlon of future - landfalling storms such as was done -

for Hurricanes Frederic and A11c1a

The variable least well-documented amongst the ch'a'ract';rist%storm‘-

parameters is the radius of maximum winds. One of the assumptions Made in

the simulation procedure is that RMAX remains unchanged throughout the

passage of a storm within the simylation circle. This is clearly inapprol;riate,
"~ for locatlons on the Atlantic seaboard, where studies have shown that as
storms move northward and generally weaken, their RMAX value almost

always increases. The magnitude of the increase and its dépendence uponi
latitude, storm intensity and speed have not been documented and would
.represent an additional realistic input to the simulation Todel.

The continuing assessment af the wmdﬁel‘d model 3hrough comparisons of
‘the type performed i in Chapter 4 is of critical importance to the simulation
procedure. Comparisons of this type not only yield a qualitative assessment of
the reliability of the wmdﬁeld modsl wm;d speeds and directions, but offer the
best form of assurance to those mterested in adopting the simulation approach
that the windfield model is indeed capable of reproducing the sahent features

" Wkthe tropical cyclone circulation;

8.3 Suggested Future Wock

I

An application of important social and economic valug for the simulation

which has not been addressed in the current study is the prediction of storm

surge extreme levels along the coastline, often the greatest contributor to loss

of life and damage to structures. Numerical programs are currently available-

capable of computing storth surge for single tropical cyclones. They will be

276,



difficult to combine in a sxmulanon -type procedure because of computatlonal
" time limitations. It may be poss1b1e to 1ncorporate such models in the same
way that the Shapiro numencal model was used in the current sti‘j .
One attractxve aSpect of the applzcatxon of the simulation approach to the.
prediction of storth surge is the possibility of ‘comparing -simulation
‘predictions to actual peak storm surge data. This d_ata is not prone to the
same problems that affect wind data _and hence it should be possible to
calibrate a storm surge simulation procedure more fully than is possible with
wind speed extremes. ‘ ‘ | '

2 A prormsmg avenue of future resea?ch 11€s vnth the modnﬁed simulation
computat.lonal approach-used to develop the line- like theoretical calcalations.
"Because of the reduction of storms generated in the simulation, this approach
may be extremely usefil] in apphcat.mns such as storm surge simulations
where computer titne hmltatwns are the g‘eatest obstacles to overcome .-

}
*




- E., "Humcane Wind S eedsin the United States” N atmnal Bureau of .

¥ ’ ’

REFERENCES

q
Chapter ko . é’f'

ANTHES, R A. "’I‘roplcal Cyclones : Their Evolutlon Structure and Effects”
Meteorolog'xcal Monographs AM. S, Volume 19, No. 41, February 1982

. BATTS; M.E.,,CORDES, M.R,, RUSSEEL L.R., SHAVER, J R.and SIMIU
Standards Report No.BSS-124, U'S. Department of Commerce, May 1980. '

CHIMP C. and LEONG, H.C., “Estimation of Wind S eeds near Sea-Level
During Tropical Cyclone Condltlons in Hong Kong”, echmcal Note No. 45,
Royal Observatory, Hong Kong, July 1978. :

DAVENPORT, A.G., “The Dependenee of Wind Loads on Metteordlogwal

Parameters” Proceedmgs, International Conference on Wind Effects on

guxldmgs and Structures, Ottawa, September 1967, Umversxty of Toronto
res$, 1968. '

UAVENPORT,AG GEORGIOU P.N, MIKITIUK M SURRY, D. and
LYTHE, G., "The Wind Climate of Hong Kong”, Pro ieedmgs, 3rd
Internatlonal Conference on Tall Buxldmgs ong ong and Guangzhou,
December 10- 15‘1984 4

DAVENPORT, A.G., GEORGIOU, P.N. and SURRY, D., "Hurricane Wind o
Speeds and Risk in the Caribbean”, Report for the Pan-Caribbean Disaster - o,
Preparedness and Preventlon Project n1ver$1ty of Western Ontano BLW’I‘L . w

-

FISHER, R.A. and TIPPETT L.H.C. "lemng Forms of the Fr’equerrcy
Distribution of the Largest or Smallest Member of a Sample”, Proceedings,
'Cambridge Philosophieal Society, Volume 24,Part 2,1926. . -

FRIEDMAN, D.G., “Assessment of the Magnitudg of the Hurncane Risk”,
Proceedmgs, 11th Technical Conference ori Hurricanes and Troplcal '
Meteorology, Mnanu Beach Florida December 13 161977. -

GEORGIOU P.N., DAVENPORT A.G. 2nd VICKERY B J “Desngn Wind
‘Speeds in Reglons Dormnated by Tropxcal Cyclones”, Bth Internatlonal
Conference on Wind Engineering, Gold Coast, Austraha March 21-25 1983
Auckland, New Zealand, April 6-7 1983. Ly

GILMAN C.S.and MYERS, V.A. "Humcané ’Wmds for Desxgn Along the ~
New England Coast”, Journal of theW&temays and Harbours vaxsxon
A.S.C.E., Volume 127 PartIV, 1962. .

~ GOMES, L., and VICKERY, B.J.,"On the Prediction of Tropical Cyclone Gust = -
Speeds Along the Northern Australian Coast”, Civil Engineering ,
Transactions, Instxtute of Engineers Austraha Volume CEIB No. '2,1978.

Report, May 1985 - . RPN

= ot B v bgese

Anstn s e n geeea an

Pt A R ARAE

?

278

L] - !
. : . t
, .
- .
. ' -




.
W‘fﬂ‘*"iﬂ‘{‘?ﬁﬁ"‘": s L
-~

GOMES L.and VICKERY,B 4., "On the Predlctlon of Ex.treme Wmd Speeds :
from the Parent Distribution”, J ournal of Industrial Aerodynaxmcs, Vo]ume 2,
pp: 21-36, 1976 ‘

. GOMES, L. and VICKERY, B Jd., "Extreme WmdS eeds in Mxxed Wmd

Chmates” Journal of Indus’nal Aerodynamics, Vo ume 2, pp 331-344,
1977/ 1978.

GUMBEL, EJ., “Staﬁstlcs of Extremes” New York Columbia Umversxty
Press, 1958. E . ,

HEBERT, P.J., “The 1979 Hurrlcane Season” , Monthly Weather Revxew
AMS, Volume 108, June 1980. .

LUDLUM, D M., “Early American Hurricanes 1492- 1870” AMS, Boston
Massachussetts 198 pp, 1963.

.

- MARSHALL,R.D,, “Fastest- Mile'Windspeeds in Hurncane Alicia”, National

Bureau of Standards Technical Note No. 1197, .S. Department of
Commerce, 1984.

MARTIN, G.S,, "Probabthty Dlstnbutlons for Hur caneWmd Speeds on the
Australian Coast Conference on Applications of Probability Theory to

" Structural Design, Melbourne, Australia, November 14 1974

MYERS V. A “Storm Tide Frequencxes on the South Carolina Coast” NOAA
Technical Report NWS- 16 Us. Department of Commerce June 1975,

_NAISBITT J., "Megatrends Ten New Dlre.ctlons Trangformmg QOur Lives”, '

Warner Books February1984

POWELL, M.D., MARKS, F.D. and BLACK, P.G., The Asymmetrrc - "
Structure of Alicia’s Windfield at Landfall”, Proceedmgs A.S.C.E. Specialty T
Conference ‘Alicia - One Year Later Galveston Texas, August 16- 17 1984

RUSSELL, L.R. "Probablhty Dlstrlbutlons for Hurricane Effects” J ournal of
the Waterways ‘Harbours and Coastal Engmeermg Division, A.S. C. E,
Volume 97, No. WW1, February1971.

‘RUSSELL, L.R. and SCHUELLER, G.F., "Probablhsnc Models for Texas Gulf

Cg’?st Hurricane Occurrences Journal of Petroleum Technology, March
1974 : .

SAVAGE, R.P., BAKER J., GOLDEN, J H., KAREEM A. andMANNIN \
B.R., “Hurricane Alicia: Galveston and Houston Texas, Augiist 17.18 1983",

r
L]

- Committee on Natural Disasters, Commission on Engineering and § hmcal
* Systems, National Research Council, Report No. CETS-CND-028,

SC RDT, W, HO, F.P. and WATI&INS RR, "Meteorologlcal Criteria

for Standard Pro _|ect Hurricane and Probable Maxlmum Hurricane Wind

Fields, Gulf and Atlantic Coasts of the United States”, NOAA Technical \

Report NWS23, U.S. Department of Commerce, September 1979. st
", .

ha e




ey
°

i

P

N T LN g g ot )
R e e I

L,

T

.Department of Commerece, March 1980.

" State Umver51ty Press, 1981.

Florida Reglonal Planning Council, Fort Myers, November 1982.

- THOM, H.CS., "New Dlstnbutlon of Extreme Winds in the United States”;
-Journal of the‘Structural Division; A.S.C.E., Volume

- 1979, ¥ . o +
TRYGGVASON, B.V., SURRY,D. and DAVENPORT, A.G., “Predicting
Wind-Induced Response in Hurricane Zones”, Journal of the Structural
Division, A.S. C E., Volume 102, No ST12, Dece er 1976.

‘WALKER, GR “Re orton Cyclone Tracy™: Eff/ects on Buildings - December -
%ggg” Departmento Housmgr ‘and Constructlonl Melborne, Austraha March B

' Chapter 2
: ANTHES R A, “The Response ofa 3- Levei Axisymmetric Hurricane Model

. | . 280 .
SHEETS, R.C. , "Applied Research in Su rt of Pl‘OJeCt Hurncane Strike”,
National Hurricane and Experimental Me orology Laboratory, E.R. L Us.

.

SIMPSDN R.H. 'and LAWRENCE M'B “Atlantlc Hurrlcane Frequencies
Along the U, S. Coastline”, NOAA Technlcal Memorandum NW S S 58, U.S.
Department of Cornmerce, 1971. ‘

SIMPSON R.H.and RIEHL H., “The Hurricane and Its Impact”, Louisiana -

'

SOUTHERN, R.L., “The Global Socxo-Econormc Impact ofTroplcal Cyclones
Australian Meteorologlcal Magazme 27, ppl75-195, 1979. :

S.F.R.P.C., "Southwest Florida : Hurricane Loss Study 1982", Southwest

SURRY; D.and DAVENPORT, A.G., "Modelhn% the W/md Climate : An
‘Over’ Vlew” Preceedings, Workshop on Wind C lrnate,rAshevﬂle North N
Carolina, November 197Q }

4, Number ST7, - _
Proceedings Paper 6038, J uIy 1968. - _

TRYGGVASON, B.V., “Com uter Sunulatlon of Tropical Cyclone Wind
Effects for Australla" Wrnd ngineering Report, 2/79, Department of Civil
and Systems E,ngmeermg, James Cook Umvers1ty, ownsvxlle Australia,

W.M.O., "The Quantxtatrve Evaluation of the Risk of Disaster from Tropxcal
Cyclones” Special Environmental Report No. 8, WMO No. 455, World
Meteorologlcal Orgamzatmn Geneva, watzerland 1976. - {

-~

to- Artificial Redistribution of Convective-Héat Release”, NOAA Technical
Memorandum ERL NHRL-92,U.S. Department of Commerce, 1971.

ANTHES R.A., “Tropical Cyclones Their Evolution, Structure and Effects”, -
Meteorologrcal Monog'raphs, AMS., Volume 19, No. 41 F‘ebruary 1982.-

B T

il e ow

r




-t

wui

®

ANTHES: R.A. and HOKE J E., “The Effect of Honzontal Dwergence and
the Latitudinal Variation of the Corxohs Pdarameter on the Drift of a Model

Hurricane”, Monthly Weat'her Review, A.M.S., Volume 103, pp757 763, 1975. .
~ ANTHES, R.A. and CHANG, S Ww. "Response of the Humcane Bounda

Layer to Changes of Sea Surface Temperature in a Numerical Model” Journai
of the Atmosph“erlc Sclences, AM.S,, Volume 35, July 1978.

ATKINSON, G.D. and HOLLIDAY? C:R., “Tropical Cyclone Muumum Sea
LevelPressu)iF e-Maximum Sustained Wind Relationship for Western North
Pacific”, US. Fleet Weather Centre / Joint Typhoon Warmng Centre, Guam
Techmcal Note JTWC 75-1, May 1975. ‘ ,

BATES, J., *Vertical Shear of the Horizontal Wmdla'%eed in Tropical -
C clones” 'NOAA Technical Memorandum ERL W 0-39, U.S. Department
Commerce August 1977.

CARDONE V.J., “Specification of the Windfield Distribution in the Marine
Boundary Layer for Wave Forecasting”, Report TR-69-1, Geophysical Science
Laboratory, New York Unxversxty, 1969. N

CLINE, LM. "Troplcal Cyclones” Published byMacmxIlan, -‘New York 103 pp,

1926 N
CHOW S.-H.,"A St dy of the Windfield in the Planetary Boundary Layer of a’

Movrng Troplcal Cyclone”, Master of Science Thesis in Meteorology, S¢hool of
Engineering and Science, New York University, New York, December 1971.

COHEN, L.A. {\i SPAR, J., "Eddy Stresses in Hurricane Donna (1960) Over
Long Island”, rd ’I‘echmcal Conference on Hurricanes and Tropical :
Meteorology, Mexico, 1963. . St

COLON, J.A,, "On.the Evolution of the Wind Field Durm%1 the Life Cycle of
Troplcal Cyclones National Hurricane Research Pl‘Oject eport No. 65, U.S.
Department of Commerce, November 1963. %

DEARDORFF,J.W. ,,;Parametenzatlon of the Planetarﬁ Boundary Layer for
Use in General Circulation Models” Monthly Weathe eview, AM.S,,
Volume 94, February 1972.

&eMARIA M. and SCHUBERT, W. H., “Experiments Wxth a Spectral ~
"ropical Cyclone Model”, J ournal of the Atmospheric Sclences AMS,,
Volume 41, March 1984.

hoons” Bulletm-fof the American
e9 pp399 -404, 1947

DUNNAVAN G.M., "An Evaluation of 700 mb Aircraft Reconnalssance Data
for Selected Northwest Pacific Tro ical Cyclones”, Master of Science Thesis in
Meteorology and Oceanography, Naval Postgraduate-School Monterey,
Cahforma September 1983.

teorological Society, A.M.S.,

- DEPPERMAN C.E.,"Noteson the le'gm and Structure of Philippine

281




< “ N . .
I e S Lo . 282

3

’ S

ELIASSEN,A., “Slow Thermally or Fnctlonally ‘Controlléd Motions in a
ercular Vortex”, strOph&s ‘Norv., Volume5 pp19-60, 1951

FLETCHER R. "Computatlon of Maximum Surface Wmds in Hurneanes - / ‘
_Bulletxn of the Amencan Meteorologlcal Soclety, Volume 36 June 1955 R E

FRANK W.M. "The Structure and Energetxcs of the Tro ical Cyclone. I %]
Stor';n Structure , Monthly Weather Revnew AM.S., Volume 105, September _ !
197 ST

FRANK W.M., “A Composxte Analy31s of the Core ofa Mature Hurncane R ~ “ - )
’;!’.Monthly Weather Review, AM.S., Volume 112, December 1984. : C

| FRANK, W M. and GR&I w. M., "Radlus and Frequency of 15 m/s (30 kt)
- . Winds Around Tropical Cyclones Journal of Applxed Meteorology AMS.,
. Volume 19, February 1980..

GEORGE J E.and GRAY w. M "Tp chal Cyclone Motion and Surrounding
Parameter Relationships”, Journal of Applied Meteorology, ‘A.M.S;, Volume
15, pp1252-1264, 1976.

- GILMAN, C.S. and MYERS V.A., "Hurricane Winds for Desxgn Along the .
New England Coast”, Journal of the Waterways and Harbours Dwnsxon, .
U ASCE, Volume 127, PartIV, 1962. _ IR o

GRAHAM, H.E, and HUDSON, G. M “Surface Winds Near the Centreof) .
Hurricanes (and Other Cyclones)” National Hurricane Research Report No o
29, U.S: Departmentrof Commerce, September 1960. -,

‘ GRAHAM H.E.and NUNN, D.E., "Meteoroldgical Conmaeratwns Pertlnent
" toStanda Nrd Project Humcane Atlantic and Gulf Coasts of'the United ‘
‘States”, National Hurricane Research Project Report No.33,U.S. Department
s of Commerce, 1959. )

w

N
B T T T N T

L ]
GRAY ‘W.M., "On the Balance of Forces and Radxal Accelerations in

Hurncanes National Hurricane Researgh Project Report No. 54,U.S.
Department, of Commerce May 1962. .

GRAY, W.M., "Retent Advances in Tmcal, Cyclone Research from N

Rawinsonde Composxte Analysis”, WMO Programme on Research in Tropical
Meteorology, Geneva, watzerland 1981 .

HALL, M., "West Indies Hurricanes as Observed in Jamaicg), Monthly ~.
Weather Review,, A M.S., Volume 45, pp573-588, 1917.

HAWKINS, H F.,"Vertical Wmd Profiles in Hurricanes™ Natlonal “
?umcgg; Research Project Report No. 55, U.S. Department of Commerce, . -
- une 1

HAWKINS H.F.and RUBSAM D.T., “Hurricane Hilda, 1964, ﬁ : Structuré /
3 - and Bud‘gets of the Hurricane on October 1, 1964 Monthly Weather Revigw,
AMS: olume 96, pp617-636, 1968:

A e A it A+




Y

-

}

=

HAWKINS H.F. and [MEEMBO S. M “The Structure of a SmalI Intense
ngmca.ne—lnez 1966”, Monthly Weather Rev:ew AM. S Volume 114 April
1976, - .

HOLLAND GJ.,"An Analytlcal M‘odeI of the Wlnd and Pressure Profilesin,
Hurricanes”, Monthly Weather Revxew A:M.S., Volume-108, August 1980

‘HOLLIDAY,C.R.; “On the Maxunum Susf.amed Winds Occurrmg in Atlantlc

Hurricanes?, NOAA Technical Memoran&am WBTH-SR-45, U S. Department

of Commeme, May 1969. -

HUGHES L.A., “On the Low-Level WmdStructure of Tropncal Storms
J ournal of Meteorology, AMS., Volume 9, December 1952

JELESN IAN SKI C.P. "Numerlcal Computatlons of Storm Surges With
Bottom Stress”, Monthly Weather Review, A.M.S.,Volume 95, November
1967.

JONES, R. W ﬁortex Motion in a Tropical Cyclone Model”, Journal of the
AtmoSpheru; Sciences,A.M.S., Volume 34, October 1977. ,

J ORGENSEN D.P, "Mesoscale and Convecuve Scale Charecterxsnes of
) Mature Hurncanes Part I : Inner Core Stricture of Hurricane Allen (1980)”,
Journal of the Atmosphenc Sciences, A.M.S,, Volumé41 April 1984.

KASAHARA A., "The Numerical Prediction of Hurrica \r;,e Movement w1th
the Barotropic Model'” Journal of Meteorology, A.M.S., Volume 14, May 1957.
y - . - -

KRAFT,R.H,, “The Hurricane’s Central Pressure and Highest Wind”,
Mariners Weather Log,’A.M.S., Volume 5 May 1961.

LaSEUR, N.E. and HAWKINS, H.F., "An Analysxs of Hurricane Cleo (1958)
Based on, ‘Data from Research Reconnaissance Aircraft”, Monthly Weather
Review, A.M.S., Volume 91, pp694-709, 1963. v

MADALA,R. V.and PIAGSEK, S.A., "Numerica Sxmulatxon of Asymmetrlc
" Hurricanes on a Beta- Plane With Vertlcal Shea Tellus, Volume.27, pp453-°
468, 1975. ..

MALKIN W., “Filling and Latensity Changes in Hurricanes Over Land”,
..National Hurricane Research Report No.34, U S. Department of Commerce
" November 1959. v v , 4

MALKUS, J.S. afd RIEHL, H.“On the Dynam,xcs and Energy L
Transformations in Steady-State Hurricanes”, National Huarricane Research
~ Project Report No. 31, U.S. Departnwnt of Commerce September 1959,

McBRIDE J.L., "Observatxonal Anglyms of Tropical Cyclone Formatxon Part
Hg }Budget Analysxs” Journal _of the Atmospheric S¢1ences, A. M S., Volume
38, June 1981.

MERRILL,R T A Compamson of Larée and Small Tropxcal CycloneQ‘
Monthly Weather Revxew, AM.S., Volume 112 Jd u1y1984

—



. e ) ' '
.MILLER, B.I1,, “On the Momentum and Energy Balance of Hurricane Helene

(1958)”, National Hurricane Research Pro,)ect Report No. 53, U,S Department -

" of Commerce Aprll 1962,

- MILLER, B. L, “On the Filling of Tro 1cal C clones Over L’and”, National
Hurricane Research Project Report 0. 66, U.S. Department of Cprmperce,
December 1963 , ,

T MILLER BI "Characterlsttcs of Hurricanes”, Sc1ence vVqumeIS’r’ pp1389- ‘
- 1399, 1967 ,

" MOSS, M. S “Low-Layer Features of Two Limited-Area Hurricane Reglmes
NOAA Technical Memorandum ERL 394-N HEML 1,U.S. Depe,'rtment of
‘Commerce, March 1978.

MOSS, M.S., and ROSENTHA.L S.L. “Oh the Estimation of Planetary
Boundary Variables in Mature Hurricanes” Monthly Weather Rev1ew
AMS,, Volume 103, November 1975. .

MOSS, M.S. and JONES, R W.;"A Numencal Slmulatxc)n of Hurricane

' Landfall" NOAA Technical Memorandum ERL NHEML-3, US. Department o

of Commerce November 1978.

. MYERS, V.A., “"Characteristics of United StatesHumcanes Pertm'entto
Levee Desxgn for Lake Okeechi mge Florida”, H dromet,eorologlcal Report
No.32,U.8. Depart.ment of Co rce, March 1 54.-

MYERS, V.A., “Ma uni Hurricane Winds”, Bulletin of the Amencan
Meteorologxcal Society, A MS., Volume 38, pp227-228 1957.

MYERS, V.A. and MAL "Some Propertles of Hurricane Wind Fields
as Deduced from’ Trajecto s N ational Hurricane Research Pro_]ect Repogt
No. 49 U.S. Department o ommerce, November 1961.

' NHRP, “Survey of "Meteorological Factors Pertinent to Reductmn of Loss of

Life and Property, in Hurricane Situations”, National Hurricane Researcp.:. % e

* Project Report No. 5, U.S. Department of Commerce, March 1957. 4:.,.' R,
NHRP, "Details of the Cu-culatnon of the High Energy Core of Hurricane .*

Carrie”, Nationgl Hurricane Research Project Report No. 24, U.S.
Department of ommerce, November 1958,

NOVLAN D.J. and GRAY, WM. “Hurricane Spawned Tornadoes”, - &
Atmosphenc Science Paper No. 200 Colorado State University, May 197 3.

NUNEZ,E. and GRAY W M.,"A Com arison of West Indxes Hurricanes and
. Pacific Typhoons” Proceedm 11th Technical Conference on Hurricanes and
" Tropical eteorology, Miami Beach, Miami, December 13-16 1977.

OOYAMA, K., “Numerical Simulation of the Life Cycle of Tropical fyelones y
Contribution No. 87, Geophysical Science Laboratory, De artment o
Meteorology and Oceanography, New York University, 1967,

4

T on

284




OOYAJ;/IA K., "Numerical Simulation of the Life Cycle of Tropical Cyclones”,‘
' Joumal of the Atmosphenc Scxences, AM.S,, Volume 26 pp3-40,1969. .

.POWELL M.D., “An Evaluation of Diagnostm Marine ‘Boundary Layer

Models Applled to Hurricanes”, Master of Science Thesis, Department of
Meteorology, The- Pennsylvama State Umversxty, May 1978. .,

Applied to Hurricanes”; ; Proceedings, 5th Intexnational Conference on Wind
Engmeermg, Fort Collins, Colorado, July 8-14N 979 \

PO L, M. D . "The Transition of the Hurricane Frederic Boundary~Layer
Wind Field from the Open Gulf of Mexico to Landfall”, Monthly Weather
Review, A M.S., Volame 110, December1982. -

POWELL, M.D. . “Evaluations of Dxagnostlc h%nne Boundary Layer Models

A WELL, M.D., Personal CommLxmcauQn, September 1984. r

'PQWELL, M.D., MARKS, R.D.and BLACK,P.G., “The Asymmetric Structure
of llclaszdfield at. Landfall” ASCE.S ecxalty Conference: ‘Alicia, One
Later’, Galveston, Texas, August 16-17 1984 -

OWELL, M.D. and BLACK, P.G. “Airborne Dop ter Radar Observatmns of -
e Boundary Layer of Hurridane Debby (I982)" 22nd Conference on Radar
teorology, Zurich, watzerland September 10-13 1984. ‘

. HL, H., “"Some Relatlons Between Wind and Thermal Structure of Steady
State Hurricanes”, National Hurricane Research PrOJect Report No.63, -
+ U.S.Department of Corhmerce.

" RIEHL, H.,and MALKUS, J.S., "Or the Dynamics and Energy -
T;gnsformatlons in Steady State Humcanes Tellus, Volume 12; February
1961 o

SCHLOEMER R.Wy, “Analysis and Synthesis of Hurricane Wind Patterns
Over Lake Okeechobee Floridg”, N OAA Hydrometeorolqglcal Re port N o. 31
U. S Department of Commerce 1954, ‘

SCHWERDT, R.W,, HO,F.P. and WATKIN S, R. R "Meteorologxcal Criteria

for Standard Project Hurricane and Probable Maximum Hurricane Wind .
Fields, Gulf andrAtlantic Coasts of the United States”, NOAA Technical .
Report NWwWS23,U.S. Departmentof Commerce September 1979 L

_SHAPIRO, L.J., “The Asymmetnc Bounda‘ry Layer Flow Under a Transla.tmg
Hurncane” Journal of tbe Atmosphenc Sciences,- A.M S., Volume 40, No. 8,
.August 1983. ) .

SHAPIRO, L.J., and WILLOUGHBY HE. ""rhe ResPonse of Balanced
. Hurricanes to Local Sources of Heat and Momentum Journalof the »
_Atmospherxc Sciences, A. M S, Volume 39, February 1982.

. SHEA, D.J. and GRAY, W M., "'I‘he St.ructure and Dynamics of the . ,
Hurricane’s Inner Core. Regwn j/Atmospheric Science Paper No.182, Colorado
, State University, Apnl 19720«

. . \

-




Vs : i

" SHEETS, R.C., “On the Structure of Hurricanes as Revealed by Research .
Aircraft Data Intense Atmospheric Vortices, Proceedings of the Joint’
Symposium (IUTAMIUGG), eading, United Kingdom, July14-17 1981.

SHIOTANI, M., “Turbulence Measurements a %the Sea’Coast’ Dnrmg ngh
“gnd” Journal of the Meteorologlcal Sometyo Japan Volume”53 Pctober
1975

SINGER, LA, NAGLE C.M. and BROWN R.M., “Variation of Wind With ' /j
' Helgrht Dunng the Approach and Passage of Hurricane Donna” Proceedxngs.,

2nd Technical Conference on Hurricanes, June 27-30 1961, Nafxonal ;

Hurricane Research Projeet Report No. 50 U.s. Department of Commerce

SYO S “A Numerical Experlmen.t on the Formation of Tropical ' i
Cyclones”, Proceedxngs, International Symposium on Numerical Weather
A Predxctxon Meteorologlcal Sodiety of J apan pp405- 418 1962,

. TAKAHASHI K. "sttnbutlon of Pressire and Wint in a Typhoon”, Journal
of ghe Meteorologxcal Society of J apan, 2nd Series, Volume 17, N ovembex‘ : '
1939 )

TULEYA,R.E., and KURIHARA, Y., "A Numerical Slmulatlon of the
_Landfall of Tropical Cyclones”, Journ: oﬁthe At.mospherlc Sciences, A. M S ’
Volume 35, February 1978.
)

- TULEYA,R.E. BENDERM.A. and KURIHARA Y., “A Simulation of the
- Landfall of Tropical Cyclones.Usmg a Movable Nested-Mesh Model” Monthly
Weather Review; A.M.S., Volume 112, January 1984. - _

5.

WILLOUGHBY, H.E., “Some Aspects of the Dynamicsin Hurricéne Anita of
1977”, NOAA Technical Memorandum ERL NHEML-5,.U.S. Department of
Commerce, October 1979.

‘ WILLOUGHBY H.E., "Forced Secondary Circulations in Hurricanes”,
" Jdurnal of Geophyswal Reserch, A.G.U., Volume 84 No. C6, June 1976

WILLOUGHBY, H.E., CLOS, J.A. and SHOREIBAH M.G., ncentnc Eye a
Walls, Secondary Wmd Maxnma and the Evolution of the Hur icane Vortex”,
Journal of the Atmopsheric Sc1ences, AMS,, Volume 39, February1982 '

_ WILLOBGHBY H.E,JIN, H. L LORD, S.J. and PIOTROWICZ, J. M.,

. "Hurricane $tructure and Evolution as Simulated by an Axlsymmetnc,
Nonhydrostatic Numerical Model”, Journal of the Atmospherxc Scienceg, |
A.M.S., Volume 41, April 1984.

WILLOUGHBY, H.E., MARKS, F.D. Jr and FEINBERG, R.J., “Sygtionary o
and Moving Convective Bands in Hurricanes” ,Journal of the Atmosphenc
Sciences, A.M.S., Volume 41, November 1984 ,

‘WILSON K.J.,"Wind Observatxons from an Instrumented Tower During .
Tropical g{clone Karen, 19777, 12th Technical.Conference on Hurricanes and
Tropical Meteorology, Few Orleans Louisiana, Apnl 1979. .

.




hed

‘'YAMASAKI, M., “Numerical Simulation of Tropical Cyclone Development
With the Use of Primitive Eqiations”, Journal of the Meteorologxcal society

ofJapan Volume 45, pp178-21, 1968a. \
YAMASAKI, M, “A Tropical Cyclone Model With Parametertzed Vertical
Partition of Released Latent Heat”, Journal of the Meteorological Society of
Japan, Volume 46, pp202-214; 1968b.

Chapter 3

GOLDMAN, J L.and USHIJIMA, T., “Decrease in Maximum Winds in

Hurricanes After Landfall”, A'S.C.E. National Meetmg on Water Resources
Engmeermg, Atlanta, Georgxa January 24-28, 1972, \
Y

GRAY ‘WM., “Recent Advances in Tropical Cyclone Research from
Rawinsonde Composxte Analysis”, WMO Programme of Research in Tropical
Meteorology. Geneva, watzerland 1981.

'MALKIN, W. , “Filling and Intensity Changes in Hurricanes Over Land"
National Hurricane Research Project Report No. 34, U'S. Department of
. Commerce, November 1959.

MILLER B.L, “Onh the Fxllm of Tropical Cyclones Over Land"”, ‘Na‘tional
Hurricane Research Project eport 0. 66, U.S..Départment of Commerce,
December 1963.

POWELL, M.D. "’I‘he Transition of the Hurnc,fme Frederic Boundary-Layer
Wind Field from the OpendGulf of Mexico to Landfall”=Monthly Weather
Revrew ‘A.M.S.,Volume 110, Decemeber 1982. f R, . ,

' :
POWELL M.D., MARKS, R.D. and BLACK,P. G “The Asymmetnc Structure .
of Alicia’s Windfield at Landfall" AS.C.E. Specxalty ConferenCe “Alicia, One
Year Later’, Galveston, Texas, August 16-17 1984.

'SCHWERDT, R.W., HO, F. P -and WATKINS RR, "Meteorologlcal Criteria
for Standatd Pro;ect Hurncane and Probabde Maximum Hurricane-Wind -
Fields, Gulf ahd Atlantic Coasts of the United States”, NOAA Technical
Report NWS?3 U.S. Department of Commerce, Septer.nber 1979. .

«SHAPIRO, L.J,,“The Asymmetric Boundary Layer Flow Under a Translatmg
Hurricane”,; Journal of the Atmosphen,c Sciences, A.M.S., Volume 40 No. 8,

. August 1983

SHEA, D.J. and GRAY, WM, “The Structure and Dynamics of the
Humcane s Inner Core Region' Atmosphenc Scxence Paper No.182, Célorado
Statg Umversxty, Apn& 1972, :

. TULEYA, R.E,, BENDER,M,A. and KU-RIHARA Y., "A Simulation Study of
the Lamdfall of Tro ical Cyclones Using a Movable Nested-Mesh Model”, = - -
Monthly Weather Review, AM.S., Volume 112 January 1984.




-~

" Chapter 4

CHEN, T. V. “Comparison of Surface Winds in Hong Kong”, Royal
Observatory, Hong Kong, Techmcal Note N. 1975,

CHIN, P.C. and LEONG, H.C,, "Estlmatlon of Wind Speeds near Sea Level
Dunng Tropical Cyclone Conditions in Hong Kong”, Technical Note No. 45,
Royal Observatory, Hong Kong, July 1978; -

ISYUMOV, N. and CHURCH, R,, "A Study of the Wind-Induced Exterior
Pressures and the Ground-Level Wind Environment for the Block 144 Project,
Houston, Texas”, University of Western Ontario, Engineering Science
‘Resea.rch Report BLWT-885-1980,.1980.

ISYUMOV, N. andCHURCH R., “A Study of the Wind-Induced Aeroelastic
Response for the Block 144 Pro Ig{ect Houston, Texas”, University of Western
Ontario, Engmeermg Science Research Report, BLWT-SS6- 1980, 1980.

MARSHALL, R.D.,"Fastest-Mile Windspeeds in Husricane Alicia”, N ational
: -Bué'eau ofStandards Technical Note No.1197, U S. Department ofCommerce
. 1984

POWELL, M.D., MARKS, R.D.and BLACK,P.G., “The Asymmetric Structure
of Alicia’s 'Windfield at Landfall" AS.CE. Specxalty Conference Ahcxa One
Year Later’, Galveston, Texas, August 16-171984. - 5 -

POWELL, M.D. GEORGIOU P.N,, ISYUMOV, N.I. and HALVORSEN, R. A
Response of the Allied Bank Plaza Tower Dumng Hurricané Alicia ( 1983)

"~ PARTI: Reconstructed Storm History and Accelerations”, Submxtted to the-

Journal of Wind Engineéring, September 1985.

REINHOLD, T A., "Surface Winds in Hurricane Frederic (September 12 and
13,1979). An Engmeenng Viewpoint”, 2nd Specialty Conference on. Dynamic
Response of Structures, A.S.C.E., Atlanta, Georgia, January 15- 16 1981

SURRY D.,LYTHE, G., HORVATH, B. and DAVENPORT, A. G.., "A Wind -
Tunnel Study of the Relatlonshxp Between Gradient Wind Speeds and the
Anemometer Readings from Wagfan Island, Hong Kong”, The University of
Western Ontario, Engineering Smence Report Bi -$817-1981.

Chapter5 : " . . ,'

,BAT’I‘S ME.E., CORDES MR RUSSELL,L.R., SHAVER J.R. and SIMIU 4
E., “Hurricane Wind Speeds in the Unites States” National Bureay oé »
Standards Report No. BSS-124, U.S. Department ofCommerce May: 80

' BELL, G.J., "Observations on the Size of the’ ‘Typhoon Eye”, WAM.O. Techmcal
Confet‘ence on Typhoon Mod:f‘icatlon No.-408, Manila, October 14- 18 1974. -

COLON, J.A:, "On the Evolution of the Wind Field Durm% he Llfe Cycleof = o
Tropical Cyclones”,National Hurricane Research Project eport No. 65 U 8. T

Department of Commerce November 3. - ‘ .




B ixlariability’-’, Monthly Weather Review, A. M
1984

_the United States”, NOAW Technical
- Commerce, May 1975.

. Uses”, NO

" New York New York,

289
L K

CRAMER H., “Mathematical Methods of Statistics”, Published by Prmceton
Umversxty Press, Princeton, New Jersey, 1946.
CRY,G.W,, “’I‘ro%cal Cyclones of thre North At%c Ocean”, Weather Burea‘u

Technical Paper No. 55, U.S. Department of Co, rce, 1965 _
bEPPERMAN C.E., “Some Characteristics of Philippine Typhoons”, Bureau
of Printing, Manilla, Philippines, 1939, - \ ¥

FISZ, M., "Probability Theory and Mathematical Statistics”, 3rd Edmon
Pubhsh@ﬁ by John Wiley and Sons; New York, 1963. ,

GOMES, L. and VICKERY B.J., "On the Prediction of Tropical Cyclone Gust
Speeds Along the Northern Australian Coast”, Civil Engineering Transctions,
Institute of Engineers Australia, Volume CE1_8 No. 2, 1976.

GRAHAM, H.E. and NUNN, D.E., "Meteorological Considerations Pertinent
to Standard Project Hurricane, Atlantic and Gulf Coasts of the United
States”, National Hurricane Research Project Report No.33,U.S. Department
of Commerce 1959.

GRAY, WM., "Hurncanes Their Formation, Structure and Likely Role in the,
Troplcal Cnrcualtmn in ‘Meteorology Over theTropical Oceans’, Edited by
D.B. Shaw, Royal Meteorologlcaﬂ Society, 1979.

GRAY, W.M,, “Atlantic Seasonal Hurricane Frequency PartI El Nino and
30 mb Quasn Biennial Oscillation Influences” Monthly Weather ReV1ew
AM.S,, Volume 112, September 1984

GRAY, WM. "Atlantic Seasonal Hurricane Frecguer‘}c)i PartII FS‘orecastt;)mg
olume 112 eptember

HALD, A, "Statistical Theory With Engineering Apphcatl,ons” Pubhshed by
John Wlley and Sbns, New York 1952.

HO., F.P,, SCHWERDT, R.W. and GOODYEAI{ H.V.,"Some Climatological
Charactenstxcs of Hurricanes and Tro 1glca] Storms, Gulf and East Coasts of
r& eport NWS 15, U.S. Department of .

HOPE, J.R. and NEUMANN, C.J.,"Climatology of Atlantic Tropical
Cyclones by 2-1/2 Degree Latltude Long'ltude oxes”, ESSA Tehnical
‘Memorandum WBTM SR-44, 1969. -

JARVINEN, B.R.,, NEUMANN, C.J. and DAVIS, M.A.S., “A Tropical Cyclone
Data Tape fo the North Atlantlc Basin 1886- 1983 Contents Limitations and
Tet}:lhns;cal Memorandum NWS NHC 22 U.Ss. Department of
rchl 84

Commerce,

KUO, H.L., "Dynamics of Convectlve Vortices and Eye Formation”, in \ "The
Atmosphere and theBea ugx Motion’, Published by RocKefeller Institute Press,




rd

’

"LINDLEY, D.V, “Introduction to Prdbability and Statistics.PartII :

Inference”, Published by Cambridge University Press, Cambridge, England,
1965. .

NHRP,v"Suwey of Meteorological Factors Pertinent to Reduction of Loss of
Life and Property in Hurricane Situations”, National Hurricane Research

o Project Report No. 5, U.S. Department of Commerce, March 1957.

NEUMANN,C.J., “Probability of Tropical Cyclone Induced Winds at the
NASA Manned Spacecraft Center”, 4th National Conference on Aerospace
Meteorology, Las Vegas, Nevada, May 4-7 1970.

NEUMANN, C.J., CRY, G.W., CASO, E.L. and'JARVINEN, B.R., “Tropical
Cyclones of the North Atlantic Ocean, 1871-1977", National Weathef Service,
N.O.A.A,, U.S. Department of Commerce, June 1978. ‘ '

RUSSELL, L.R., “Probability Distributions for Hurricane Effects”, Journal of
the Waterways, Harbours and Coastal Engineering Division, AS.CE, - .
Volume 97, No.WW1, February 1971. )

*SCHWERDT, R.W., HO, F.P. and WATKINS, R.R., “Meteorological Criteria

- for Standard Project Hurricane and Probable Maximum Hurricane Wind

Fields, Gulf and Atlantic Coasts of the United States”, NOAA Technical
. Report NWS23, U.S. Department of Commerce, September 1979. \

SHAPIRO, L.J., "Hurricane Climate Fluctuations. Part I: Patterns and
Cycles”, Monthly Weather Review, A.M.S., Volume 110, August 1982. °

SHAPIRO, L.J., “Hurricane Climate Fluctuations. Part II : Relation to Large-
Scale Circulation”, Monthly Weather Review, A.M.S,, Volume 110, August
1982. : .

SHEA, D.J. and GRAY, W.M,, "The Structure and Dynamics of the
Hurricane's Inner Core Region”, Atmospheric Science Paper No. 182,
Colorado State University, April 1972.

THOM, H.C.S., “The Distribution of Annual Tropical Cyclone Frequency”,
Journal of Geophysical Research, Volume 65, January 1960.

TRYGGVASON, B.V., “Computer Simulation of Tropical Cyclone Wind
Effects for Australia”, Wind Engineering Report 2/79, Department of Civil
ag;igSystems Engineering, James Cook University, Townsville, Australia;
1 .

- TRYGGVASON, B.V.,SURRY, D. and DAVENPORT, A.G., “Predicting \

Wind-Induced Response in Hurricane Zones”, Journal of the Structural
Division, A.S.C.E’, Volume 102, No. ST12, December 1976.

XUE, L. and NEUMANN, C.J., “Annual Freqdency of Northwest Pacific
Tropical Cyclones”, National Hurricane Center Report, 1985.

o

290

o
W




L e

Chapter 6

2581

BATTS, M.E,, CORDES MR., RUSSELL LR., SHAVER, J.R. and SIMIU,
E., Hurrxcane Wind Sﬁeeds in the Unites States” National Bureau of
Standards Resport No.BSS-124, U.S. Department ‘of Commerce May 1980.

BELL, G.J., "Observations on the Size of the Typhoon Eye W.M.O. Technical
Conference on Typhoon Modification, No. 408, Manila, October 14-18 1974,

CHEN T.V.,“Comparison of Surface Wmds in Hong Kong”, Royal
Observat,ory, Hong Kong, Technical Note No. 41, 1975.

DORMAN,C.M.L,, "Troev cal Cyclone Winds : Uncertainties in Monte-Carlo
Slmulanon Journal of Wind Engineering and Industrial Aerodynamics,
Volume 12, pp 281-296; 1983. - .

GEORGIOU -P.N., MIKITIUK, M SURRY, D. and DAVENPORT, A.G.,
“The Wind Climate for Hong Kong”, The Umvers1ty of Western Ontario,
Engineering Science Report, BLW SS2 1984.

- GUMBEL, E.J., “Statistics of Extremes” New York Columbla University

Press, 1958

- LIEBLEIN,J., “Efficient Methods of Extreme Value Methodology" N'atxonal

“ Bureau of St.andards NTIS NBSIR 74-602, 1974.

" MELBOURNE, W.H., “Hon Kong Demfn Wind S eed Estimates and

Pressure Measurements on uilding on IL8392 Harbour Road and Fleming
Road”, Department of Mechanical Engineering, Monash University,
Melbourne Australia,1981.

MERRILL R.T.,"A Companson of Large and Small Tropxcal Cyclones”,
Monthly Weather Review, AM.S., Volume 112, July 1984.

SCHWERDT, R.W., HO, F.P. and WATKINS, R R., "Meteorological Criteria
for Standard PrOJect Hurricane and Probable Maximum Hurricane Wind
Fields, Gulf and Atlantié Coasts of the United States”, NOAA Technical

"‘*Report S23, U.S. Department of Commerce, September 1979.

SURRY, D., LYTHE G., HORVATH, B. and DAVENPORT,A.G., “A Wind
, Tunnel Study of the Relatxonshxp Between Gradient Wind Speeds and the
- Anemometer Readings from Waglan Island, Hong Kong”, The University of

. Western Ontano Engmermg Scxence Report, BLWT-SS$17-1981.

Chapter 7

DAVENPORT A.G., " The Predlctxon of the Response of Structures to Gusty
‘Wind”, International Seminar on the Safety of Structures Under Dynamic .
Loadxng, Volume 1 Norwezlan Institute o Technology, June 1977. o

DAVEN POR’I‘, A.G., Pe_rsonal ,Commumcatxon, July 1984.

Rt

R W S i T

.
ST e e iy T A AR P o T 87 0 T e

S

n,

R



Chapter 8

. SHAPIRO, L.J., “The Asymmetric Boundary Layer Flow Under a Translating
Hurricane”, Journal of the Atmospheric Sciences, AM.S., Volume 40, No. 8, .

August 1983.

-

st e & S s B g AL s LT a0




	Western University
	Scholarship@Western
	1986

	Design Wind Speeds In Tropical Cyclone-prone Regions
	Peter Nicholas Georgiou
	Recommended Citation


	tmp.1410230736.pdf.xvZOS

