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ABSTRACT 

Hurricanes have caused bUHons of doUars of damage and claimed 

many Hves over the years. Hurricanes not only devastate the people and 

buUdings directly in the path of their fury, but they affect aU of society. After 

a hurricane makes landfaU (especiaUy in a populated area) aU of society 

bears the burden of the economic recovery. Such an event can be quite 

taxing. For this reason it is especiaUy critical that hurricanes be studied in 

order to more fuUy understand them. With an increased understanding of 

hurricanes the pubHc can be better prepared for and mitigate such disasters. 

Hurricanes are major events, but since they happen relatively 

infrequently at any one location, meaningful statistics cannot be compUed at 

a single site from the historical records. Thus, an indirect method of 

obtaining useful hurricane wind statistics is needed. One such method 

investigated in this thesis is known as a Monte Carlo simulation. 

A Monte Carlo simulation is a procedure whereby many ideaHzed 

tropical storms and hurricanes are generated using a computer simulation. 

In this procedure, relevant meteorological parameters such as the radius of 

maximum winds, the central pressure, and the speed and direction of the 

hurricanes motion are randomly selected from probabiHty density functions 

developed from historic data. The information selected is then used to 

initiaHze the wind field model. The hurricane is then propagated, and the 

maximum wind speed and wind direction at the site of interest is captured. 

This process of initiaHzation of the hurricane wind field, propagation of the 

hurricane, and capturing of the maximum wind speed and direction at the 

site is performed repeatedly. Assuming the hurricane wind model and the 

hurricane parameter statistics are reasonable for the site in question, 

statisticaUy signfficant wind statistics result. The resulting database of wind 
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speeds and directions can be used by engineers to estabHsh load factors for 

the design of structures. 

This thesis takes a closer look at the Monte Carlo simulation method 

for a number of sites along the United States Gulf and Atlantic Coast. The 

resulting wind statistics are then presented and a number of interpretations, 

conclusions, and possible suggestions are discussed. 
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CHAPTER I 

INTRODUCTION 

There are a large number of people Hving in areas at risk of being 

directly impacted by a hurricane along the United States coastHne. 

Hurricanes bring the threat of damaging winds (greater than 64 knots) which 

put both life and property in danger. Hurricanes also bring the threat of 

storm surge to the immediate coastHne. Since water is much denser than air, 

the storm surge topped by large waves often cause very serious damage to 

any object found within its range. 

Since hurricanes can bring both strong winds and high storm surge, 

they often cause miUions of doUars worth of damage along with loss of Hfe to 

affected areas. This often brings a great economic stress to the region 

influenced by a hurricane. For these reasons it is especiaUy critical that 

hurricanes be studied in order to more fuUy understand their properties. 

With superior understanding of hurricanes and better preparation, less 

economic damage should occur when a site is impacted. This diminished 

economic damage wiU lead to a quicker recovery after a hurricane landfaU, 

which wiU ease the burden on society after such an event. 

Although both the wind and the storm surge are crucial in the 

determination of how much damage occurs in association with any particular 

hurricane, this thesis wiU only be concerned with the wind statistics. The 

wind information is of primary importance, except for the immediate vicinity 

of the shoreline where the storm surge is dominant. Since the wind is 

experienced weU inland and covers a much larger geographical area than the 

storm surge, it is the focus of the thesis. 

One problem when considering hurricane wind statistics at a 

particular location along the United States coastHne is that very few storms 
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actuaUy strike near the same site over a smaU number of years (10 years for 

instance). Couple that with the fact that historical records for observation 

sites along the coastHne only exist for the past hundred years or so. and that 

results in a Hmited number of hurricane wind observations at each site. 

Based on this conclusion, Batts et al. (1980) determined that it is not possible 

to use statistical analysis of the highest annual wind speeds at a particular 

site in order to determine the extreme wind speeds in hurricane-prone 

regions. Therefore, an indirect method must be used for regions such as the 

United States coastHne. The indirect method chosen to determine the wind 

statistics for this study is known as a Monte Carlo simulation. 

Monte Carlo methods, in the form of statistical simulations, have been 

used for centuries. Only in the past several decades has the technique gained 

the status of a fuU-fledged numerical method capable of addressing the most 

complex appHcations. The name "Monte Carlo" was coined more recently 

during the Manhat tan Project of World War II, because of the simUarity of 

statistical simulation to games of chance, and because the capital of Monaco 

was a center for gambling and simUar pursuits (Computational Science 

Education Project, 1995). 

A Monte Carlo simulation results from a large number of reaHzations 

of any event of interest. If one gathers the detaUs produced from the large 

number of randomly generated reaHzations, statistically significant 

information results, assuming the reaHzations are simUar to what reaHty 

would have produced. In this case, the event of interest is a hurricane 

making landfaU. For this thesis, a hurricane or tropical storm strike is 

defined if the center of the storm passes within 150 nautical mUes of the site 

of interest. One thousand randomly generated individual storms 

(reaHzations) in the form of hurricanes, tropical storms, or tropical 
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disturbances are simulated coming ashore at each site chosen along the 

United States coast. 

A valuable appHcation of this process is for generation of hurricane 

wind statistics. Although hurricanes usuaUy develop in the Atlantic Ocean 

and Gulf of Mexico region every year, very few hurricanes make landfall 

along the United States coastHne each year. A particular site along the U.S. 

coastHne, on average experiences only a Hmited number of hurricanes over a 

one hundred-year period. Since so few hurricane landfaUs are experienced by 

any single site and adequate wind records only go back a hundred years or so, 

no StatisticaUy significant hurricane wind information can be extracted from 

the wind records (Batts et al., 1987). Therefore, a Monte Carlo simulation is 

chosen as an indirect method to obtain significant hurricane wind statistics. 

For this thesis, a Monte Carlo simulation is a procedure whereby 1000 

tropical storms and hurricanes are generated using a computer program. As 

each storm is simulated the maximum wind and the direction of the 

maximum wind are identified and cataloged. Using the generated wind 

information at a site, the extreme wind speed for any particular return period 

can be determined. Such an analysis was carried out for 11 different sites 

(shown in Figure 1.1) along the United States Gulf and East Coasts. 

In order to carry out the Monte Carlo simulation, a wind field was 

required to represent the hurricanes which made landfaU. A number of 

hurricane wind field models were tested for the purpose of representing the 

many individual hurricanes and tropical storms which were to move ashore 

and strike the 11 sites of interest. A hurricane wind field model developed by 

HoUand et al. (1991) was chosen and used to complete the simulations. A 

detaUed presentation of the different hurricane wind field models considered 

in this study are presented in Chapter II. The data source to generate the 

results are presented in Chapter III, the results are then presented in 
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Figure 1.1. Sites used in the simulations. 
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Chapter IV, with more explanation and interpretation foUowing in Chapter 

V. Chapter V also contains some comparison to simUar studies. The goal of 

this thesis is to explain in detaU a relatively new method of gaining hurricane 

wind statistics, not otherwise obtainable, through Monte Carlo simulations. 

LI - . t . . J . „ . V ! ' »-• l i i i l 



CHAPTER II 

HURRICANE WIND FIELD MODELS 

Many models have been developed to represent the wind field found 

within a hurricane or tropical storm; some are very simple, whereas others 

are very complex. Five different wind models were investigated for use in the 

Monte Carlo simulation; eventuaUy it was decided to use the wind field model 

developed by HoUand et al. (1991). 

The simple hurricane wind field models generaUy consider the wind 

around a hurricane to be circularly symmetric. Therefore, at a given radius 

for aU azimuths the same wind speed would be generated (excluding the 

addition of the forward speed of the storm). A simple hurricane wind model 

would consist of a circular storm rotating counterclockwise (in the Northern 

Hemisphere) around a central axis without any storm motion and no inflow 

or outflow. As more factors are included, the wind field model becomes more 

complex. 

Storm inflow is an additional characteristic commonly included. The 

inflow is a component of the wind field blowing toward the center of the 

storm. This is due to the fact that the center of a hurricane is a low pressure 
- ^ — — ~ ' • — ' — — 

system. Air wUI tenSTto^move from higher to lower pressure. Thejnflow 

angle is the angle at which the air circulating around the storm is moving 

towards the center of the storm. Although the exact amount of inflow is not 

commonly agreed upon, an inflow angle greater than ze_ro_degrees and less 

than thirty five degrees is widely used. It is also generally agreed that the 

inflow stops at the radius of maximum winds of the tropical system. At the 

radius of maximum wind all of the convergence due to the inflow then 

generates ascent in the storm; air is then carried out of the storm at upper 

levels. Thus, the inflow angle is generaUy agreed to be zero inside the radius 
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ofmaxLinum winds. It has even been proposed that there is some outflow 

within the radius of maximum winds, but none of the models discussed 

within this chapter include such a factor. 

The most obvious factor to include is the storm motion. Adding the 

storm motion of the storm introduces as5anmetries in the wind field. The 

wind speeds are greater where the hurricane winds and storm motion are in 

the same direction and added together; net winds are^duced)where the 

hurricane winds and storm motion oppose each other. Consequently an 

asymmetric hurricane, with stronger wind speeds on one side of the storm 

and Hghter wind speeds on the other side develops. 

2.1 Rankine wind field model 

Of aU of the formulated wind field models, the Rankine Vortex 

(Rankine, 1901) is probably the simplest model used for representing any 

type of vortex. The Rankine model is represented in the foUowing formulas: 

V/r= Ki (r < rm) (2.1) 

Vr = Ko (r > rm) (2.2) 

where V is the calculated wind speed, Ki and Ko are constants determined 

from the data, and r is the distance from the center of the storm to the point 

of interest. Equation (2.1) represents the wind speed within the radius of 

maximum winds (rm) and equation (2.2) is for the wind speed outside the 

radius of maximum wind. This model produces a linear ramp up to the 

maximum wind speed within the radius of maximum winds, and then a 

decrease in the wind speed inversely proportional to r once outside the radius 

of maximum winds. One problem with this model is that it requires Ki and 
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Ko to be determined at the radius of maximum winds by substituting in for r 

and V. This impHes that the radius of maximum wind and the maximum 

wind speed must be known, which may be inconvenient. 

2.2 Modified Rankine wind field model 

The Modified Rankine wind field model is very simUar to the Rankine 

wind field model. The mathematical representation for this model is: 

V/r=C (r < rm) (2.3) 

Vr>̂  = D (r > rm) (2.4) 

where V is the calculated wind speed, C and D are constants determined from 

the data, x is an empirical constant (with a value often taken between 0.4 and 

0.6), and r is the distance from the center of the storm to the point of interest. 

Equation (2.3) gives the wind speed within the radius of maximum winds and 

equation (2.4) is for the wind speed outside the radius of maximum wind. 

This model is identical to the Rankine wind field model inside the radius of 

maximum winds. Once outside the radius of maximum winds the wind speed 

now decreases at a rate inversely proportional to r''. This produces a larger 

storm since the wind speed decreases more slowly as r increases. The same 

problem as with the Rankine wind field model arises in that this model also 

requires C and D to be determined at the radius of maximum winds by 

substituting in for r and V, which is undesirable. 

2.3 Gradient wind model 

Another commonly used hurricane wind model is known as the 

gradient wind model (Holton 1992). The model results from a three way 
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balance between the Coriolis force, the centrifugal force, and the horizontal 

pressure gradient force. One mathematical representation of the gradient 

wind including translation, Vf, is: 

Vgr = Vc((y2+l)l/2.y) (2.5) 

Vc = {(AP R exp(-R/r))/(pr)}i/2 (2.6) 

y ^ (l/2){(rf + Vf sin 0)A^c) (2.7) 

where Vgr is the gradient wind, Vc is the cyclostrophic flow, y is a calculated 

parameter, AP is the pressure difference between the center of the storm and 

the storm's periphery, R is the radius of maximum winds, p is the air density, 

f is the Coriolis parameter, Vf is the forward speed of storm, and 0 is the 

angle counterclockwise fi*om the forward velocity vector to radius r at the 

point of interest. Equation (2.5) is the actual representation for the gradient 

wind model. Equation (2.5) can be solved for by substituting in equations 

(2.6) and (2.7). This wind field model is more desirable than the Rankine and 

Modified Rankine wind field models since it requires avaUable meteorological 

parameters to solve, instead of the actual maximum winds at the radius of 

maximum winds. 

2.4 Holland wind field model 

The Holland (1980) wind field model is a generaHzation of earHer models 

of the hurricane. The mathematical representation of this model is: 

V = {[(AB)/(prB)](Pn-Pc)exp(-A/rB) + (r2f2)/4}i/2 . (rf)/2 (2.8) 
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R = Ai/B (2.9) 

1 . 0 < B < 2 . 5 (2.10) 

where A and B are empiricaUy determined and are related through equations 

(2.9) and (2.10), R is the radius of maximum winds (meters), p is the air 

density near the surface of the earth (kUograms per cubic meter ), r is the 

radius of interest (meters), Pn is the environmental surface pressure 

(pascals), Pc is tlie central surface pressure of the hurricane (pascals), and f is 

the CorioHs parameter (per second). This wind field model, like the gradient 

wind model, does require avaUable meteorological parameters to solve, 

instead of the actual maximum winds at the radius of maximum winds. 

\j(y 2.5 Modified HoUand wind model 

The modified HoUand et al. (1991) wind field model is an updated 

version of the earHer HoUand wind field model. The basic form of the wind 

equation has been simply modified by the substitution of A in terms of R and 

B: 

V = {B(R/r)B(Pn-Pc)exp[-(R/r)B]/p - (r2f2)/4}i/2 . (rf)/2 (2.11) 

where aU the common symbols are the same as is defined in section 2.4. The 

improvement however is that in this updated version the empirical 

parameter B has been expHcitly solved for in the form: 

B = 1.5 + (980 - Pc)/120 (2.12) 

10 
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where Pc is the central pressure (in miUibars) of the storm. Therefore, it is 

not necessary to randomly chose a value between 1.0 and 2.5 for B. The 

parameter B is a factor which affects the size of the storm. The larger B, the 

smaUer the overaU dimensions of the storm. A lower central pressure results 

in a larger value of B, which in turn impHes a stronger storm (larger wind 

speed generated). Therefore, as the central pressure of the storm drops, the 

size of the storm decreases, whUe the maximum wind speed of the storm 

increases. Hence, holding aU the meteorological factors constant except for 

the central pressure yields relatively large weak storms for high central 

pressures and more compact intense storms for lower central pressures. 

Another generalization in this wind field model is that the entire wind 

field is shffted such that the majdmum wind is 70° to the right (in the 

Northern Hemisphere) of the direction of the storm motion after the first 

order asymmetry is introduced from the addition of the storm motion. Thus, 

the wind field is essentiaUy shifted 20° counterclockwise after the storm 

motion is added on to equation (2.11). The above is demonstrated in Figures 

2.1-2.3. Figure 2.1 is an example of a symmetric hurricane wind field, with 

the wind blowing counterclockwise (in the Northern Hemisphere) around the 

center of ttie hurricane ley^). The black circles around the eye represent 

winds of equal speeds (isotachs). Figure 2.2 then demonstrates the effect of 

adding the mean storm motion and thus creating an asvmmetric^torm. The 

closed contours to the right of the eye represent the increase in the maximum 

wind speed where the storm motion and the hurricane winds are in the same 

direction. This maximum is then shifted counterclockwise 20°, as shown in 

Figure 2.3. 

After calculating the wind speeds, the radial wind field is then 

constructed by rotating the flow to a constant inflow angle of 25° outside the 

radius of maximum winds with no inflow or outflow within the radius of 

11 
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Figure 2.1. Symmetric hurricane wind field. Lines are isotachs. Red 
circle indicates the eye. 

Figure 2.2. Symmetric hurricane plus the mean storm motion (Vf). 
Lines are isotachs. Red circle indicates the eye. 
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Figure 2.3. Hurricane wind field adjusted 20° counterclockwise. 
Lines are isotachs. Red circle indicates the eye. 

Figure 2.4. Symmetric hurricane wind field. Arrows indicate a 25° angle of 
inflow outside the radius of maximum winds (no inflow inside 
the radius of maximum winds). 
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Figure 2.3. Hurricane wind field adjusted 20° counterclockwise. 
Lines are isotachs. Red circle indicates the eye. 

Figure 2.4. Symmetric hurricane wind field. Arrows indicate a 25° angle of 
inflow outside the radius of maximum winds (no inflow inside 
the radius of maximum winds). 
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maximum winds, as shown in Figure 2.4. In addition, thajwindspeeds 

produced by this wind field model are then reduced by a factor of 0.7 to adjust 

them to 10-minute averagewinds at 10 m ^ s was determined by HoUand for 

this particular wind field. 

Along with this wind field model an associated pressure field model is 

developed by HoUand et al. (1991). The pressure field model is: 

P = Pc + (Pn - Pc) exp[-(R/r)B] (2.13) 

where P is the pressure at the point of interest r. AU of the other parameters 

are defined in section 2.4. 

2.6 Wind field model chosen for this studv 

Of the five hurricane wind field models presented in this thesis the 

wind model developed by HoUand et al. (1991) was chosen for the Monte 

Carlo simulation procedure, for three reasons. First, it appears to best 

represent a wide variety of hurricane wind fields since this wind model is 

very flexible (it can represent a large range of hurricanes in both size and 

shape) and thus, can represent a wide variety of storms. AU of the other wind 

models are locked into one particular wind profile, and only their size can 

change depending on the radius of maximum winds. In reaHty, hurricanes 

are observed to occur in a wide variety of both profiles and sizes. 

Also, the HoUand model has the wind fields shifted 20° 

counterclockwise such that the maximum winds more reaHsticaUy represent 

the hurricane winds found in nature. AU of the other wind models have no 

such adjustment of their wind fields. 

FinaUy, an angle of inflow of 25° is assumed outside the radius of 

maximum winds. According to the research with this new wind and pressure 
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model, it appears that these pressure and wind fields are as good and are 

often better than previous models. In addition, input parameters for this 

model are readUy avaUable from sources such as Ho et al. (1987). For these % 

above reasons the HoUand wind field appears to be the superior model and is 

the model of choice for the Monte Carlo simulations. 

2.7 Comparison of wind field models for Hurricane Hugo 

The five wind field models considered in this thesis are compared in 

Figure 2.5 for Hurricane Hugo. The required parameters to generate the 

wind fields are shown in Table 2.1. The models were run with Hurricane 

Hugo striking the South CaroHna coast directly (normal to the coast) for aU 

the simulations. 

Shown in Figure 2.5 are the wind speeds predicted using the five 

hurricane models and Hurricane Hugo parameters for a point where the 

center of the storm (eye) passes directly over the coastHne. In Figures 2.5, the 

horizontal axis is the distance the eye is from the coastHne normaHzed by the 

radius of maximum wind. At distance 0, the eye is directly over the site. At 

any negative distance the eye of Hugo is stiU offshore approaching the site, 

and at any positive distance the eye of Hugo is moving further onshore and 

moving away from the site. Hence, Figure 2.5 gives a cross-sectional view of 

the different wind field models 

One can conclude that the Rankine Vortex model produces a smaUer 
I m 

spatial wind field in comparison to the Modified Rankine model and the 

Gradient Wind field model since the wind speeds drop off more rapidly 

outside the radius of maximum winds (outside values of+/- 1). Thus, the 

Gradient Wind and the Modified Rankine Vortex models better represent a 

hurricane of substantial size, whereas the Rankine Vortex model best 

represents a hurricane which is quite compact. 

15 

iitJiiiLum 



liJAmm, mmm 

(0 

o 
c 

•o 

a 

Comparison of wind fields for 
Hurricane Hugo 

- 4 - 3 - 2 - 1 0 1 2 3 4 

Radius of maximum winds 
(non-dimensionaiized) 

Ht—Holland 1980 
(B = 1.0) 

^ - H o l l a n d 1980 
(B=2.5) 

Modified 
Rankine 

^ H o l l a n d 1991 

-JK—Gradient Wind 

-•— Rankine 

Figure 2.5. Example of wind fields investigated. The wind fields were 
constructed using data for Hurricane Hugo (shown in Table 2.1). 
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Table 2.1. Parameters used for Hurricane Hugo 

Parameters 

Radius of maximum winds 

Pressure at storm periphery 

Pressure at storm center 

Latitude of storm 

Air density 

Speed of storm 

Maximum wind speed 

Empirical parameter (x) for the Modified Rankine Vortex 

Empirical parameter (B) for HoUand's (1980) wind field 

Values 

18.37 nmi 

1013.25 hPa 

934.00 hPa 

32.7°N 

1.2 kg/m^ 

23.34 knots 

78.20 knots 

0.5 

1.0-2.5 

17 
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HoUand's 1980 wind field model has a wide variety of representation.s 

depending on the empirical parameter B. With a large value of B (2.5), the 

wind field becomes more compact, with very strong wind speeds, but as B 

decreases the wind field becomes larger with a smaUer maximum wind speed. 

Thus, it is possible to adapt this wind model to a variety of storms that faU 

between these two extremes. 

The final wind field is HoUand's 1991 wind model. This wind field 

model is somewhere in between aU the other wind field models. The major 

difference for this model is that the wind is shifted counterclockwise by 20° in 

order to place the maximum wind speeds 70° to the right of the direction of 

the hurricane motion. This can be seen in the fact that this is the only wind 

field that does not create a symmetric wind pattern. The maximum winds 

are actuaUy less as the radius of maximum winds passes the site by for the 

second time then they were when the site experienced the first passage of the 

radius of maximum winds. This would not be the case if the wind field were 

not shifted, as is the case for the other wind field models. 

As Figure 2.5 demonstrates, there is a variety of hurricane wind field 

representations, and no one model is best in every situation. For this thesis, 

however, HoUand's 1991 wind field model was chosen for reason previously 

discussed (refer to section 2.6). 
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CHAPTER III 

DATA SOURCE 

To utilize the adjusted HoUand hurricane wind field model, proper 

input characteristics of the hurricane must then be assigned in order for the 

model to produce a wind field. The parameters needed to generate a 

hurricane wind field with the HoUand model are: the latitude of the site to be 

struck; the pressure at the storm periphery; the radius of storm maximum 

wind; the central pressure, and the storm speed and direction. The 

distributions of these various hurricane parameters differ for the sites along 

the U.S. Gulf and Atlantic coastline. Thus, eleven sites located fi-om the Gulf 

coast to New England were chosen. For each of the 11 sites probabiHty 

density functions of the storm parameters must be specified for use. Goodes 

atlas (1995) was used to determine the latitude of each site (Table 3.1). The 

pressure at the storm periphery was held constant for aU locations and all 

simulations at 1013.25 hPa (mean sea level pressure). The source of data for 

the central pressure of the storm, the radius of maximum wind for the storm, 

and the speed and direction of the storm motion was a compUation by Ho et 

al. (1987). 

Ho presented the distributions of these parameters in chart format for 

the whole U.S. Gulf and Atlantic coastline. The specific values for each 

parameter at each site were manually read off the chart. The distribution of 

the parameters at each site is shown in Tables 3.2-3.5. The upper and lower 

bounds (where present in Tables 3.2-3.5) were estimated (rather than read 

directly from the charts). Given the distributions each parameter was 

randomly generated and then incorporated into the wind model, thus 

generating a wind field. Manual extraction of the information from the chart 

yields a step function format. This step function format (also referred to as a 

19 



Table 3.1. Sites and their latitudes (Espenshade et al., 1995). 

Site 

Port Isabel, TX 

Galveston, TX 

Pensacola, FL 

Fort Myers, FL 

Palm Beach, FL 

Mayport, FL 

Myrtle Beach, SC 

Virginia Beach, VA 

Atlantic City, NJ 

Long Island, NY 

Portsmouth, NH 

Latitude (°N) 

26.04 

29.18 

30.25 

26.37 

26.42 

30.38 

33.42 

36.51 

39.27 

40.50 

43.03 

20 
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Table 3.2. Central pressure distributions manuaUy extracted from Ho et al. 
(1987). Units are in pascals. The percentages represent the 
probabUity that the central pressure wiU be less than the given 
value. 

Site 

Port Isabel 

Galveston 

Pensacola 

Fort Myers 

Palm Beach 

Mayport 

Myrtle Beach 

Virginia Beach 

Atlantic City 

Long Island 

Portsmouth 

90% 

99650 

99600 

99700 

99650 

99600 

99750 

99600 

99650 

99520 

99600 

100000 

70% 

98700 

98900 

99200 

99200 

98850 

99300 

98800 

98700 

98450 

98520 

99500 

50% 

97000 

97800 

98600 

98600 

97300 

98700 

97800 

98000 

97550 

97400 

98500 

30% 

95400 

96200 

97300 

97450 

95400 

97500 

96700 

96800 

96800 

96300 

97200 

15% 

94000 

94700 

95900 

95800 

94000 

96150 

95520 

95800 

95580 

95250 

95650 

5% 

92650 

93500 

93800 

94300 

92600 

94550 

93770 

94550 

94600 

94350 

94400 

1% 

91600 

92500 

92100 

92600 

91500 

93200 

92600 

93500 

93550 

93250 

93220 

lower 
bound 

89900 

90800 

90400 

90900 

89800 

91500 

90900 

91800 

91850 

91550 

91520 



Table 3.3. Radius of maximum wind distributions manuaUy extracted from 
Ho et al. (1987). Units are in nautical mUes. The percentages 
represent the probabUity the radius of maximum winds wiU be 
less than the given value. 

Site 

Port Isabel 

Galveston 

Pensacola 

Fort Myers 

Palm Beach 

Mayport 

Myrtle Beach 

Virginia Beach 

^Atlantic City 

Long Island 

Portsmouth 

upper 
bound 

40.0 

45.0 

45.0 

45.0 

45.0 

50.0 

50.0 

55.0 

55.0 

55.0 

55.0 

95% 

33.1 

37.0 

40.0 

36.5 

36.0 

42.5 

45.5 

47.0 

49 J^ 

50.0 

50.5 

83.33% 

24.5 

27.0 

32.0 

26.5 

27.5 

33.7 

37.2 

42.0 

43.0 

43.8 

44.9 

50% 

17.5 

17.5 

23.2 

17.2 

17.8 

25.0 

27.0 

32.2 

35.0 

37.0 

39.0 

16.67% 

10.5 

12.2 

17.5 

12.0 

10.3 

15.3 

17.8 

21.3 

25.0 

27.3 

31.0 

5% 

7.0 

8.0 

11.2 

7.5 

5.2 

9.9 

12.2 

14.0 

16.0 

18.0 

22.0 

lower 
bound 

5.4 

6.2 

8.6 

5.8 

4.0 

7.6 

9.4 

10.8 

12.3 

13.8 

16.9 

22 
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Table 3.4. Storm heading distributions manuaUy extracted from Ho et al. 
(1987). Units are in degrees clockwise from north, with 180° being 
a heading from the south. The percentages represent the 
probabUity the storm heading wiU be less than the given value. 

Site 

Port Isabel 

Galveston 

Pensacola 

Fort Myers 

Palm Beach 

Mayport 

Myrtle Beach 

Virginia Beach 

Atlantic City 

Long Island 

Portsmouth 

upper 
bound 

190 

230 

260 

285 

168 

168 

235 

178 

200 

235 

243 

95% 

170 

212 

242 

265 

155 

155 

224 

- -

— 

— 

--

83.33% 

147 

191 

218 

244 

142 

138.5 

206 

160 

180 

214 

223 

50% 

123 

145 

178 

229 

120 

111 

163.5 

135 

165 

201 

213 

16.67% 

92 

113 

145 

208 

93 

75 

115 

110 

149 

185 

203 

5% 

66 

87 

117 

172 

60 

47 

86 

- -

- -

- -

- -

lower / 
bound 

40 

55 

100 

155 

40 

27 

65 

88 

120 1 

163 

183 \ 

23 
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Table 3.5. Forward speed distributions manuaUy extracted from Ho et al. 
(1987). Units are in nautical mUes per hour (knots). The 
percentages represent the probabUity the forward speed wUl be 
less than the given value. 

Site 

Port Isabel 

Galveston 

Pensacola 

Fort Myers 

Palm Beach 

Mayport 

Myrtle Beach 

Virginia Beach 

Atlantic City 

Long Island 

Portsmouth 

upper 
bound 

22.0 

23.0 

35.0 

35.0 

20.0 

23.0 

25.0 

40.0 

50.0 

50.0 

60.0 

/ 95% 

19.3 

20.5 

27.2 

27.5 

16.5 

18.5 

22.5 

32.5 

40.3 

45.1 

52.0 

80% 

13.7 

14.3 

17.5 

20.8 

12.7 

15.0 

17.6 

25.3 

32.2 

36.0 

41.7 

60% 

10.8 

11.5 

11.8 

14.2 

11.0 

12.2 

12.7 

18.0 

23.0 

26.7 

33.0 

40% 

8.5 

8.0 

9.0 

10.7 

8.8 

9.6 

10.0 

13.3 

17.7 

22.0 

27.6 

20% 

6.5 

6.7 

7.0 

8.0 

7.0 

7.6 

7.6 

8.5 

12.5 

15.5 

20.8 

5% 

4.5 

4.0 

4.0 

4.0 

3.7 

4.8 

5.0 

5.0 

7.0 

9.2 

15.0 

lower 
bound 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

\ • 
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Table 3.6. Orientation of the sites along the United States 
coastHne manuaUy extracted from Espenshade 
et al. (1995). Units are in degrees clockwise 
from north, with 180° being a heading from the 
south. The values represent the direction a 
storm would have to approach to impact the 
shoreHne normaUy (perpendicular to shore). 

Location 

Port Isabel, TX 

Galveston, TX 

Pensacola, FL 

Ft. Myers, FL 

Palm Beach, FL 

Mayport, FL 

Myrtle Beach, SC 

Virginia Beach, VA 

Atlantic City, NJ 

Long Island, NY 

Portsmouth, NH 

Orientation (degrees) 

90 

145 

170 

235 

87 

78 

146 

88 

120 

163 

115 

25 
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discrete distribution) can be incorporated into the hurricane wind model by 

different methods. 

One obvious method is leaving the distribution in a discrete format 

which results in a Hmited number of choices for each factor. For example, at 

Port Isabel (and aU of the other sites), there were only 8 different values for 

the central pressure, although some of the central pressures were more Hkely 

to be chosen. At Port Isabel, the central pressure was sampled such that 

there was a 10% chance of selecting a central pressure of 996.50 hPa, a 20% 

chance of selecting a central pressure of 987.00, 970.00, or 954.00 hPa, a 15% 

chance of selecting a central pressure of 940.00 hPa, a 10% chance of 

selecting a central pressure of 926.50 hPa, a 4% chance of selecting a central 

pressure of 916.00 hPa, and only a 1% chance that a central pressure of 

899.00 hPa wiU be selected for any simulation. The same procedure was used 

in randomly selecting the central pressure for the remaining sites. 

Therefore, when randomly generating 1,000 hurricanes many of the 

storms had exactly the same central pressure from the discrete method. This 

was also true when using the discrete method for the radius of maximum 

winds, and the forward speed and direction of the storm motion. Hence, 

when randomly generating 1,000 storms from a discrete distribution a 

number of the resulting storms were identical. The final distribution of 

hurricanes is therefore dependent on the statistical characteristics of the 

distributions of the other meteorological data. 

Of the 1,000 storms generated from a discrete distribution at Port 

Isabel there were 222 separate cases where multiples of the same (identical) 

storm were generated. In most cases there were only two of any one 

particular storm generated, but there were as many as 9 of one particiUar 

storm generated. The most intense storms generated (which were the storms 

of most interest for practical concerns) did not have this problem though since 
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the combinations which produced the intense storms occurred so 

infrequently. 

Considering the radius of maximum winds for Port Isabel (and aU of 

the other sites), there were only six different values which could be chosen. 

At Port Isabel the sample was such that there was a 5% chance of selecting a 

radius of maximum winds of 33.1 nmi, a 11.67% chance of selecting a radius 

of maximum winds of 24.5 nmi, a 23.33% chance of selecting a radius of 

maximum wind of 17.5 nmi, a 33.34% chance of selecting a radius of 

maximum wind of 10.5 nmi, a 11.66%) chance of selecting a radius of 

maximum wind of 7.0 nmi, and a 5% chance that a radius of maximum wind 

of 5.4 nmi wiU be selected for any simulation. This method was used in 

selecting the radius of maximum winds for aU of the other sites. 

At this point, it was noted that some studies (Ho, 1975) have suggested 

a weak correlation between the central pressure of the storm and the radius 

of maximum winds for very intense storms. More specificaUy, very intense 

hurricanes were more often correlated with more tightly wound eyes (smaUer 

eyes) which resulted in a smaUer radius of maximum wind. Since this 

correlation was not widely agreed upon it was excluded from the simulations 

and aU of the parameters were assumed independent of each other. 

The next factor to be sampled was the direction of the storm motion, 

also known as the storm heading. At Port Isabel the storm heading was 

sampled so that there was a 5% chance of selecting a storm heading of 170°, a 

11.67%) chance of selecting a storm heading of 147°, a 23.33%o chance of 

selecting a storm heading of 123°, a 33.34%) chance of selecting a storm 

heading of 92°, a 11.66% chance of selecting a storm heading of 66°, and a 5% 

chance that a storm heading of 40° wUl be selected for any simulation (the 

directions were in the meteorological system, where 0° was a storm which 

moved out of the true north, 90° was a storm which moved from east to west. 
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180° was a storm which moved from south to north, etc). This same proce.s.^ 

was used in selecting the storm heading for aU of the other sites. 

Once the direction of motion was determined for each storm, the 

approach angle to the shoreHne was calculated using Table 3.6. The 

difference between Table 3.6 and the selected direction of storm motion 

resulted in the angle the storm was from making a normal landfaU. In a 

Hmited number of cases this angle could be greater than 90°, thus implying a 

storm moving offshore from the site. 

The final parameter to be randomly selected was the forward speed of 

the storm. At Port Isabel the forward speed was selected so that there was a 

5%) chance of selecting a speed of 19.3 knots, a 15% chance of selecting a 

speed of 13.7 knots, a 20% chance of selecting a speed of 10.8, 8.5, or 6.5 

knots, a 15% chance of selecting a speed of 4.5 knots, and a 5% chance that a 

forward speed of 4.0 knots was selected for any simulation. This same set of 

steps was used in selecting the forward speed for aU of the other sites. 

Although the discrete method worked weU, it was of concern that so 

many randomly generated storms ended up being exact repHcas. In order to 

ehminate the generation of identical storms, which does not occur in reaHty, 
. — « 

a continuous distribution was considered. Since the hurricane parameter 

distribution information is originaUy in discrete form it must be converted to 

a continuous distribution in order to overcome the identical storm Hmitation. 

The conversion from a discrete to continuous distribution was accompHshed 

by the use of the Bestfit tool found within the PaHsade Decision Tools 

software package. The discrete distributions were entered in the Bestfit 

p rogram and then, upon executing the program, a best-fit continuous 

statistical function was determined for the data. In order to run the Bestfit 

program the maximum and minimum values had to be specified. For the 

central pressure of the storm, a minimum Hmit was found by subtracting 
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/^ 17.00 hPa from the lowest central pressure at each site. Thus, for Port Isabel 

^ f H e lower Hmit on the central pressure was 899.00 hPa. A maximum bound 

for the central pressure was held constant at 1000.00 hPa for each site. 

except for Portsmouth, which was assigned a maximum central pressure of 

1005.00 hPa. AU of the other information input into Bestfit to determine a 

best-fit continuous function is shown in Tables 3.2-3.5. This resulted in 

upper bounds specified for the radius of maximum winds, the storm heading, 

and the forward speed of the storm even though these were not used in the 

discrete process of random selection. Also, it should be noted that a constant 

lower bound of 4.0 nmi was used at aU sites (except Palm Beach, where a 

lower bound of 2.0 nmi was used) for the radius of maximum winds in place 

of the lower bounds found of Table 3.3. This yielded a better fit the data to a 

,continuous distribution. 

A beta distribution was the best fit for the pressure information at 

every site. The specific parameters for each beta distribution at every site 

are shown in Figure 3.1, along with a comparison between the discrete and 
- I ^ 

continuous distributions. A WeibuU distribution was found to be the best fit 

for the radius of maximum winds at every site. The specific parameters for 

each WeibuU distribution at every site are shown in Figure 3.2, along with a 

comparison between the discrete and continuous distributions. A lognormal 

distribution was determined to be the best fit for the forward speed for Port 

Isabel, Galveston, Pensacola and Fort Myers, whereas, a WeibuU distribution 

was determined to be the best fit for the forward speed at Palm Beach, 

Mayport, Myrtle Beach, Virginia Beach, Atlantic City, Long Island, and 

Portsmouth. The specific parameters for each lognormal or WeibuU 

distribution at every site are shown in Figure 3.3, along with a comparison 

between the discrete and continuous distributions. The storm heading 

(direction of storm motion) was best represented by the beta distribution for 
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Port Isabel, Galveston, Pensacola, Fort Myers, Palm Beach, Mayport, Myrtle 

Beach, and Virginia Beach, whUe the normal distribution was more 

representative for Atlantic City, Long Island, and Portsmouth. The specific 

parameters for each beta or WeibuU distribution at every site are shown in 

Figure 3.4, along with a comparison between the discrete and continuous 

distributions. 

( Since aU the representations were continuous functions and could 

theoreticaUy generate any value (including totaUy unreaHstic values), some 

reaHstic bounds had to be appHed for each factor. A minimum value of 

880.00 hPa and maximum value of 1000.00 hPa was used for the central 

pressure. Thus, if a central pressure less than 880.00 hPa was generated by 
V — • • — • 

the beta function for any site, that central pressure would be reassigned a 

value of 880.00 hPa. For the radius of maximum winds, a minimum of 4.0 

nmi and a maximum of 55 nmi was used for every site. SimUarly, a 

minimum of 2.0 knots and a maximum of 60 knots were used for the forward 

speed at every site. Finally, for the storm heading, directions were Hmited to 

the natural range of 360°. 

Once the continuous functions were avaUable for the hurricane 

parameter distributions, the same procedure was used to complete the Monte 

Carlo simulation as in the discrete case. One thousand randomly generated 

storms were then simulated for each site. Each storm was simulated such 

that it struck randomly within 150 nautical mUes of the site of interest. A '^ 

Therefore, some of the storms generated would strike nearly head on, 

resulting in a very high wind speed recorded at the site. Other times the site 

would be on the very edge of the storm generated, and thus not produce a 

very high wind speed. The wind information, including the maximum wind 

speed experienced, and the direction of the wind during the maximum wind 

was then saved at each site. 

\ 
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Figure 3.1. Graphical comparison of the discrete (blue line) and continuous 
(pink line) probabiHty distribution functions for the central 
pressure. The y-axis is the probabUity, and the x-axis is the 
central pressure (hPa). The quantity in brackets (above each 
graph) represents the parameters input into the Beta function to 
produce the continuous probabUity distribution functions. 
(A) Port Isabel, Galveston, and Pensacola. 
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Figure 3.1 (Continued). (B) Fort Myers, Palm Beach, Mayport, and 
Myrtle Beach. 
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Figure 3.1 (Continued). (C) Virginia Beach, Atlantic City, Long Island, and 
Portsmouth. 

33 

- ' ^ ^ * " ^ " - * - • ' " SS5??" mmmm- '"̂ Vj 



• » ! i | * * ! - ^ » - * « » » - ' ^ 

0.06 . 
0.05 
0.04 
0.03 
0.02 
0.01 1 

0< 
i 

1 1 

Port Isabel, TX 
[Weibull(2.49,20.48)] 

t - - ] 

\ 5.5 

^ r 1 

"^s^=a^ _̂  

8.75 14 21 28.8 36.55 40 

Galveston, TX 
[Weibull(2.39,22.15)] 

6 10.1 14.85 22.25 32 41 45 

0.07 n 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 

0 1 
d 

1 

i 7.6 

Pensacola, FL 
Weibull(3.13,27.21)] 

/ 1 1 — > . j 
— 

14.35 20.35 27.6 36 42.5 4 5 

Figure 3.2. Graphical comparison of the discrete (blue line) and continuous 
(pink Hne) probabiHty distribution functions for the radius of 
maximum wind. The y-axis is the probabiHty, and the x-axis is 
the radius of maximum wind (nmi). The quantity in brackets 
(above each graph) represents the parameters input into the 
WeibuU function to produce the continuous probability 
distribution functions. (A) Port Isabel, Galveston, and Pensacola. 
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Figure 3.2 (Continued). (C) Virginia Beach, Atlantic City, Long Island, and 
Portsmouth. 
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Figure 3.3. Graphical comparison of the discrete (blue line) and continuous 
(pink line) probabiHty distribution functions for the forward 
speed. The y-axis is the probabiHty, and the x-axis is the forward 
speed (knots). The quantity in brackets (above each graph) 
represents the parameters input into the Lognormal or WeibuU 
function to produce the continuous probabUity distribution 
functions. (A) Port Isabel, Galveston, and Pensacola. 
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Figure 3.3 (Continued). (C) Virginia Beach, Atlantic City, Long Island, and 
Portsmouth. 
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Figure 3.4. Graphical comparison of the discrete (blue line) and continuous 
(pink line) probabiHty functions for the storm heading. The y-
axis is the probability, and the x-axis is the storm heading 
(degrees from north). The quantity in brackets (above each 
graph) represents the parameters input into the Beta or Normal 
function to produce the continuous probabUity distribution 
functions. (A) Port Isabel, Galveston, and Pensacola. 

40 

agirjw&Tarwag B B S a ^ 



^mm^ HP -HvfSs.^.iai %dtt 

0.025 -| 

0.02 -

0.015 -

0.01 -

0.005 

0 1 

1. 

Fort Myers, FL 
([Beta(2.90,2.45)] M30 -i-155) 

, - ^ . 

55 163.5 190 218.5 236.5 254.5 275 
"9 

285 

0.02 

0.015 

0.01 

0.005 

Palm Beach, FL 
([Beta(2.39,1.63)] M28 -i- 40.00) 

40 50 76.5 106.5 131 148.5 161.5 168 

Mayport, FL 
([Beta(1.95,1.49)] * 141 + 27.00) 

27 37 61 93 124.75 148.25 163 168 

Myrtle Beach, SC 
([Beta(1.58,1.25)] * 170 + 65.00) 

65 75.5 100.5 139.25 184.75 215 229.5 235 
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Figure 3.4 (Continued). (C) Virginia Beach, Atlantic City, Long Island, and 
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To carry out the simulation two programs written in FORTRAN were 

used. The first program was constructed to randomly select the four 

parameters needed to generate a hurricane or tropical storm wind field using 

the HoUand wind field model, namely, the central pressure of the storm, the 

radius of maximum wind of the storm, and the forward speed and diiection of 

the storm motion. This program used the statistics described in the previous 

pages to select the parameters randomly from either a discrete or a 

continuous sample. This program then created an output file of the 1000 

randomly generated variables. 

Thereafter the second program was executed. This program read in 

the output file created from the first program and used the data within this 

file to generate the 1000 storms. Each storm was initially generated offshore 

(from whichever site of interest) a distance which required 20 hours for the 

storm to move ashore. Thus, the storm would have 20 hours over sea for it to 

move towards land. During the time the storm moved to the shore the 

central pressure of the storm, the radius of maximum winds, and the speed 

and direction of the storm motion all remained constant. Once the storm 

made landfaU, the central pressure was aUowed to decrease at a rate of 3% of 

the original value for the first 6 hours the storm was over land. Thereafter 

the central pressure was held constant at 82% of the original central pressure 

(Kriebel, 1996). The other three meteorological factors, the radius of 

maximum winds, the forward speed of the storm and the storm heading were 

not aUowed to change any time during the simulation. Throughout aU of 

these simulations, the shoreHne was also assumed a straight line, with land 

on one side of the Hne and sea on the other side of the Hne. Hence, after the 

storm madeJandfaU the storm would remain over land for the remainder of 

the simulation. After the storm made landfaU the simulation lasted for 10 

more hours untU the storm was weU inland. 

? 
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Friction was taken into account at thejand/water interface. Over land 

the winds were reduced to 70% of their value over the ocean to accommodate 

the increased amount of friction due to the roughness of the land. At the 

shoreHne the winds were reduced to 89% of their strength over the open 

ocecua if the winds were onshore, and 70% if the winds were offshore. In 

addition, if the winds were offshore, the wind speed was reduced to 90" o of 

the open ocean value if the wind was offshore and less than one nautical mUe 

fromshoreJKriebel, 1996). Consequently, the wind speed recorded at the 

shoreHne for each site was directly dependent on whether the wind was 

blowing onshore or offshore. After aU these factors were accounted for, the 

wind speed was then reduced by a factor of 0.7 (HoUand, 1991) to adjust it to 

a 10 minute mean wind speed at 10 m. A time step of one half hour was used 

in running the simulations for aU cases. A time period of 30 hours was 

simulated for every storm, the 20 hours when the storm approached the 

shore, and the 10 hours when the storm was over land. This procedure was 

foUowed untU aU 1,000 storm simulations were completed and a fuU database 

of maximum wind speeds and directions was produced. 
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CHAPTER IV 

MONTE CARLO SIMULATION RESULTS 

The process for running the Monte Carlo simulations, as described in 

Chapter I, was appHed to the 11 sites outlined in Figure 1.1. For aU 11 sites, 

both the discrete method and the continuous method were used, as outlined 

in Chapter III. The maximum wind speed along with the direction of the 

wind associated with the maximum wind speed was then recorded for every 

storm. The following wind speed results presented in this chapter are 10-

minute mean wind speeds at 10 m. ' 

• ^ • ^ 

4.1 Monte Carlo simulation wind results 

Figure 4.1 is a graphic representation of the mean maximum wind 

speed calculated for the 1,000 storms which make landfaU at each site. The 

^ abscissa extends from Port Isabel, TX, in the western Gulf of Mexico, along 

the Gulf coast and up the Atlantic coast to Portsmouth, NH. This is done to 

keep the sites in geographical order since sites nearby to one another are 

more likely to display simUar characteristics than sites which have a large 

geographic difference between them. This also aUows for trends along the 

coastline to be more easily detected. 

A number of interesting features are found in Figure 4.1. First, except 

for Port Isabel, there is a difference of approximately 10 knots between the 

continuous and discrete method results, with the continuous results always 

being larger. Secondly, even though there is a difference between the 

continuous and discrete results, they do display the same trend of sHghtly 

decreasing mean wind speeds fi'om Pensacola, FL, to Fort Myers, FL, and 

then a steady increasing trend in the wind speed from Mayport, FL, up the 

northeast coast to Portsmouth, NH (except for the sHght decrease from Long 

45 

•^^^eai 



(0 
** o c 

o 
a 
(0 
T5 
C 

4^ rf̂  ;^ . ^ .eFr^ y>t/>V>VV1^%/ 
>o^ O ^ <^®^<<^" - ^ 

continuous 

discrete 

Figure 4.1. The mean wind speed obtained from the Monte Carlo simulation 
at each of the 11 sites along the U.S. coastHne. 
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Island, NY, to Portsmouth, NH, in the discrete results). The actual 

magnitudes of the mean wind speeds are not that important in this graph 

since the frequency of occurrence and the standard deviation for each site is 

not specified. 

One question that arises is what causes the consistent difference 

between the discrete and continuous results? 

The answer to this question is that the two methods generated 

different storm characteristics. Considering aU of the sites, the continuous 

method created a mean central pressure of 956.32 hPa, a mean radius of 

maximum winds of 26.44 nmi, a mean forward speed of 16.24 knots, and 

mean direction of approach of 149 degrees (where 180 degrees is a direct 

impact perpendicular to the coastHne). The discrete method produced a mean 

central pressure of 969.52 hPa, a mean radius of maximum winds of 22.93 

nmi, a mean forward speed of 12.77 knots, and a mean direction of approach 

of 160 degrees. Three of these four factors would lead to a more intense 

storm for the continuous method, and thus, a higher overaU mean wind speed 

than achieved with the discrete method. 

The continuous method produced a lower mean central pressure, which 

would create a stronger storm, and thus stronger wind speed. A larger 

average radius of maximum winds was also produced by the continuous 

functions, which would lead to the generation of larger storms. Larger 

storms would, by definition, affect greater areas, and therefore have a better 

chance to directly impact a site, and increasing the mean wind speed. The 

continuous method also produced a faster average forward speed. The 

increased forward speed, when added to the wind field of the storm, would 

also increase the mean wind speed. Thus, the lower central pressure, the 

larger radius of maximum wind, and the faster forward speed generated by 

47 

• ^ ^ 



W>:tit0«m-'fr^m^ 

the continuous functions would dictate a higher mean wind speed when 

compared to the discrete method of sampHng. 

The only factor which does not suggests a higher mean wind speed 

with the continuous method is the direction of approach. The discrete 

method produces a mean direction of approach closer to a direct hit, which 

would lead to a larger mean wind speed. Although this is the case, this factor 

is more than offset by the other three factors, and hence, a greater mean 

wind speed is produced for the continuous cases. 

Specific comparisons between the continuous and discrete distributions 

sampled from for each site can be made in Figures 3.1-3.4. Although notable 

differences between the continuous and discrete distributions occur at each 

site, it is difficult to see any general trends for the central pressure, radius of 

maximum wind, forward speed, and direction of approach in Figures 3.1-3.4. 

A questionable feature in Figure 4.1 is the pattern of the trends. There 

is very Httle variation from Port Isabel, TX, to Mayport, FL, in the mean 

wind speeds, but there is a noticeable increase in the wind speeds heading up 

the Atlantic coastHne from Mayport. It is commonly observed that 

hurricanes, in general, tend to decrease in intensity and accelerate as they 

move further north along the U.S. Atlantic coastHne. Thus, it would appear 

that the mean wind speeds should not increase with increasing latitude along 

the Atlantic coast. The most Hkely reason for this computational result is the 

treatment of the forward speed within the computer simulations. 

The forward speed, for aU cases, was simply added on to the whole grid 

in which the hurricane was generated. This was an obvious 

oversimplification since at some point the translation should not have been 

added to the grid (i.e., where the hurricane does not exist). The problem was 

that there was no decisive boundary where to cut off the addition of the 

translation speed, and hence, no cutoff was ever chosen. What resulted was 
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an artificial increase in the mean wind speed along the northeast U.S. 

Atlantic coast. The reason the increase in the mean wind speed occurred 

along the Atlantic coast was because the probabUity of choosing a larger 

translation speed increases greatly going up the U.S. Atlantic coast (see 

Table 3.5). Therefore, areas which were not even directly under the influence 

of the storm often were calculated to experience a large translation speed, 

and hence, assigned strong wind speeds. In many cases the storms generated 

were even weaker than the translation speeds which were superimposed. AU 

these factors lead to increasingly inflated mean wind speed moving north 

along the Atlantic coast. 

Potential solutions to this problem were investigated. One idea that 

was investigated was the addition of the translation speed only if the wind 

speed created by the generated storm was greater than 30 knots. Another 

potential solution investigated was the addition of the translation speed 

everywhere inside a circle with a radius three times greater than the radius 

of maximum winds for the storm. Both methods proved successful in the 

sense that they did decrease the mean wind speeds significantly along the 

northeast U.S. coast, and barely changed the mean wind speeds along the 

Guff Coast. At Portsmouth, NH, the mean wind speed dropped 8-14 knots, 

whereas at Port Isabel, TX, the mean wind speed only decreased 1-2 knots. 

The problem with both possible solutions was that they were not a standard, 

but were just arbitrarily chosen without any hard evidence. Hence, they 

were not maintained and the artificial increasing mean was just noted. 

Considering the results for each site individuaUy, there are a number 

of ways to interpret and view them. From a structural engineering 

standpoint, the wind speed for a given return period is very useful. 

Engineers can then determine what wind speed strength should be designed 
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for, given a certain Hfe of a structure. For this reason, the foUowing process 

is used to display the Monte Carlo simulation results. 

The winds for specified return periods are calciUated by a procedure 

developed by Batts et al. (1980). First, the wind speeds are ranked by 

magnitude as Wi, with i=\ being the smaUest and i=1000 being the largest. 

Next, the cumulative probabiHty of occurrence of wind is obtained based on 

the assumption that the storm occurrences foUow a Poisson distribution with 

a mean annual rate of occurrence as given in Table 4.1. The annual 

probabiHty of occurrence is then determined as: 

/ 

P(X < Xi) = exp 
r 

n 
N 

V 
1 -

i + y 
(4.1) 

and the associated mean return period (mean recurrence interval) in years is 

given by: 

T R (Xi) = 
1 

1 - P (X < x.) 
(4.2) 

where: X 

Xi 

i 

I 

n 

Variable of interest, which is the wind speed; 

Ranked value of the wind speed W; 

Rank of event with i=l smaUest and i=I 

largest; 

Total number of events in simulation = 1000; 

Mean number of storms per year, from Table 

4.1.; 
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Table 4.1. Frequency of occurrence of 
hurricanes and tropical storms 
(Kriebel et al. 1998) 

Location 

Port Isabel, TX 

Galveston, TX 

Pensacola, FL 

Ft. Myers, FL 

Palm Beach, FL 

Mayport, FL 

Myrtle Beach, SC 

Virginia Beach, VA 

Atlantic City, NJ 

Long Island, NY 

Portsmouth, NH 

Frequency 
of Occurrence 

(Number per year) 

0.46 

0.64 

0.70 

0.87 

0.90 

0.97 

0.88 

0.85 

0.52 

0.50 

0.25 

51 

r-2B«l 



P(X<Xi) = Annual probabUity that variable X is les.s 

than ranked value xr, and 

TR (xi) = Mean recurrence interval in years for events 

equaling or exceeding value Xi. 

This procedure effectively converts the 1000 storms simulated for each 

coastal location into an annual series with a different record length based on 

the mean rate of storm occurrence (Kriebel et al., 1998). For example, the 

lowest mean rate of occurrence is at Portsmouth, NH, where n=0.25. The 

largest of the 1000 storms simulated at this location therefore corresponds to 

a 4005 year return period. At the other extreme, the highest rate of 

occurrence was at Majrport/JacksonvUIe, FL, where n=0.97. The most severe 

storm simulated at this location is assigned a return period of 1032 years. 

The predicted frequency distributions for the maximum wind speed at 

each of the 11 coastal locations are presented in Figures 4.2 through 4.12. 

These curves are based on the maximum wind speeds predicted at the 

coastHne for each of the 1000 storms. 

Visual inspection of the results in Figures 4.2 through 4.12 shows a 

number of significant features. AU the figures show the wind speed values 

rising rapidly at the lower return periods, and then leveling off at the higher 

return periods. This is reasonable since over a very short time period (return 

period) it is Hkely a particular place wiU not experience a high wind, but as 

time goes on the HkeHhood of experiencing a strong wind wiU increase. 

EventuaUy the site wiU encounter a high wind event. Then, at larger return 

periods the peak wind speed does not significantly change. This trend also 

makes intuitive sense because there is a theoretical Hmit on how intense a 

hurricane can get (Emanuel, 1988). Even with an infinite amount of time 

there is stUl a Hmit on how powerful a tropical system can develop. Thus, the 
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Figure 4.2. Monte Carlo simulation results for Port Isabel, TX. 
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Figure 4.3. Monte Carlo simulation results for Galveston, TX. 
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Figure 4.4. Monte Carlo simulation results for Pensacola, FL. 
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Figure 4.5. Monte Carlo simulation results for Fort Myers, FL. 
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Figure 4.6. Monte Carlo simulation results for Palm Beach, FL. 
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Figure 4.7. Monte Carlo simulation results for Mayport, FL. 
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Figure 4.8. Monte Carlo simulation results for Mjotle Beach, SC. 
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Figure 4.9. Monte Carlo simulation results for Virginia Beach, VA. 
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Figure 4.10. Monte Carlo simulation results for Atlantic City, NJ. 
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Figure 4.11. Monte Carlo simulation results for Long Island, NY. 
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Figure 4.12. Monte Carlo simulation results for Portsmouth, NH. 
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wind speed must asymptoticaUy approach some theoretical maximum wind 

speed tha t could be achieved at each site. 

Considering the specific results, the continuous method produced a 

higher wind speed for a given return period at aU sites except Port Isabel, TX. 

That should be expected for the same reasons that were examined for Figure 

4.1. Although the absolute values were different between the discrete and 

continuous processes, the trends did remain the same at every location. 

Along the Guff shore and Atlantic coast up to Atlantic City. NJ, the wind 

speeds level out between 80 and 100 knots, with the exception of Fort Myers, 

FL. The reason for Fort Myers' large deviation from surrounding site is 

unclear. The two northernmost locations. Long Island, NY, and Portsmouth. 

NH, have maximum wind speeds near 120 knots. This inflation in the wind 

speed, as also noted in Figure 4.1, is most Hkely due to the large translation 

speeds simulated for the northern locations. The combination of intense 

hurricane and translation speed combined to produce a very large combined 

wind speed. This may also be a possible explanation for the 

uncharacteristicaUy high wind speed found at Fort Myers. 

4.2 Monte Carlo simulation directional results 

Sometimes not only the magnitude of the wind speed can be important, 

but the direction as weU can be a crucial factor. DirectionaHty effects can be 

directly incorporated into the uncertainties included in the load factors used 

in the design process. Incorporation of directionaHty effects in the design 

process can result in more economicaUy buUt structures. 

For the Monte Carlo simulation results, aU the wind directions at the 

time of maximum wind were cataloged for every hurricane simulation. The 

wind directions were then stratified into six different approach angles seen in 

Figure 4.13. Area I, II, and III correspond to an onshore wind, with areas lY, 
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V, and VI being an offshore wind. Tables 4.1 and 4.2 show the percentage of 

maximum winds that came from the six possible approach angles for every 

site for both the continuous and discrete simulations, respectively. 

There is abundant information in Table 4.2 and 4.3, and it would be 

unwise to jump to any bold conclusions. It is obvious that there is great 

diversity between each site and between the continuous and discrete results. 

The results do tend to show one trend though, i.e. a majority of the maximum 

winds are onshore (from areas I, II, or III) for every site and both methods. 

This is better seen in Figure 4.14, where the percent of onshore wind is 

displayed for both the continuous and discrete cases. At aU locations a 

majority of the maximum winds are onshore, although at the site along the 

Guff coast (Port Isabel, TX, through Fort Myers, FL) the percentage of 

onshore maximum winds is just over 50%. Northward along the Atlantic 

coast, the percentage of onshore maximum winds increase, to a maximum at 

Portsmouth, NH, of over 90%. 

There is an obvious bias in the data, though, due again to the 

t reatment of the forward speed of every storm. As was discussed in section 

4.1, the translation speed was simply added on to the whole grid, and not just 

the area of the hurricane influence. Since the storms generated approach 

from the sea towards the land, the addition of the translation wiU increase 

the winds blowing toward the land and decrease the wind blowing offshore. 

This is fine where the hurricane (or tropical system) does exist, but outside of 

the influence of the storm the winds wUl just be assigned an onshore wind 

due to the addition of the translation speed at aU points. Thus, a bias 

towards an onshore wind does exist. The greater than 90% probabiHty of 

seeing an onshore maximum wind at Portsmouth is the best example of the 

bias. Even though a onshore maximum wind is probably more likely at 

Portsmouth, it is very doubtfiil that the level of certainty could reach 90%. 
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Figure 4.13. Approach directions of the wind. 
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Table 4.2. Continuous results for the direction of maximum winds. The 
results are in percent. 

Site 
Port Isabel, TX 
Galveston, TX 
Pensacola, FL 
Fort Myers, FL 
Palm Beach, FL 
Mayport, FL 
Myrtle Beach, SC 
Virginia Beach, VA 
Atlantic City, N J 
Long Island, NY 
Portsmouth, NH 
AU sites 

I 
18.9 
24.3 
26.9 
24.8 
18.5 
22.1 
29.4 
27.5 
27-4 
23.2 
25.1 
24.4 

II 
32.4 
26 
25 

21.5 
32.6 
33.5 
27.1 
35.5 
35 
33 

67.2 
33.5 

III 
3.1 
8.7 
7.6 
8.8 
2.9 
3.6 

1.9 
0.8 
0.7 
6 

4.6 

IV 
11.7 
14.8 
11.4 
14.8 
9.2 
10.8 
10.5 
12.3 
17.8 
22.8 
0.6 
12.4 

V 
16.7 
13.7 
16.4 
20 

19.5 
12.7 
12.4 
7.4 
3.3 
4 
1 

11.6 

M 
17.2 
12.5 
12.7 
10.1 
17.3 
17.3 
13.6 
15.4 
15.7 
16.3 
0.1 
13.5 

Table 4.3. Discrete results for the direction of maximum winds. The results 
are in percent. 

Site 
Port Isabel, TX 
Galveston, TX 
Pensacola, FL 
Fort Myers, FL 
Palm Beach, FL 
Mayport, FL 
Myrtle Beach, SC 
Virginia Beach, VA 
Atlantic City, N J 
Long Island, NY 
Portsmouth, NH 
AU sites 

I 
17.2 
24.3 
9.5 
19.5 
8.6 
13.2 
8.6 
12.8 
14.8 
16.8 
0.1 
13.2 

II 
32.9 
26.3 
29.6 

17 
42.3 
33.3 
25.2 
43.9 
46.4 
49.8 
9.2 

32.4 

III 
2.7 
6.9 
19.5 
19.6 
15.2 
19.8 
29 

21.5 
17.4 
6.1 

83.9 
22.0 

IV 
12.6 
12.5 
25.6 
26.8 
21.6 
18.7 
22.5 
13.2 
11.7 
15.8 
6.8 
17.1 

V 
21.1 
21.6 
11.9 
12.6 
8.5 
9.5 
10.8 

2 
1.4 
1.2 
0 

9.1 

\T 
13.5 
8.3 
3.9 
4.5 
3.8 
5.5 
3.9 
6.7 
8.3 
10.3 

0 
6.2 
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Figure 4.14. Percent of maximum winds which were blowing fi:om water to 
land (onshore). 
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Another feature that can be seen from Figure 4.14 is that the 

continuous and discrete results are relatively simUar. Port Isabel, Galveston, 

Pensacola, Fort Myers, Myrtle Beach, and Portsmouth have almost identical 

results, with the remaining site having between 10-15% differences. The 

differences between the discrete and continuous method (as is true for aU the 

other results) are due to the randomness of the process and the variation in 

the storms generated due to the different methods themselves. 

Even ff the trends in Figure 4.14 are totaUy correct, they do not 

portray the strength of the winds blowing from each direction. That wUI be 

left for possible future work. 

4.3 Sampling Errors 

Errors develop in the estimation process used to generate the many 

different hurricanes. Four common errors that exist are physical modeling 

errors, observational errors, probabilistic modehng errors, and sampling 

errors. Physical modehng errors are due to the imperfect representation of 

the dependence of the wind speed upon the cHmatological parameters. 

Observational errors are due to the imperfect measurement of the true values 

of the cHmatological parameters. ProbabiHstic modehng errors are due to the 

imperfect probabiHstic models fitted to the various sets of cHmatological 

parameters, and sampHng errors are due to the fact data samples used in the 

estimations are Hmited in size. 

Batts et al. (1979) described a method to determine the sampling 

errors in the estimation of extreme hurricane winds. There are two essential 

factors directly Hnked to the size of the sampHng errors, the length of period 

covered by the cHmatological data set, and the Hmited size of the sample of 

simulated hurricanes. This thesis used cHmatological data compUed by Ho 

et al. (1987), which covered a span of 85 years (1900-1984). The size of the 
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sample of simulated hurricanes was 1000 storms for each site, which 

corresponded to a return period of 1000 to 4000 years, depending on the site. 

Increasing the cHmatological data, although not possible, would decrease the 

sampHng error. Secondly, having a larger sample of simulated hurricanes 

would decrease the sampHng error. 

In order to calculate the sampling error the coefficient of variation 

(cov) of the extreme vdnd data produced must be computed. Each simulation 

was repeated 100 times for a return period of 25, 50, 100, 500, and 1000 years 

for Atlantic City, NJ, and Galveston, TX. Atlantic City was chosen to 

represent the Atlantic coastal sites and Galveston was chosen to represent 

the sites along the Guff coast. The number of storms needed for a given 

return period was determined by using equation 4.2 and solving for the 

annual probabiHty, and then substituting that result back into equation 4.1, 

which resulted in the number of storms needed. Tables 4.4 through 4.7 show 

the results of the simulations where: the first column is the designated mean 

recurrence intervals simulated (MRI), in years; the columns titled, "mean(), ' 

are the mean wind speed for the given return period; the columns titled, 

"stdev()," are the standard deviation for the given return period; the columns 

titled "cov()," are the coefficient of variation for the given return period; and 

the number in the bracket is the designated return period. 

The value of cov() is the sampHng error due to the fact that the 

probabUity distributions of the cHmatological parameter on which the 

simulations are based are not "true" distributions, but estimates obtained by 

extracting a sample of data from the cHmatological parameter population. 

For this study, the sample of data from the cHmatological parameter 

population is 85 years. Thus, the sampling error would be the value of the 

coefficient of variation (cov) at 85 years (i.e., the value of the cov with the 
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MRI equal to 85 years). Since values were calculated at 50 and 100 year.s. 

the sampHng error would occur somewhere in between the two cases, but 

nearer to the 100-year results. Hence, from Tables 4.4, the sampHng error at 

Atlantic City for the discrete method is near 10.35% (Hnearly interpolated 

between 13.5 and 9.0%) and the sampling error using the continuous method 

(Table 4.6) is about 8.34%. For Galveston, the sampHng error is 

approximately 10.8% for the discrete method (Table 4.5) and 8.69% for the 

continuous method (Table 4.7). These calculations from Tables 4.4 through 

4.7 are completed for a wind speed with a 50-year return period. Thus, for 

the discrete cases, the sampHng error on a 50-year wind is near, or just above 

10%, and for the continuous cases the sampling error is near 8.5%. Although 

not greatly different, the continuous method does produce a sHghtly smaUer 

sampHng error. 

In this thesis, wind speeds are generated for return periods exceeding 

1000 years. Using this method it is impossible to obtain a bounded range on 

the sampHng errors for return periods greater than 100 years with the 

Hmited cHmatological data. However, the sampHng errors wiU increase as 

the return period increases. Therefore, sampling errors greater than 10% for 

the discrete case and 8.5% for the continuous case are present for wind 

speeds with return periods greater than 50 years. 
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CHAPTER V 

COMPARISON OF RESULTS 

The Monte Carlo procedure has been used in the past by Batts et al. 

(1980) and Kriebel et al. (1998) to determine the probable intensity of tropical 

cyclone wind along the U.S. Guff and Atlantic coastline. Both Batts and 

Kriebel used forms of the gradient wind model within their Monte Carlo 

simulation progi'am and produced wind results corresponding to a 10-minute 

mean wind at 10 meters. The two studies used different statistical 

representations for the cHmatological data. 

Batts used a lognormal distribution to depict the pressure difference 

between the center of the storm and the periphery and to designate the 

occurrence of the radius of maximum winds. Batts also used a normal 

distribution to represent the translation speed and assumed a correlation 

(-0.3) between the radius of maximum winds and the pressure difference from 

the center to the periphery of the storm. The storm heading was represented 

by a continuous function fit to the data. For aU the parameters, Batts used 

data compUed by Ho et al. (1975) to fit the different probabUity density 

functions. AU storms were translated along a straight line at a constant 

speed for the entire simulation. 

Kriebel, conversely, used a linear scheme to represent the central 

pressure, the radius of maximum winds, the translation speed, and the storm 

heading. The Hnear scheme was constructed to fit the data from Ho et al. 

(1987), an updated version of that used by Batts. Kriebel extracted specific 

data points which were associated with different probabUities of occurrence. 

The data points were than fit together by a Hnear method; this had the effect 

of making it equaUy as Hkely of selecting any value between the two data 

points extracted from Ho. No correlations between any of the hurricane 
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parameters were used. AU storms generated also moved along a straight 

course at a constant speed. 

The results produced by Batts and Kriebel, along with the wind 

statistics presented in this thesis, are plotted together for easy comparison in 

Figures 5.1 through 5.11. The plots are simUar to the plots found in Figure 

4.2 through 4.12, with the exception of the abscissa, which is logarithmic 

instead of Hnear. The continuous and discrete data plotted are the same 

information plotted in Figures 4.2 through 4.12. The method used to assign a 

wind speed to a specific return period was identical with that presented in 

Chapter IV (equations 4.1 and 4.2). 

Figures 5.1 through 5.11 show that it is more likely to receive a 

stronger sustained wind at every location with increasing return period. 

Although this general trend is true for aU four methods of Monte Carlo 

simulation, there are some major differences between them, especiaUy at the 

larger return periods. 

Port Isabel, Palm Beach, Mayport, and Myrtle Beach (Figures 5.1, 5.5, 

5.6, and 5.7) experience the least amount of diversity between the different 

simulation techniques, with the greatest wind speed difference, for a specified 

return period, of approximately 15 knots. The remaining 7 sites have 

differences greater than or equal to 20 knots for at least one specified return 

period. The reasons for the differences are many. First, the sampHng 

procedures for the parameters used to create the tropical disturbance are 

different for every method and wiU introduce some differences. Secondly, 

with the exception of the continuous and discrete methods, the wind models 

used in each Monte Carlo simulation differ, thus introducing more variance. 

Thirdly, Batts used an older source of data than the remaining three 

methods. Ultimately, the whole Monte Carlo process, by definition, is a 

random process. Hence, a variety of results would be expected even ff the 
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Figure 5.1. Comparison of Monte Carlo simulation results for Port Isabel, 
Texas. 
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Figure 5.2. Comparison of Monte Carlo simulation results for Galveston, 
Texas. 
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Figure 5.3. Comparison of Monte Carlo simulation results for Pensacola, 
Florida. 
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Figure 5.4. Comparison of Monte Carlo simulation results for Fort Myers, 
Florida. 
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Figure 5.5. Comparison of Monte Carlo simulation results for Palm Beach, 
Florida. 
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Figure 5.6. Comparison of Monte Carlo simulation results for Mayport, 
Florida. 
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Figure 5.7. Comparison of Monte Carlo simulation results for Myrtle Beach, 
South CaroHna. 
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Figure 5.8. Comparison of Monte Carlo simulation results for Virginia 
Beach, Virginia. 
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Figure 5.9. Comparison of Monte Carlo simulation results for Atlantic City, 
New Jersey. 
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Figure 5.10. Comparison of Monte Carlo simulation results for Long Island, 
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same model were compared against itseff. Therefore identical results would 

not, and should not, be anticipated. 

One clear tendency is that the continuous method, with an exception at 

Port Isabel, consistently produces higher wind speed results than the other 

methods, especiaUy at the larger return periods. At the largest return period, 

the continuous method produces the highest wind speed results for eight of 

the 11 sites, and it came in second at the remaining sites. As discussed in 

Chapter IV, the continuous method generated more intense storms than the 

discrete method. The continuous method also proved to produce more intense 

storms than the methods used by Batts and Kriebel, thus, creating higher 

wind results. 

The discrete method, in contrast to the continuous method, does not 

have a distinct bias relative to the results produced by Batts and Kriebel. At 

seven of the 11 locations, the discrete results cross over either Batts and/or 

Kriebel's results at one or more specified return periods. The four exceptions 

are at Atlantic City and Long Island, where the results are consistently above 

the compared results, and Galveston and Palm Beach, where the results are 

below the compared results. Thus, the discrete results compare very weU to 

the statistics produced by Batts and Kriebel. 

Excluding the continuous results since they are mostly higher, the 

winds remain near or under 100 knots at the largest return period for aU but 

one location. At Long Island, a maximum wind speed of approximately 110 

knots was simulated by Batts and by the discrete method. This data can be 

used by engineers to estabHsh appropriate design criteria for buUdings and 

other structures. Consideration of appropriate design Hmit statistics is 

beyond the scope of this thesis. 

The results of these simulations must be compared to the actual 

atmosphere to determine whether they are reaHstic. Hurricane wind 

87 

uii»i!iii ̂ mmUiii'^iiUmmStfr R̂ J 



information issued by the Hurricane Research Division (HRD), the primary 

source for the Atlantic hurricane basin, is a 1-minute mean wind speed. 

Thus, the 100 knot 10-minute mean wind speed, found at the largest return 

periods, must be converted to a 1-minute mean wind speed. A 100 knot 10-

minute mean wind is equivalent to a 118 knot 1-minute mean wind over open 

terrain (Simiu and Scanlan, 1996). This 118 knot wind speed would be a 

minimal category 4 storm on the Saf&r-Simpson Scale (see Table 5.1), since a 

category 4 storm corresponds to a wind speed between 113 and 134 knots. 

This is an intense storm, which does not occur often. According to Gray et al. 

(1998), between 1950 and 1990 the Atlantic basin averaged 5.8 hurricanes a 

year, with 2.2 being intense (category 3-4-5). This includes aU hurricanes 

which existed within the Guff of Mexico and the Atlantic ocean, many of 

which never made landfaU. Hence, intense storms are relatively infrequent, 

and landfalHng intense hurricanes are even more infrequent. Thus, a 10-

minute mean wind speed of 100 knots is within a reaHstic range of what 

cHmatology would dictate, and would only occur at a large return period for a 

particular site. This is consistent with Figures 5.1 through 5.11. 
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Table 5.1. Saffir-Simpson Scale (Simpson, 1974). 

Category 

1 

2 

3 

4 

5 

Central 
Pressure 

(hPa) 

>980 

965-979 

945-964 

920-944 

<920 

1-minute 
mean 

wind speed 
(knots) 

64-82 

83-95 

96-113 

114-135 

>135 

Damage 

damage primarily to trees, shrubbery, 
and unanchored mobUe homes 

some trees blown down; major damage to 
exposed mobUe homes; some damage to 
roofs of buUdings 
foHage removed from trees; large trees 
blown down; mobUe homes destroyed; 
some structural damage to smaU 
buUdings 
aU signs blown down; extensive damage 
to roofs, windows, and doors; complete 
faUure of roofs on many smaU residences; 
complete destruction of mobUe homes; 
major damage to lower floors of | 
structures near shore 
severe damage to windows and doors; 
extensive damage to roofs of homes and 
industrial buUdings; smaU buUdings 
overturned and blown away; complete 
destruction of mobUe homes; major 
damage to aU structures less than 15 feet 
above sea level within 500 yards of shore 
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CHAPTER VI 

CONCLUSIONS AND RECOMENDATIONS 

6.1 Summary 

A method, in the form of a Monte Carlo simulation, was outHned to 

produce and catalog a large number of wind speed statistics from landfalHng 

tropical systems. Once the method was chosen, a wind field developed by 

HoUand et al. (1991) was decided upon as the hurricane wind field model to 

use for aU the simulations. In order to use the HoUand model, additional 

cHmatological information obtained from Ho et al. (1987) was needed. 

Once cdl of the requisite information was ascertained, the Monte Carlo 

simulation procedure was completed using both discrete and continuous 

sampHng methods at 11 locations scattered about the United States GuH and 

Atlantic coastHne. The wind results were then graphed out and analyzed. 

The results generated for each site were then compared to simUar Monte 

Carlo simulations completed by Batts et al. (1987) and Kriebel et al. (1998). 

6.2 Conclusions 

Various conclusions can be drawn from the Monte Carlo simulation 

process and its results: 

1. There was a difference of approximately 10 knots between the 

continuous and discrete mean wind speed results, with the 

continuous results always being larger. The difference was caused 

by the production of more intense tropical storms and hurricanes by 

the continuous method. 

2. A noticeable increase in the mean wind speed was found with 

increasing latitude along the Atlantic coastHne, mostly Hkely due to 

the handling of the translation of the systems. 
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3. A majority of the maximum winds generated at every site were 

onshore, for both the continuous and discrete results. 

4. The trends in the wind statistics compared weU to that of Batts et 

al. (1987) and Kriebel et al. (1998), with wind speeds rising rapidly 

at low return periods and then levehng off at higher return periods. 

QuaHtatively, the discrete results compared very weU to that of 

Batts and Kriebel, whereas the continuous results were 

consistently high. 

5. Quantitatively, excluding the continuous method since it was 

frequently higher, the wind results suggested a 10-minute mean 

wind speed at 10 m of 100 knots to be sufficient at large return 

periods for aU locations along the United States Gulf and Atlantic 

coast. This was consistent with a minimal category 4 storm on the 

Saffir-Simpson Scale. 

6.3 Recommendations 

Given the preceding analysis several recommendations can be made: 

1. More Monte Carlo simulations should be run for different locations. 

The locations should be expanded to include different areas around 

the world, and not only the United States coastHne. 

2. Rigorous examination of the Monte Carlo method of simulating 

hurricanes should be completed, including testing of new and/or 

different hurricane wind field models along with using more 

complete cHmatological records as they become avaUable. A 

complete investigation of the interdependence of meteorological 

parameters should also be completed to check the vahdity of the 

assumptions of dependence. This should increase the accuracy of 

91 



• • M 

the wind results and better aid in the development of future 

buUding codes. 

3. An expanded study could be completed concerning the directionaHty 

of the hurricane wind and its relation to the magnitude of the wind 

speed. 

4. A detaUed investigation of the interaction of translation of a tropical 

system with the wind field created by that system should be 

examined. The goal would be to develop a simple method to add (or 

subtract) the motion of a system to its wind field depending on the 

locaHty within the system. 

5. More detaUed Monte Carlo simulations including factors such as 

the storm surge, and the wave setup should be run. This would 

help depict the loads to be experienced by structures, and make for 

more appropriate buUding codes. 

7. Better hurricane decay models can be investigated and incorporated 

in future Monte Carlo simulations. 
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