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ABSTRACT A climatology of hurricane factors important 
to storm-surge modeling is presented for the Atlantic 
and Gulf coasts of the United States. A smoothed 
frequency of hurricanes and tropical storms entering, 
eXiting, and passing within 150 nmi of the coast 
during the period 1871-1984 is given. The central 
pressure and radius of maximum winds for hurricanes 
occurring during the 85-year period, 1900-84, were 
obtained from analysis of available hurricane data. 
Direction and speed of storm motion for hurricanes and 
tropical storms at the time they crossed the coast 
were also analyzed for the same 85-year period. The 
cumulative probability curves of each factor were 
plotted and analyzed for each 50-nmi interval along 
the coast. Selected probability levels of each 
distribution were summarized, and smoothed variations 
along the coast were obtained. Statistical 
independence of hurricane parameters has also been 
examined and interrelations of central pressure and 
radius of maximum winds investigated. 

1. INTRODUCTION 

1.1 Authorization 

The National Flood Insurance Act of 1968, Ti tIe XIII, Public Law 90-448, 
enacted August 1, 1968, authorized and provides for a National Flood Insurance 
Program to insure residences and small businesses against hazard of damage or 
destruction by flood. The Federal Insurance Administration (FIA), a part of the 
Federal Emergency Management Agency (FEMA), is the executive agency for the 
National Flood Insurance Program. In July 1982, a Joint Technical Assistance 
Work Plan was signed between FEMA and the National Oceanic and Atmospheric 
Administration (NOAA). The plan, among other things, allows for the National 
Weather Service (NW'S), NOAA, to provide technical support to FEMA upon request. 
Authorization for this particular study is Project No. 53967 under agreement 
No. EMW-84-E-1589 between the FIA, FEMA and the NW'S, NOAA, dated March 15, 1984 
and duly signed April 25, 1984. 



1.2 Purpose 

The Federal Insurance Administration, FEMA, requested the NWS, NOAA, to develop 
a comprehensive and authoritative set of hurricane clima tological statistics for 
the Atlantic and Gulf Coasts of the United States. These statistics are 
prerequisites in tidal flood-frequency analyses which are essential to establish 
flood insurance criteria for a given community. Coastal tidal inundations on the 
Gulf and Atlantic coasts of the United States are primarily caused by 
hurricanes. Therefore, the characteristics of these storms are the beginning 
point in making tidal flood-frequency analyses. The present study is a 
climatological assessment of the central pressure, radius of maximum winds, and 
other characteristics of hurricanes along the U.S. Atlantic and Gulf coasts in a 
manner suitable for determining the frequency of storm surge levels. It includes 
only the atmospheric characteristics of hurricanes and does not include surge 
levels that are the subject of other reports. 

The present study is an update and revision of an earlier study published as 
NOAA Technical Report NWS-15 CRo et al 1975), which will hereafter be referred to 
as TR 15. TR 15 presented a clima tology of hurricane parame ters important to 
storm-surge modeling along the U.S. Gulf and Atlantic Coasts. This climatology 
~las an analysis of available hurricane data, with storm tracks from 1871 through 
1973, and also included data for other meteorological lTariables since 1900. 
TR 15 included the cumulative probability distributions of each hurricane factor 
analyzed at 50-nmi intervals along the coast, and smoothed lTariations of each 
factor at selected probability levels along the coast were presented. A smoothed 
frequency of tropical storms and hurricanes entering and exiting the coast as 
well as those storms passing wi thin 150 nmi of the coast was also gilTen in 
TR 15. The question of joint probability among the lTarious factors was discussed 
qualitatively, but formal statistical tests were not considered in TR 15. 

The National Research Council of the National Academy of Sciences (NAS) 
reported on an evaluation of the FEMA Model for estimating potential coastal 
flooding from hurricanes (National Academy of Sciences 1983). This NAS report 
concluded that the basic approach used by FEMA is sound and appropriate for 
estimating 100-yr flood elevations in communities where severe flooding is caused 
by hurricane storm surges. However, the Advisory Commi ttee of the NAS made 
several recommendations regarding the way in which coastal flood studies are 
conducted. The committee recommended, among other things, that the selection of 
storm samples and the adoption of appropriate interdependency assumptions should 
be carried out in a centralized way by an organiza tion wi th the necessary 
expertise in hurricane climatology. The committee concluded that inter
dependencies among storm parameters, particularly among storm intensity, size, 
and direction, should be determined by that organization on a regional basis and 
an appropriate method for handling these interdependencies when applying the 
probability procedure to coastal flood elevations should be developed.' 

1.3 Scope of Report 

The geographical region covered by the report is the U.S. Gulf and Atlantic 
coasts from Texas to Maine (fig. 1). The first objectilTe was to define, clima
tologically, the frequency of hurricanes and tropical storms influencing each 
coastal segment. This was done for three classes of storms -- those entering the 
coast from the sea (entering or landfalling), those halTing entered the coast and 
then proceeding from land to sea (exiting), and those moving parallel to the 
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coast, with the center remaining at sea, but within 150 nmi of the point under 
consideration (alongshore or bypassing). These frequencies are presented in 
Chapter 6. 

The second objective was to develop cumulative probability distributions for 
four hurricane parameters: (1) central pressure (p ), an index of storm inten
sity, (2) the radius of maximum winds (R), an inde~ of storm size, (3) forward 
speed of the storm (T), and (4) direction of storm motion (9). Each of these 
factors influences the capability of the storm to produce storm tides. Chapter 2 
discusses in detail the data sources and analyses from which the hurricane 
characteristics were obtained. Probability distributions and their along-coast 
variations for each parameter are presented in Chapters 7 through 9 of this 
report. 

The statistical independence of hurricane parameters is considered in 
Chapter 3. The homogeneity of each parameter along the Gulf and Atlantic coasts 
was tested separately. Interrelations between pairs of parameters have been 
examined in Chapter 3. Non-linear relations between centr-al pressure ( Po) and 
radius of maximum winds (R) are discussed both dynamically and statistically in 
Chapter 4. For this purpose, the data base for P and R was extended to include o 
extreme hurricanes in the Caribbean and the Gulf of Mexico. Chapter 5 considers 
other conditional probability questions that are important to the currently used 
joint probability approach for tide-frequency analysis. 

Chapter 10 examines changes in the wind and pressure fields due to the filling 
of hurricanes overland. Finally, Chapter 11 discusses application of the results 
of this study to flood insurance studies. 

1.4 Relation to Flood Insurance Studies 

Meteorological parameters Po' R, e and T can be used together with other 
conditions as input to storm-surge models. Other conditions include boundary 
conditions such as bathymetry, orientation of the coastline, etc. A storm-surge 
model can be used to compute the surge heights at the coast. The storm surge 
generated by a hurricane is the increase of the sea water surface elevation due 
to two physical processes. One process is the water surface elevation increase 
in the core region of a hurricane where the a tmospheric pressure is extremely 
low. This is the so-called "inverse barometer effect." -The other process is the 
convergence of the sea water, driven by the surface wind from the deeper ocean to 
the shallower coastal regions. This is related to surface wind stress and 
bathymetry. The a tmospheric pressure gradient in a hurricane is the difference 
between the central pressure and a peripheral pressure. The surface wind stress 
in a hurricane is parameterized on the basis of the wind field near the water 
surface. Using appropriate meteorological assumptions, a wind field can be 
derived from knowledge of the pressure gradient, the radius of maximum wind 
speed, and the forward direction and speed of the hurricane. 

The joint probability approach, as currently used in storm-surge frequency 
studies, assumes that each meteorological parameter used- as input to the 
hydrodynamical model is independent. Development of storm-surge probabilities 
involves making computations for a range of meteorological parameters. The 
probability of occurrence of a given simulation is assumed to be the product of 
the probabilities represented by each input (meteorological) parameter. However, 
if the meteorological parameters are interrelated, a simple product of the 
individual probabilities is not appropriate. Hence, the need to evaluate the 
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possibility of interdependence among the factors that are the focus of this 
study. With this specific application in mind, there were a number of decisions 
made during the course of our analysis that ensured that the results would be 
tailored to the needs of the hydrodynamic modeling application. Some examples 
include the selection of the radius of maximum winds at the time of minimum 
pressure, and the assumption that the parameters represented steady-state 
storms. But these decisions also mean that the "climatology" described in this 
report may not be appropriate for other more general meteorological applications. 

1.5 Previous Studies 

One of the first systematic compilations of the characteristics of hurricanes 
affecting the United States coast was Tropical Cyclones (Cline 1926). Table 1 in 
Hydrometeorological Report No. 32 (Myers 1954) provided the first compilation of 
all hurricane central pressures and radii of maximum winds from 1900 to 1949. 
The National Hurricane Research Project Report No. 33 (Graham and Nunn 1959), 
hereafter referred to as NHRP 33, updated Myers' list and systematized the 
geographical distribution of the factors. Technical Paper No. 55 (Cry 1965) 
described all the hurricane tracks from 1871 to 1963, and cited the earlier works 
of this kind. HUR 7-97, Interim Report - Meteorological Characteristics of the 
Probable Maximum Hurricane, Atlantic and Gulf Coasts of the United States 
(Weather Bureau 1968) updated and revised the data in NHRP 33 and gave the 
geographical distribution of the characteristics of hypothetical hurricanes that 
had combinations of factors that made them the mos t severe hurricanes that can 
probably occur at a particular coastal location. NOAA Technical Report NWS 23 
(Schwerdt, et al 1979) revised and updated the previous studies on meteorological 
criteria for engineering design hurricanes. Neumann et ale (1981) extended the 
period covered in Cry's hurricane tracks and prepared revised tracks where 
additional data indicated that they were necessary. This provided a firm 
climatological base describing tropical cyclones on the synoptic scale. 

2. DATA 

2.1 Introduction 

Observations trom hurricanes occurring near the United States Gulf and Atlantic 
coasts were used in this study to determine probability distributions of various 
parameters. Data presented in this chapter are used in later chapters of this 
report. If additional data were required for a specific purpose, it is discussed 
in the chapter where required. 

The amount of observed data available from past hurricanes varies ·.greatly and 
almost all of it required further analysis and interpretation before it could be 
of use for storm-surge computation. The amount of data available for any single 
storm also varies during different portions of the storm's life, from various 
geographic regions, and from different sections of the hurricane. These data are 
subject to numerous uncertainties in interpretation. We have attempted to bring 
this information together to make a comprehensive analysis, to develop accurate 
storm tracks from which speed and direction of storm moti'on are determined and to 
present an authoritative determination of central pressures and radius of maximum 
winds. Examples of detailed meteorological analyses are given in Appendix A. 
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Tables 1 through 3, for hurricanes during the years 1900-84, list mos t of the 
information used throughout this report. Parameter values in the tables are given 
for storms wi th Po less than or equal to 982 mb (29.00 in.) occurring wi thin 
150 nmi of the Gulf and Atlantic coasts. The data are our update, revision and 
extension of Tables 1 and 2 in TR 15. There were a few changes made to the 
previously published data. In particula r, to address the question of 
interdependence among parameters, available data'were reviewed to ascertain their 
time of occurrence and to provide concurrent values of Po and R where necessary. 

Tables 1 through 3 give the date at which a hurricane entered, exited or came 
closest to the coast. The point along the coast where the hurricane parameters 
may be applied is indicated in the tables as the coastal reference point. The 
tables list parameters for the 85-yr period, 1900-84. The year 1900 was chosen 
to initiate estima tion of the parame ters by weighing the inaccuracies that would 
result from the sparse data of earlier years against the desirability of a longer 
period. Each of the Po and R va lues listed in the tables is followed by a 
superscript letter or letters that refer to a legend at the end of the tables 
giving the source of the data value. The storm direction, measured from the 
north, denotes the tra ck direction from which the hurricane crossed or bypassed 
the coast. 

Tables 1 and 2 list a storm twice only if it crosses the coastline a second 
time (or if a bypassing storm makes another approach to the coast) after it has 
traveled a distance of 400 nmi (500 nmi along the Gulf Coast). An exception to 
this is Hurricane David: it was listed twice within 400 nmi, but only the second 
entry was included in the statistical computations discussed below. These dupli
cate storms are identified by a section mark (§) in the two tables. Hurricanes 
whose centers passed through the Florida Keys are listed in both the Gulf and 
Atlantic coast tables for the convenience of the user. The information on 
hurricanes which crossed the FIQrida Keys and eventually entered the west coast 
of Florida (within 500 nmi of its initial crossing), are listed separately in 
Table 3A. 

If a hurricane crossed the coast on one side of the Florida peninsula, {OTi th a 
P less than or equal to 982 mb (29.00 in.) and weakened in intensity to o . 
Po greater than 982 mb when it was more than 50 nmi from the opposite coast, it 
was listed for only the initial coastline it crossed (table 1 or 2). Those 
exi ting storms, still of hurricane intensity at, or wi thin 50 nmi of, the coast 
of exi t, are included in Tables 1 and 2. Hurricanes which entered the Florida 
coasts and moved northward over land maintaining hurricane intensity within 
50 nmi of the opposite coast are listed separately in Table 3B. They may be 
considered as bypassing hurricanes moving inland parallel to the coast. 

2.2 Sources of Data 

Original sources of hurricane data are barograph traces from land stations and 
ships, wind records from NWS and military stations, aircraft reconnaissance 
flight dat a, radar data, satellite data, miscellaneous pressure and '-lind reports 
and textual descriptions in the scientific 11 terature. These descriptions have 
appeared in the Monthly Weather Review (published since June 1872), 
Climatological Data, National Summary (since 1950), National Hurricane Research 
Project Report No. 39 (Graham and Hudson 1960), NOAA Technical Memorandum 
NWS SR-56 (Sugg et ale 1971), the book Tropical Cyclones (Cline 1926), and a few 
other sources (e.g., data. sources listed in append. A). 
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Table 1.--HurrlcaDeB with ceatral preBsure < 982- mb (2.9.00 In.) ranked In chroaologlcal order fra. 1900-84. Gulf Coast United Statea 

.------
Approx. t II Po 

• coastal Storm Po value P Pa was R R was T Landfall 
Date ref. dir. (mb) (tn. ) applied to (mg) observed (nmi) observed (kn) point Remarks 

Sept. 9, 1900 378 130° 936.0 27.64 a ' coast 964.4 Calveston. TX 14a JO 29.l oN 95.loW 

Aug. 15, 1901 773 195° 972.6 28.na ' coast 992.6 Mobile, AL 33a 14 30.4°N 88.8°W 

June 17, 1906 1398 185° 979.0 28.91 b ' 24.7°N 997.6 Jupiter, FL 26a 10 2S.l oN 81.0oW 
81.0oW 

Sept. 27, 1906 779 160· 965.1 28.S0d ' coast 965.1 SS Winona 43 b Mobile, AL 16 30.4°N 88.7°W SS Winona in eye 
of storm whlle 
anchored of f 
Scranton, HS 

"'-I 

Oct. 18, 1906 1405 270° 966.8 28.SSc • coast 966.8 Navy tug near 16a 16 24.9·N 81.0oW 
Dry Tortugas, 
FL 

July 21, 1909 360 115° 958.7 28.3I b ' coast 982.1 Bay City, TX 19B 12 28.9°N 9S.3°W 

Sept. 20, 1909 657 ISO· 965.1 28.50b ' COBst 989.8 New Orleans, LA 28a 11 29.loN 90.2°W 

Oct. II, 1909 1415 by 235° 957.0 28.26 c ' 24.7"N 957.0 Knights Key, FL 22b Key West, FL 10 
81.0oW 

Oct. 17. 1910 200· 941.4 27 .80d ' 24.4 ON 941.4 SS Jean 28a II SS Jean in eye of 
82.7°W storm at 24.4 ON 

82.low 

Aug. 17, 1915 370 130° 948.5 28.01 a ' coast 952.9 Velasco, rx 29 b Houston, TX II 29.0·N 9S.Zow 

Sept. 29, 1915 671 170° 932.3 27.53a ' 27.0 oN 935.0 HHS Hermione 26ab New Orleans, LA 10 29.2 ON 90.0 0 W HHS Hermione exper-
89.3°W and other stations ienced some eye 

effects at an unknown 
distance from the 
point of minimum 
pressure 

See legend at end of Table 3 



Table I.--Hurrlcanea with central prea8ure < 982 IIIh (29.00 In.) ranked in chronological order fro. 1900-84. Gulf Coa8t United State8 (continued) 

Approx. , 
Po 

.. coastsl Storm Po value p Pa was R R was T Landfall 
Date ref. d1 r. (mb) (tn. ) applied to (me) observed (nmi) ohserved (kn) point Remarks 

July 5, 1916 805 160· 950.2 28.06a ' coast 961.0 Fort Horgan, AL 26a 25 30.4°N 88.3 Ow 

Aug. 18, 1916 184 115° 948.2 28.00c ' coast 948.2 Santa Gertrudis, 25a II 26.8 ON 97.4°w 

28.76c ' 
TX 

Oct. 18, 1916 842 220" 973.9 coast 973.9 Pensacola, FL 19 b Pensacola, FL 21 30.3°N 87.5°W 

Sept. 29, 1917 886 230° 964.4 28.48a ' coaat 965.5 Pensacola, FL 33b Pensacola, FL 13 30.4 ON 86.7"w 

Sept. 10, 1919 110° 929.2 27.44cd ' 24.6°N 929.2 See remarks 15a 8 Lowest pressure ob-
82.9°w talned from mean of 2 

ships (Lake Winona, 
Fred W. Weller) and 
Dry Tortllgaa, FL 

SSept. 14, 1919 207 105" 950.0 28.05a ' coast 947.9 Port Aransas, 35a 20 27.2°N 97.)OW 
TX 

Sept. 21, 1920 630 155° 979.7 28.93a ' coast 981.7 Houma, LA 28 8 28 29.2 ON 90.b"W 

June 22, 1921 309 175° 953.9 28.17 b' coast 994.6 Houston, TX 17 a 11 28.5°N 96.2°W 

Oct. 25, 1921 1201 235° 960.0 28.12c ' coast 952.3 Tarpon Sprin!,(s, l8a 10 27.9°N 82.8°w 
FL 

Oct. 20, 1924 220° 971.9 28.70·' 24.6°N See remarks 19 a 8 Parameters obtained by 
82.9°W interpolation between 

SS Toledo (off western 
end of Cuba) and 
Miami, FL and applied 
to the vicinity of Dry 
Tortugas, FL 

Aug. 26, 1926 626 180° 958.7 28.3I ac • coast 958.7 Houma. LA 27 a 10 29.1°N 90.8°w 

See legend at end of Table 3 
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Table 1.--8urricanes with central pressure ( 982 .b (29.00 In.) ranked in chronological order fro. 1900-84. Gulf Coast United States (continued) 

Approx. t , 
Po 

* 
coastal Storm Po value P Pa was R R was T Landfall 

Date ref. dlr. (mb) (1n. ) applied to (mC) observed (nmi) observed (kn) point Remarks 

Sept. 18. 1926 1306 ex 125° 950.0 28.05a ' 26.4 oN 950.0 Punta Rassa, FL 24a 17 
81.9°w 

Sept. 20. 1926 842 140° 955.0 28.20c ' coast 955.0 Perdido I7 b Pensacola, FL 7 30.3°N 87.5°W 
Beach, AL 

Oct. 21. 1926 1451 by 220° 931.9 27.52s ' 23.9°N 987.5 Key West, FL 2)s 16 
80.4"W 

June 28, 1929 296 130' 969.2 28.62 8 ' coast 986.1 Port O'Connor, \3a 15 28.3°N 96.4°W 
TX 

Sept .28. 1929 1445 100' 948.2 28.00c ' coast 948.2 Key Largo, FL 288 10 25.0 0 N 80.5°W 28.18 In. recorded 
at Long Key, FL 

Aug. 14, 1932 318 135° 942.4 21.83c ' coast 942.4 E. Columbia. TX 128 15 29.1°N 95.l oW SS Nicarao recorded 
lowest pressure of 
27.82 in. near 
29.0'N 94.8'W 8t 
0J30Z 

Aug. 5, 1933 109 010' 915.3 28.80a ' coast 981.4 Brownsville, TX 248 10 25.5·N 97.2·W 

Sept. 5, 1933 135 090' 948.9 28.02 a ' coast 950.6 Brownsville. TX 20b Brownsville, TX 8 26.00 N 91.2°W 

June 16. 1934 617 180° 965.8 28.528 ' cosst 967.8 Jeanette, LA Vb Morg8n Ci ty, LA 16 29.2°N 91.0 oW 

Sept. 3. 1935 1425 130' 892.3 26.35c ' coast 892.3 Long Key, FL 6a 9 24.BoN 80.8°W 

Nov. 5, 1935 1393 ex 065· 977 .0 2B.85 b' 25.2°N 972 .9 MIami, FL lObed Miami, FL 15 
81.loW 

See legend at end of Table 3 



Table l.--Hurricanes wIth central pressure < 982 .. b (29.00 In.) ranked In chronological order fro .. 1900-84. Gulf Coast UnIted States (continued) 

Approx. t , 
Po 

* 
coastal Storm Po value P Pa was R R was T Landfall 

Date ref. dir. (mb) (tn. ) applied to (mC) observed (nmt) observed (kn) point Remarks 

July 31, 1936 904 150° 963.8 28.46ac ' coast 963.8 Ft. Walton, FL 19ab Valparaiso, FL 9 30.4°N 86.4°W 

Aug. 8, 1940 462 140° 971.9 28.70c ' coast 971.9 Sabine, TX 11 a 8 29.7°N 93.7°w 

Sept. 23, 1941 348 180° 958.7 28.31 b' coast 970.5 Houston, TX 21 a 13 28.8°N 95.6°w 

Oct. 7, 1941 996 170° 981.4 28.98a ' coast 982.1 Carrabelle, FL 18ab Apalachicola, FL 11 29.8°N 84.7°w 

Aug. 30, 1942 309 135° 950.6 28.07a ' coast 951.6 Seadrift, TX 18a 14 28.5°N 96.2°W 

July 27, 1943 419 110° 974.6 28.78c ' coast 974.6 Ellington Field, 16b Galveston, TX 8 29.5°N 94.6°W 
TX 

Oct. 18, 1944 195° 948.9 28.02 c ' 24.6°N 948.9 Dry Tortugas, FL 29a 13 .... 
82.8 Ow 0 

Aug. 27, 1945 309 185° 967.5 28.57 c ' coast 967.5 Palaclos, TX 18a 4 28.5°N 96.2°W 

Sept. 15, 1945 1465 130° 951.2 28.09c ' coast 951.2 Homestead, FL 12 a 10 25.3°N 80.3°W Wi nd record at 
Hiami, FL gives R ~ 24 
at 2300Z-storm center 
was 22 nmi inland 

Sept. 18, 1947 1312 ex 085° 960.0 28 .35a ' 26.3°N 969.5 Captiva, FL 26a Lowest pressure for 
81.8°w the Gulf coast occur-

red some 50 nmi inland 

'Sept. 19, 1947 7i6 115° 966.5 28.54a ' coast 967.5 New Orleans WBO, 23 b New Orleans, LA 16 29.6°N 89.5°w 
LA 

Sept. 21, 1948 210° 935.3 27.62a ' 24.6°N 963.4 Boca Chica 7a 8 
81.7 Ow Airport, FL 

See legend at end of Table 3 
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Table l.--Burricaoes with ceQtrsl pressure < 982 mb (29.00 In.) ranked in chronological order froa 1900-84. Gulf Coast United States (continued) 

Approx. t I Po .. coastal Storm Po value P Pa was R R was T Landfall 
Date ref. dir. (mb) (tn. ) applied to (mC) observed (nmi) observed (kn) point Remarks 

Oct. 5, 1948 1410 230° 962.7 28 24.8°N 975.3 Sombrero Key, FL l3 b Sombrero Key, FL 16 24.soN S1.0·W 
81.0·14 

Oct. 4, 1949 360 190· 963.4 28.45a ' coast 97S.0 5 lIIi SW of lOb Composite of many 11 2S.9°N 95.4°14 
Freeport, TX Texas stations 

Aug. 31, 1950 S13 190· 979.3 2S.92c ' coast 979.3 Ft. Horgan, AL 21 a 23 30.2°N 88.1·14 
(Baker) 

Sept. 5, 1950 1162 230· 958.3 28.30c ' coast 958.3 Cedar Key, FL 15cd 3 28.6°N S2.7"W 
(Easy) 

....... Sept. 24, 1956 904 250· 973.9 2S.76de ' 973.9 See remarks ISb Pensacola, FL 10 30.4°N 86.4·14 Lowest pressure ....... coast 
(Flossy) taken from the 

barometer of a dredge 
within the eye at 
Destin, FL and from a 
reconnaissance plane 
just off the coast 
at Pensacola, FL 

June 27, 1957 466 200· 946.5 27.95a ' coast 958.4 Hackberry, LA 20b Orange, LA 14 29.soN 93.6°14 
(Audrey) 

Sept. 10, 1960 1422 140° 930.0 27.46c ' 24.8°N 930.0 Conch Key. FL 18e Near Conch Key. 9 24.8°N 80.9°14 
(Donna) 80.9°14 FL 

Sept. IS, 1960 747 IH· 976.0 28.82e ' 26.6°N 979.0 Gulfport. HS 22d Recon. to 30.3°N 89.3°14 
(Ethel) 89.3°14 

Sept. II, 1961 296 170· 930.9 27.4ge ' coast 930.9 Recon. 30be 6 28.3 ON 96.4·14 
(Carla) 

See legend at end of Ta'ble 3 



Talale l.--Hurricaoes witb central preaaure < 982 lib (29.00 io.) ranked 10 cbrooological order frail 1900-84. Gulf Coaat United States (continued) 

Approl!.. , 
Po 

• coaatal Storm Po value P Pa was R R was T Landfall 
Date ref. dir. (mb) (I n.) applied to (mg) observed (nm1) observed (kn) point Remarks 

....... ---------

Oct. 4, 1964 579 175" 959.4 28.33 b' coast 961.7 Franklin, LA 18be Franklin, LA 7 29.5"N 91.5"W 
(Hilda) 

Oct. 14, 1964 220· 964.1 28.47e ' 24.3°N 964.1 Recon. !Oe Near 24°N 83°w 15 25.8°N 81.3°W 
Osbell ) 82.loW 

Sept. 8, 1965 1445 090° 951.9 28.11 e ' coast 9')2.3 Tavernier, FL 22be PlantatIon 11 25.0 oN 80.5°W P .. 947.9 lib 
(Betsy) Key, FL ogserved by Recon. 

at 25.2°N 82.1°W 

ISept. 10, 1965 664 135" 941.1 27.7ge ' 28.2°N 941.1 Recon. 32 be Port Sulphur. LA 17 29.1·N 90.1 Ow 
(Betsy) 89.2°W at 27.9°N and Recon. 

88.8°W 

.... June 8, 1966 200° 970.2 28.6Sce • 24.6°N 970.2 Dry Tortugas. nee Dry Tortugas, FL 9 
N 

(Alma) 82.9·W FL Reeon. 

Oct. 4. 1966 by 065° 977 .0 28.8')e' 24.1°N 977 .0 Reeon. lSe Reeon. 7 Lowest pressure 
(Inez) 84.1°W 135 nmi WSW 

Key West, FL 

Sept. 20, 1967 123 155° 923 .1 27.26e ' 24.ooN 923.1 Recon. ge Reeon. 8 25.8"N 97.2°W Po" 939 mb 
(Beulah) 96.3°W at landfall 

Oct. 19, 1968 ll62 235° 977 .0 28.85e ' coast 917 .0 Recon. 17e Reeon. 10 28.6°N 82.7°w 
(Gladys) 

Aug. 18, 1969 747 160° 907.9 26.81 e ' 28.2°N 907.9 Recon. 8be Near 28"N 89"W 16 30.3°N 89.3°W 
(Camille) 88'.8°w 

Aug. 3, 1970 243 115° 944.5 27.89c ' coast 944.5 lnllleside, TX 9b Corpus Christl, 14 27.7°N 97.1°W 
(Celia) 

28.55e ' 
TX 

Sept. 12, 1970 11 100° 966.8 coast 966.8 Reeon. 21 e Recon. 7 23.9·N 97.7·W 
(Ella) 

See legend at end of Table 3 
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Table I.--Hurricanea with central pressure < 982 ... (29.00 in.) ranked in chronological order from 1900-84. Gulf Coast United Statea (continued) 

Approll. I Po 
coastal Storm Po value P Pa was R R was T Landfall 

* (mb) (mt) (nml) (kn) Date ref. dlr. (tn. ) applied to observed observed point Remarks 

Sept. 10, 1911 321 050· 979.0 28 28.l oN 979.0 Recon. 12e Recon. 5 28.6°N 96.0 0 W Aircraft recon. 
(Fern) 96.6·W observed lowest 

pressure just off 
TX coast south of 
Matagorda, TX 

Sept. 16, 1911 500 230· 978.0 28.118e ' coast 978.0 Recon. ISe Recon. 15 29.7°N 93.0·W 
(Edith) 

Juoe 19, 1972 966 195" 978.0 28.88e ' 29.3°N 978.0 Recon. 20be Recon. 11 29.9·N 8S.4"W 
(Agnes) 85.8°W 

Sept. 8, 1974 575 15S· 936.0 27.64e ' 28.0 0 N 936.0 Recon. 10e Recon. 9 29.5·N 91.6·W - (Carmen) 90.7·W IN 

Aug. 31, 1975 30 110° 963.0 28.44e ' coast 963.0 Recon. ISe Recon. 5 24.3"N 97.7OW 
(Caroline) 

Sept. 23, 1975 897 195" 9S5.0 28 .20c ' coast 955.0 Destin, FL 14 bc Hurlburt 22 30.3°N 86.5"W R > 30 nmi near 
(Eloise) Field, FL and 28"N 88"W 

Valparaiso, FL 

Sept. 2, 1977 IS 060° 926.0 27.35e ' 24.2°N 926.0 Recon. lOe Recon. 10 23.9°N 97.7"W 
(Anita) 97.loW 

Sept. 12, 1979 806 160° 946.0 21.93e ' coast 946.0 Recon. n e Recon. II 30.4°N 88.3°w 
(Frederick) 

Aug. 10, 1980 151 15So 945.0 27 .90e ' coast 94S.0 Recon. 40e Recon. 8 26.2°N 97.2"W 
(Allen) 

Aug. 18, 1983 378 155· 962.0 28.40e • coast 962.0 Recon. 30be Recon. 7 29.I"N 9S.l oW 
(Al1cia) 

See legend at end of Table 3 



Table 2.--Burricanes witb central pressure < 982 mb (29.00 tn.) ranked tn cbronoJostcal order froa 1900-84. East Coast United States 

Approl!. , 
Po 

"" 
coastal Storm Po value P Pa was R R was T Landfa It 

Date ref. dt r. (mb) (tn. ) applied to (m&) observed (nmt) observed (kn) point Remarks 

-----------_._------
Sept. 12, 1903 1510 120° 976.6 2S.84 b ' coast 998.0 Tampa, FL 43a 8 26.l oN 80.I·W 

June 17, 1906 1584 ex 240· 979.0 28.91 b ' 27.4 ON 997.6 Jupiter, FL U,a 12 
80.1°W 

Sept. 17, 1906 2018 105' 976.6 28.84a ' coast 999.0 Columbia, SC 30b 16 B.3°N 79.2°W 

Oct. 18, 1906 1523 ex 220· 976.6 28.84 b' 26.4°N 990.9 Jupiter, FL 35a 6 
80.l oW 

Oct. II , 1909 1415 by 235' 957.0 28.26c • 24.7·N 957.0 Knigbts Key, FL n b Key West, FL to 
81.0oW 

Aug. 28, 1911 1912 lOa· 979.3 28.92 b• coast 982.7 Savannah, GA Vb Savannah, GA 8 32.2°N 80.6·W 

...... 
Sept. 3, 1913 2177 ItSo 97'.6 28.8I b ' 994.2 Raleigb, HC 38ab Hatteras, NC 16 3i1 .8°N 16.4·W 

~ COlist 

Sept. 10, 1919 110· 929.2 21.44 cd ' 24.6°N 929.2 See remarks "s 8 Lowest pressure ob-
82.9°W tained from mean of 2 

ships (Lake Winona, 
Fred W. Weller) and 
Dry Tortugas, FL 

Oct. 26, 1921 166, ex 260 0 979.0 28.9I a ' 28.6 ON 960.0 Tarpon Spring HSG 10 Lowest preasure 
81.S·W FL, GuU Coast for the East coast 

occurred as the storm 
was ftlling about 
50 nmi inland from 
the coast 

Aug. 26, 192i1 2214 by 210° 971.9 28 • lOa I U.OoN 97'.3 Hatteras, HC 34 b Hatteras, NC 22 
1,.0·W 

See legend at end of Table 3 
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Table 2.--Hurricanea with central pressure < 982 • b (29.00 in.) ranked in chronological order fro. 1900-84 • East Coast United States (continued) 

Approx. I Po 
coastal Storm Po value P Pa was R R was T Landfall 

* (mt) Date ref. dir. (mb) (i n. ) applied to observed (nmi) observed (kn) point Remarks 

SAug. 26, 1924 2732 by 220· 960.4 28.36a ' 41.1°N 972.2 Nantucket, HA 40b Nantucket, HA 24 Storm becoming extra-
69.8·W Block Is land, Rl tropical 

Dec. 2, 1925 2185 220· 980.4 28.95a ' coast 981.8 Wilmington. HC 54 b Wilmington, NC 14 34.9"N 16.3"W WB Tecbnical Paper 
No. 55 implies that 
tbis storm was be-
coming extratropical 
and did not bave bur-
ricane-force winds 
wben it st ruck tbe NC 
coast 

July 28, 1926 1154 150· 959.7 28.34a ' coast 915.3 Meritt Island 14b Jacksonville, 8 29.9·N 81.3·W 
I-' FL FL VI 

18, 1926 1478 110· 931.0 27.49a ' 935.0 19 b 17 25.6°N 80.3·W Sept. coast Miami, FL Miami, FL 

Oct. 21, 1926 1451 by 220· 931.9 27.52 a ' n.9°N 981.5 Key Wes t, FL 21 s 16 
80.5°W 

Sept. 11. 1928 1542 120· 935.3 21.62c • coast 935.3 W. Palm Beacb, 28a 13 26. PN 80.0"W 
Everglades 
Drainage Dis t. 
Office, FL 

Sept. 28, 1929 1449 100· 948.2 28.00c • coast 948.2 Key Largo. FL 28a 10 25.0 o N 80.5·W 

Aug. 23. 1933 2212 145" 966.5 28.54 bc ' coast 910.5 Cape Henry, VA 39b Norfolk, Cape 18 36.4 ON 75.8°W 
U"mry, VA 

Sept. 4, 1933 1557 120" 947.5 27.98c ' coast 947.5 Jupiter, FL l3a II 26.9"N 80.I"W 

Sept. 16, 1933 2201 220· 956.7 28.25c • coast 956.7 Hatteras. NC 40b Hatteras, NC 9 35.I"N 16.0·W 

See legend at end of Table )' 



Table 2.--Hurrlcane. wltb central pressure < 982 lab (29.00 In.) ranked In cbronological order fr~ 1900-84. £8.t Coa.t Uoited States (continued) 

Approll. t , 
Po 

* 
coas tal Storm Po value Pa I' a was R R was T Landfall 

Uate ref. d1 r. (lIlb) Un.) applied to (mb) obse rved (1lIIIi) observed (kn) poillt Remarks 

--------

Sept. 3, 1935 1425 130· 892.3 26.35c ' coat;t 892.3 Long Key, n 6a 9 24.S·N 80.S·W 

Nov. 4, 1935 1491 060· 972.9 28. 7Jc' coast 972.9 Miami, FL IObc Miami, FL 12 25.9"N 80.I"W 

Sept. 18, 1936 2251 by 180· 965.8 28.52d ' 34.lI oN 965.8 See remarks 34a 16 Lowest pressure i's 
75.ZoW mean of 2 ships (EI 

Oc~idellte and Limon) 
off Cape Hatteras, NC 

Sept. 21, 1938 2625 1110" 943.0 27.858 ' coast 946.2 Be II port, NY 45 b New Haven, cr 47 40.7"N 72.9°W Storm beco'Ding extra-
Coast Guard Sta. tropical 

Aug. II, 1940 1902 100" 974.6 28.78c ' coast 974.6 Savannah, GA Vb Savannah, GA 9 n.I"N 80.8°W 
.-
Q'\ Sept. 14, 1944 2226 by 195" 944.1 27.88a ' J).2 ON 947.2 Hatteras, NC 17 b Hatteras, NC 23 

75.4 "W 

§Sept. 15, 1944 2649 220· 955.3 28.21 b' coast 951L7 Pt. Judith, RI 29 b Fisher Island 30 40.9"N 72.3°w Storm becoming 
Pt • .ludith, RI extratropical 

Sept. IS, 1945 1465 130· 951.2 28.1l9c ' coast 951.2 lIomestead, .'L 12a 10 25.3"N 80.3·W Wind record at 
MhuDl, FL gives R = 24 
at 2300Z.; storm center 
was 22 nmi inland 

Sept. 17, 1947 1517 0110° 946.11 27 .96a ' coast 947.2 Hillsboro, Fl. 26ab Pineapple 10 26.3°N 80.l oW 
Plantation, FL 

Oct. IS, 1947 1890 080" 968.2 28.59a ' coast 973.9 Savallnah, GA lJa 17 31.9"N 81.l o W 

Sept. 22, 1948 1571 ex 230" 963.4 28.45a ' 27.2°N 964.8 St. I.ucie Lock, 16a II 
80.ZoW FL 

See legend at end of Table J 



Table 2.--Hurr1canea witb central pressure < 982 ab (29.00 in.) ranked 1n chronologicsl order fra. 1900-84. East Cosst United States (continued) 

Approx. I Po 
coastal Storm Po value P Pa was R R was T Landfall 

* (ab) (mg) (nm1) (kn) Date ref. dlr. (In. ) appUed to observed observed point Remarks 

Oct. 6, 1948 1491 ex 230° 977 .0 28.8Sa ' 25.9°N 979.3 Mlami, FL 16b Mlami, FL 13 
BO.loW 

Aug. 24, 1949 2214 by 220° 977.3 28.86d ' 35.l oN 977 .3 Dlamond Shoals 24 a 22 
75.2°w Lightship, NC 

Aug. 27, 1949 1557 130° 953.6 28.16a ' coast 954.0 W. Palm Beach, U b W. Palm Beach, FL 14 26.9°N 80.0 0 W 
FL 

Oct. 18, 1950 1507 150° 955.0 28.20c ' coast 955.0 Miami, FL 6cd Miami, FL 6 26.1 0N BO.loW 
(King) 

Aug. 30, 1954 2201 by 210° 960.0 28.35e ' 33.4 ON 960.0 Recon. Ub Ship data 10 .... (Carol) 76.8°W 
...... 

IAug. 31, 1954 2646 200° 961 .1 28.3Bs' coast 962.4 Suffolk Co. 22b Suffolk Co. 33 40.9°N 72.4°W 
(Carol) ArB, NY AFB, NY 

Sept, 10, 1954 2212 by 210 943.1 27.B5e ' 34.00N 943.1 Recon. HSG 20 
(Edna) 75.6°W 

fSept. II, 1954 2750 210° 947.2 27.97e ' 39.7°N 947.2 Recon. 20e Recon. 40 41.7°N 70.loW 
(Edna) 71.3 oW 

Oct. 15, 1954 2057 190° 936.7 27.66a ' coast 93B.0 Tilghsm Poi nt, 2,)b Myrtle Beach, SC 26 33.9°N 78.5°W 
(Huel) NC, by fishing 

boat Judy Ninda 

Aug. 12, 1955 2187 180° 961.7 28.40c ' coast 961.7 Fort Macon, NC 38ab Cherry Point, NC 7 34 .9 ON 76.2 Ow 
(Connie) (MCAS) 

Sept. 19, 1955 2162 115° 960.0 28.35 c ' coast 960.0 Morehead Cit y. 22b Cherry Point. NC 9 34.7°N 76.7°W 
(lone) NC (MCAS) 

See legend at end of Table 3 



Table 2.--Burricanes with central pressure < 982 IIIb (29.00 io.) ranked in chronological order fra. 1900-84. East Coast uoited Statea (continued) 

ApproK. , 
Po 

* 
coastal Storm Po value P Pa was R R was T Landfall 

Date ref. dir. (lIIb) (In. ) applied to (III~) observed (nm1) observed (kn) point Remarks 

Aug. 28, 1958 2214 by 195° 949.0 28.03e ' 35.0 0 N 949.0 Recon. 18e Near 35°N, 74°W 17 
(Daisy) 74.3·W 

IAug. 29, 1958 2750 by 240° 979.0 28.91 e ' 40.9°N 979.0 Recon. 50e 40.9·N 68.5·W 21 
(Daisy) 68.5·W 

Sept. 21, 1958 2164 by 240· 932.0 27.52e ' 32.7·N 932.0 Recon. 25e Recon. 14 
(Helene) 78.7°W 

Sept. 29. 1959 1935 150· 950.9 28.08e ' coaat 950.9 Recon. 26 b Beaufort, SC 12 32.5°N 80.4°W 
(Gracie) (HCAS) 

Sept. 10, 1960 1422 170· 930.0 27.46c ' 24.8°N 930.0 Conch Key, FL 18e Near Conch 9 24.8°N SO.9·W 
>- (Donna) 80.9°w Key, FL 
00 

Sept. 11, 1960 1122 ex 210° 970.0 28.65c' coast 970.4 Orlando, FL 24 c Datona Beach, FL 16 29.5N 81.1°W 
(Donna) 

SSept 12, 1960 2122 215· 958.0 28.2ge ' coast 958.0 34.6°N 26 b Cherry Point. NC 26 34.4°N 77 .6°W 
(Donna) 77.7°W (/oICAS) 

SSept. 12, 1960 2612 205· 959.0 28.38b ' coast 961.1 Brookhaven, NY 48b Suffolk Co., NY 32 40.6°N 73.2°W Storm becoming extra-
(Donna) AFB tropIcal 

Sept. 20, 1961 2220 by 180° 948.0 27 .9ge ' 35.1°N 948.0 Recon. HSG 14 
(Esther) 73.3·W 

Aug. 27, 1964 1482 160· 967.5 28.57c ' coaat 967.5 N. M1ami, FL 7be Mlallli, FL 9 25.7N 80.2°W 
(Cleo) 

Sept. 10, 1964 1756 100° 961.0 28.38a ' 29.8°N 965.8 St. Augustine, 34e Recon. 7 29.9°N 81.JoW 
(Dora) 80.4°W FL 

Oct. 15, 1964 1557 ex 2?5' 977 .7 28.87c ' 26.9·N 977.7 Juno Beh., FL U b W. Palm leh., FL 17 
(Isbell) SO.OoW 

See legend st end of Table 3 

,. 



Table 2.--Uut:ricaDea tilth ceDtral pt:ea .. ure < 982 .11 (29.00 10.) uuked lu cht:onologlcal order fr .. 1900-84. H .... t Co.at Unlted States (coIiUnued) 

* Date 

Sept. 8, 1965 
(Betsy) 

Sept. 16, 1967 
(Oorla) 

Sept, 10, 1969 
(Gerda) 

Aug, 9, 1976 
{Belle) 

tAug. 10, 1976 
(Belle) 

Sept. 3, 1979 
(David) 

'Sept 4, 1979 
(DavId) 

Approx. f 
coastal 

t:ef. 

1445 

2278 

3080 

2214 by 

2582 

1567 

1857 

Stot:m 
dtr. 

090° 

020° 

195° 

190° 

195° 

135° 

160° 

Sept. II, 1984 
(Olalla) 

2081 by 210° 

'Sept. Il, 1984 2081 
(Ill ana) 

lllO° 

, 1'0 
l' 0 value 

(wb) (tn.) applied to 

9SI.9 28.11 a ' 

981.0 26.97 e ' 

979.0 28.91 a ' 

963.1 28.44 e ' 

975.0 28.7g e ' 

968.0 28.59 b ' 

968.0 28.59 be ' 

949.0 28 .02 e ' 

912.0 28.70e ' 

coast 952.3 

38.0 0N 981.0 
71.9°w 

42.1 0N 979.0 
68.7°w 

32.5°11 961.1 
75.2 Ow 

40.4°N 975.0 
7l.00W 

coast '171.0 

coast 970.0 

1l.8"N 949.0 
77.7°W 

H.8°N 972.0 
77.4 Ow 

--~---~~---.. ------.---~--------------

See legend at elld of Table 3 

I'a was 
observed 

TavernIer, ~'1. 

Recon. 

R"coo. 

Recon. 

Recon. 

Helbourne, Fl. 

Savannah, GA 

Recon. 

ReCOil. 

R 
(nml) 

R was 
observed 

221.e I'lalltation 
K"y, FL 

20e Near 38°N 74°W 

HSG 

31 e Recon. 

21bc West PallO 
Beach, ~'L 

lObe Recon. and 
Savannah. GA 

lie Recon. 

16e Recon. 

T 
(kn) 

11 

9 

40 

21 

12 

10 

7 

5 

Landfall 
poInt 

2S.00N 80.6°W 

Remarka 

36.5°N 75.4°W l.owest pressure 
150 III" east of 
OellMarva Peninsula 

44.6°N 67.3°w 

40.6°N 73.5°W 1'0 al landfall 
was 982 mb 

27.I ON 80.low 

31.6°N 81.2°w 

3J.9°N 76.0 0W 



Table 3.--Kiscellaoeous 'lo~ida Hu~~tcaoes witb central p~essu~e < 982 .b (29.00 in.) ranked tn cbronological order f~o. 1900-1984 
A. Hurricanes striking tire West Coast of Plorlda after passlnR tbe Plorida Keys 

Appro".' , 
Po 

coastal Storm Po value P Pa was R R was T Landfall 
* (mb) (mg) (nmt) (kn) Date ref. dir. (In.) applied to observed observed point Remarks 

-"".-~---------.-~ ... 

Oct. 18. 1910 1330 200· 9)3.3 28.I)a' coast 980.0 Tampa, FL 32a 11 26.0·N 81. 7·W 

Oct. 21. 1924 1338 240 0 978.3 28.89b ' coast 98).4 Miami, FL 21 a 6 2).9°N 81.7 Ow 

Sept. 30, 1929 966 160° 97).3 28.80c ' coast 97).3 Panama City, FL HSG 6 29.'"N S).4°W Storm becoming 
extratropical 

Sept. 4, 193) 1060 190" 960.0 28.3)b' coast 980.0 Egmont Key, FL 21 a 10 29.9"N 83.7°W 

Oct. 19, 1944 1262 190" 962.0 28.42 c ' coast 962.0 Sarasota, FL 34a 14 27.0oN 82.4 ·w 

tv Sept. 22, 1948 1337 22)" 950.9 28.08b ' coast 962.8 Belleglade. FL 16ab Clewistown. FL 8 2).9"N 81.7°W 
0 

Sept. 10, 1960 1301 170 0 949.2 28.03e ' coast 9)0.0 Naples, Fl. II be Fort Hyers, FL 9 26.)oN 81.9°W 
(Donna) 

Oct. 14. 1964 1350 230· 970.0 28 .64 e ' coast 973.6 Everdade 10e Recon. 14 25.8°N SI."oW 
(Isbell) City, FL 

JUlie 9, 1966 1026 225 0 977.0 2S.8)e' coaat 977 .0 Reeon. 20e Recon. 13 30.1°N 84.2°W 
(Alma) 

See legend at end of Table 3 

., 



Table l.--Klacellaneoua rlorlda Hurricanes with ceotral pressure < 982 .b (29.00 In.) ranked ln chronological order fro. 1900-1984 (continued) 
B. Hurricanes Over the Florida Peninsula wlth Central Pressure Measured 50 nti Ioland Fro. Coast 

Approx. t , 
Po 

coastal StOrill Po value P Pa was R R was T Landfall 
* (mb) (mg) (nmi) Date ref. dire (in. ) applied to observed observed (kn) point Remarks 

Sept. 17. 1928 - by 120· 958.3 28 .30a ' 50 nmi 935.3 West Palm MSG 12 Lowest pressute 
inland East Beach, FL occu rred 9 01111 W of 
from coast Avon Park, FL. or 
coast about 50 nmi E'SE of 

Tampa Bay. FL 

Sept. 4, 1933 - by 120· 964.4 28.48a ' 50 nOli 947.5 Jupl tel', FL 29 b Tampa, FL II Lowest pressure for 
inland East the Gulf cosst occur-
from coast red as the storm was 
coast filling just W of 

Avon Park, FL. or 
50 nmi E-SE of 

N 
Tampa Bay, FL 

....... 
28.37a ' 2lb Aug. 27, 1949 - by !l0· 960.7 50 nmi 954.0 West Palm West Palm 14 Lowest pressure 

inland East Beach, FL Beach. FL occurred 10 nmi ESJi: 
from coast of Lake Placid, FL, 
coast or 50 nmi NE of 

Charlotte Harbor 
(Gulf of Mexico) 

Oct. 18, 1950 - by 150· 978.0 28.88a ' 50 nmi 955.0 Miami, FL HSG 17 Lowest pressure 
(K!n"d inland East occurred 12 nmi ESE 

from coast of lIalnes City, FL, 
coast or 50 nml ENE of 

Tampa Bay, FL 

See legend at end of Tsble 3 



N 
N 

General Legend 

P a - lowest pressure detected by barometer or dropsonde 

R 

T 

- minimum central pressure (for either the Atlantic 
or Culf Coast) 

radius of maximum winds 

- forward speed of storm 

by - bypassing storm 

ex - exiting sturm 

MSG - missing 

Recon. - aircraft reconnsissance 

Legend 

Source of Radius of MaXimum Winds Data 

a - computed from presaure profile 

b - observed from wind speed record 

c - extracted from Mont!!!L. Weather Review 

d approximation (about 5 or 6 nmi added 
to eye radius as observed by aircraft 
or radar) 

e - aircraft reconnaissance wind dsts 

* Date applied to approximate coastsl reference point in GMT 

Legend 

Source of Minimum Central Pressure Data 

a - computed from pressure profile along 
or near coast 

· b - computed from pressure profile and 
adjusted to the coast 

• c - observed by land barometer 

· d - observed by ship baro~ter 

I 

e - observed by reconnaissance plane 
dropsonde 

t Point st which storm entered, exited. or came closest to the coaet (see fig. I); 
not given to hurricanes psssing the Florida Keys west of BloW 

, Lower central pressures at distances greater than 150 nmi from the coast were not considered 
, Same hurricane as previoua line 

·4 



Tropical cyc lone track informa tion was used to determine the frequency of 
entering, exiting, and alongshore tropical storms and hurricanes, direction of 
forward motion and in some cases speed of motion. Smoothed best tracks have been 
given in several NOAA publications and periodicals previously cited. Cry (1965) 
combined data from available sources into a comprehensive report showing the most 
accurate and consistent locations of all tropical cyclones for the period 
1871-1963. These tracks were designed to provide a smoothed track for all 
storms. Neumann et al. (I 981) have extended the period covered and prepared 
revised tracks where additional data have indicated they were necessary. In 
addition, Jarvinen et al. (1984) have prepared a computer file of North Atlantic 
tropical cyclones (commonly referred to as the HURDAT tape). This file contains 
dates, tracks, windspeeds, and central pressure values (if available) for all 
tropical cyclones that occurred during the period 1886-1983. This file is 
maintained by the National Hurricane Center (NHC), NOAA, in ({iami, Florida and is 
updated annually. This data file contains storm positions and wind speed 
information at 6-hourly intervals. They are subject to some degree of 
uncertainty, especially for the earlier years. It should be noted that linear 
interpolation of the data within 6-hourly intervals could lead to inaccurate 
instaneous storm track and wind speed information. 

2.3 Hurricane Central Pressure (Po) Data 

The most important factor in storm surge modeling is the intensity of the 
hurricane, which is directly related to its central pressure. Harris (1959) 
demonstrated that storm surge height is approximately proportional to the central 
pressure depression, other factors being constant. 

The specific pressure values in Tables 1 through 3 are the lowest pressures, 
generally determined from actual observations by either a barometer or 
dropsonde. For hurricanes of recent years, minimum pressure observed in 
penetrations of the hurricane eye by reconnaissance aircraft near the coast 
provided the central pressure in most cases. For earlier hurricanes, P values 
were estimated from observations taken at land stations. Observed pressu~es, Pa' 
were extrapolated inward to P (since P were rarely observed at the storm 
center) by using visually-fitte<a radial p~essure profiles based on the formula 
(Schloemer 1954): 

P -
-p-----'-P- = exp ( -Ri r ) 

n 0 

(1) 

where P is the pressure at radius r, Po is the pressure at the storm center, Pn 
is the pressure at some large distance from the center at which the. profile is 
asymptotic, and R is the radius at which the winds peed is greatest. 

Schwerdt et al. (1979) computed pressure profiles for 19 past hurricanes using 
equation (1) and nine other pressure profile formulas and compared the results 
with observed data at radial distances of 40 and 80 nmi. They concluded that 
equation (1) gives a reasonably representative sea-level hurricane pressure 
profile. They a Iso concluded that further refinements would not improve the 
reliability of the formula at this time because of the rather large scatter 
of pressure data around most hurricane profiles. 
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2.3.1 Central Pressure Criteria Based on Balanced Wind Model 

Tables 1 through 3 also list the lowest pressure observed at a station (Pa ), 
the observing station and a geographical reference to which Po pertains (either 
at the coast or as far as 150 nmi offshore). The criterion used to select storm 
data for inclusion in Tables 1 through 3 (Po ~ 982 mb) was based on consideration 
of the windspeed computed from a balanced wind model (after Myers 1954): 

.; :: 

c 

where, Vc 

p 

1 (p - P ) (~) exp(-R/r) p nor 

:: cyclostrophic windspeed, 
force ex:actly balances 
gradient force at radius, 

:: density of ai r, 

(2 ) 

at which the centrifugal 
the horizontal pressure 

r, 

Pn asymptotic pressure (same as defined in eq. 1), 

Po = central pressure, and 

R radius of maximum winds. 

At the radius of maximum winds (R::r), with a central pressure of 982 rob 
(29.00 in.) and an asymptotic pressure of 1015.9 mb (30.00 in.), the 
cyclostrophic windspeed is 73 mph, or about the windspeed required for 
classification as a hurricane. The asymptotic pressure used by Myers is 
different from the peripheral pressure suggested in Chapter 11. Both pressures 
are intended to be representative of the environment removed from the dynamics of 
the tropical cyclone; Myers' pressure is that value to which an exponential 
pressure profile defined by equation 1 is asymptotic. It is a parameter for 
defini ng the intensi ty of the pressure gradient and does not actually have a 
physical counterpart in the pressure field. The peripheral pressure used in this 
report is the surface pressure at the outer limi t of a hurricane where the 
cyclonic circulation ends and, therefore, has a physical meaning. The 982-mb 
criterion was used to put a specific bound on the data sample. We realize that 
there have been storms wi th hurricane-force winds and central pressures higher 
than 982 mb south of 35°N. It is not intended to be used as a forecasting 
criterion to distinguish hurricanes from tropical storms. 

2.3.2 Central Pressure Adjustments 

In some areas, barometric pressures could not be obtained near the coast. The 
central pressures were determined at the location nearest the coast where 
reliable observations could be obtained and adjusted downward to a coastal 
value. This was done for those central pressures for which the lowe3t observed 
pressure was from a station inland or at a coastal station when the storm was 
emerging from land to sea. These adjustments were made for 13 hurricanes and 
were carried over from TR 15 and earlier reports, including NHRP 33. 
Recomputations using filling rates given in Chapter 10 did not show significant 
differences; Po values for 3 of 13 hurricanes were revised. 
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Questions have been raised about the minimum central pressure of Hurricane 
Camille which struck the northern Gulf coast in 1969. The best obtainable value 
is needed because Camille had the lowest central pressure on the mainland coast 
since record keeping hegan during the later part of the last century, and 
strongly influences the lower end of the probability distribution of central 
pressure. A minimum pressure of 905 mb was measured by an Air Force 
reconnaissance aircraft at 0016 GMT on August 17, 1969 near 25.2°N, 87.2°W, or 
250 mi southeast of the mouth of the Mississippi River. Eighteen hours later, 
and only a few hours before the center made landf all, another reconnaissance 
aircraft penetrated the hurricane, and reported an even lower central pressure of 
901 mb. A post-audi t of the dropsonde computation at the National Clima tic 
Center adjusted this to 908 mb. This value, which is quoted by Bradbury (1971), 
is the value in Table 1. The eye passed over Bay St. Louis, Mississippi, at 
landfall and an aneroid barometer a few blocks from the west end of the Bay 
St. Louis-Pass Christian bridge read 26.85 in. (909.4 mb). This barometer was 
later checked and found to be accurate by the New Orleans NWS Office (DeAngelis 
and Nelson 1969). One may assume then that Camille remained in a near steady 
state during its last 25 hours at sea. 

2.3.3 Revised Central Pressure from Previous Studies 

A virtual absence of pressure data made it necessary to omit the Louisiana hur
ricane of August 6, 1918, in which the closest recorded pressure was some 
90 nmi from the path of the storm center. An estimate of Po from such a 
distance would be highly questionable. Two hurricanes listed in NHRP 33 are not 
included in Tables 1 through 3. Upon reanalysis of the data, it was decided 
that both had weakened to tropical storm strength before they reached a point 
50 nmi from where they exited the Florida coast. They are the storms of 
September 11, 1903 (Gulf coast) and October 20, 1924 (Atlantic coast). 

On the basis of additional data discovered since the 1975 study, we revised 
the central pressure for several hurricanes. The most significant change 
involved the storm of September 20, 1909. The revision was hased on a 
reconsideration of records available from the Weather Service Forecast Office in 
New Orleans. A few other changes of central pressures were made in hurricanes 
whose radius of maximum winds were revised. A recomputation using the pressure 
profile formula with the revised R values dictated these revisions. The dates of 
these hurricanes, and their previous and revised central pressure values are 
listed in Table 4. 

2.4 Hurricane Radius of Maximum Winds (R) Data 

Values of R for hurricanes were derived from various sources for the Gulf and 
Atlantic coasts of the United States. In TR 15 the values of R were for 
arbitrary locations and times. In this study, we reviewed all available data and 
determined concurrent values of P and R. The R values listed -in Tables 1 
through 3 are derived near the loca~ion and time where Po applies. With aerial 
reconnaissance data, the R values are obtained from wind data recorded during the 
same traverse of the storm center in which the minimum Po was observed. In a few 
cases, R could not be obtained by any reliable method. Storms with R's in this 
category are represented in Tables 1 through 3 by the abbreviation MSG (missing). 
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Table 4.-~urricanes with revised central pressure 

Date 

Oct. 18,1906 
Sept. 20, 1909 
July 5, 1916 
Nov. 5, 1935 
Oct. 5, 1948 

Gulf 
Previous 

Po 
(mb) 

Sept. 10, 1960 (Donna) 
Sept. 15, 1960 (Ethel) 

976.6 
980.0 
961.1 
972 .9 
977 .0 
933.0 
972 .0 

Revised 
Po 

(mb) 

966.8 
965.1 
950.2 
977 .0 
962.7 
930.0 
976.0 

2.4.1 Source of Radius of Maximum Winds 

Atlantic 

Date 

Sep t. 1 7, 190 6 
Sept. 18, 1926 
Aug. 23, 1933 
Sept. 21, 1938 
Sept. 15, 1944 
Sept. 17, 1947 

Previous 
Po 

(mb) 

Aug. 28,1958 (Daisy) 
Sept. 12, 1960 (Donna) 
Sept. la, 1964 (Dora) 

981.4 
934.3 
969.5 
939.7 
958.7 
940.1 
957.0 
961.1 
965.8 

Revised 
Po 

(mb) 

976.6 
931.0 
966.5 
943.0 
955.3 
946.8 
949.0 
959.0 
961.0 

The values of R in the tables were developed from several sources: 1) windspeed 
records from aerial reconnaissance (for hurricanes since 1947), 2) windspeed 
records from land stations, whenever applicable, 3) approximations of eye radii 
deduced from airborne or land-based radar, 4) computations from an estimate of 
the pressure profile, or 5) on the basis of narrative or tabular data in the 
Monthly Weather Review. 

2.4.1.1 Radius of MaxiDU.1D Winds frOID Aerial Reconnaissance. Maximum flight
level winds and estimated maximum surface winds are usually included in flight 
reports from reconnaissance aircraft. Flight-level winds, recorded at one-second 
intervals by NOAA research aircraft flown into hurricanes have also been 
available since 1953. Recorded flight-level winds were processed and la-second 
averages are stored on microfilm for data prior to 1973 and on magnetic tapes for 
recent years. {-lind and pressure data on microfilm were tabulated, plotted, and 
analyzed for hurricanes affecting the u.S. coasts. From magnetic tape records 
since 1973, composite maps of flight-level winds relative to the storm center at 
gi\7en intervals and winds at various radial distances from the storm center 
recorded in a traverse through the eye were plotted by computer and made 
available to us by the Hurricane Research Division (HRD) of the Atlantic 
Oceanographic and Meteorological Laboratory (AOML) of NOAA. Analyses of these 
maps yielded another measure of the radius of maximum winds. Examples of these 
analyses are given in Appendix A. 

It is generally accepted that, above the boundary layer, there is little 
vertical shear in a hurricane windfield in the lower troposphere (below about 
600 mb). Miller (1958) developed a 3-dimensional description of the windfield in 
a tropical cyclone. Shea and Gray (1972) found that only the weaker storms 
exhibit a tendency for a slope of the radius of maximum winds with height; more 
intense storms do not. Willoughby et a1. (1982) analyzed multi-level (1,500, 
5,000 and 10,000 ft) flight data in Hurricane Allen (1980) and showed that 
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the magnitudes of the maximum winds at different flight levels were generally 
quite similar. We concluded that flight-level wind data recorded at altitudes 
below the 600-mb level (;!an be used to determine the surface value of R in 
hurricanes of moderate or greater than average intensity. E;camples of this 
method of obtaining R are given in the data analysis in Appendix A. 

2.4.1.2 Radius of Maximwa W:inds frOlll Wind Records. Observed maximum winds are 
determined by noting the time when a wind-reporting station experienced the 
highest windspeed prior to the wind slackening in the hurricane's eye. From a 
knowledge of the location of the storm center at that time, one can deduce a 
value of R. Similar results can be obtained from various types of wind 
recorders. The 'rlndspeeds read off anemometer records were plotted on a time 
scale and a smooth curve drawn. A curve of distance from the storm center, as 
measured from the best track, was co~structed on the same time scale. The two 
curves are shown for Hurricane Allen (1980) in Figure 2. The two peaks in the 
<Mind graph indicated that the storm's track took the center closer to the station 
than the radius of maximum winds. The 'observed' radius of maximum winds would 
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be the distance from the wind center at the time of these peaks. If the track 
had kept the storm center beyond R, there would have been only one peak in the 
wind profile. In this case, it was established that the radius of maximum winds 
tv-as less than the distance of station from the storm track. 

2.4.1.3 Radius of Maximum Winds from Eye Radius. In their work, The Structure 
and Dynamics of the Hurricane's Inner Core Region, Shea and Gray (1972) stated 
that, in the mean, the radius of maximum winds occurs at radii 5 to 6 nmi outside 
the inner radar eye radius (IRR) - assumed synonymous wi th the inner cloud 
wall. The IRR may be obtained from land-based radar, ships at sea, or 
aircraft. Figure 3, taken from Shea and Gray, shows the position of R relative 
to the IRR for 21 Atlantic Ocean and Gulf of l1exico hurricanes. Figure 4, also 
from Shea and Gray, shows the di fference between Rand IRR versus the maximum 
windspeed for radial flight legs. Note that the more intense the wind the better 
the agreement between Rand IRR. 

2.4.1.4 Radius of Maximum Winds from Pressure Fi t. Computed R' s can be 
estimated by fitting an exponential pressure profile to the data from a given 
hurricane. By their nature, computed values of R are more subject to error than 
observed R's. The procedure was used in previous studies to derive estimates 
that were carried over into the present study and was discussed by Myers (1954). 

2.4.1.5 Radius of Maximum Winds from Monthly Weather Review. Reports of radii 
of maximum winds extracted from storm analyses in the Monthly {-leather Review 
usually consist of estimates of the diameters from the measured time interval 
between the slackening and resumption of hurricane-force winds over some 
point near or along the coast. In other instances, researchers have reported 
their findings in the Monthly Weather Review, and these results (including 
estimates of the radius of maximum winds) have been accepted by the authors of 
this study. 

2.5 Speed (T) and Direction (9) of Forward Motion 

The translation speed and direction of hurricane motion are, among others, 
important factors for determination of storm surges along the open coast. 
Forward speed and direction were determined primarily from analysis of hourly 
hurricane positions when they were available. Generally, the analyses of 
meteorological data are weighted toward synoptic-scale motions. The hurricane 
track, thus obtained, is a best estimate of the large-scale storm motion and not 
a precise location of the eye at di screte time i nterva Is. In this report, 
direction of storm motion is measured clockwise from north and denotes the 
direction from which the storm crossed or bypassed the coast. 

2.5.1 Source of T and 9 Data 

The T and 8 informa tion in Tables 1 through 3 were extracted from storm track 
charts. Hurricane tracks compiled by Cry (1965) and the charts for recent years 
published by the NHC, NOAA, in Miami, Florida (Neumann et al. 1981, and Jarvinen 
et al. 1984) were used. The speeds were derived mostly from detailed track 
charts, depicting hourly or bi-hourly positions in the vicinity of the coast, 
such as: Myers (1954), Graham and Hudson (1960), and Ho and Miller (1982, 
1983). The listed T and 8 pertain to the time of landfall, exit, or closest 
approach to the coas t. In Tables 1 through 3, both the T and 8 data prior to 
1973 were carried forwa rd from Tables 1 and 2 of TR 15. 
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2.5.2 T and 9 Data Used in Probability Distributions 

In our present study, cumulative probability curves for T and 9 were plotted 
for tropical cyclones since 1900. In TR 15, T da ta for hurricanes since 1886 
were used in the plots. We made similar analyses using hurricane data from 1900-
84 and found little difference in the results. 

To expand our data sample for speed of forward motion, we utilized T data from 
all tropical cyclones landfalling on the Gulf and Atlantic coasts. In addition 
to the T data for landfall1ng hurricanes listed in Tables 1 through 3, average 
speeds for weaker storms were estimated from 6-hourly positions given on the 
HURDAT tape (Jarvinen et al. 1984). We chose the average speed, computed at 
synoptic hours, closest to the time of landfall as an approximation for 
landfalling tropical storms. 

Directions of landfalling tropical cyclones were determined at the times they 
crossed the coast. In TR 15, the sample of 9 included values from hurricanes and 
tropical storms since 1871. In the present study, e data came from tropical 
cyclones that occurred during the 8S-year period, 1900-84. 

3. METEOROLOGICAL PAIlAMETERS ARD THEIR INTERREI.ATIONS 

3.1 Introduction 

Meteorological parameters used in the hurricane climatology analysis are 
central pressure (Po)' radius of maximum winds (R), forward speed (T) and 
direction (9) of storm motion. Since the computation of storm-surge frequencies 
using the joint probabili ty approach assumes independence among the parameters, 
any interdependencies must be identified and taken into account. 

In addition to the basic hurricane parameters, location parameters include a 
coastal reference milepost (m), the latitude (0) and the longitude (X). The 
mileposts are assigned such that m = 0 at the Mexican border and increases along 
the Gulf coast toward Florida, reaching a value of 1415 at the southern tip of 
Florida. The value of m further increases northward along the Atlantic coast to 
m = 3100 at the Canadian border (see fig. 1). 

3.1.1 Overview of the Statistical Study 

The ultimate purpose of the statistical tests was to find interrelations 
between the hurricane parameters, if any, so that those parameters could be 
properly accounted for in the storm-surge frequency computations. '. Because of 
large natural variability, our data sample did not provide a sufficient number of 
storms to estimate the underlying populations over coastal segments short enough 
to allow homogeneity to be assumed a priori. This made it desirable to pool data 
over as large an area as possible, to increase reliability of population 
estimation and hypothesis testing. 'l:Iowever, the pooled data could only include 
coastal seg.ments that were both statistically and meteorologically homogeneous. 
While determination of meteorologically homogeneous coastal segments was, of 
necessity, somewhat subjective, we complemented our judgments with consideration 
of statistical homogeneity. We felt that the variability in the data and limited 
sample sizes precluded a purely statistical determination of homogeneous regions. 
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The statistical methods used in this chapter are ou tUned in Appendix B, 
wherein the rationale for their choice, their limitations, and the interpretation 
of the results are discussed. We used two methods to delineate regions in which 
the hurricane parameters might be considered homogeneous: a meteorologically 
based method and a statistical method (based on cluster analysis). 

For the meteorological method, hurricanes that struck a coastal segment that 
had relatively uniform orientation were grouped together. We then performed 
tests to determine whether the statistical characteristics of hurricane 
parameters among the various groupings were similar. The groups with no 
significant differences in statistical characteristics were considered for 
combination into a larger group. These pooled groups provided larger sample 
sizes for tests of interrelations between hurricane parameters. 

~ve also performed a clus~er analysis on the parameters of all hurricanes 
located along Gulf and Atlantic coasts; the hurricanes were separated into 
clusters (groups) based upon the characteristics of the sample data. The groups 
of hurricanes so obtained were then examined using principal component analysis 
and discriminant analysis to determine whether significant differences existed 
between the groups. The results were compared with those of the meteorological 
method. 

3.1.2 Scope of the Chapter 

In Section 3.2, a comparison of the statistical characteristics of forward 
speed of hurricanes and tropical storms is discussed. Practical problems with 
the treatment of the direction of motion of landfal1ing hurricanes and tropical 
storms is also discussed in this section. The homogeneity of hurricane 
parameters from different geographical regions is discussed in Section 3.3. The 
results of homogeneity test were used as guidelines for pooling the data samples 
used in the independence tests. In Section 3.4, interrelations between hurricane 
parameters are examined. In Section 3.5, the interdependence between hurricane 
parameters is discussed, and our conclusions are presented. 

3.2 Considerations of Data Samples for Statistical Tests 

Tropical storm data included forward direction and speed for the Gulf and 
Atlantic coasts of the United States. Central pressure and radius of maximum 
winds for individual tropical storms could not be adequately specified. However, 
central pressures of all tropical storms are, by our definition (see sec. 2.3.1), 
greater than 982 mb. Only landfalling tropical storm data were considered. 

The landf aIling tropical storm da ta were separated into two groups: one for 
the Gulf coast and the other for the Atlantic coast. For comparison, the 
landfalling hurricane data were also separated in the same manner. To examine 
whether the distributions of landfalling hurricanes and tropical storms should be 
considered separately, we set up the following data subsets: 

GH: landfalling hurricanes on the Gulf coast, 
GT: landfalling tropical storms on the Gulf coast, 
AH: landfalling hurricanes on the Atlantic coast, and 
AT: landfalling tropical storms on the Atlantic coast. 
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Table 5.--Fot:Wsrd speed of hurricanes and tropical storms for selected portions 
of the coast 

Type of 
Storms 

Hurricanes 
Tropical storms 

Hurricanes 
Tropical storms 

Sample 
Size 

Average Speed 
(kn) 

West coast of Florida (1050 ~ m <1415 nmi) 
13 10.5 
28 15.8 

Northern Atlantic coast (m > 2400 nmi) 
7 34.7 

12 22.8 

Standard Deviation 
(kn) 

3.6 
7.6 

7.8 
6.7 

We performed the (1) Mann-Whitney test, (2) Wilcoxon two-sample test with 
normal approximation, and (3) Kruskal-Wall1s test with Chi-square approximation 
on the data set pairs GH and GT, and AH and AT. Part of the Mann-Whitney test, 
and all ot.. the Wilcoxon and Kruskal-Wa11is tests were conducted using SAS 
procedures. 

3.2.1 Fol.'W8 rd Speed 

The results of the three tests show no significant difference between the 
distributions of landfalling hurricanes and landfalling tropical storms for 
either the Gulf or Atlantic coasts. We also inspected scatter diagrams of 
forward speed vs. milepost for landfal1ing hurricanes and landfa11ing tropical 
storms. Figures Sa and 5b show that the distribution of forward speed of 
landfalling hurricanes and tropical storms for the west coast of Florida 
(m = 1050-1415) differs from that for mileposts greater than.2400. The latter is 
located north of Chesapeake Bay. Table 5 shows that tropical storms that struck 
land, on average, moved faster than did hurricanes along the west coast of 
Florida, but moved more slowly than hurricanes for the northern portion of 
the Atlantic coast. The va dation along the Florida coast appears to be 
reasonable, and is explained by the fact that storms that recurve tend to move 
faster as they become embedded in stronger westerly flow. Strong westerlies also 
tend to disrupt the delicate thermal circulation necessary to support intense 
storms. Therefore, storms that recurve tend to be weaker (tropical storms) 
and move more rapidly. vIe concluded that hurricanes and tropical storms in this 
area represented complementary portions of the same distribution, not separate 
distributions. 

Clearly, the observa tions north of milepost 2400 cannot be explained this 
way. While we have no fully satisfactory explanation for what the data indicate, 
we note that the sample size is rather small, and for the hurr-icanes, the 
variability is considerably higher than the Florida sample (see table 5). 
Furthermore, most storms, whether hurricanes or tropical storms, that reach 

* SAS is the Statistical Analysis System. Mention of a commercial product does 
not constitute endorsement by the Federal Government. 
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these northern latitudes are moving quite rapidly. They appear to have been 
transformed into systems whose circulations have extratropical characteristics. 
The fastest moving storms are probably propaga ting as waves along a baroclinic 
zone. Because of the small sample size, the generally large variability and the 
indication that the dynamics of the storms north of milepost 2400 appear to be 
quite unlike classical tropical cyclones, we exercised judgment in our analysis 
of these data. We felt that the best estimate of the underlying population could 
be achieved by consideration of the forward speed of both hurricanes and tropical 
storms. Based upon the test results and on our judgment, we treated the speed of 
motion for tropical storms the same as for hurricanes for both the Gulf and 
Atlantic coasts. 

3.2.2 FOJ:Ward Direction. 

The data only include landfalling storms. In our data sample, landfalling 
hurricanes outnumber hurricanes in the other categories (bypassing and exiting) 
by a large amount. The sample sizes in the bypassing and exiting categories are 
so small that it would not be possible to make meaningful inferences based on 
statistical analysis. 

Landfalling tropical cyclones are defined as those that strike the coast, hence 
their range of forward directions is limited by the coastal orientation. The 
range of directions can vary greatly as the coastal orientation changes over 
short distances. This variation can limit the range of directions in the 
category of landfalling storms in a way totally unrelated to real meteorological 
variability. For this reason, we decided that it was not appropriate to treat 
direction of motion as a random variable for the purposes of hypothesis testing, 
and in particular, for examination of interrelations with other parameters. 
Possible interrelations between 9 and the other hurricane parameters will be 
considered further in Chapter 5. 

3.3 Homogeneity of the Hurricane Data Samples 

For the purposes of this study, homogeneity for a given coastal segment means 
that parameter estimates from a sample of storms for one location appear to be 
drawn from the same population as the parameter estimates for any other location 
in the segment. 

We separated the storms into groups so that each group consisted of the storms 
that made landfall on a coastal segment that had relatively uniform orienta
tion. Presumably, if the segment was properly selected, the data would be 
meteorologically homogeneous. We then performed statistical tests to determine 
whether the frequency distribution of the parame ters from one group appeared to 
be the same as other groups. The groups which appeared to show no significant 
difference in their distributions were considered for combination into a larger 
group. 

Cluster analysis of the parame ters provided another method to separate the 
hurricanes into groups based on the characteristics of the data sample. The 
groups of storms so obtained were tested using principal component analysis and 
discriminant analysis to determine whether they appeared to be reasonable 
partitions. The results were then compared with those of the meteorological 
method (based on coastal orientation). 
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Table 6.--Ini~ially selee~ed eoas~al segmen~s 

Segment 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

Number of 
Hurricanes 

23 

12 

19 

12 

17 

12 

9 

2 

Milepost Range 
(smoothed coastline) 

0-400 

400-700 

700-1100 

1100-1415 

1415-1800 

1800-2200 

2200-2700 

2700-3100 

Description 

Gulf coast from Mexican 
border to Galveston, Texas 

Gulf coast from Galveston, 
Texas to Mississippi delta 

Gulf coast from Mississippi 
delta to Suwannee Sound, 
Florida 

Gulf coast from Suwannee Sound, 
Florida to the southern tip of 
Florida peninsula 

Whole Atlantic coast of Florida 

Atlantic coast from Georgia to 
Cape Hatteras 

Atlantic coast from Cape 
Hatteras to Rhode Island 

Atlantic coast from Rhode Island 
to Canadian border 

3.3.1 Methods for Testing the Homogeneity of Storm. Parameters 

In the meteorological method, we first selected eight segments along the Gulf 
and Atlantic coasts of the United States. These eight segtMnts were located in 
the milepost ranges shown in Table 6 and are shown schematically in Figure 6 (see 
also fig. 1). The number of 1andfalling hurricanes in each segtMnt is also 
listed in Table 6. 

There were four segments on the Gulf coast and another four segtMnts on the 
Atlantic coast. Milepost 1415 is located at the southern tip of Florida. Along 
each segtMnt, the orientation of the coastline is relatively uniform, except for 
the two most northern segments along the Atlantic coast. For the first six 
segments we used the Mann-Whitney test to examine the relation of E' , R, and T 
among pairs of segments. Segments 7 and 8 were not included in ~he testing 
because of the small numbers of observations. The test was used to determine 
whether the distribution functions of a given parameter appeared to be 
significantly different between two segtMnts of the coastline. If no difference 
in distribution functions for two segments was detected for all parameters, those 
two segments could be combined if the tMteoro10gical condi tions in each segment 
were deemed to be similar enough. 

The seven parameters used 1n the cluster analysis were Po' R, 9, T, the 
milepost va 1ue (m), the latitude (~), and longitude (X) of the landfalling 
point. For each grouping, principal component analysiS and discriminant analysiS 
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Table 7.--Results of Mann-Whitney test for a priori selection of coastal segments 
in the Gulf of Mexico 

P R T 
0 

Segment Segment Number Segment Number Segment Number 
Number 1 2 3 1 2 3 1 2 3 

1 
2 * * * 
3 0 * * * 0 * 
4 0 * * * * * * * * 

Segments as given in Table 6 

* indicates segments with similar distributions 
0 indicates segments with different distributions 

were used to examine the similarity between the groups. The most distinctively 
separated groups were selected and the parame ters wi thin each group were exami ned 
for possible interrelations. 

3.3.2 Comparison of Results fr<BD. Different Homogeneity Tests 

3.3.2.1 Meteorological Method. Af ter the coastal segments we re selected 
(table 6), the Mann-Whitney test (Conover 1971) was performed to compare pairs of 
segments. Adjacent segments with no significant difference in distribution 
functions were considered for combination. 

The results for the Gulf coast are shown in Table 7. In all cases, adjacent 
segments appeared to have similar distributions. However, for Po and T, some 
segments that were separated by one or two segments appeared to come from 
different distributions. For instance, for both parameters, segments 1 and 3 had 
different distributions, even though they both had distributions similar to that 
of segment 2. To explore the variation along the Gulf coast further, we divided 
the data sample into different segments. An example is shown in Table 8, where 
only 3 segments were used. Again, all segments appeared to have similar 
distributions of R, but different distributions of P and T. Our analysis of o 
shifting the segment boundaries led us to conclude that the data appear to be 

Table 8.--Results of Mann-Whitney test for modified segments of the Gulf coast 

P R T 
Segment 

0 
Segmen t Number Segment Number Segment Number Milepos t 

Number 1 2 1 ·2 1 2 Range 

1 0-500 
2 0 * 0 500-1000 
3 0- * * * * * 1000-1415 

* indicates segments with similar distributions 
0 indicates segments with different distributions 
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"locally homogeneous." It appears that there may be variations along the 
smoothed coastline in the Gulf that could result in samples that would not be 
homogeneous if the segments were too large. However, it is not clear what "too 
large" is. By that, we mean that the variation appears continuous and that 
there are no obvious breakpoints between homogeneous regions. Therefore, the 
data can be considered homogeneous locally. In Section 3.3.3, we combine this 
with an evaluation of the statistically based cluster analysis to specify 
homogeneous segments for the independence testing. 

The concept of local homogeneity was also assumed to apply for the Atlantic 
coast. As indicated in Table 6, the number of storms beyond milepost 2200 was 
too small to consider formal statistical testing. The results of the Mann-
Whitney test for the region south of milepost 2200 were variable, depending on a 

the segments chosen. However, the results were not inconsistent with the concept 
of local homogeneity. This is reasonable, considering the known variation of the 
hurricane parameters with latitude. 

3.3.2.2 Cluster Analysis. The results of the cluster analysis were generally 
consistent with the results of the meteorological method. In application of the 
cluster analysis procedure, the number of clusters was assigned a priori, and the 
cluster boundaries were then determined. Analyses for two through nine clusters 
were conducted. When five clusters were selected, the partitioning was most 
similar to that determined by the meteorological method. The cluster analysis 
technique' assigns each storm to a particular cluster and assigns it an 
identification (ID) number. These ID numbers are shown in the schematic in 
Figure 6. Somewhat surprisingly, each of the clusters included storms that 
struck land over a continuous extent of the coast. That is, milepost alone could 
be used to totally delineate which storms were included wi thin each cluster. 
This is consistent with our judgment used in specifying regions by the 
meteorological approach (sec. 3.3.2.1). The cluster boundaries for the 
five-cluster partition were generally located in regions of storm-frequency 
minima (see fig. 27). Because of this, the last storm in one cluster (largest 
milepost value) could be at a considerable distance (40 nm! or more) from the 
first storm in the adjacent cluster. With this in mind, a cluster boundary in 
Figure 6 should be considered a point somewhere in the transition region -
cluster boundaries are not precise delineations. 

3.3.2.3 Diserillinant Analysis. To determine how well the clusters of hurricanes 
were separated, discriminant analysis was performed on them. In addition to 
providing the seven parameters mentioned in Section 3.1 (Po' R, T, 9, m, ~, A), a 
cluster identification number (as shown in fig. 6, for a 5-cluster partition) was 
also used as input to the procedure. The results showed that hurricanes were not 
distinctively separated by the cluster analysis for 3 through 9 clusters. For 
example, in the case of five clusters, Hurricane Hazel of 1954, which made 
landfall at milepost 2077, was put in cluster 3 by the cluster analysis but 
classified into cluster 1 by the discriminant analysis. In this cas e, cluster 1 
includes hurricanes which made landfall in the milepost range 1-500 and cluster 3 
includes those in the milepost range 1752-2294. The discriminant analysis and 
the cluster analysis agree only on classifying all landfall1ng hurricanes into 
two clusters: one includes those in the milepost range 1-1201 and the other in 
the milepost range 1292-2750, with missing data outside of these ranges. However, 

38 



Table 9.--Percentages of variance accounted for by principal components 

Principal 
Component 

1 
2 
3 
4 
5 
6 
7 

Percentage 
of Variance 

44.6 
15.2 
14.3 
12.2 

9.0 
4.5 
0.2 

Cumulative 
Percentage 
of Variance 

44.6 
59.8 
74.1 
86.3 
95.3 
99.8 

100.0 

examining these milepost ranges, we felt that these two clusters cannot be 
meteorologically homogeneous, especially the second cluster, because it includes 
hurricanes which are generally larger in size and faster in forward motion as 
compared to hurricanes in the lower latitudes. 

3.3.2.4 Principal Component Analysis. Principal .component analyses were 
conducted to examine the relative importance of the parameters. The percentage 
of variance that each principal component accounted for is shown in Table 9. The 
first principal component accounts for almost 45 percent of the total variance, 
and each of the next three principal components account for more than 12 percent 
of the total variance. "Loadings" provide a measure of the contribution of the 
parame ters to each component. The loading of the hurricane parame ters in the 
four most significant principal components is shown in Table 10. Each column in 
the table is an eigenvector normalized to have a unit length. This means that 
the square root of the sum of squares of numbers in each column is unity. 
Table 10 shows high positive loadings on the milepost (m) and landfalling 
latitude ((6) and high negative loading on the landfalling longitude (.\.) In the 
first principal component, and high positive loading on central pressure (P ) in 
the second principal component. The loading and importance of the ~irst 
component confirms our meteorological judgment that location is an important 
factor in delineating homogeneous regions. 

Table 10.--Loading of hurricane parameters in the principal components which 
account for more than 12 percent of variance 

Principal Component 
Parameter 1 2 3 4 

p 0.13 0.87 -0.14 -0.16 
R

O 
0.31 0.33 0.11 0.60 

e 0.20 0.13 0.73 -0.57 
T 0.39 -0.28 0.39 0.26 
m 0.50 -0.14 -0.38 -0.21 
r/J 0.47 0.01 0.11 0.25 
.\. -0.48 0.14 0.36 0.34 
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Figure 7.-Plot of the second principal ca.ponent versus the first principal 
cOllPOnent. "Zach sYIRbol represents a landfalling hurricane aDd. indicates the 
cluster to which it belongs. 

Using the classification provided by the cluster analysis, the second principal 
component ~as plotted versus the first principal component as shown in 
Figure 7. In this graph, each symbol represents a landfalling hur~icane and the 
symbol indicates the cluster to which it belongs. The figure shows that 
clusters 1,3, and 5 are distinctively separated with few "misclassifications," 
and clusters 2 and 4 are mixed. Cluster 2 includes landfalling hurricanes in the 
milepost range 1292-1584 which covers the southwest and southeast Florida 
COBS t. Clustar!:' includes landfalling hurricanes in the milepost range 560-1201 
which . covers the Gulf coast from eastern Louisiana to the Florida panhandle. 
Thus the landfalling hurricanes in the milepost range 560-1584 are difficult to 
classify into distinctive subgroups on the basis of principal component 
analysis. ~Tote that location parameters ?layed an important role in the firs t 
component, and Po in the second component (see table 10). Figure 8 is a scatter 
diagram showing the distribution of Po as a function of milepost for clusters 2 
and 4. !fuile there are fewer :andfalling storms for ;nileposts 1000-1250, the 
range of pressures does not indicate any obvious clustering. In both the western 
and eastern portions, most P fS range upwards from 930 mb, with an intense storm 
in each section. It seems re~sonable to group these data together on the basis of 
the characteristics of their pressures. 

3.3.3 Selection of Hurricane Groups for Independence Testing 

The fact that the location parameters ?lay an important role both in the prin
cipal component analysis and in the cluster analysis supports our use of coastal 
segments for the delineation of homogeneous regions of hurricane parameters. Con
sideration of ~eteorological factors and the results of the statistical analysis 
suggest boundaries between milepost 400-700, 1000-1200, 1600-1800, 2200-2300 and 
near 1415. Milepost 1415 is chosen as a boundary because it is a dividing point 
between the Gulf and Atlantic coasts. T'ne regions 'o1e ultimately judged ::0 be 
homogeneous are summarized in Table 11 (see also fig. 6). 
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Table 11.--Coastal s~nts that include homogeneous hurricane parameters for the 
test of independence 

Segment ~1ilepost 

ID Range 

GLF A 0-450 
GLF B 450-1050 
GLF C 1050-1415 
ATL A 1415-1800 
AT' .... B 1800-2300 

ATL C 2300-3100 

980~ • • 
• 
• 

970 -

• • • • 
960· • • 

950 l- • 
,... • .::I 
Ii: 
'"' • 940~ .... 
a: 
:: • 
rJ) • r.tJ 

930 .. l..tJ 
a:: 
0.. 

92.0 .. 

910 -

• 
900 • 

Description 

Texas coast 
Gulf coast from Louisiana to Florida Panhandle 
West coast of Florida south of 30 0 y 
East coast of Florida 
Atlantic coast from Georgia to ~orth Carolina, 

including Cape Hatteras 
Atlantic coast from Virginia to Canadian border 

• • • • • • • • • • • • 
• • 

•• • • • • 
• • • • • • • • • • • • • 

• • 

• 

.. 

-

-

-
• 
-

e90~ ........ ~~ .... ~~ ........ ~~ .... ~~ ........ ~ .... ___ ~~ ........ ~ .... ___ ~~ ........ ~~ .... ~ ........ ~ 
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MILE:?OST (nmi) 

Figure 3.--Cantral pressure of landfal1i:as burricanes versus :ld.le1'Ost. 
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3.3.3.1 Gulf Coast. Both our me teorologi cal judgment and statistical analyses 
suggested that the region along the coast of Texas could be considered meteoro
logically homogeneous. Our initial boundary was at milepost 400 and the analyses 
in Sections 3.3.2.2 through 3.3.2.4 suggested a break near milepost 500. Since 
the Gulf coast turned most sharply around milepost 450, we decided to select this 
point to delineate our first homogeneous region. We had initially divided the 
south-facing portion of the Gulf coast (mileposts 400-1100) into two portions, 
wi th the break near the Mi ssissippi delta (milepos t 700). ~.]e did this to 
consider the possibility that storms affecting the eastern and western portions 
might be different. The results of the statistical analysis did not support this 
division. The statistical analysis suggested extending this region to the middle 
portion of the west coast of Florida. However, the storms affecting the west 
coast of Florida tend to be weaker (see fig. 8). Since the frequency of 
landfalling storms on the west coast of Florida is low, we felt that the 
statistical techniques were not able to discriminate this difference. We 
selected milepost 1050 as the dividing point between the two regions. Again, the 
coastal orientation changes most rapidly near this point. 

3.3.3.2 Florida Coast. The Gulf and Atlantic coasts of the United States were 
considered separately because of their differences in geographical and 
meteorological conditions. Division of the Florida peninsula involves 
consideration of a number of factors, some of which suggest contradictory 
groupings. The statistical analyses as well as meteorological considerations 
(e.g., Kuo 1959) demonstrate that hurricane characteristics vary noticeably with 
latitude. This is due to both latitudinal variations in atmospheric circulation 
patterns and general Iv decreasing sea-surf ace temperature wi th increasing 
latitude. \.]arm water has been identified as an important factor in supporting 
the energy transformations necessary to maintain a hurricane circulation. These 
facts suggest that the data for all of Florida be considered homogeneous. In 
fact, the results of the cluster analysis support such a grouping for the 
southern portion of the peninsula. However, coastal orientation suggests 
dividing the data sample near the southern tip of Florida. Tropical circulation 
typically is associated with easterly flow. Therefore, storms moving from the 
east would strike the east coast of Florida. The synoptic scale meteorological 
patterns under such flows are most conducive to development and maintenance of 
hurricanes. On this basis, we suggest that there is the potential for strong 
hurricanes to affect the east coast of Florida. 

For a hurricane to strike the west coast of Florida, it must have a westerly 
component in the direction from which it approaches tbe coast. Usually such 
motion is associated wi th storms that have undergone recurva ture. Recurva ture. 
as opposed to more random variations in storm direction, is almost always 
associated wi th the tropical cyclone becoming embedded in the westet:lies. This 
is usually a critical transition in the hurricane's lifecycle. When this 
happens, the upper-level outflow necessary to maintain the warm-core circulation 
is impeded. Such storms tend to weaken and some take on extratropical 
characteristics. Occasionally, hurricanes that formed in the Gulf of Mexico 
moved across the Florida peninsula in a west to east direction before recurving 
northeastward. Though intense hurricanes were reported to have struck near Cedar 
Key and Tampa Bay 1n the mid-1800's (Ludlum 1963), it is reasonable to expect 
that, on the average, hurricanes striking the west coast of Florida will probahlv 
be weaker. The data (since 1900) in Figure 8 lends support to this observation. 
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3.3.3.3 Atlantic coast. When five clusters were used, the cluster analysis 
suggested that the Atlantic coast include 3 regions: (1) the southern half of 
Florida peninsula, including the west coast, (2) a segment from about Vero Beach 
(milepost 1600) to the vicinity of Cape Hatteras (milepost 2250), and (3) a 
region including all the coast north of Cape Hatteras. Our a priori judgment 
suggested four segments, with only the boundary in the vicinity of Cape Hatteras 
being common with the cluster analysis. The reasons for selecting milepost 1415 
at the tip of Florida have been discussed in the previous section. As mentioned 
in Section 3.3.2.2, the boundaries of a cluster represents a region, rather than 
a clearly defined point. Examination of Figure 27 shows that from 
mileposts 1600-1800 there is a broad minimum in frequency of landfalling 
storms. In fact, it is probably reasonable to place the boundary between 
clusters any place wi thin this region. For this reason, we chose to ma intain 
milepost 1800 as the divider between the homogeneous cluster of storms striking 
the east coast of Florida and those affecting the coast to the north. This point 
is near the Florida-Georgia state line where the coastal orientation changes from 
NNtf-S SE to NE-S"J. 

Both our judgment and the statistical analysiS support considering the region 
from Florida-Georgia state line to the vicinity of Cape Hatteras as 
homogeneous. Condi tions to the north of Cape Ha tteras may not be homogeneous, 
either meteorologically or statistically. However, the region north of 
milepos t 2300 is specified as "homogeneous" because of the very limi ted number of 
observations of landfalling storms in this area. In general, we did not base our 
analysis for this portion of the coast on the results of formal statistical 
techniques. We believed that the only way to treat this area was by exercising 
meteorological judgment. Our analysis ensured consistency and a smooth 
transition from the more data-rich areas to the south of this area. 

3.4 Interrelations Between Hurricane Parameters 

3.4.1 Brief Review of Previous Studies 

Previous studies have suggested that some interrelations between hurricane 
parameters may exist. TR 15 suggested specifically that: 

1. 

2. 

3. 

4. 

hurricanes with Po below 920 mb have small R; 

for Po from 920 to 970 mb, there is "no detectable interrelation" 
between Po and R when the entire Atlantic coast was considered; 

"if the latitudinal trend [along the Atlantic coast] is removed from P o 
and R, little local interrelation between Po and R remains"; .. and 

hurricanes that have recurved and move toward the north-northeast tend 
to be faster (larger T) than those that are at the same latitude and 
have a more westward component in the forward velocity. 

National Academy of Sciences (1983) evaluated the FEMA storm-surge model and 
indicated that: 

1. The Tetra Tech report claimed no strong linear relations among any 
hurricane parameters were found for the Gulf region as a whole; 

43 



Table l2.--Breakpoint values for contingency tables 

Region: 

Parameter 
Po 
R 
T 

GLF A (0 ~ m < 450) 

'Breakpoint 
951 mb 

18 nmi 
11 kn 

GLF B (450 ~ m <1050) 

Breakpoint 
965.5 mb 
20.5 nmi 
13 kn 

2. Earle indicated that there was no significant relation between 
forward speed and central ?ressure depression over or near southwest 
Florida (see p. 111, National Academy of Sciences 1983). This implies 
no significant relation between T and Po because central 
pressuredepression is defined as the difference between Po and a 
peripheral pressure that is usually near 1013 mb. 

3. For the middle section of western Florida coas t, R and a seem to be 
dependent upon central pressure depression (implying dependence on 
Po)· 

Among suggestions listed above, Tetra Tech's claim was based on factor analysis 
applied to all storm parameters. Others were based mostly upon qualitative 
reasoning and no rigorous statistical tests were used to support the hypotheses. 

3.4.2 Methods for Testing the Interrelations Between Hurricane Para.eters 

Two methods were used to examine the question of statistical independence: 
contingency tables with a Chi-square test and the Spearman test. The contingency 
table test is a categorical test while the Spearman test is a rank test. Both 
methods are described in more detail in Appendix B. 

3.4.2.1 Contingency Table with ChI-Square Test. Since the contingency table 
analysis was designed for categorical data, the hurricane parameters had to be 
separated into categories. Because the hurricane data are continuous, the choice 
of boundaries between categories was somewhat arbitrary. The separation of the 
data also had to meet the requirement that the expected count in each cell 
could not be less than five in more than 20 percent of the cells in the 
contingency table. Because of the limi ted sample sizes, we only used two-by-two 
contingency tables. Only two segments had enough data to allow the Chi-square 
test to be performed: the two western-most segments along the Gulf coast (GLF A 
and GLF B). The breakpoints selected to create the categories are given in 
Table 12. These breakpoint values divide the parameters into two groups - values 
of the parameter less than the given value and those equal to or above the 
breakpoint value. 

3.4.2.2 Spearman Test. The Spearman test is based on interrelations between the 
ranking (from one extreme to the other) of the observed values instead of on the 
observed values themsel v.es. This test does not require assumptions about the 
distribution of the data; it is a non-parametric test. The Spearman test 
statistic can be computed for a sample size as small as four (Conover 1971). It 
can be used to test independence, pos itive correlation or nega tive correlation 
between ranks of two random variables. The minimum sample size that is required 
for reliable inference hased on this test has not been established. Thus, the 
test results obtained for small samples must be interpreted with caution. In the 

) 
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Table 13.--5ample sizes of paired parameters of landfalling hurricanes for 
coastal segments 

GLF A GLF B GLF C ATL A ATL B ALT C 
Milepost 

Range 0-450 450-1050 1050-1415 1415-1800 1800-2300 2300-3100 

(p 0' R) 23 28 13 17 16 6 
(p 0' T) 24 29 13 17 16 7 
(R, T) 23 28 13 17 16 6 

discussion of test resul ts, we also present the sample sizes to provide a 
qua Ii ta t i ve indication of the reliabili ty of test results, i.e., the larger the 
sample size the more reliable the result is likely to be. 

3.4.3 Comparison of Results from Different Independence Tests 

The comparison between results of the Spearman test and those of the 
contingency table with a Chi-square test are shown in Figure 9. In each block, 
the upper triangle shows the results of the Spearman test and the lower triangle 
shows those of the contingency table with a Chi-square test. A symbol is given 
for each intersection of a column of one parameter and a row of a different 
parameter. The symbol I means that the pair of parameters are mutually 
independent and the symbol * indicates that the sample size for the pair of 
parameters was too small for the contingency table with a Chi-square test. 

The sample sizes of paired parameters of landfalling hurricanes are listed in 
Table 13. For coastal segment ATL C, there were only seven landfalling 
hurricanes recorded, and for one hurricane the R value was not available. The 
sample size for ATL C was considered so small that no formal statistical testing 
was done for this coastal segment. Only segments with sample sizes greater than 
20 were sufficient to apply the Chi-square test. 

Figure 9, indicates that each pair of parameters for the combinations of Po' R 
and T are mutually independent. For the pairs that have large enough sample 
sizes, the results from the Spearman test and the Chi-square test agree with each 
other. 

3.5 Discussion 

In general, the parameters Po' Rand T for landfalling hurricanes are mutually 
independent for the coastal segments throughout the milepost range 0-2300. For 
mileposts greater than 2300 (north of Chesapeake Bay), the small sample size 
prevents the determination of meaningful statistical results. The direction of 
storm motion is limited by the coastal orientation and cannot be treated as a 
random variable. For the purposes of storm-surge frequency computations, it is 
our recommendation, based on the results of the statistical tests and on our 
meteorological judgment, that all parameters be considered locally independent 
for the entire Gulf and Atlantic coast, except for the special cases discussed in 
Chapters 4 and 5. 

The data ava ilable for tropical storms, and bypassing and exi ting hurricanes 
were inadequate to allow a statistical trea tment. For landfalling tropica 1 
storms, only forward direction and speed were available. For bypassing and 
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Figure 9.-Interrelations between paraueters of landfalling hurricanes for the 
Gulf and Atlantic coasts of the United States. Symbol III denotes adle-post, I 
lEans independent, and .. lleans insufficient data. 
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exiting hurricanes, except for limi ted coastal segments, the sample sizes were 
too small for meaningful statistical tes ts. In practical applications, these 
classes of storms are treated as individual entities with separate frequency 
counts and different probabili ty distributions for corresponding parameters, if 
warranted. The question of their interdependency was not resolved in this study, 
but, based on the results for landfalling storms, we feel it is reasonable to 
assume that these parameters can also be considered independent. 

While consideration of the statistical analysis was integral to our 
conclusions, our recommendations rely heavily on our meteorological judgment. 
This situation arose because the data sample was characterized by large natural 
variabili ty. While the sampling period is on the order of a century, there are 
generally fewer than 10-15 storms per year that reach an intensity sufficient to 
be classified as tropical cyclones. In general, this amount of data is not 
sufficient to counteract the natural variabili ty of the sample, and to allow 
standard statistical procedures to provide reliable guidance in answering the 
question of whether the parameters are mutually independent. 

We want to emphasize that our conclusion that the data can, in general, be 
considered independent should be interpreted narrowly. We feel that, given the 
data sample, there is no evidence to support quantifiable interrelations. 
Eecause of the variation along the coast, both in the Gulf as discussed in 
Section 3.3.2.1, and along the Atlantic coast due to the "latitude effect," 
independence should be considered to be applicable locally. This concept is 
analogous to the idea of local homogeneity, discussed in Section 3.3.2.1. For 
example, Figure 10 shows scatter diagrams of Po' R, 9, and T as a function of 
milepost for the Atlantic coast. There is a fairly clear tendency for all four 
parameters to increase with the milepost value - this is the "latitude effect." 
This correlation of all parameters with latitude could lead to the conclusion, 
based on any number of statistical tests, that the parameters are interrelated. 
~owever, this interrelation would not necessarily be between the parameters 
themsel ves, but could be due to the latitude effect. For any limited area, even 
if sufficient data were available, we feel that it is likely that the parameters 
would be mutually independent. Because we present our results (chapts. 6-9) with 
respect to milepost, the latitude effect, while being incorporated into the 
analysiS, has effectively been removed for the purposes of local storm-surge 
computations. 

Our recommendation that the parameters be treated as locally independent is not 
lie ant to imply that we feel there are no interrelations between the 
four parameters. Meteorologically, there are good reasons to suspect such 
relations. What we are proposing is that the natural variability in the data 
sample completely overwhelms any interrelations that may exist. The 
recommendation is a practical one - there is no way, within the limits of this 
study, to quantify interrelations between the parameters. Except for the special 
cases discussed in Chapters 4 and 5, there is no justification for attempting to 
specify, rather arbitrarily, possible interrelations. Further analysis of data 
from areas beyond those considered in this study may be sufficient to determine 
whether interrelations do exist, and to support quantification of such 
relations. However, if such work were to be pursued, care should be taken to 
assure that conclusions drawn from such a study were applicable to storm-surge 
computations along the Gulf and Atlantic coasts. 

47 



-.0 
s 

....." 

~ 
:l::: 
::;) 
CIl 
CIl 
:::l 
~ 
:J,.. 

.-l 
<: 
:l::: 
;... 
Z 
;oJ 
::.; 

--o-i 
E 
~ 

'-" 

CIl 
0 
z ,.., 
3 
..,.. 
.:;. 

2 ...... 
>-' 
>c: 
::::; 
...... 
~ 
0 

CIl 
::;) ...... 
~ 

< .::: 

" .. : 
"" : 
' .. : 
,.,. : ... : .. ; 
, .. : 
''I' : 
,~. : 

· '1. : 
, .. : 
I •• : 

f •• : 

., .. ... : 

.s •• 
----rti. 

· " : · ~. : 
-., : 

•• : 
· ., : 
· U · 
· 1'5 : 
· Zf : 
· " : 

1f : 

· s : . : 

. . 
. . 

MILEPOST (nmi) 

(a) Central Pressure 

.. 

. . . 

• 
• 

..... _--... _-.---. __ ......... ---_ ......... _-.--_.-..--....... _--.. -......-..-.. ---1_" lS" 1", 11., 1'0. 1f.. :... n... :ra.. ,U.' a... ,11', 'W' 11.. I... t911 11.. II... .sael 

~1ILEPOST (nmi) 

(b) Radius of maAimUQ winds 

Figure lO.--Lancifailing hurricane parameters '\Jarsus 1Id.lepost for the Atlant:lc 
coast:. 

48 



us ! 

I .. : .-. 

UI t 

~ ItO ! -;-
:-. 
~ IJ~ : . . 
::::: ..... .. 
:::: t. : 
:::: 
~ ., <: ::: ,.. .. -::::: • : :;;.. 

.. -------_ ..... _ ... __ .... _---.... __ ._ ............. --... __ .. _ ......... ---_ ... __ .. -_ ... ---.----. no. 1'01 1".. 1.1,. :,.... 1... 2", 21,. 22,. 21.. a-.. ,U.. Z6.. 27.. 21,. i9.. J... :51.. 12 •• 

:IILEPOST (nmi) 

(c) Forward direction 

.. : 

.! : 

•• .-. ! 

= :5 

1I ... -'.' 
::J 

zS· : 

:.. 
::tl n 

:::; u ::::: 
<: : 3 10 . . ... . 
'-,-

! ~ : 

!-!ILZPOST (nmi) 

(d) For...lard 

Figure lO.--(continued). 

49 



4. THE JOINT PROBABILITY QUESTION': 
CENTRAL PRESSURE VERSUS RADIDS OF MAXIMUM WINDS 

4.1 Introduction 

An object i ve of this report was to define c1 ima tological probabili ty dis tri bu
tions of hurricane central pressure (Po)' radius of maximum winds (R), forrN'ard 
speed (T), and direction of motion (9) along the Atlantic and Gulf coasts. In 
calculating frequency distributions of hurricane-induced surges on the coast it 
is necessary to combine the probabilities from the individual distributions. In 
such applications, the question of statistical independence among the individual 
probability distributions has to be addressed. For example, of all the hurri
canes affecting a given coastal stretch over a long period of time, what fraction 
of the storms are in both the upper 10 percent in intensity (Po) and size (R)? 
If P and R are independent, the probabili ties can be !1l.lltiplied. In this case, 
ther~ would be a I-percent chance of their jOint occurrence. If Po and Rare 
positively correlated, there would be more than a I-percent chance of the simul
taneous occurrence of a storm both this intense and this large. Similarly, if P 
and R are negatively correlated, the joint probability is less than 1 percent. 0 

Statistical tests may be inappropriately biased toward acceptance of indepen
dence if the significance level chosen for the test is too low, especially 
considering the high variability and relatively small sample sizes available for 
this study. Dependencies which are meteorologically based may be present, but 
may not lead to rejection of the null hypothesis of independence. Another point 
that must be considered is whether or not certain interdependencies are expected 
to extend across the entire spectrum of a given parameter or whether such 
relations might be important only within some limited range of values. 

4.2 Central Pressure Versus Radius of Maximum Winds 

A significant joint probability question is whether hurricane size (R) and 
intensity (P ) are independent. A storm that is both large and intense would 
have enormou~ destructive power. Hurricanes with very large R's (in excess of 
45 nm!) are generally found to be of moderate or weak intensity. In hurricanes 
that have undergone recurvature and are moving northward in the Atlantic, often 
becoming extratropical, the radius of maximum winds tends to become larger and 
more ill-defined, and the central pressure rises. Extremely intense hurricanes 
(low P ) and those with small radii of maximum winds tend to occur together 
becausg, if angular momentum is conserved, a vortex contracts in size as it 
increases its rotational speed. 

If we examine the data for P and R for the Gulf coast (table 1), it is not 
surprising that the calculate~ correlation coefficient was only 0.16. A 
correlation coefficient this low indicates that the linear relation between P 
and R is not likely to be significant. However, a low correlation could occur i~ 
a nonlinear relation existed between these two variables. It is also possible 
that a relation between Po and R could be masked by the high degree of natural 
variability inherent in hurricane observations. If such a relation exists, it is 
likely to be most prominent for intense storms where the dynamics that couple the 
variation of both Po and Rare stongest and less susceptible to the masking 
influences of environmental factors external to the storm. To tes t the inter
dependence of Po and R, we choose to employ non-parame tric statistics. A non
parametric test does not require specification of the form of the distribution, 
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Table 14.--An example of a general ~~by-two contingency table 

Group 1 
Group 2 

Total 

Condition 1 

a 
c 

a + c 

Condi tion 2 

b 
d 

b + d 

Total 

a + b 
c + d 

n 

thus, the statistical tast avoids the assumption of linearity. It can also 
orovide ins ight into behavior of the extreme portion of the dist=ibution by 
judicious selection of the Po and R groupings. (See below.) 

The test of interdependence of Po and R involves comparing the two samples of 
observations to see if the populations appear to be related. In other words, to 
determine if a gi'"en Po value is more likely to be associated with a limited 
range of R values (interdependence), or whether any R from the complete spectrum 
of values has the same probability as the dist=ibllti.on specified for R for E'Ter:" 
Po value (independence). We set up a contingency table, the form of the 
tabulation is displayed conventionally in Table 14. rhe letters a, b, c, and d 
3re the count of occurrences in each group for a given ~ondition. 

He used Fisher's exact orobability test (Conover 1971) to compare our 
groupings. Fisher's test assumes that the marginal totals of Table 14 are fixed 
(that is, the number of observations in each group and for each condition are 
fixed), and tests ;.rhether the partitioning of frequencies (a, b, c, d) could have 
3risen by chance. The probability of such an occurrence is calculated as, 

where 
(a + c)! 

a binominal coefficient ale! hence 

= (8 + b)! (c + d)! (a + c)! (D + d)! 
P n! a! b! c! d! 
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Table 15.--Frequency of occurrence of different storm. radii in two different 
class intervals of hurricane intensity observed in the Gulf of Mexico. 1900-84 

Total 

R < 15 nmi 

Ifi 
3 

19 

R > 15 nmi 

47 
o 

47 

Total 

63 
3 

66 

Table 15 shows the number of occurrences of hurricanes making landfall on the 
Gulf cQast, within different categories of central pressure and storm size. i.Je 
formed a null hypothesis, Ho' that there was ITO significant difference between R 
associated with group 1 (Po> 939 mb) and group 2 (Po < 930 mb). Fisher's test 
gives a probability of occurrence by chance a value of 0.02. At the 5-percent 
level we rejected Ho and concluded that there was a significant difference 
between the two groups of hurricanes, in terms of occurrence of the specified 
hurricane radius. 

A similar test was applied to the parameters, P and R, for hurricanes 
landfalling on the Atlantic coast. With a small samp~e size and a much larger 
degree of scatter, the formal statistical test could not detect any significant 
interdependence of these two parameters for Atlantic coas t hurricanes. While it 
is clear that a relation appears to be reasonable for the extremely intense 
hurricanes, natural variabili ty seems to overwhelm this effect for most of the 
other (weaker) storms. Furthermore, it reQuires a much larger sample of data to 
establish the functional form of the joint probabili ty of two parameters with a 
degree of reliabili ty, as compared to specifying a single probablli tv 
distribution. 

The hurricanes listed in Tables 1 and 2 are insufficient to Quantify anv ioint 
probahility relation that might exist over the full range of Po and R. The data 
must he supplemented by a measure of deduction and meteorological iudgment. 
Before reaching a conclusion, we supplemented our data base by including 
extremelv intense hurricanes that occurred outside our main area of interest 
(within 150 nmi of the Gulf and Atlantic coasts). 

4.3 'ffeteorological Analysis 

The basic observations used in our analysis of extremely intense hurricanes 
(P~30 mb) were based primarily on wind and pressure data recorded by recon
naissance aircraft. In some cases, central pressures were also obtained from a 
search of other sources, including studies of individual hurricanes in the liter
ature. Table 16 gives a list of hurricanes with Po less than or eQual to 930 mb 
recorded during the period 1900-85, together wi th the radius of maximum winds 
taken at the time of minimum central pressure. The R values for Hurricane Janet 
of 1955 could not be determi ned because of a lack of wind data. Janet was a very 
compact storm with winds reaching hurricane force only about 2 hr before the 
arrival of the eye (Dunn et ale 1955). Estimated maximum winds of 200 mph were 
reported just about 30 min prior to the passage of the eye over Swan Island. The 
table also lists locations where the Po and R data were observed. In all cases, 
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Table 16.--Severe hurricanes since 1900 with Po < 930 lab 

Storm Date P o(mb) Source R (nmi) Source Location 

1919* 
Steamship 

Sept. 9, 926.5 Fred W. Weller 15 Pressure profile Dry Tortugas, FL 

Sept. 3, 1935* 892.3 Long Key, FL 6 Pressure profile 24.8N 80.8W 

Carol Sept. 3, 1953* 929.0 Navy 25 Navy 19.8N 60.4W 

Janet Sept. 28, 1955 914.0 Chetumal, MX No data 18.4N 87.9W 

Donna Sept. 10, 1960* 930.0 Conch Key, FL 18 NOAA 24.8N 80.9W 

Esther Sept. 17, 1961* 927.0 Navy 10 NOAA 25.0N 66.4W 

\.J1 Hattie Oct. 30, 1961 923.0 Navy 12 Wind composite 18.3N 85.0W 
(.oJ 

Inez Sept. 28, 1966 927.0 NOAA 7.5 NOAA 16.9N 67.4W 

Beulah Sept. 19, 1967 923.0 NOAA 9 NOAA 24.2N 96.3W 

Camille Aug. 17, 1969 905.0 Air Force 10 Wind composite 25.2N 87.2W 

Carmen Sept. 2, 1974 929.0 Air Force 8 Navy 17 .9N 86.BW 

Anita Sept. 2, 1977 926.0 NOAA 10 NOAA 24.2N 97.1W 

David Aug. 30, 1979 924.0 NOAA 8 NOAA 16.3N 65.2W 

Allen Aug. 7, 1980 899.0 NOAA 8 NOAA 21.8N86.4W 

Gloria 
.' * Sept. 24, 1985 919.0 Air Force 15 Air Force 24.3N 70.1W 

* Atlantic hurricanes 



the central pressure (Po) given in Table 16 is the lowest pressure observed in 
the entire life span of ea ch hurricane. The notation Po used to des ignate the 
central pressures in Tables 1 through 3 carries a different connotation. Tables 
1 through 3 list the pressure that would generate a realistic surge on the open 
coast in steady-state models currently used in flood insurance studies (relative 
to the coast). In this chapter, Po is used to signify the' central pressure 
values wi thou t reference to the time or place of observa tion (absolute mi nimum 
Po) • 

Figure 11 shows the locations of the 15 extreme hurricanes at the time of their 
lowest central pressure. Out of the 15 extreme hurricanes, 6 occurred in the 
Atlantic Ocean. The hurricane of 1935 wh ich s truck the Florida Keys had the 
lowest central pressure ever recorded in Atlantic hurricanes (892.5 mb). The 
most intense hurricanes affecting the Gulf coast were Hurricanes Camille (1969) 
and Allen (1980). A record low central pressure for the Gulf of Mexico (899 mb) 
was reported in Hurricane Allen as it entered the Gulf of Mexico through the 
Yucatan Channel. 

Figures 12 and 13 show the tracks of these severe hurricanes together wi th 
locations of reported lowest pressures at various times during the life span of 
each hurricane. Central pressures of 905, 908, and 909 mb were observed in 
Hurricane Camille (1969) near 25°N, 28°N, and at the time of landfall. There was 
insufficient data to show detailed time variation of Camille's intensity between 
the time she crossed 25°N and the coast. \ve assumed that Camille's central 
pressure remained almost steady during this time period of about 36 hours. 
Hurricane David (1979) l:'eached its minimum pressure of 92 4 mb when the hurricane 
was located some 100 nmi. south-southeast of Puerto Rico. Its central pressure 
rose above 930mb and then dropped to 92 6 mb just before crossing the coast of 
Hispaniola. Low pressures in Hurricane Allen (1980) were plotted at three 
different locations because Allen went through three weakening/deepening cycles 
in its life span. The occurrence of these three cycles in Allen strongly 
suggests that geographical location is not a limiting factor in the occurrence of 
extreme hurricanes. 

4.4 Discussion of Analysis 

Figure 14 shows a plot of P versus R for the hurricanes listed in Table 16. 
Data from Hurricane Carla (196P) and a few data points from Allen (1980) (when Po 
was slightly higher than the minimum of 899 mb) were plotted in the same figure 
to aid in determi ning the envelope of possible R va lues for ext reme hurricane 
conditions. An envelope was drawn through the highest R values for selected 
intervals of central pressures. This curve indicates that observations of 
extremely intense hurricanes with P less than 92 0 mb consistently h.ave small R 

:~~~;=~t f!:eth~u::~~o~n~:ns:o~~~~~::::=~rdependence of Po and R appears to be 

The second question which follows is whether the group of hurricanes included 
in Figure 14 are representative of landfalling hurricanes. of the six Atlantic 
hurricanes, the 'Labor Day' hurricane (1935) which had the lowest central 
pressure ever recorded in the Atlantic, struck the Florida Keys. Hurricane 
Camille reached its maximum intensity in the Gulf of Mexico; its central pressure 
appears to have remained almost steady for the 36 hours before it crossed the 
coast. Hurricanes David, Inez, Hattie, Carmen, Janet and Anita (see fig. 11) 
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Figure ll.--Location and 1Il1nlwuIII central pressure of c¥trelille Imccl.canes. 



til 
0' 

o t!xtreuac hurricanes. Figure 12.--Tracks f 



Figure ll.--Sauae as figure 12. 



930 
• 
• 0 

X 

• 
X • 

920 
<:) - , 

.A 
E tb ""-tI 

LIJ a: 
:::l 
(I.) 
(I.) 
LIJ 910 a:: 
Q.. 

-\ 
<C a:: 
t-
Z 
LIJ 
0 

900 

ATLANTIC HURRICANE <:;) 
CAR~8EAN II • 

GULF II X 
ALLEN ~ 

5 20 25 30 

RADIUS OF MAXIMUM WINOS (nmD 

Fiftu:re 14.-Ploc of Po versus R for excreme hurricanes listed in Table 16. 
Additional data points fro. hurricanes Carla (1961) and Allen (1980) have been 
included. 

58 



reached their maximum intensity prior to the time of landfalling. The weakening 
of Hurricane Allen (1980) prior to the time of landfall can be explained by the 
presence of a warm high pressure ridge over the southern states. Similarlv, 
other cases of decreasing intensity prior to landfall could not be simply 
explained due to the close proximi ty of the land mass. There is no reason to 
believe that, under reasonable meteorological conditions, any of these hurricanes 
could not have reached the coast while maintaining their maximum intensity. 

4.5 Conclusions 

There are insufficient data to specify a jOint probability distribution of Po 
and R for ext reme hurricanes on a regional basis. Intense hurricanes were 
experienced on the Gulf coas t, extending from the Florida Keys (1935 hurricane) 
through the ~ississippi coast (Camille 1969) to locations off the Texas coast 
(Hurricanes Allen, Anita and Beulah). Small R's tended to be associated with 
these hurricanes when their pressures were lowest. These facts suggest that 
small R's are associated with intense hurricanes. There are seven observed R 
values for hurricanes wi th central pressure less than 920mb. These R values, 
ranging from 6 nmi to 15 nmi, have both mean and *median values of 10 nmi. It 
appears that 10 nmi is a representative R value for intense hurricanes. A 
refinement can be accomplished by separating the intensity of the storms into two 
different class intervals. we believe that an R value of 13 nmi assigned to the 
class Interva 1 of 92 0-908 mb and an R value of 9 llJIIi assigned to storms wi th Po 
less than 908 mb would provide reasonable estima tes consistent wi th observa tions 
and accepted meteorological principles. We recommend the adoption of these 
R values for the most intense hurricane categories. 

5. OTHER JOINT PROBABILITY QUESTIONS 

5.1 Introduction 

Unlike Po, Rand T, 8 is restricted to ranges that depend on coastal 
orientation, and, as discussed in Section 3.2.1.2, creates problems in treating 
the direction data as a random sample. This chapter will attempt to examine 
possible interrelations between Po and a, and between T and 8. While we will use 
some formal statistical procedures, we want to emphasize that it is only for the 
purpose of guiding our judgment about possible interrelations. Ho and 
Tracey (1975) discussed in some detail possible relations between Po and 11. It 
appears that this interrelation is a localized problem for North Carolina, north 
of Cape Hatteras. With the limited number of observations, it is not feasible to 
specify the joint probability of the two parameters. To establish such a joint 
probability relation requires a much larger sample size than that required for a 
single probability distribution. An alternative approach in dealing wi th this 
problem is to segregate the sample into subgroups. 

* It should be emphasized that the representative R value is a climatological mean 
which excludes probable extreme values and may not be applicable in engineering 
design and forecasting. 
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Figure 15.--Scatter diagra. of direction 'Versus s-peed of forward lmtion for 
hurricanes laDdfalling on the Atlantic cosst. 

5.2 Forward Speed 'Versus Direction of St01:'ll Hotion 

In the Atlantic, hurricanes tend to move north-northeastward to northeastward 
aftar they recurve. These hurricanes generally move raster than westward moving 
hurricanes at the same latitudes. Atlantic hurricanes that r'ecurve near the 
coast of ten s trike either the North Carolina coast or the south shore of Long 
Island or ~eTJ1 England. Figure 15 shows a scatter diagram of direction versus 
speed of fot""N'a I'd motion for hurricanes landf aIling on the Atlantic coast. This 
figure reveals that a direction of about 180° appears to separate the speeds into 
two groups. The group with high speeds (right hand side of fig. 13) is 
associated with directions from 180-220°, while the slower speeds are associated 
>lith the full range of directions. This suggests that landfalling hurricanes 
moving north-northeastward tend to have higher speeds of translation than those 
comi ng from a d1 rection wi th an easterly component. It is of interest to note 
that these fast-movtng storms entered the coast north of 33.3°N. These 
hurricanes crossed the coast either near Cape Hatteras, North Carolina or in the 
Long Island-New England area. These are the only areas along the Atlantic coas t 
whose coastal orientation allows storms moving fr01l1 this general direction to be 
classified 3S landfalling hurricanes. Storms entering the coast south of Cape 
Hatteras, North Carolina, are generally hurricanes of Atlantic origin that move 
in a northerly direction after recurvature or those that exited the Florida and 
Georgia coast. Storms landfalUng on the south shore of Long Island or New 
England are usually hurricanes that moved parallel to the coast o-f Maryland, 
Delaware and ~ew Jersey. They could be classified as alongshore storms for 
coastal locations to the south of the point Where they made landfall. There are 
no landfalling hurricanes c01l1ing from the directions 180-220" south of 33.5°N 
because of the way storms are classified: by definition, storms coming from those 
directions (180-220°) are either exiting or alongshore storms. 
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Table 17 .--Comparison of speeds of landfalling and alongshore storms for the 
vicinity of Charleston, South Carolina 

Percent of storms 5 20 40 60 80 95 

Landfalling storms (kn) 5.6 7.2 9.5 12.2 15.1 19.2 
Alongshore storms (kn) 6.6 8.6 10.8 13.5 17.6 23.5 

Difference 1.0 1.4 1.3 1.3 2.5 4.3 

As indicated in Chapter 3, 9 and T for landfalling storms generally vary wi th 
increasing latitudes. The correlation coefficient of T and landfalling latitude 
on the Atlantic coast is 0.71, and 0.45 for e and latitude. An examination of 
the scatter diagram for T versus latitude (see fig. 10d) reveals that hurricanes 
with speeds greater than 20 kn struck the coast north of 33°N, and that all the 
hurricanes which crossed the Long Island-New England coast were fast-moving 
storms. Thus, hurricanes landfalling at the northern latitudes tend to move at 
higher speeds than those making landfall to the south. Though there are 
limitations in the data samples for e and T as previously indicated, it appears 
that hurricanes landfalling on the northern Atlantic coast may be different from 
those making landfall to the south. However, when we examined the data within 
homogeneous regions (concept of local homogeneity, as discussed in sec. 3.3.2.1), 
e and T for landfalling hurricanes appeared to be independent. The apparent 
relation is attributed to the latitude effect, as discussed in Section 3.5. 

Figure 16 (from Myers 1975) shows cumulative probabili ty curves of forwa rd 
speed for alongshore and landfalling storms for the Charleston, South Carolina 
area. The plots suggest that alongshore storms move only sligh tly faster than 
landfalling storms. Twenty percent of alongshore storms move at speeds faster 
than 17.5 kn, while 20 percent of landfalling storms move at speeds faster than 
15 kn. Differences for the other 80 percent of storms are typically just over 
1 kn, as shown in Table 17. This difference is wi thin the range of expected 
error in measuring storm speeds and suggests no relation between T and 9. 

5.3 Central Pressure versus Direction of Stor. Motion 

5.3.1 Gulf Coast 

Hurricanes landfalling on the Gulf coast generally arrive at the Texas coast 
from an easterly direction, or strike the Florida Panhandle, Alabama, .. Mississippi 
and Louisiana coasts from a southerly direction or cross the west coast of 
Florida from the south-southwest to the southwesterly directions, as shown in 
Figure 17. It would be easy to assume that these track directions come from 
different populations. The Mann-Whitney test, which can be used to evaluate the 
homogeneity of two samples, indicates that there are significant differences 
among track directions in the three different zones on the Gulf coast. However, 
the solid line in Figure 17 is the variation of the perpendicular drawn to the 
smoothed coastline of Figure 1. The close correspondence between the data and 
this line is simply a result of the restriction in directions imposed by 
classifying these storms as landfalling hurricanes. Tests of interdependence of 
Po and e using contingency tables and the Spearman rank tests for the three zones 
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Table 18.--Partition of Po and 9 for landfalling hurricanes striking the Atlantic 
coast south of 33.5°N 

6 > 95° 
6 (' 95° 
Total 

3 
o 
3 

Po > 945 mb 

15 
4 

19 

Total 

18 
4 

22 

separately show no evidence of interrelations between the parameters. However, 
this conclusion rtUst be interpreted narrowly: independence is wi th respect to 
landfalling storms. Because of the variation of the coastline, this should also 
be considered locally independent, in the same sense as described in 
Section 3.5. It should not be extended to the underlying populations tha t 
contain the full range of possible values wi thout more detailed and extensive 
analysis. 

5.3.2 Atlantic Coast 

On the Atlantic coast, the interrelations of Po and 6 are masked by their 
correlations with latitude. Figure 18 shows the variation with latitude of the 
direction of motion for hurricanes landfalling on the Atlantic coast. The plot 
suggests two groups of storm track directions. These two groups appear to be 
separated by a forward direction of about 170° (vertical line on fig. 18). From 
a meteorological standpoint, the data sample suggests the existence of two 
distinct groups: (1) landfa1ling hurricanes crossing the Atlantic coast from 
easterly directions (20-170°), which are westward moving hurricanes embedded in 
the basic easterly current, and (2) 1andfa1ling hurricanes coming from 170-220°, 
which are hurricanes moving northeastward after recurvature. There is also a 
stretch of the coast, from 33.5-37°N, which apparently includes hurricanes from 
both groups (dashed horizontal lines in fig. 18). 

Statistical tests of homogeneity, using contingency tables and the Mann-Whitney 
test, indicate that storm track data north of 3 rN are significantly different 
from similar data to the south. These results also suggest that there are two 
distinct groups of storm-track directions for landfa1ling hurricanes along the 
Atlantic coast. Since the data along the entire Atlantic coast cannot be 
considered homogeneous, it is inappropriate to consider the interdependence of P o 
and e for these data without separating the sample into separate groups. 

5.3.2.1 Atlantic Coast, South of 33.5°N. We considered the data sample of 
landfalling hurricanes for the Atlantic coas t, south of 33.5°N, in the form of a 
2 X 2 contingency table. We estimated the probability that specific 
partitionings of the frequencies arose by chance. One partition of the data can 
be made as shown in Table 18. This contingency table shows the number of 
occurrences (frequencies) of hurricanes within different categories of Po and 
9. We then formed a null hypothesis that the noted distribution of observa tions 
(frequencies) arose by chance, that is, there was no significant difference 
between 9 > 95° and 9 < 95°. The Fisher exact probability test gives a 0.53 
probability -of occurrence by chance. This indicates that we cannot reject the 
null hypothesis at the 5-percent level. We further tested for different 
groupings by changing the dividing line for both track directions and central 
pressures. These tests also yielded results which did not allow us to reject the 
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~ull hypothesis. We concluded that, at the 5-percent level, t~ere is no 
significant difference be~~en the two groups of hurricanes, in terms of 
occurrence of the specified direction of storm motion. In other words, tnere is 
no detectable relation between P and 8. o 

This conclusion is based on the total data sample. However, ::here may be 
localized areas that could exhibit: characteristics different from this general 
conclusion. The data sampl~ is inadequate to detect such situations. For 
ir:stanc':, ~n interrelation between Po and e :night occur locally near the southern 
tip of the Florida peninsula and the Flodda Keys. Figure 19 shows·' a histogram 
for direction of storm motion for a 2.5 degrees latitude and long1tuae block 
centered about Key ~.]est. This histogram indicates a bimodal distribution for 
direction of storm motion rdth storms traversing the 2.5 degree block both from 
the southeast and the southwest. It is generally observed that storms coming 
from an easterly direction are more intense than those coming from a westerly 
direction. These localized interrelations between Po' 9, and possibly be~..reen 
other parameters need further scrutiny. It is left to the user of this report to 
look at conditions ,at specific locations more closely. The treatment of stot'!!'.s 
affecting the Cape Hatteras area that follows in Section 5.t. may be used as a 
guide. 
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5.3~~ North Atlantic Coast. Examination of Figure lOa showing the latitudinal 
variation of pressure suggests no noticeable va riation wi th milepos t for the 
northern Atlantic coast. Meteorological conditions associated with the increase 
in central pressure wi th increasing la titude are discussed in Chapter 7. This 
feature is not obvious from Figure lOa. Consideration of Figure lac for storm 
direction shows a variation due in part to variations in coastal orientation, but 
primarily due to synoptic-scale meteorological conditions. A large scale high 
pressure system (the Azores-Bermuda high) usually is centered off the coast 
creating a clockwise flow around it during the hurricane season. In association 
with this high pressure system, storm direction tends to turn clockwise as the 
storms move northward. This is the main explanation for the variation shown in 
Figure lOc. In the ahsence of adequate data to test for interrelations 
independent of latitude, it is our judgment that the concept of local 
independence is appropriate for the northern part of the Atlantic coast. 

5.4 Cape Hatteras Area 

There are a number of coastal locations that, because of geographical features, 
are probably not well represented by the generalized results presented in this 
report. Such areas include protrusions, such as the Mississippi delta, the 
southern part of Florida, Cape Hatteras and Cape Cod. It also includes major 
bays and partially enclosed bodies of water, such as Chesapeake Bay, Delaware Bay 
and the New York Bight. The paucity of storms affecting anyone of these areas 
makes generalized analysis such as done in this report impossible. They must be 
examined on an individual basis. To illustrate some factors that might be 
considered in such an analYSis, we studied the area around Cape Hatteras. What 
follows includes consideration of the more important factors for this particular 
location. Some aspects of the approach might not be equally appropriate for 
other locations. 

One reason for selecting Cape Hatteras was based on consideration of 
Figure 18. It appears that between 33.5 to 37 .DoN, the storms may include 
different types of hurricanes. For the coastal region from Cape Hatteras, North 
Carolina to Virginia Beach, Virginia on the Atlantic coast, hurricanes 
landfalling from the southeast quadrant cover the full range of intensities from 
severe to weak. Occasionally, a hurricane meanders and strikes this stretch of 
the coast from the northeast quadrant; observations indicate that these storms 
have been '.Yeaker than those coming from the southeast. They have been weakened 
either by unfavorable conditions in the troposphere or by the reduction of energy 
supply while drifting over cold water. These storms, which typically move at 
less than 15 kn,generally have slower speeds of translation than storms entering 
the coast from the southeast quadrant. Therefore, a separation of P and T, as 
well as Po and a, between landfalling storms from the southeast an~ northeast 
quadrant was considered. The data for all landfal1ing hurricanes do not suggest 
that R differs much depending on 9. Therefore, the R probability distribution as 
given in Chapter 8 is recommended for both storm categories. Portions of the 
statistical treatments used below were formulated by Ho and Tracey (1975). 

5.4.1 Parameters for Laodfall1ng Hurricanes from Northeast Quadrant 

A special analysis was made of tropical cyclones landfalling from the northeast 
quadrant. Hurricane Doria (1967), which was a tropical storm at landfall, was 
used from Table 2, and, to expand the sample, data from other tropical cyclones 
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(1886 to 1984) moving from a northeasterly direction within an area west of 700w 
and north of 32 oN were also used. Tracks for Doria and these seven additional 
storms are shown in Figure 20. These eight central pressure values were used in 
the estimation of the cumulative probability curve shown in Figure 21 
(curve A). The speeds of forward motion for the same storms were measured from 
storm track maps (Neumann et al. 1981), and were used to help establish the 
probability distribution shown in Figure 22 (curve A). 

5.4.2 Parameters for Landfalliog Hurricanes fraa Southeast Quadrant 

To obtain the probability distribution of central pressure for storms 
landfalling from the southeast quadrant, the probabilities for northeast quadrant 
tropical cyclones were subtracted from the overall probabili ty for all 
landfalling storms. The probability distribution thus obtained was also checked 
against a direct sample of storm data. The resultant distribution for the 
southeast storms (fig. 21, curve B) differs only slightly from that of all 
landfalling storms. Speed of forward motion probabilities were evaluated in a 
similar manner (fig. 22, curve B). 

5.4.3 Landfalling Track Frequency 

A discontinuity of track directions at Cape Hatteras can he seen between the 
curves in Figures 44 and 45. The frequency of storms landfalling from the sector 
91-160° is approxima tely the same immediately north and south of the Cape. 
Landfalling storms from the other possible directions - 160-2400 south of the 
Cape and from the northeast quadrant north of the Cape - are not of equal 
frequency. The overall frequency of landfalling storms (fig. 27), which was 
averaged along the coast by using a smoothing funct ion, was adjusted to define 
this discontinuity. A track count of storms from the northeast quadrant and the 
91-1600 sector crossing overlapping two-degree latitude and longitude squares was 
examined separately. The swn of these frequencies was checked against the 
frequencies of all landfalling tropical cyclones. Figure 23 shows the resulting 
frequencies with which hurricanes and tropical storms entered the coast from 
different sections both north and south of the Cape. The plotted points show the 
frequencies of all tropical cyclones at 50-nmi intervals (determined from 
fig. 27). 

6. FREQUENCY OF HURRICANE AND TROPICAL STORM OCaJRRElfCES 

6.1 Classification of Hurricanes and Data 

The frequency with which a coastal area has experienced tropical storms and 
hurricanes during the period 1871-1984 is analyzed in this chapter.. The da ta 
have been divided into three categories of storms that affect the coast in dif
ferent ways: 1) landfalling storms, 2) exiting storms, and 3) alongshore 
storms. The frequency of storm occurrences is defined as the nwnber of tracks of 
each category of storms per year per nautical mile along a smoothed coast. The 
term "smoothed coastline" is discussed further in Section 6.2.1.2 and a smoothed 
coastline, defined objectively, is shown in Figure 24. 

The statistics on the frequency of hurricane and tropical storm occurrences are 
based on the yearly storm track charts by Neumann et al. (1981) from-1871-1980, 
and from their annual updates between 1981-1984 (published in Monthly Weather 
Review). Following the criteria used in the track charts, tropical storms are 
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defined as storms with maximum winds 34 to 63 kn, and hurricanes as storms with 
winds 64 kn or greater. The track charts also show extratropica1 stages of the 
cyclone tracks when the tropical circulation was modified as the cyclone moved 
into a nontropical environment. Beginning in 1972, the term subtropical was 
adopted as official terminology to describe such storms. Satellite imagery and 
other observational evidence enabled Hebert and Poteat (1975) to reexamine the 
official Atlantic hurricane tracks and to identify subtropical portions of the 
cyclone tracks since 1968. lole included, in our frequency counts, subtropical 
storms and extratropical storms which have intensity eaual to or greater than 
that of a tropical storm. For conciseness we use the term "tropical cyclone" in 
this report to include all four classifications. Storms classified as "tropical 
depressions" and "subtropical depressions" (maximum winds less than 34 kn) are 
not included in the statistics. 

6.2 Frequency of Landfalling Tropical Cyclones 

Determination of the frequency of landfalling storms in a given area would be 
relatively simple if a sufficiently large sample were available. However, data 
are available for only 114 years, from 1871-1984. Inspection of this sample 
reveals variations within short coastal strips which are likely to be chance 
occurrences due to the relatively small sample size. A goal of this report was 
to smooth out such variations, and to portray the characteristics of the 
population, not the variability of the samples. Special effort was made to take 
into account the effect of coastal orientation on the frequency of storms. 

6.2.1 Direct-Count Method 

The most direct method of assessing the frequency of landfalling tropical 
cyclones is to count the number of storms striking the coast. The number of 
entries was totaled for each 50-nmi segment along the smoothed coastline from a 
point some 250 nmi south of the Texas-Mexico border to the Maine-Canada border 
(see fig. 24). He created extensions of the Gulf and Atlantic coastlines at the 
tip of Florida. lV'e "extended" the Gulf coast from Cape Sable to the Keys, 
stopping at its intersection with 81°W longitude, as shown in Figure 25. tole 
"began" the Atlantic coastline at approximately 82.S oW, and continued it eastward 
along the Florida Keys to the mainland (see fig. 25). A storm could only be 
counted once on each "coast." The extensions were used for estimation of the 
probability distributions of storm frequency, Po and R. We did not use the 
coastal extensions for T and a, since these data sets included both hurricanes 
and tropical storms; we felt that the data were adequate to resolve the variation 
of T and e along this part of the coast. The Gulf coast analysis stopped, and ~ 

the Atlantic coast analysis began at coastal reference point 1415. 

For the period 1871-1984, 307 tropical cyclones entered the Gulf coast, and 193 
entered the Atlantic coast, not including storms passing the Florida Keys west of 
81 oW. The SO-nmi segment counts 'Mere smoothed by using the smoothing functiOl1 
described in Sect ion 6.2.1.1. Figure 26 shows the frequency plot of these 
discrete storm entry values at SO-nmi intervals (points joined by a dashed line) 
and the smoothing obtained as described in the next section. These frequencies 
depict tracks of storm centers.., but do not take into consideration the lateral 
extent of coast affected by an individual hurricane. The damage swath from a 
major hurricane can cover more than 100 nmi of coaS tline. The frequencies of 
occurrences given in terms of storms per 100 yr per 10 nmi of the coast (vertical 
scale in fig. 26) represent long-term averages of tropical cyclones which include 
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storms ranging in intensity from weak tropical storms to intense hurricanes. In 
a probabilistic sense, one storm per 100 years should be interpreted as that 
event which has a I-percent chance of occurrence per year over a 10-nmi coastal 
segment. 

6.2.1.1. Objective Smoothing Procedure. The 50-nmi segment counts were smoothed 
by weighted averaging over 11 data points. We used a weight function in the same 
manner as in low-pass filtering in time series analysis. The adopted function 
has the following assigned weights (after Craddock 1969): 

Wn = 0.300, 0~52, 0.140, 0.028, -0.040, -0.030; for 

n = 0, ±1, ±Z, ±3, ±4, ±5, respectively. 

An alternative smoothing procedure sometimes applied in climatological analyses 
uses a running-mean [Wn = 1!(2N+l)]. The results thus obtained may have 
distortions in phase angle variation (shifting of maximum or minimum 
positions). The weighting function adopted here is designed to maintain the 
average frequencies and phase angles of the original input series. These weights 
were applied to all successive discrete values from south of Texas to the 
southern portion of Florida, and from Key West to Maine. The end of the input 
series was extended as a mi rror image of the origi nal series. Thus, smoothed 
frequency estimates of landfalling tropical cyclones for each 50-nmi interval 
were obtained along the smoothed coastline, from Texas all the way to the 
Canadian border. The two series were then connected to give a continuous 
smoothed curve of frequency of landfalling tropical cyclones (solid curve of 
fig. 26). Figure 27 shows the final frequency curve including an extension at 
the southern tip of Florida depicting the frequencies for the Florida Keys (upper 
portion of the curve). 

6.2.1.2 Evaluation of Procedure. The direct count method derives its data from 
a count of tropical cyclones at the coast and not out over the water. It gives 
the best estimate of the variation along a smooth coastline of the frequency of 
landfalling storms. However, it tends to obscure variations due to coastal 
shape. A stretch of the coast that turns sharply in a direction almost parallel 
to that of the predominant storm motion is less exposed than adjacent coastal 
segments more nearly normal to the track direction. We have implicitly smoothed 
sampling variability associated with small scale variations of the coast. 

To identify areas where the implied smooth coastal direction dif fers 
significantly from the actual coastline, a smoothed coastline was constructed. 
Coastal locations at 50-nm! intervals along the Gulf coast and Atlantic coast 
were smoothed using the smoothing function described in Section 6.2.1.1. These 
points were plotted and a continuous line joining these points was drawn for both 
the Gulf and Atlantic coastlines (fig. 24). This diagram reveals that this 
smooth line cuts across the actual coastline at several places -- most 
significantly, across the Mississippi Delta, along the west coast of Florida and 
across Cape Cod. For the most part, the smoothed coastline approximates quite 
well the orientation of the actual coast. 

Areas where a smoothed coastal di rection differs subs tantially from the actual 
direction may be detected in Figure 24. These areas may either be sheltered from 
or exposed to the prevailing di rection of storm motion more than the smoothed 
coastal direction would suggest. Differences between these coastal directions on 
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the Gulf coast may be large enough to cause significant differences in 
frequencies of landfalling tropical cyclones obtained from the direct-count 
method. The effect of the coastal orientation on the frequency count can be 
illustrated by differences in frequencies between the north-south segment of the 
southern portion of the west coast of Florida and the east-west segment of the 
Florida Keys. Because of the coastal orientation, the west coast of Florida is 
subject to landfalling storms from the southwesterly direction, while the Florida 
Keys are at risk from both the southwesterly and southeasterly directions. The 
coastal extensions discussed in Section 6.2.1 helped in analyzing the data near 
the southern tip of Florida. 

Other areas that required special attention are the Cape Hatteras area and the 
Apalachee Ray area. The treatment of a discontinuity in the track count at Cape 
Hatteras was discussed in Chapter 5 (sec. 5.3). Assessing the Frequency with 
,..,hich tropical cyclones st ruck the coas t along the Gulf of Hexico was more 
complicated than for the Atlantic coast he cause of the small angle between 
prevailing track directions and the coast, on the one hand, and varying coastal 
directions on the other hand. In order to treat these problems in the Gulf, we 
also made use of the track-density method in which storm paths are considered 
independent of coastal orientation. For a detailed discussion of this approach, 
see the Appendix in TR 15. 

6.2.2 Discussion of Resul ts 

Figure 27 reveals that the range of occurrence of landfalling tropical cyclones 
over a 100-yr period varies from a minimum of 0.1 storms per 10 nmi of smoothed 
coastline near Boston, Massachusetts, to a maximum of 2.2 in the middle of the 
Gulf coast of northwes t Florida and the Florida Keys. A frequency of close to 
2.0 storms per 10 nmi per 100 years appears to the south of Galveston, Texas. 
Highest frequency of landfalling tropical cyclones on the east coast is in 
southern Florida, and a comparatively high frequency appears to the south of Cape 
Hatteras, North Carolina. The frequency of entries drops off rapidly from Miami 
to Daytona Beach, Florida and from Cape Hatteras northward to Maine, except 
around Long Island. 

6.2.2.1 Areas of High Entry Frequencies. 

6.2.2.1 (8) Northwest Florida. The high frequency of storm entries along the 
northwest Florida coast near St. Marks suggests that this stretch of the coast is 
a favorable crossroad for tropical cyclones that pass east of the Yucatan 
Peninsula and those that recurve in the Gulf of Mexico. This coastal region is 
also vulnerable to Atlantic storms that cross the Florida Peninsula. 

6.2.2.1 (b) South Florida. A maximum in 1andf a111 ng storm freauency appears 
near the tip of the Florida peninsula and along the Florida Keys. The 
southernmos t portion of this area is exposed to both Atlantic and Caribbean 
hurricanes. Generally, tropical cyclones strike the east coast of south Florida 
from an eas t-southeasterly di rection - a predominant direction for Atlanti c 
hurricanes before recurvature. The west coast of south Florida is vulnerable to 
tropical cyclones moving in a northeastward direction after recurvature. The most 
frequent areas of recurva ture in the month of October have been near the "Bahamas 
and in the northwestern Caribbean (Cry 1965). 
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6.2.2.1 (c) Upper Texas Coast. The comparatively high frequency along the upper 
Texas coast is partially caused by the predominantly westward-moving storms in 
the Gulf of Mexico during the early hurricane season. Only six storms have 
recurved and moved northeastward (away from the southern Texas coast) during the 
months of June, July, and August since 1901. These early season storms accounted 
for more than half the total numher of storms that struck the Texas coast. 

6.2.2.1 (d) Cape Hatteras. The high frequency of storm entries just sou th of 
Cape Hatteras, North Carolina (1.6 storms per 10 nmi per 100 years), is the 
combined result of the numher of northeastward moving storms that reentered the 
~rorth Ca rolina coast after exi ting the east coast of Florida and Georgia in 
addition to hurricanes of Atlantic origin that moved in a northerly ciirection 
after recurvature. Almost 90 percent of the storms entered the North Carolina " 
coast, south of Cape Hatteras, in a northwesterly to a northeasterly direction. 

6.2.2.2 Areas of Low Entry Frequencies. The frequency of storm entries is less 
than 1 per 10 nmi of coastline per 100 years over the northern section of the 
east coast from a point some SO nmi north of Cape Hatteras northward to the 
Canadian border and also in the vicinity of Daytona Beach, Florida. The 
significantly lower frequency of entries north of Cape Hatteras, North Carolina, 
is easily unders tandable. Wi th a few exceptions, hurricanes recurvi ng south of 
Cape Hatteras either enter the North Carolina coast or move northeastward away 
from the United States mainland. 

6.2.2.2 (a) East Coast. Colon (1953) has shown the locus of points of highes t 
frequency of recurva ture for di fferent months of the hurricane season. 
Hurricanes off the east coast of the United States frequently recurve between 
latitudes 27° and 29°N during the months of July and September. For the other 
months of the hurricane season, recurvatures occur at latitudes farther south, 
following the shift of the subtropical ridge (Alaka 1968). The northern limit of 
hurricane recurvature at about 29°N appears to coincide with an area of minimum 
frequency of landfalling hurricanes along the east coast. Hurricane Dora of 
September 1964 was the only hurricane that struck the northeastern Florida coas t 
in recent years. 

6.2.2.2 (b) Gulf Coast. The relative minimum in storm entry frequency along the 
west coast of Florida (compared to the mid-Gulf coast and the southern tip of the 
Florida peninsula) can be explained hy the prevailing westward motion of 
hurricanes of Atlantic origin. The relatively low frequency of storm entries 
(before 1985) along the Louisiana coast west of the Mississippi Delta is most 
likely due to sampling variability. The inclusion of storm data for the 1985 and 
1986 hurricane seasons which were not included in this study would have increased 
the entry frequency for this area. 

6.3 Frequency of Exiting Tropical Cyclones 

6.3.1 Analysis 

The frequency of exiting tropical cyclones was defined by a subjective smooth
ing of 50-nmi segment coastal crossings. These counts were obtained from the 
storm track information previously cited. A total of 152 tropical cyclones exited 
the Atlantic coast and 20 from the Gulf coast during the period 1871-1984. The 
shape of the coast, relative to storm tracks, and meteorological considerations 
were taken into account in the smoothing. For storms exiting the coasts of 
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Florida, consistency in frequency and di rection of movement was rna intained wi th 
the frequency of landfalling storms on the opposite coast. The objective 
smoothing technique was not used in this analysis because the observed da ta are 
closely related to the geographical features of the coasts and because of 
physical considerations (such as direction of storm motion). For these reasons, 
the smoothing of sampling variations of exiting storms that concentrated in these 
areas of the Atlantic coast was done subjectively, taking into account 
meteorological factors. 

6.3.2 Results and Discussion 

Figure 28 shows the smoothed frequency distribution of exi ting tropical 
cyclones. This curve indicates high frequencies along the coasts of northern 
Florida and Georgia and along the North Carolina coast north of Cape Hatteras. 

6.3.2.1 Gulf Coast. The comparatively few exi ting storms along the northern 
portion of the west coast of Florida agrees with the decrease of landfalling 
storms northward along the Atlantic coast of Florida. A local maximum of exiting 
storm frequency occurred near Fort Myers, Florida. 

6.3.2.2 At:lantic Coast. The maximum frequency of exi ting storm occurrence ap
pears near Jacksonville, Florida, near milepost 1800, with 3 storms per 100 yr 
per 10 nmi of the smoothed coastline (see fig. 28). The frequencies 
decrease southward with 2.2 storms/lOO yr/lO nmi near Daytona Beach, 
1 storm/IOO yr/lO nmi near West Palm Beach, and 0.3 storms/100 yr/10 nmi near 
Miami, Florida. The frequency diminishes rapidly north of Jacksonville. Higher 
values appear between Cape Hatteras, North Carolina, and Cape Henry, Virginia. 

Many exiting storms along the Atlantic coast originally were eastward-moving 
storms in the Gulf of Mexico. They can also be traced to storms that recurved 
over the Gulf or over the Florida peninsula south of the 29th parallel and moved 
northeastward north of the subtropical ridge. This last group accounts for the 
high frequency of exi ting storms over the northeastern portion of the Florida 
peninsula. The concentration of exiting storms just north of Cape Hatteras and 
Cape Cod reflects the orientation of the coastline and the comparatively high 
counts of entering storms south of these capes. 

6.3.2.3 Application in Tide-Freqnency Analysis. The treatment of exi ting storms 
in tide-frequency analysis for the area north of Cape Hatteras was considered by 
Ho and Tracey (1975). They noted that grouping the parameters into fewer class 
intervals was sufficient for storm-tide computations because exiting storms pro
duced lower tides. They concluded that exiting storms made little contribution 
to the overall storm-tide frequencies. Figure 29 (from Ho and Tracey.) is a graph 
of tide frequencies at Wright Monument, North Carolina, for several classes of 
storms. Curve 'd' shows the computed frequencies of exiting storms contributing 
11 ttle to the total tide frequencies. Such minimal contributions from ex! ting 
storms can be attributed to lower intensities associated with them and from 
dynamic ocean conditions associated with exiting storms. All things being equal, 
exiting storms give smaller surges than landfalling storms. Speed of storm 
motion works inversely for surge generation between eXiting/landfall storm. 

Sensitivity tests should be conducted to determine whether omission of the con
tribution of exiting storms could affect the desired level of accuracy of the 
overall storm-surge frequencies. Exiting storms on the Florida coasts should be 
considered because of their generally higher frequency of occurrence and stronger 
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intensities due to limi ted overland reduction as they move across the relativelv 
nar-mv Florida peninsula. For est imati ng; exiting storm intensities, the reader is 
refer~ed to Chapter 10 for consideration of overland filling rates and Chapter Ii 
Eor apnlication ,rocedures. 

6.4 Freouency of Alongshore Tropical Cyclones 

6.4.1 Analysis 

The £reauency estimates for tropical eye lones that bypassed the coast 1;vere 
::,ased on the same maps and data period used above. A count was made of storms 
intersecting 5-nmi intervals along lines drawn perpendicular to a smoothed 
coastline centered at each of the coastal locations (A to Z) in Figure 30. The 
same storm ~y have been counted several time~ as it moved parallel to the 
coast. The cumulatiVE track counts along each of the 26 lines nor.nal to the 
coast were plotted against the distance from the coast. A smooth curve was then 
fit to the data on each of these frequency plots. 
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The frequency distributions were smoothed subjectively both along the coast and 
perpendicularly outward. These results are shown on Figure 30 by isolines of 
accumulated number of storm tracks bypassing the coast at sea for the 
period 1871-1984. We then read from the map accumulated track counts at discrete 
distances of 10, 20, 30, 50, 75 and 100 nmi from the coast and plotted them as 
alongshore profiles. Additional track counts and frequency plots were made at 
close intervals near areas where the alongshore profiles fluctuated greatly 
because of either a geographic protrusion or a concave coastline. Analysis was 
then undertaken to obtain a set of smooth frequency curves for the Atlantic and 
Gulf coasts. The resultant curves are shown in Figures 31 and 32 depicting the 
accumulated storm track counts in storms per 100 years at selected distances off 
the Gulf and Atlantic coasts, respectively. 

6.4.2 Results and Discussion 

Figure 30 reveals that the maximum concentration of alongshore storms occurred 
off Cape Hatteras, North Carolina. Fewer than five tropical cyclones bypassed 
within 50 to 80 nmi off the coasts of northwest Florida, Alabama, and Mississippi 
and within some 100 nmi of the Texas coast. The higher values off the 
"Mississippi Delta may be caused by geographic protrusion. There is a high 
frequency of bypassing storms off the coast of Cape Hatteras for the same reason 
that there is a high frequency of landfalling storms south of Cape Hatteras. The 
gradient at a distance of 100-150 nmi off the Atlantic coast indicates that 
storms frequently traverse at some greater distances off the coast rather than 
bypassing near the coast. This may be explained by the existence of the 
semi-permanent high pressure system (the Bermuda High) in the Atlantic and the 
location of the Gulf Stream off the coast. Atlantic hurricanes approaching these 
latitudes tend to recurve along the western edge of the high pressure cell. The 
higher track counts between 100 to 150 nmi off the coast seem to be associated 
wi th the mean pos ition of the Gulf Stream. Because of the steep gradient of 
bypassing storm frequencies at some distance off the coast, caution should be 
used in determining a representative frequency over finite distance intervals 
from the coast. 

Figure 31 shows a higher number of storms bypassing the Mississippi Delta and 
the southern tip of the Florida peninsula in the Gulf of Mexico. An analysis of 
storm track counts passing through two and a half degree latitude and longitude 
blocks in the Gulf yielded maximum concentration of storm tracks in an area 
extending from south of the Mississippi Delta to western Cuba (diagram not 
shown). This explains the high values shown in Figure 31. The minimum values 
occurred off the Texas coast and the Apalachee Bay area because of the concave 
coastline in those areas which minimized the count of bypassing storms near the 
coast. Figure 32 shows similar peaks and troughs in the alongshor~ profile of 
bypassing storm freQuencies off the Atlantic coas t. These extreme· values also 
appear to be associated with geographic features of the coastline. 

7. CENTRAL PRESSURE 

7.1 Introduction 

Central pressure (Po) is a commonly used index of hurricane intensity. 
Harris (1959) demonstrated that storm surge height is approximately proportional 
to the central pressure deficit (aP = Pn - Po)' other factors being constant. 
This chapter develops probability distributions of central pressure for tropical 
cyclones along the coast. 
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The data on which we' developed the Po probability distributions for the 
Atlantic and Gulf coasts of the United States have been collected in Tables 1 
through 3. Original sources of data are described in Section 2.2. Revisions 
were made in Po data from TR 15 where we verified suspect data not accepted in 
previous reports and, in a very few cases, as an analysis jud!!ment after 
revie~ving all the data. A description of the data analyses was included in 
Section 2.3, and revised hurricane central pressures were listed in Table 4. 

Tables 1 through 3 list parameters of all storms with a central pressure less 
than 982 mb (29.00 in.) that crossed the Atlantic and Gulf coasts or passed 
within 150 nmi on the seaward side of the coast. The criterion that central 
pressure be less than 982 mb was based on the consideration that the computed 
magnitude of cyclostrophic ~nd using this pressure value (as described in 
sec. 2.3 .k) is approxima tely the wind speed required for classification as a 
hurricane. With central pressure available for an average of less than one 
hurricane per year for the period of record for each coast (Gulf and Atlantic), 
the data in Tables 1 through 3 form a limited sample. 

7.2 Analysis 

Cumulative prohahilities of hurricane Po were determined from tahulated values 
listed in Tables 1 through 3 for overlapping zones, generallv centered 50 nmi 
apart along the coast (see fig. 1). The lateral extent of the zone over which 
the data were pooled was 400 nmi along the Atlantic coast, and 500 nmi on the 
r.ulf coast. ~.Je used a shorter distance along the Atlantic coast because 
latitudinal variations were more important than along the Gulf coast. The SO-nmi 
criterion was modified in areas where the data were sparse. 

On the Atlantic coast, between the mouth of Chesapeake Bay and eastern Long 
Island, the overlapping 400-nmi zones were separated by 100 nmi, and a single 
zone was used from Long Island to the Canadian border. Near the southern tip of 
Florida, hurricanes that passed near Dry Tortugas, and those that crossed the 
Florida Keys, together with Atlantic coast hurricanes were used to determine the 
probability distributions of Po at locations on the Florida Keys. The cumulative 
probability curves, thus obtained, were used in the extension of the Atlantic 
coast along the Florida Keys (see fig. 25). 

In southern Florida, 
centered 100 nmi apart 
Keys and make landfall 
the coast. Parameters 

* 

along the Gulf coast, the overlapping SOO-nmi zones were 
(instead of 50 nmi). Hurricanes that pass the Florida 

in western Florida usually become weaker as they approach 
for hurricanes passin~ the Florida Keys are listed in 

Following the criteria used hy NHC, hurricanes are defined as tropical sto-rms 
with winds 64 kn or -greater. 1.Je realize that there have been storms with 
hurricane-force winds and central pressures as high as 990 mb south of 3S o N. The 
982-mb criterion was used to put definite bounds on the data sample. In our 
statistical analysis, cumulative probability curves for central pressure are 
extended to cover the full range of hurricanes and tropical storms. 
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Table 1 and their characteristics near the time of landfall are given in 
Table 3a. As discussed in Section 7.3.2.1, Po values tend to be higher north of 
Cape Sable.. Treatment of the data near the southern tip of Florida was handled 
differently because of the break at milepost 1415 (see sec. 6.2.1 and fig. 25). 
In determining the .cumulative probabilities for Po at coastal reference points 
1350 and 1400 (near Cape Sable), we used Po values for 6 hurricanes observed near 
Dry Tortugas instead of the weaker intensities measured near landfall points at 
some distance north of the points of interest. This was done to minimize the 
biasing influence of the large number of generally weaker storms to the north. 

Tables 1 through 3 include only hurricanes with P below 982 mba However, the 
track count on which the storm frequency (chapt. 6~ is based includes tropical 
cyclones of both hurricane and tropical storm intensities. In the application of 
hurricane clima tology, frequency of a representative, clima tologi cally speci fied 
hurricane of given characteristics is the product of the frequency of all storms 
and the probability of a storm having those particular characteristics. In order 
to ensure a higher leve,1 of consistency in our analysis, we expanded the central 
pressure probability distribution to include weaker hurricanes and tropical 
storms, in the manner descrihed below. 

The first step in the analysis of central pressure data was to construct 
cumulative probability curves for each 400- or SOD-mile zone. The magnitude of 
central pressure versus probability of occurrence was plotted. Determining the 
probability to be as~igned to a data point is commonly referred to as determining 
the plotting position. A plotting position may be expressed as a percent from 
0-100. Probability plotting of hydrologic or meteorologic data requires that 
individual observations or data points be independent of each other and that the 
sample data be representative of the population. 

Gumbel (1958) proposed five criteria for plotting position relationships. 
Several plotting relationships have been presented by Chow (1964). Benson (1962) 
in a comparative study of several plotting position relationships found, on the 
basis of theoretical sampli ng from extreme value and normal distributions, tha t 
the Weibull rela tionship provided es tima tes that were cons is tent wi th 
experience. The Weibull plotting position formula meets all five of the criteria 
proposed by Gumbel. An evaluation of plotting position formulae is included in 
Appendix C. All of the relatio-nshipsgive similar values near the center of the 
distribution, but they vary in the tails. In TR 15, the Hazen plotting position 
formula was used to assess the probabilities. One objection to the Hazen plotting 
position is that the return period for the largest event is twice the record 
length. In the present studv, the tveibull relationship tv-as used in assessing the 
probahili ties of all parameters. This plotting position relationship can he 
expressed as: 

m 
p = -~""'1 X 100 n + 

where p is the probability expressed as a percent of the total number of storms, 
n, and m is the rank from lowest to highest. To get n for all tropical cyclones, 
the count of central pressures (up to 982 mb) was adjusted similar to TR 15, 
using the ratio of hurricanes to the total number of tropical cyclones based on a 
direct count of storm tracks. The upper part of the curve for each graph is ex
tended smoothly to 1003 mb at the lOa-percent level to arbitrarily represent 
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tropical cyclones with central pressure greater than or eQual to 982 mb. 
::xamples of c.umulative freQuencv curves for C".JO coastal zones are shown in 
Fig-tIres 33a and 33b. The first is centered near Corpus Christi, Texas and :::'e 
second near Vero Beach, Florida. 

It should be noted that the best fit cumulative ?robability curves were '1ot 
always the most consistent solution for successive 50-nmi increments. ~,e 

question of how to deal with an outlier in an extreme value distribution analysis 
is a 1ways debatable. The central ?ressure dete rmined for engineering des :'~n 
hurricanes (called standard project hurricanes) along the Atlantic and Gul: 
coasts by Schwerdt et a1. (1979) was used extens ively as a guide in analyzing the 
lower end of the cumulative probability curves for centr.::ll pressure" (see fig. 2.1 
of SchT.o1erdt's report). In the exam:01e :~hren in Fig-Jre 33b. central pressure data 
'.vhich was used in plotting the culnu1ati',e probabilitv curve for r:rl.lepost 16,;1) 
near Vero Beach, Florida, included a Po <,alue of 892 mb from the 1935 
hurricane. Earlier studies (e.g., Schwerdt et a1. 1979) indicated that a 
hurricane ("ith such a low Po would have approached the intensity of a "probable 
maximum hurricane" wi th a probability of occurrence as much as an order of 
magnitude less than 0.1 percent. Undoubtedly, this Po value would be considered 
an outlier for the purposes of our analyses. In treating this outlier, more 
've ight was ~i',en to this s tom in the ana lysis for the Florida Keys, where the 
hurricane made landfall, than at Vero Beach, Florida. The decrease in intensity 
of a "standard project hurricane" from the Florida Keys to Vero Beach was 31so 
used as a guide in the analysis. 
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Using the smoothed set of cumulative probability curves of mi nimum central 
pressure, we read off the 1-, 5-, 15-, 30-, 50-, 70, and 90-percentile points for 
each increment and plotted then as alongshore profiles. Analysis was then under
taken to obtain a set of curves representing a consistent view of the probability 
distribution of Po for the Atlantic and Gulf coasts. The resultant central 
pressure values at selected percentiles for each increment were smoothed using 
the same weighting function employed in Chapter 6 (see sec. 6.2.1.1). 

The relative infrequency of hurricanes near the Canadian border and of Po data 
near the Mexican border forced us to subjectively adjust the results of the 
objective smoothing in these end areas. A discontinuity in the analysis with re
spect to all but the uppermost class interval was found to exist between the 
chai n of Florida Keys and Cape Sable. This was a result of the geographica 1 
features associated with the tip of the Florida peninsula. Gulf storms striking 
the southern tip of Florida are generally weaker than those moving from the east 
and striking the Atlantic coast of southern Florida and the Keys. Treatment of 
this area was discussed in Section 6.2.1. 

7.3 Results 

An inspection of Figures 34 and 35 reveals that there is an overall increase in 
central pressure from south to north, a well-known fact, caused, in part, by 
decreasing water temperature toward the north. Distinct minima ranked in order 
from lowest pressure at the 5-percent level are found on 1) the tip of the 
Florida peninsula, 2) at the Texas-Mexico border, 3) near Louisiana's Mississippi 
Delta, 4) at the South Carolina-North Carolina state line, and 5) over the 
southern New England coast. 

The primary maximum occurs near the· (until recently) sparsely populated coastal 
area west of Cross City, Florida (mile 1,100 in fig. 34). Secondary maxima lie 
near the mouth of Delaware Bay (mile 2,400 in fig. 35), and near Jacksonville, 
Florida (mile 1,800 in fig. 35). The Jacksonville maximum exceeds the Delaware 
Eay maximum for the higher percentile levels. Pressures also rise northward 
along the upper New England coast. 

Reasons for the increase in central pressure from sou th to north include the 
entrance of colder and drier air at low levels, which destroys the upward slope 
of the isotherms from au tside to ins ide the ci rcula tion and decreases the 
amount of energy available to the storm. According to Riehl (1954), jet streams 
at high levels which are detrimental to tropical cyclones are stronger and more 
common in temperate latitudes. Riehl states that "the arrival of the equatorward 
margin of a westerly jet stream at high levels will destroy a [tropical cyclone] 
circulation rapidly since it favors upper convergence, entrance <;>f cold air 
a lof t, subs idence, and drying." . 

7 .3 .1 Pressure Mi nima 

7.3.1.1 South Florida Minimum. The lowest accepted sea-level barometer reading 
(892.3 mb), not including tornadoes, in the Western Hemisphere occurred at Long 
Key. Florida, in the hurricane 'of September 2,1935. This contributed to the 
south Florida mi nimum. 
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7.3.1.2 South Texas MinimwD. Hurricane Beulah (923 mb), the third most intense 
storm (in terms of P ) included in this study, struck the Port Isabel area of 
Texas in September 1997. Hurricane Carla (931 mb) and the Galveston hurricane of 
September 1900 (936 mb), two other notably severe hurricanes, struck the Texas 
coast between Matagorda and Galveston Islands. There is no reason why Carla or 
the Galveston storm would not have been at least as strong if they had struck the 
south Texas coast. If we look at storms outside the bounds of the main area of 
interest in this study, Hurricanes Janet and Allen also lend strong support for 
the south Texas minimum. Janet brought a P of 914 mb to Chetumal, Mexico (18°N) 
in September 1955 (Dunn et al. 1955). A£len had the lowest central pressure • ~ 
(899 mb) ever observed in the western Caribbean while passing through the Yucatan 
Channel on September 7, 1980 (see aDpend. A). 

7.3.1.3 Carolinas and ~outhern New England Minima. The two lowest tropical 
cyclone central pressures observed along the coasts of Georgia, South Carolina, 
North Carolina and Virginia, occurred during the passage of Hurricane Hazel 
(1954) and Helene (1958). Hazel struck the coast near the North Carolina-South 
Carolina state line. Helene aimed her winds at the same area but turned away to 
the northeas t a few hours before the center ~.,ould have made landfall. In the 
Carolinas and in southern New England where the coast projects eastward, there is 
increased exposure to north-northeastward moving cyclones, some of which, like 
Hazel and Helene, can be of great intensity. 

7.3.1.4 Mississippi Delta HiniaJ.m. This mi nimum was caused principally by 
Hurricane Camille (1969), and its effect is most prominent in the lower 
percentiles. Even though Camille passed eas t of Louisiana on her way to the 
Hississippi coast, the minimum appears near the mouth of the Mississippi River 
because this portion of the coast is further south (lower latitude). The data at 
the I-percent level indicate a well-defined minimum; the analysis of the 
5-percent curve in Figure 34 was lowered to provide continuity with the I-percent 
curve. 

7.3 .2 Pressure Maxima 

7.3.2.1 Cross City, Florida, Maximum. The lowest central pressure recorded in a 
hurricane entering the northern Gulf coast of the Florida peninsula was 958 mb in 
the storm of September 1950, which entered the coast near Cedar Key. This is not 
nearly as low as hurricane central pressures observed on the mid-Gulf coast 
(Hississippi, Alabama, and the Pensacola area) and on the southwest coast of 
Florida to the south. Is an extremely low P here less likely climatologically 
or is this simply a sampling variation duri~g the period of record? Present 
indications suggest that there is a real variation and the 1- through 15-percent 
curves in Figure 34 reflect this judgment. 

Our judgment was based on the following. A good many storms have paralleled 
the west coast of Florida close to shore from the Keys northward. Although the 
eyes of these hurricanes remained over water, substantial amounts of air entering 
the storm at the surface had trajectories over the Florida peninsula. Miller 
(1963) has shown that sensible heat is lost from a parcel of air as it travels 
overland. His calculations for Hurricane Donna (1960) show that the surface 
inflow over land is essentially a moist adiabatic process, which leads to the 
hypothesis that, since the major portion of the eastern semicircle of an 
alongshore west Florida hurricane is over land, a portion of the storm's surface 
latent and sensible heat source is removed, the equivalent potential temperature 
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of the surface air is lowered, and the radial gradient of equivalent potential 
temperature at the surface is weakened. Movement of a storm out of tropical 
waters can further weaken the gradient. The Labor Day hurricane of 1935 is a 
good example of what can happen when an intense hurricane leaves the Florida Keys 
and heads up the west coast of Florida. After crossing Long Key wi th a central 
pressure of 892.3 mb (26.35 in.), the hurricane brushed Cape Sable and paralleled 
the west coast of Florida for about 30 hours before entering the coast near Dead 
Mans Bay. By then, the storm had weakened to minimal hurricane intensity. The 
air mass north of the hurricane and surface wa ter temperatures had rema ined 
essentially constant as the storm skirted no more than 50 nmi off the coast for 
those 30 hours. 

Although the area has not experienced a severe storm in over 100 years, it 
should be noted that the Cross City area is exposed to hurricanes moving in from 
the southwest. For a storm moving from this direction, the land effect would not 
be significant. For example, a hurricane could develop over the Bay of Campeche, 
attain great strength over the central Gulf, and then aim its destructive winds 
directly at the area as in the storm of October 1842 (Ludlam 1963). Figure 34 is 
intended to combine these possibilities. 

7.3.2.2 Delaware Bay Maxilma. The strongest tropical cyclone to move inland on 
the New Jersey coast during this century was a minimal hurricane (Sept. 1903) 
with central pressure above 982 mb. Storms heading north-northeastward over the 
Delmarva peninsula after having entered the coast at a point farther south are 
more common, but these storms have usually filled to a considerable degree by the 
time they reach Delaware Bay. The raw data have been deliberately undercut in 
the Delaware Bay area because our method of data analysis is more sensitive to 
landfalling storms than to bypassing storms. Most of the hurricanes affecting 
this part of the coast pass offshore before striking or bypassing the southern 
New England coast, but it is possible that they could turn into the Delmarva-New 
Jersey coast. These storms have central pressures comparable with landfalling 
storms of southern New England. Therefore, in an attempt to provide the best 
estimate of the underlying popUlation and to ensure consistency along this 
section of the coast, the curves for the Delaware Bay area reflect both the raw 
data and the possibility of more intense storms striking the coast. 

7.3.2.3 Jacksonville lfasimua. The Po probabilities achieve another high point 
along the northeast coast of Florida. Again, the shape of the coastline has an 
effect. The direction of the coastline is from 160° to 340° (measured from 
north) in this region. When a storm recurves sufficiently to miss the southeast 
coast, it usually misses the northeast coast. Until 1964, the city of 
Jacksonville was unique in that it was the only major city on the Atlantic coast 
south of Connecticut that had never sustained winds of hurricane force in modern 
times. Hurricane Dora spoiled this fortuitous record in September 1964, lashing 
the Jacksonville area with 82-mph winds and demonstrating that Jacksonville was 
not immune from hurricanes. 

7.3.2.4 Northern New England Coaatal Maxi ... lI. "Po rises steadily going from 
southeastern Massachusetts northward to Canada. The "cold wall" of the Labrador 
Current contributes to this effect. During August, the month of warmest sea
surface temperatures, water temperatures average between 65° and 70°F from Long 
Island to Cape Cod. Along the coast of Maine during the same month, the 
temperature is in the upper sots - cold enough to give any tropical cyclone an 
extratropical character. 
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8. RAn IDS OF MAXIMUM WINDS 

8.1 Analysis 

Cumulative frequencies of R I S included in Tables 1 through 3 for the same 
overlapping zones, centered 50 nm! apart, as used for the Po analysis were 
analyzed. R's for southern Florida were treated in the same way as pressure. 
The same hurricanes we re used for both Po and R. Fo reach 400- or SOO-nmi 
coastal ses;ment, the R values were ;>lotted on cumulative frequency graphs. The 
percentages were determined by the plotting position formula (see sec. 7.2 and 
append. C). Examples of the frequen~J analysis for specific coastal segments are 
shown in Figure 36. Greater freedom was taken in analyzi'lg the cumulative 
frequency curves of ~, and the final coastal variation of the probability 
distributions, than with Po' because the R data were considered less reliable. 
Because data were sparse along the northern portion of the Atlantic coast, the 
cumulative frequencies were developed using both landfalling and bypassing 
storms. 

lie did not expand the R distribution, as was done with Po' in an attempt to 
account for tropical storms that were not included in the analysis. Tropical 
storms, especially weaker ones, of ten have no well-defined R, and when they do, 
it can frequently be as much as a hundred miles from the apparent storm center. 
Assigning ITa lues of R to such stoms would be haphazard, at best. Only 
hurricanes (those in tables 1-3) were considered in the freouency analysis of R 
along the coast. The R values were determined near the location where Po 
applies. 
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Five discrete probability levels were chosen to portray the results of the 
analysis. The coastal variation of R for the Gulf coast and the Atlantic coast 
is shown in Figures 37 and 38, respectively. The data along the west coast of 
Florida and along the Atlantic coast were limited and were only used to guide 
analysis of the final probability distributions. In these areas, the final 
results reflect a higher level of meteorological judgmen t. 

8.1.1 Gulf of Mexico 

When the five percentiles for each 50-nmi increme nt along the Gulf coast we re 
plotted and analyzed, the resulting curves (fig. 37) depicted a trend of 
increasing R's with latitude, which is consistent with previous studies 
(e.g., Weather Bureau (1957), NHRP 33). Data proved to be too sparse to obtain 
cumulative frequencies of R for the central Texas coast southward. The five 
curves were extended smoothly down the coast to Mexico <about 24°N), keeping in 
mind that as we proceeded southward along the coast the value of R should not 
increase with decreasing latitude. 

8.1.2 Atlantic Coast 

Cumulative frequency variation of R along the Atlantic coast as shown in 
Figure 38 displays increasing R with latitude. There were only eight 
observations of R north of Virginia. The smoothing procedure discussed in 
Section 6.2.1.1 was not applied for these latitudes; rather, subjective smoothing 
was used to extend the curves to the Canadian border. 

8.2 Evaluation of the Analysis 

Because of a few additional storms and due to revisions made to several R 
values previously used in TR 15, our analysis resulted in somewhat different 
probability estimates for R than in TR IS. The majority of the revisions were 
decreases in R values. 

8.2.1 Gulf Coast 

8.2.1.1 Florida and Mexico Minima. As mentioned above, there is a variation of 
R with latitude, and, as expected, minima occur on both the eastern and western 
edges of the Gulf of Mexico portion of Figure 37. For example, with the 
exception of Hurricane Camille (1969), an R less than 14 nmi has not been 
observed over the central Gulf coast, while four hurricanes with R's less than 
14 nmi have affected the western and eastern rims of the Gulf. The analysis 
shows moderately lower values on the western rim of the Gulf compared to the same 
latitude on the eastern rim and agrees with NHRP 33, which shows the s.ame trend. 

8.2.1.2 Mississippi-Florida Panhandle Maximulll. The northernmost extension of 
the Gulf coast is at Mobile Bay. From what has been discussed so far .with regard 
to variation of R with latitude., it is reasonable to expect the maximum in this 
general area. 

8.2.2 Atlantic Coast 

The curves in Figure 38 reflect the fact that the radius of maximum winds tends 
to increase with latitude between the Florida Keys and Canada. The five probabi
lity curves attain their greatest slope between coastal Georgia and the Cape 
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Hatteras area. It is in these latitudes that hurricanes most often pass from a 
tropical to a temperate environment, and it is in this region where one would 
expect R to show its greatest increase for the reasons di scussed in 
Section 8.3. The slope of the lower probabilities curves change less between 
Georgia and Cape Hatteras beca~se there are a few storms with small R in the data 
sample. 

8.3 Radius of Maxi __ Winds for Intense Hurricanes 

Observations indicate that hurricanes with very large R's are of moderate or 
weak intensity. In hurricanes moving northward in the Atlantic and becoming 
extratropical, R tends to become larger and more diffuse and Po generally 
rises. Data from intense hurricanes of record (see table 16 and fig. 14) 
indicate that the most extreme hurricanes (Po less than 920mb) tend to have 
small R's. The question of interdependence of Po and R was discussed in Chapter 
4. tie recommend that an R value of 13 nm! be used for hurricanes with Po in the 
range of 908-920 mb, and R = 9 nmi be used with Po less than 908 mb. 

9. SPEED AND DIRECTION OP' STORM KlTION 

9.1 Speed of Storm Motion 

Data for the speed of storm motion is discussed in Section 2.5. Included in 
these da ta are a few subtropical storms. We chose to include them since they 
also have the ability to produce storm surges. 

9.1.1 Forward Speed of Landfalling Tropical Cyclones 

9.1.1.1 Analysis. Cumula tive frequencies of fONa rd speed for landf aIling 
tropical cyclones were determined for the same overlapping zones used for both Po 
(sec. 7.2) and R (sec. 8.1). As indicated in Section 2.5, both T and 9 could be 
reliably determined for tropical storms as well as hurricanes. thus increasing 
the sample size. Cumulative probability curves of forward speeds were determined 
using Weibul's plotting position formula (see sec. 7.2). Figure 39 shows 
examples of the cumulative frequency analysis of raw data at two points along the 
coast (near Corpus Christi, Texas and Vera Beach, Florida). Percentage values at 
each 50-nmi location were determined from analyses such as Figure 39 for 5-, 20-, 
40-, 60-, 80- and 95-percent levels. The values were then analyzed to ensure 
consistency along the coas t. The resulting curves are shown in Figures 40 and 
41. 

9.1.1.2 Results and Discussion. Figures 40 and 41 show that tropical cyclone 
speed generally increases wi th northward progression of each storm, especially 
after recurvature to a northerly or northeasterly direction. The upper 
50 percent of fONa rd speeds increases from 11-17 kn near Daytona Beach. Florida, 
to 35-53 kn at the northern extent of the United States' Atlantic coastline. 

Overall, there was a marked increase in values of T along the west coast of 
Florida as compared with the variation shown in values of TR 15. In this study, 
we omi tted hurricanes prior to 1900 that had been used in TR 15. This was done 
to ensure a consistent sampling period for all parameters (P , R, T and 9). 
Before finalizing this decision, however, we examined the ef~ect of omi tting 
storms prior to the turn of the century. We found that there were no significant 
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di.fferences in the probabil1 ty distribution of speed for hurricanes by this 
trunca tion of the period of record. TR 15 had based its speed distribution on 
hurricanes only. To provide a sample that was consistent 'dth the stons used 
for the direction distributions, and to i.nc!'ease the sample size, the speeds of 
tropical storr!lS · ... ere used in detarmining the speed distribution. 

The subs tantial increase in the speeds in the higher percentile levels along 
the west coast of Florida (see fig. 40) was due, not to the change in period of 
record, but to the addition of tropical storms. Between coastal reference points 
900 to 1300, 12 storms with speeds greater than 20 kn were added to the data 
sample. All were l~ss than hurricane intensity. Storms that exceed 20 kn at 
these latitudes generally have become embedded in a broader-scale circulation 
that llsually leads to these higher translation speeds. These same meteorological 
conditions involve recurvatu!'6, usually lnto an environment associsted wit::' 
horizontal temperature gradients that create conditions that are not favorable to 
the thermal circulation associated with strong hurricanes (see discussion in 
sec. 7.3.2.1). ,Therefore, the faster translation speeds appear to be associated 
with weaker storms. However, the small number of storms and high degree of 
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variability from storm to storm precluded us from establishing whether a joint 
probability relation actually exists, let alone what form the relation might 
take. Inclusion of these tropical storms also leads to discontinuities in the 
speed distributions between the west and east coasts of southern Florida for all 
but the lowest percentiles. 

9.1.2 Forward Speed of Bypassing Tropical Cyclones 

Observations of bypassing storms are more limited than for those storms 
striking the coast, especially for storms from earlier years. Addi tionally, the 
frequency of occurrence of bypassing storms, subject to the criteria in this 
study, is lower than for landfalling storms. Given the high degree of natural 
variability of tropical cyclones and the limitations just mentioned, we felt it 
would be unlikely that we could develop an adequate probability distribution for 
the speed of bypassing storms. Consideration of meteorological factors affecting 
the speed of storm motion suggests that there is likely to be little difference 
in the speed distribution between landfalling and bypassing tropical cyclones. 
The speed is primarily dependent on conditions of the larger-scale meteorological 
environment. In general, the controlling circulation patterns that affect the 
speed are not sensitive to coastal orientation, the factor that leads to the 
segrega tion of landfalling and bypassing storms. We recOIIllIEnd using the speed 
distribution for landfalling stOrlllS as a reasonable approximation for bypassing 
storms. 

9.2 Direction of Storm Motion 

9.2.1 Direction of Storm Motion for Landfalling Tropical Cyclones 

9.2 .1.1 Analysis. Tropical cyclone tracks compiled by Cry (1965) and updated 
track charts (Neumann et ale 1981) were used in summarizing the directions of 
storm motion. Directions of landfalling tropical cyclones were measured at the 
time they crossed the coast. Cumulative frequencies of the entry direction for 
overlapping 200-nmi zones (100 nmi either side of the central point) were used in 
plotting cumulative probability curves at 50-nmi intervals along the Atlantic and 
Gulf coasts. In TR 15, cumulative frequencies were counted for overlapping zones 
of 75 nmi on each side. In both cases the zones along the coast were smaller 
than those used for the other three parameters (Po' Rand T) because the landfall 
directions are totally dependent on coastal orientation which can change 
significantly over relatively short intervals. The smaller zones minimized 
pooling inconsistent directions. We used storm data since 1900 in the present 
study instead of the longer period used in TR 15. We believe the decrease in 
sample size due to a shorter observational period is partially compensated by the 
increased number of storms taken from a somewhat larger sampling area. 

In areas where the coastal orientation changes significantly within 100 nmi of 
the point of interest, the direction of entry with reference to the coast was 
taken into consideration. For example, a storm that crossed the coast from 2500 

near Key West would not be counted as a landfalling storm for another point on 
the Florida Keys, some distance to the east. In areas where the coastline turns 
abruptly, frequency counts were taken over shorter distances. Because of 
insufficient data north of Cape Hatteras, analyses there were made over larger 
distance increments. 
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1'1gure 42..--cu.w.ad.ve 'probability curve of direction of wCion of tropical 
cyc10Des landfalllug within (a) 100 ami. of _le1'08t 250~ near CDrpUS Christi~ 
're%as, and. (b) 100 tmd.. of 1d.lepost 1600, near Vero aeacb~ Florida. 

Cumulati'le !,'robabil1t1' cur'les for direction ~E stOr::1 ::lot!on Eor landfall1ng 
tropical C?clones '~re constructed '.Ising the ~JeiJul ?lot:inSJ position formula 
given in Section 7.2. ?igure':"Z shows examples of l:hese cur--res for twe coastal 
locations near Corpus Christi, Texas, and tlera Beach, Florida. B:ach of the 
cumulative probabil1 ty cur'les NaS di'"ided into class intervals, and the 'lalues i3 t 
selected percenciles were analyzed for t:hree sections along the coast: the Gul: 
coast (fig • .'...3), and the Atlantic coast south (Ei~. 44) and north "(rig. 43) of 
Ca-pe Hatteras. 

9..2.1..2 Results aDd, D1sc::ussioa. The direction of landfallinq- sco'm motion is 
closely related to the coastal orientation curve because the defini~ion of 
landfalling restricts the storm direction data selection, exiting and alongshore 
storm motions being excluded. Under the influence of ehe easterly circulation of 
the lower latit:udes (the Azores-Bermuda high) the trac.lts of most storms in the 
tropics is r~st:"Aard. There is a tendency for these low la titude storms to drift 
slowly northward at the western end of the high pressure system. As che storms 
drift toward higher latitude, they come under the influence of westerly winds and 
recurve northeastward. 
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Figure 45.--Same as Figure 4J~ but for the Atlantic coast north of Gape Hatteras • 

. \8 indicated in !)racedi:lg paragraphs, data sampling for che oresent analysis 
departed slightl? from t:lat used in TR 15. Tha analyzed results :~eneral.i.Y·9gree 
'<li.th the ?revious study. On the Gulf coast, SO percent of the st::)rT:lS occurri:1g 
:,ecween coastal reference points 900 and 1300 aopeared to have ~r.=ater southerly 
and easterly components than previously determined in TR 15. T~is di·£ference may 
be attributed to the data samples of different time periods. Thirty-four storms 
occurring prior to 1900, with directions from 200 to 2 iO° were not included 1::1 
the present analysis. 

9.2.1.2 (8) Gulf coast Figure 43 shows smoothed profiles at selected per
centiles for direction of motion for landf aUing tropical eyc lones for the Gulf 
coast. As expected, the tropical cyclones striking the west coast of Florida 
come from the southwest direction and those striking the T~xas coast are 
senerally from the southeas t. Along the mid-Gulf, coastal areas are vulnerable 
to storms approaching from both southeast and southwest. 
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9.2.1.2 (b) East coast, south of Cape Hatteras. Figure 44 confirms that for 
landfalling storms near Miami, Florida, the predominant direction of storm motion 
is from the east or southeast. In the vicinity of Daytona Beach, Florida, there 
is higher percentage of landfalling storms coming from the south and southeast. 
North of the Florida-Georgia s tate line, the percentage of north to 
northeastward moving storms increases gradually northward, which reflects the 
increasing number of recurving storms. This group of landfalling storms 
includes recurving tropical cyclones of Atlantic origin and storms that exited 
the Florida coast and may have reentered the coast south of Cape Hatteras. More 
than 50 percent of the landfalling tropical cyclones near Cape Hatteras are 
north-northeastward moving storms. 

9.2 .1.2 (c) East coast, north of Cape Hatteras. For the period since 
publication of TR 15 (1974-84), only two storms made landfall north of Cape 
Hatteras. The directions of motion for these two storms were consistent with 
those used in TR 15. Given the very small number of storms affecting this part 
of the coast, we believe that no changes to the earlier analysis were necessary 
for this stretch of the coast. Figure 45 has been taken from TR 15 for areas 
north df Cape Hatteras, North Carolina. The stretch of coast south of Cape 
Henry, Virginia, is vulnerable to landfalling tropical cyclones coming mainly 
from the easterly directions; the coastal orientation excludes the northeastward 
moving storms from the landfalling category. Tropical cyclones striking this 
part of the coast from the northeast have generally been weak. Figure 45 also 
reveals that tropical cyclones striking the coast east of New York consist mostly 
of northward to northeastward moving storms. 

9.2.1.3 Areas of Discontinuous Direction Profile. The directions of landfalling 
storm profiles along the east coast are not continuous in the Vicinity of Cape 
Hatteras, North Carolina and Cape Cod, Massachusetts, because of abrupt turning 
of the coast. The probability distribution of landfalling storm direction and 
its relation to Po and T for Cape Hatteras area was discussed in Section 5.4. 
For the Cape Cod area, it is advisable to use the direction distributions frofll 
the south and west of the eastern extremity of the cape (lower milepost 
number), since the maximum wind region of a hurricane lies to the right of the 
hurricane track. The values indicated for Cape Sable (fig. 43) may be used as 
representative for hurricanes striking the mainland coast of Florida Bay. 

, 
9.2.2 Direction of Storm Motion for Bypassing Tropical Cyclones 

Bypassing storms, by definition, do not strike the coast in the vicinity of 
interes t. Variation of coastal orientation and the res triction imp.osed by the 
definition make specification of a generalized distribution of directions 
impossible. For practical computations, we recOlRlllend assigning a direction 
parallel to a tangent to the coastal point of interest for bypassing storms, with 
the general motion from east to west along the Gulf coast facing south, and for 
coasts such as Texas, Florida and along the Atlantic, the general di rection 
should be from south to north. 
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10. ADJUSTMENT OF HURRICANE INTENSITY FOR FILLING OVERLAND 

10.1 Introduction 

The tropical cyclone is a thermally driven circulation in which the vertica 1 
flux of sensible and latent heat is the primary source of energy for both its 
formation and maintenance. One of the factors that diminishes hurricane 
intensity is the increased dissipation of kinetic energy by friction overland. 
In a steady-state hurricane, the frictional dissipation of kinetic energy near 
the core of a hurricane is approxima tely balanced by the energy supplied by 
sensible and latent heat. Overland, the heat sources are greatly reduced or may 
be lacking altogether. Hence, the energy balance between heat and frictional 
dissipation is upset after the hurricane moves overland. It has been suggested 
by Bergeron (1954) and Palmen (1956) that the removal of the sensible heat source 
(hence also the removal of the latent heat source) is the most important factor 
which contributes to the filling process overland. Miller (1963) confirmed the 
earlier work of Bergeron (1954) and others in stating that filling stems 
prinCipally from the reduction of equivalent potential temperature (Oe) of the 
rising air around the hurricane core. Miller also noted that filling due to 
surface friction was of minor importance compared to the removal of the oceanic 
heat source. 

Palmen and Newton (1969) state that "Owing to the removal of the oceanic heat 
source in the inner region, the baroclinity is reduced since the air ascending in 
the inner cloud wall now has somewhat lower Se. As a result, the outward radial 
wind component in upper levels is reduced. The previous balance between the mass 
inflow is thus temporarily disturbed and pressures rise." 

In this chapter the term "filling" is used in the generally accepted sense. As 
discussed by Petterssen (1956), filling of a center of low pressure refers to an 
increase in the central pressure. Petterssen further distinguishes deepening and 
filling from intensification and weakening: while the former terms apply to the 
pressure, the latter apply to the pressure gradient. Changes in intensity or in 
pressure gradients are not dependent entirely on changes in central pressure. 
Nevertheless, it has been generally assumed that there is a high degree of 
correlation between the two factors (e.g., Hess 1945). Recent studies on inner 
core structure of mature hurricanes generally support this assumption. Most of 
the studies on Atlantic hurricanes based on reconnaissance flight data since the 
1940's have focused on the inner core region (within 1 0 latitude radius). There 
is a scarcity of upper air data between 2-3 0 from the center. Frank and 
Gray (1980) used compositing techniques to determine an average radius and 
frequency of 30-kn winds around tropical cyclones. Merrill (1984) found no 
significant correlation of the radii of outer closed isobars with core intensity 
in a comparison of large and small tropical cyclones. Weatherford (1985) 
examined flight-level wind data obtained by reconnaissance aircraft flown into 
tropical cyclones in the northern Pacific during the period 1980-82.· She showed 
that the outer strength (as measured by the magnitude of winds between 1 0

_ and 
3°-latitude radius of the storm center) is highly correlated with the extent of 
30-kt surface winds, while the core intensity was a far more variable feature. 

10.2 Index for Overland Filling 

In defining climatological hurricane parameters for this study, we assumed a 
steady-state hurricane moving on a constant course during the time period 
required for storm surge computation. Strictly, these assumptions cannot be 
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carried through to determine a filling rate for hurricanes over land. However, 
transient phenomena of the hurricane core will not be considered. After the 
center of a hurricane crosses the coast, the hurricanes' central pressure rises 
faster than the change in peripheral pressure and the pressure deficit 
decreases. The decreasing intensity of the hurricane affects the level of storm 
surge, especially in bays and estuaries. It has been shown that the coastal 
surge and the surge producing forces in bays and estuaries vary proportionally 
with pressure deficit (e.g., Harris (1959), Ho and Myers (1975». These 
surge-producing forces in bays and estuaries are, mainly, the propagation of open 
ocean surge into the bay and wind setup. The open coast storm surge increases 
with increasing kinetic energy of the wind which acts on the water surface, other 
factors being held constant. In a mature hurricane, the kinetic energy of the 
wind is approxima tely proportional to the pressure deficit. Hence, the coastal 
surge and the propagation of the open coast surge into a bay are approximately 
proportional to the pressure deficit in a hurricane. The second major factor in 
the bay and estuary response is wind setup. The magnitude of the wind setup 
effect is also proportional to the kinetic energy of wind for given condi tions 
and, thus, is also approximately proportional to the concurrent pressure deficit. 

Having considered the cause and effect of filling of hurricanes, it is logical 
to select pressure deficit as an index in defining the rate of filling 
overland. The advantages in selecting such an index is its direct and simple 
application to numerical surge models. Its application is, however, restricted 
because the averaging process used 1n the analyses tends to ignore the 
extremes. Recognizing that wind profiles in individual hurricanes do not always 
vary with the change in central pressure, the resultant rate of filling is best 
utilized in an idealized hurricane model. The user is cautioned against using an 
average filling rate for individual hurricane case studies for the purpose of 
replicating storm surge levels, especially in bays and estuaries. 

10.3 Previous Observational Studies 

Hubert (1955) observed that filling 1s most pronounced in the innermost region 
of the hurricane. Malkin (1959) stated that both filling and decrease in 
intensi ty proceed at a lesser rate when the ratio of water to land of the 
underlying surface increases along the track. Malkin analyzed the change in 
central pressure after landfall of 13 selected hurricanes and evaluated the 
average change in pressure gradient after landfall. Schwerdt et al. (1979) 
analyzed eight selected hurricanes which occurred during the period 1957-70 with 
central pressure less than 949 mb. They accepted the previous data and analyses 
made by Malkin and developed the filling rates in terms of reduction in wind 
speed for 3 different zones along the Gulf and Atlantic coasts of the United 
States. Jarvinen et al. (1985) suggested a quadratric filling rate of central 
pressure for hurricanes along the Texas coast and stated that "the largest 
intensity changes occurred in the most intense storms within the first 6 hours 
after landfall. 

In this chapter, 
determi ned by using 
landfall (APt) and 

the 
the 
the 

10.4 Analysis of Data 

decrease 
ratios of 
pressure 

in hurricane intensity after landfall was 
pressure defici ts at specified times after 
deficit at the time of landfall (APc ). The 
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pressure deficit was obtained by subtracting the central pressure (Po) from the 
peripheral pressure (Pn). These ratios give the percentage decrease in intensity 
and, thus, a rate of filling for hurricanes overland. 

In order to determine the pressure deficit. an analysis of Po and Pn must be 
made for the duration of the storm over land. Values of Pn were estimated from 
3-hourly weather maps. For Po' graphs were constructed showing sea-level pressure 
readings from stations with available continuous pressure records during the time 
period when a hurricane approached and passed by that station. These pressure 
readings and corresponding distances from the storm center were used in composite • 
pressure-distance profiles analyzed at 3-hour intervals for a duration of 
24 hours after landfall. These profiles were then extrapolated to the storm 
center, yielding estimated central pressures at various times. 

Observations are taken at regular reporting stations as well as by many private 
individuals and corporations for their own uses. In some cases, this material is 
filed with the National Climatic Data Center (NCDC), NOAA's Cooperative Reporting 
Network. Additionally, after many severe storms, surveys are made to obtain 
supplementary data that are not routinely collected. Wi th improvement of the 
observational network, analyses of observed data have proven to yield fairly good 
estimates of central pressure. These analyses, supplemented by analyzed synoptic 
maps, were relied on heavily in determining Po of recent hurricanes. 

Available data were plotted and a profile was fit to the data by eye. This 
allowed meteorological considerations to influence the resulting profiles. 
Figure 46 is an example of central pressure-time profiles for Hurricanes 
Frederick (1979) and Alicia (1983). Both hurricanes struck the Gulf coast:; 
Frederick made landfall near the Alabama-Mississippi state line, while Alicia 
entered the coast just south of Galveston, Texas. 

10.5 Filling Rates by Region 

Table 19 shows a list of selected hurricanes which were analyzed individually 
to estimate the decrease in hurricane intensity after landfall. The data sample 
of 23 hurricane events was separated into three groups, based on the location 
where each hurricane crossed the coast. These regions are shown in Figure 47. 
Region A is the area along Gulf coast from Port Isabel, Texas, to Apalachicola, 
Florida, region B, the coast of Florida south of 29°N, and region C, the Atlantic 
coast from South Carolina to Rhode Island. Hurricane Camille, listed with other 
hurricanes in region A, was both intense and small in size, and had the steepest 
filling rate within the first 6 hours after landfall. Its central pressure rose 
from 909 mb to 965 mb in 6 hours, an average increase of more than 9 mb per 
hour. Camille stands out as a special case, presumably representa,tive of the 
most intense storms. Since our hurricane sample indicates that' there is a 
tendency for the more intense hurricanes to fill more rapidly, we have chosen to 
provide separate filling rates for extreme hurricanes. 

For region A, filling rates were determined for each of the six Gulf hurricanes 
since 1971, following the procedures outlined in Section 10.4. Figures 48 a and 
b show the variation with time after landfall of filling rates of hurricanes 
listed in part A of Table 19. The filling rate is the ratio of pressure deficit 
at specified times (t) after landfall (~Pf) to the pressure deficit at the time 
of landfall (APc )' or APt/APc • The fi ling rate for Hurricane Camille was 
adopted from analyses made in an earlier study (Schwerdt et ale 1979). Filling 
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Figure 46.--Pressure profiles after landfall for (a) Hurricane Frederick, 
September, 1979 and (b) Hurricane Alicia, August, 1983. 
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Figure 47.--Hap showing geograpbical regions used to study fUling rates .. 
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Table 19.--5elected landfalling hurricanes (1928-1983) used to estimate overland 
filling rates. 

No. of 
Storms 

11 

4 

8 

Hurricane 

Aud rey (1957) 
Carla (1961) 
Betsy (1965) 
Camille (1969) 
Celia (1970) 

IIEdith (1971) 
IICarmen (1974) 
IIEloise (1975) 
#Frederick (1979) 
IIAllen (1980) 
IIAlicia (1983) 

Sep t. 17, 192 8 
Sep t. 15, 1945 
Aug. 2 7, 1949 
Donna (1960) 

Sep t. 2 1, 1938 
Sept. 15, 1944 
Carol (1954) 
Hazel (1954) 
Gracie (1959) 
Donna (1960) 

IIBelle (1976) 
IIDavid (1979) . 

# Indicates storms since 1971 

State of 
Landfall 

Louisiana 
Texas 

Louisiana 
Mississippi 

Texas 
Louisiana 
Louisiana 

NW Florida 
Mississippi-Alabama 

S. Texas 
Texas 

S. Florida 
S. Florida 
S. Florida 
S. Florida 

New York 
New York 
New York 

North Ca rolina 
South Carolina 

New York 
New York 
Georgia 

Region 

A 
(Gulf coast from 
Apalachicola, FL 

westward) 

B 
(Florida 

south of 29°N) 

C 
(Atlantic coast 

from South Carolina 
northward) 

rates for other hurricanes prior to 1971 determined by Schwerdt et al. were 
checked for consistency by using observed minimum pressure data as previously 
discussed. Minor changes were made whenever warranted. 

The filling rates at selected time intervals for the 11 hurricanes listed in 
Table 19 for region A were averaged to develop a filling rate for hurricanes of 
lesser intensity. Separate filling rates for more intense hurl,'icanes were 
estimated by taking into consideration this average filling rate and the extreme 
filling rate associated with Camille. Intense hurricanes were arbitrarily 
defined as storms with ~p greater than 85 mb, which have approximately the same 
intensity as category 5 c hurricanes according to the Saffir/Simpson scale 
(Saffir 1977). Figure 49 shows the filling rate curves for hurricanes with ~Pc 
less than or equal to 85 mb, ~Pc equal to 100 mb, and ~p equal to 110 mb. These 
curves have been used to develop the pressure deficits In part (a) of Table 20. 
Linear interpolation between values in Table 20 should be used instead of 
recourse to Figure 49 to assure a higher degree of accuracy and consistency. 
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Table 20.--atanges in hurricane pressure deficits doe to overland filling 

Time After 
Landfall 

(hr) Pressure Deficit (mb) 

. • (a) Gulf hurricanes, west of Apalachicola, Florida 

; 0 40 60 80 85 90 95 100 105 110 
2 34 51 68 72 76 78 80 81 82 
4 30 44 59 63 66 67 68 69 70 
6 26 40 53 56 58 59 60 61 62 
8 22 34 45 48 50 51 52 53 54 

10 20 30 40 42 44 45 46 47 47 
12 18 27 36 38 39 40 41 41 42 
14 16 24 32 34 35 36 36 36 36 
16 14 21 28 30 31 32 32 32 32 
18 12 19 25 26 27 28 28 28 28 

(b) Florida hurricanes, south of 29°B 

0 40 60 80 85 90 95 100 105 110 
2 38 57 75 80 85 88 90 91 92 
4 36 54 70 75 79 81 82 83 84 
6 34 51 67 71 75 76 77 78 79 
8 32 48 63 67 71 72 73 74 75 

10 30 45 59 63 67 68 69 70 71 
12 28 42 56 60 63 64 65 66 67 
14 26 40 53 56 59 60 61 62 63 
16 25 37 50 53 55 56 57 58 59 
18 24 35 47 50 52 53 53 54 55 

(c) Atlantic hurricanes, north of Georgia-South Carolina state line 

0 40 60 80 85 90 95 100 105 110 
2 36 54 72 76 81 86 90 94 ' .. 99 
4 32 49 65 68 73 77 81 85 89 
6 28 44 58 61 65 68 72 76 79 
8 25 39 51 54 57 60 64 67 70 

10 22 34 44 47 50 53 56 59 61 
12 19 29 38 41 43 46 48 51 53 
14 17 25 34 36 38 40 42 44 46 
16 15 22 30 31 33 35 37 39 40 
18 13 19 26 27 29 30 32 34 35 
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There 'Here no additional storms that affected region B since 1971. The R'J'erage 
filling rate curve determined by Schwerdt et ale (1979) was adopted aEter 
checking for consistency by comparing ..lPt/6.Pc ratios for several hurricanes. No 
attempt was made to obtain separate filling rate curves for each of these 
hurricanes because data was scanty. Figure 50 shows a plot of these ratios at 
various times after landfall and the filling rate curve ror region B from 

• • 

Schwerdt et ale It is aga in recommended that filling rates be obtained from the • 
values in Table 20b by linear interpol.'3tion. Figure 51 shows filling rate curves 
for selected oressure deficit levels in region B. 

Figure 52 shows the filling rate at various times after landfall for Hurricane 
Razel (1954) and Gracie (1959). These two hurricanes entered t~e Atlantic coast, 
crossed the Carolinas, and recurved towards the north. Filling rates for a 12-hr 
period after landfall are shown in the fi!lUre because both hurricanes became 
extratropical soon after that period of time. The changes in intensi ty during 
their extratropical stage 'MOuld not be representative of hurricanes. Only the 
rate of weakening for the first 12-hr period, as indicated by the solid line, was 
used in this analysis. Figure 52 also shows the rate of weakening for Hurricane 
David (1979) after entering the coast just south of Savannah, Georgia. The 
obvious difference between the curves reveals that David had a much slower 
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1"i~e S2.--li'ariation with tme after landfall of filling rates for Hurricanes 
Hazel (1954), Gracie (1959), and David (1979). 

filling rate than those of Hazel and Gracie. This can be partially exPlained by 
the fact that David traveled inland, parallel to the coast, wi th half of the 
cyclonic circulation of the storm remainin~ over water. The heat supply from the 
underlying sea acted to minimize the filling process. For this ~eason, David was 
not used in obtaining 3n average filling rate for Atlantic coast hurricanes. • 

Figure 53 shows a plot of filling rate versus time after landfall for 
hurricanes which crossed the shores of Long Island, New York and the New England 
states. Data obtained during the first 12-hr period after landfall were used in 
the analysis because these hurricanes were fast moving storms. In a 12-hr period 
after landfall, they WDuld have either moved across the United States border into 
Canada or become extratropical. The average filling rates for these hurricanes 
agree fairly well wi th the fillin~ curve for Hurricanes Hazel and 
Gracie (fig. 52). Combining both sets of data, we obtained the average filling 
curve as shown in Figure 54. Since region C has not experienced any extreme 
hurricanes, this curve was adopted to represent the filling rates of landfallin~ 
hurricanes of all intensities in this region. A~ain, linear interpolation from 
Table 20 should be used to determine pressure deficits. 
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10.6 Results 

The lower filling rate curves for regions A and B in Figures 49 and 51 are 
applicable to hurricanes with pressure deficits less than or equal to 85 mb at 
the time of landfall. For hurricanes with pressure deficits greater than 3S ~b, 
filling rates may be obtained from interpolation of pressure deficit values given 
in Tables 20a and 20b for regions A and B, respectively. There is no separate 
filling rate determined for hurricanes of the most intense category in region C. 
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The filling rate for region C, shown in Figure 54, was extended to depict 
filling up to 18 hr after landfall, for consistency. One should realize that the 
degree of accuracy decays wi th increasing time after landfall. The curve for 
region C is also applicable to areas north of Long Island, New York in order to 
include the entire coastline. 

Assuming that the rate of filling is linear for the first 10-hr period after 
landfall, we can draw a straight line joining the point indicating the filling 
rate at 10 hr after landfall and the point of origin for each of the three 
regions. We obtained slopes of .• 051, .075, and .056 for regions A, B, and C, 
respectively. Linear interpolation of the slopes may be used as an aid to 
develop intermediate curves in estimating appropriate filling rates for areas 
lying between designated regions. 

11. APPLICATION OF HDRRICAIlK PARAMETERS 

11.1 Introduction 

An objective of this report has been to define climatological probability 
distributions of hurricane central pressure (Po)' radius of maximum winds (R), 
forward speed (T), and direction of motion (9) along the Atlantic or Gulf coasts 
of the United States. In some applications of these data -- for example, in flood 
insurance studies -- it would be necessary to calculate frequency distributions 
of hurricane-induced surges on the coast by combining the analysis of hurricane 
climatology with the application of a numerical storm-surge model. Also needed 
in such application is the overall frequency with which hurricanes enter the 
coast in terms of strikes per mile per year, or some equivalent unit, within 
certain discrete distances. The landfall point of a hurricane is another 
parameter needed in a surge-frequency analysis. If storm track is parallel to 
the coast, then distance from the coast is needed instead of direction. This 
chapter outlines procedures to be followed in selecting hurricane parameters, 
their corresponding probabilities, and the representative storm tracks and 
frequencies for surge-frequency analyses as currently adopted in flood insurance 
studies. 

11..2 Landf all Point 

The cyclonic wind field of a hurricane usually increases from the edge of the 
storm to the highest value at the radius of maximum winds (R) then rapidly 
decreases to low values near the center. There is usually some asymmetry to the 
approximately circular pattern, with the highest winds on the right side as the 
storm moves forward. From the geometry of the hurricane wind field pattern, the 
maximum shoreward component is experienced at a given coastal site when the 
hurricane center landfalls approximately at distance R to the left. On a 
straight coast with uniform bathymetry, the highest surge along the coast will be 
experienced at this point of highest wind. Variable bathymetry can :modify this 
location somewhat. Similarly, a bay experiences the strongest winds from a 
hurricane of given intensity and lateral extent when the storm track is about at 
distance R to the left of the center of the bay, as viewed from the sea. 

In addition to the inverse barometer effect and the convergence of wind 
affecting surge levels near a storm's center, the major driving force for coastal 
surges is the stress of the wind on the water, roughly proportional to the square 
of the wind speed. Average wind profiles show that surface winds of a hurricane 
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at a distance five times the radius of maximum winds (5R) from the storm center 
are less than half of its maximum magnitude (Schwerdt et ale (1979), chapt. 13) 
and the magnitude of the corresponding peak surge heights are only about 
25 percent of the peak. Except for the most intense storms, hurricane-induced 
surges of any significant level would not affect the coast if the hurricane made 
landfall at a distance exceeding 5R to the left of the point of interest or at a 
distance of more than 3R to the right. The distance 3R is chosen because coastal 
surge heights drop off much more rapidly to the left of the landfall point. 

11.3 Peripheral Pressure 

The linkage between the climatologically-defined hurricane central pressure 
(Po) and the pressure deficit (AP) used in a storm-surge model is the peripheral 
pressure (Pn ). Pn is used to compute the pressure deficit (AP = Pn- Po)' which 
is a measure of the intensity of a hurricane. Pn is frequently considered the 
average pressure around the hurricane where the isobars change from cyclonic to 
anticyclonic curvature. This pressure occurs at a distance from the storm center 
near where storm inflow begins and, therefore, has physical meaning. In this 
study, Pn is used in conjunction with climatologically determined hurricanes. 
The use of a climatological mean va lue for P n is considered adequate for this 
purpose. 

Schwerdt et ale (1979) described several techniques for evaluating Pn and 
indicated that there is no significant variation of Pn wit~ latitude. They 
compiled peripheral pressures for Gulf and Atlantic coast hurr1canes with Po less 
than 982 mb since 1900. The average value of these given peripheral pressures is 
1013 mb. We recOlll1llend that this climatological mean value be adopted as a 
representative peripheral pressure to compute pressure deficits in storm-surge 
frequency analysis. 

11.4 Probability Distributions of Hurricane Parameters 
and Frequency of Occurrence 

This chapter describes the application of hurricane parameters needed to 
calculate storm surge levels on the coast. The assessment of probability 
distributions of these parameters assumes a steady-state hurricane moving on a 
constant course during the time period required for storm-surge computations. The 
averaging process along the Gulf and Atlantic coasts assures a smooth continuous 
variation of individual parameters along the coast. Exceptions to these basic 
assumptions and specific treatment of discontinuities have been discussed in 
preceding chapters. These include frequencies of landfalling tropical cyclones 
for the Florida Keys (sec. 6.2), refinements in alongshore hurricane track counts 
and probability distributions of landfalling storms for the North Carolina coast 
(sec. 5.4), frequencies of exiting storms (sec. 6.3), and filling of storms as 
they pass overland (chapt. 10). The procedure to estimate probability distribu
tions of hurricane parameters for exiting storms will be discussed. further in 
subsequent paragraphs. 

The probability distribution of Po is determi ned for landf aIling tropical 
cyclones (sec. 7.3). There is no reason to believe that the pressure distribution 
of alongshore storms would be different from that of landfalling storms because 
both classes of storms experience an area with climatologically similar a tmos
pheric and sea-surface conditions. Hence, this probability distribution of Po 
can also be applied to alongshore storms. The probability distribution of R is 
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assumed to be the same for the landfalling, bypassing and exi ting categories of 
storms. Probability distributions for direction and speed of storm motion for 
landfalling storms are given in Chapter 9. For alongshore storms, the direction 
is, by definition, assumed to be parallel to the coast and the probability 
distribution of forward speed is assumed to be the same as for landfalling 
hurricanes. 

The frequency of tropical cyclone occurrence is defined as the number of tracks 
per year per nautical mile of a smoothed coast for each of the landfalling and 
exiting categories of storms (chapt. 6). Figure 27 depicts variation of 
frequencies of landfalli ng tropical cyclones along a smooth coastline. We have 
implicitly smoothed out the coast while smoothing out the accidental landfalling 
points of storms. A stretch of the coast that turns sharply in a direction 
almost parallel to that of the predominant storm motion is less exposed than 
adjacent coastal segments more normal to the tra ck direction. For areas where 
the coast turns abruptly, such as the Mississippi Delta, Apalachee Bay, and the 
tip of Florida, special consideration must be given in using the generalized 
results in this report. An example of the treatment" of a discontinuity in land
falling storm frequencies at Cape Hatteras, North Carolina, is discussed in 
Section 5.4. In areas where variations of frequencies along the coast are large, 
the effects of the steep gradient of hurricane frequencies along the coast on 
resultant coastal surge frequencies must be considered (see examples given in the 
following section). 

For alongshore hurricanes, the bypassing distance is a significant parameter 
instead of the landfalling point discussed in Section 11.2. The frequency of an 
a longs hore hurricane event is treated in the same way as the landf aIling storms, 
except that the frequency is defined as the number of storms per year passing 
through a given distance interval along the line perpendicular to the coast. It 
is the counterpart of the frequency per year for landfalling storms multiplied by 
the length of coastal segment, determined by the spacing of storm tracks for 
computations. The application of this is further discussed in the following 
section. Figures 31 and 32 depict the variation along the Gulf and Atlantic 
coasts of tropical cyclone tracks bypassing the coast at sea. These figures give 
accumulated track count at selected intervals from the coast. With this 
information, plots of the cumulative count of tracks versus distance from the 
coast can be constructed for any coastal point. Figure 55 is an example of the 
accumulated track count plotted against distance from the coast for Vero 
Beach, Florida. The difference in accumulated track count between two points 
read off the graph gives the number of storms, per 100 years, crossing the given 
distance interval. It is advisable to use small distance intervals near the 
coast, using the selected R values for landfalling storms as a guide. This would 
ensure that the effect of maximum winds on coastal waters wo~ld maximize 
generated surge levels. 

The frequency of tropical cyclones bypassing the coast overland is not treated 
as such in this report. First, these storms tend to weaken after traversing over 
land and the surge frequencies resulting from these storms are usually not 
significant (see for example fig. 29). Second, the contribution of this class of 
storms to surge frequencies varies greatly in different localities. Coastal 
surges of significant levels can be produced by such storms in areas near the 
Outer Banks of North Carolina and in the southern portion of the Florida 
peninsula. For the trea tment of this class of storms in North Carolina, the 
reader is referred to the report by Ho and Tracey (1975). The North Carolina 
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study may be used as a ~ide for the Florida peninsula area. A good example of 
these storms in Florida is the hurricane of October 1950 which entered the coast 
of south Miami and moved north-northwestward over the entire length of the 
peninsula. Its intensity weakened to that of a tropical storm after passing near 
Orlando, Florida. Another hurricane that entered the southern tip of Florida and 
weakened rapidly while moving northward is the hurricane of 1935. It was the 
mos t intense Atlantic hurricane ever recorded (Po:: 892 mb while crossing the 
Florida Keys). It weakened to minimal hurricane intensity (Po::: 960 mb) by the 
time it crossed the northern Florida coast, near 30o N. Hurricanes that move 
northward over the Florida Peninsula seem to fill faster than hurricanes tha t 
cross the peninsula in a east-west duration. It should be noted that the filling 
rate in Chapter 10 for Florida should not be applied to this class of northward 
moving hurricanes. The treatment of such tropical cyclones passing the coast 
inland needs further investigation. 

11.5 Applications of Profiles of Probability Distributions 
for Hurricane Parameters 

Hurricane parameters for storm-surge frequency computations can be obtained by 
cons tructing cumula tive probability curves for each of the hurricane parame ters 
from smoothed alongshore graphs. Table 21 itemizes the information needed by the 
user. Items 1-4 are information to be listed for identification. Item 5 lists 
the meteorological information needed for surge-frequency computations and where 
it can be found in this report. Numerical values to be filled in (Sa through 5j) 
are hurricane parameter values for designated percentiles and frequencies read 
from the appropriate figures for the location (milepost) listed in Item 4. Using 
these values for the designated percentiles, the full range of individual 
parameters of climatologically possible hurricanes that can make landfall at the 
point of interest can be determined. The cumulative probability curve, thus 
obtained, is then divided into class intervals that can be used in frequency 
computations. 

In storm-surge frequency analysis, landfall points should be selected by taking 
into consideration the lateral extent of the coast affected by. an individual 
hurricane. Based on the geometry of the hurricane wind field, as discussed in 
Section 11.2, we recommend that the coastal area of influence for the purpose of 
surge computations be limi ted to a distance 5R to the left and 3R to the right of 
the point of interest. Hurricane tracks crossing landfalling points at 10-25 nmi 
intervals should be considered in estimating overall surge levels. The computed 
peak surge at the point of interest for a given storm passing along each of the 
selected hurricane tracks is assumed to be representative of a "surge event" that 
could occur within the distance interval (10-25 nmi) between two. landfalling 
points. Hence, the selection of track spacing should be guided' by (1) the 
alongshore gradient of the bathemetry, (2) the storm size and (3) the 
configuration of coastal areas. For example, tracks spaced at larger distance 
intervals may be specified for a straight coastline with uniform bathYmetry while 
computation for storms crossing landfalling points at close intervals would be 
needed to produce representative surge levels on the shorelines of bays and 
estuaries. To obtain the frequency of this "surge event" multiply the frequency 
of landfalling storms (storms/nmi/yr, given in item 5h of table 21) by the 
selected distance interval between landfalling points. 
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Table 21--5ummary sheet of information needed from this report for surge
frequency computations 

1. Geographic location 
2. Latitude 
3. Longitude 
4. Milepost [fig. 1] 

5. Hurricane parameters 
Percentile 

a. Central pressure (Po) [fig. 35] 

b. Pressure deficit (1013-Po) 

Percentile 

c. Forward speed (T) [fig. 41] 
I 5 I 20 I 40 I 60 I 80 I 95 I 

Percentile 
5 16.67 50 83.33 95 

d. Direction (9) [fig. 44] 

e. Coastal orientation 

f. Angle of approach (d-e) 

g. Radius of maximum winds (R) [fig. 38] 

h. Frequency of landfalling storms storms/10 nmi/100 yr, or 
[fig. 27] ------------

i. Frequency of exiting storms 
[fig. 28] 

_______ s torms/nmi/yt' 

-------- storms/10 nmi/100 yr, or 

_______ storms/nmi/yr 

j. Frequency of alongshore storms (accumulative counts) [fig. 32] 

Distance from Frequency Frequency Frequency within 
coast ( i) nm ( /100) storms yr ( /) storm'yr di i t I stance. n erva 

10 

20 

30 

50 

75 

100 
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After completing the appropriate number of forms for the coastal area of 
interest, the information can be used to reconstruct cumulative probability 
curves for the parameters that describe the climatologically possible hurricanes 
for each of the selected locations. Intermediate cumulative probability curves, 
if required, may be estimated using linear interpolation. The reconstructed 
cumulat ive probabili ty curves will provide values for any selected percentile 
within the full range of individual parameters. Intermediate curves will insure 
a smooth transition from one location to the next. 

Table 22a is an example of a completed computation form for storm-surge 
frequency analysis at Vero Beach, Florida (milepost 1600). Tables 22b and 22c 
contain similar informa tion for locations located 50 nmi to the north and sou th 
of Vero Beach, respect ively. Figure 56 shows a plot of cumulat ive probability 
curves of Po for the three locations. Curves for intermediate locations can be 
determined by linear interpolation. It should be noted that the lowest 1 percent 
of Po for Vero Beach and the lowest 2 percent of Po for the location 50 nmi to 
the south (fig. 56) fall into the intense hurricane category. As discussed in 
Section 4.5, these hurricanes should have an assigned R of 13 nmi. Similarly, 
cumulative probability curves can be plotted for the other parameters. 

Figure 55 shows a plot of cumulative frequency of bypassing hurricane tracks 
Versus distance from the coast for Vero Beach. The accumulated track counts for 
selected distances from the coast are taken from Item 5j of Table 22a. A smooth 
line was then drawn by eye joining the data points. From this curve, the 
frequency of bypassing storms within the first 10 nmi of the coast is 0.0170 
storms/yr, the number of storms passing the distance interval of 10-30 nmi is 
(0.0575-0.0170) 0.0405 storms/yr and the track count for the distance interval of 
30-75 nmi is (0.1600-0.0575) 0.1025 storms/yr. Similar ly, frequencies within 
other distance intervals may be obtained (e.g., table 23). 

The next step in determining hurricane probabilities requires that the hurri
cane parameters be divided into class intervals for the landfalling storms and 
that the mid-point value of each class interval be determined. The size and 
number of intervals cannot be specified a priori, but must involve judgment that 
considers factors that can vary from site to site; an example for Po is given in 
Figure 57. It should be noted that Figure 57 shows only the fraction of all 
hurricanes with intensities below certain levels and makes no reference to 
frequency in terms of events per year. For storm-tide frequency computation, 
this continuous distribution could be divided into five class intervals, each 
represented by the pressure deficits at the mid-point of the class interva 1. 
This computational probability distribution is indicated by the dashed line on 
Figure 57. For computation purposes, the hurricanes are treated as" if the most 
severe 1 percent all had pressure deficits of 95 mb, the next 6 percent had a 
deficit of 84 mb, the next 12 percent a deficit of 70 mb, the next 40 percent a 
deficit of 45 mb and the last 41 percent a deficit of 19 mb. These class 
intervals are representative values and their corresponding probabilities are 
listed in Table 23. It is of interest to note that these class interva Is are not 
equally spaced. Closer intervals are used for parameters associated with intense 
hurricanes. Higher surge levels produced by the intense hurricanes contribute to 
the 100-yr or higher tide frequencies. Similarly, cumulative probability curves 
for other parameters can be divided into class intervals, and values for 
designated percentiles are listed in Table 23. 
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Table 22a--5Ul111Mry sheet for Vero Beach, Florida 

1. Geographic location 
2.. Latitude 

Vero Beach, Florida 

3 • Longi tude 80° 27' Til 
4. Milepost [fig. 1] 1600 

5. Hurricane parameters 
Percentile 

1 5 15 30 50 70 90 

a. Central pressure (Po) [fig. 35J 

b. Pressure deficit (1013-Po) 

921 931 945 1958 977 990 997 

92 82 68 55 I 36 23 16 

Percentile 
5 20 40 60 80 95 

c. Forward speed (T) [fi~. 41J 3.5 6.5 8.5 10.6 13 .0 16.3 

. -"Percentil'" 
5 16.67 50 83.33 95 

I I 055 087 118 135 153 d. .pirection (9) [fig. 44J 

e. Coastal orientation 020 020 020 020 020 

f. Angle of approach (d-e) 035 067 098 115 133 

g. Radius of maximum winds (R) {fi~. 38J 5.5 11.0 ! 18.0 28.0 37.0 

h. Frequency of landfalling storms 0.76 storms/l0 nmi/l00 yr, or 
[fig. 27] 

0.00076 storms/nmi/yr 

1. Frequency of exitln~ storms 1.20 s torms/ 10 nmi/lOO yr, or 
[fip;.28] 

0.0012 storms/nmi/yr 

j. Frequency of alon~shore storms (accumulative counts) [fip;.32] 

Distance from Frequency 
coast ( . ) nUll. ( /100) storms vt:' 

10 1.70 

20 3.30 

30 5.75 

50 10.00 

75 16.00 

100 24.00 
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:o':-equency 
( /) storm'Vt:' 

0.0170 

0.0330 

0.0575 

0.1000 

0.1600 

0.2400 

Freauency ,vi thin 
distance intarval 

0.0170 (0.- 10 nmi) 

0.0160 (l0- 2 cr nmi) 

0.0245 (20- 30 nmi) 

0.0425 (30- 50 nmi) 

0.0600 (50- 75 nmi) 

0.0800 (75-100 nmi) 



Table 22b--S~ry sheet for 50 nmi north of Vero Beach, Florida 

1. Geographic location Vero Beach + 50 nmi 
2. Latitude 
3 • Longi tude 
4. MUepos t [fig. 1] 

5. Hurricane parameters 

28 0 30' N 
80 0 42' W 
1650 

1 

a. Central pressure (Po) [fig. 35] 925 

b. Pressure deficit (1013-Po) 88 

5 

935 

78 

5 

Percentile 
15 30 50 70 90 

949 963 981 991 997 

64 50 32 22 16 

Percentile 
20 40 60 80 95 

c. Forward speed (T) [fig. 41] 3.8 6.8 8.8 11.0 13.2 16.5 

Percentile 
5 16.67 50 83.33 95 

d. Direction (9) [fig. 44] 044 076 115 131 153 

e. Coastal orientation 000 000 000 000 000 

f. Angle of approach (d-e) 044 076 115 131 153 

g. Radius of maximum winds (R) [fig. 38] 6.3 11.5 19.0 28.8 37.5 

h. Frequency of landfalling storms 0.74 storms/10 nmi/100 yr, or 
[fig. 27] 

0.00074 storms /nmi/yr 

i. Frequency of exiting storms 1.65 storms/10 nmi/100 yr, or 
[fig. 28] 

0.00165 storms/nmi/yr 

j. Frequency of alongshore storms (accumulative counts) [fig. 32] 

Distance from Frequency Frequency Frequency within 
coast ( .) nm1 ( /100) storms yr ( /) storm yr di i I stance nterva 

10 1.36 0.013 6 0.013 6 (0'- 10 nmi) 

20 2.41 0.0241 0.0105 00- 20 nmi) 

30 4.32 0.0432 0.0191 (20- 30 nmi) 

50 8.25 0.0825 0.0393 (30- 50 nmi) 

75 14.10 0.1410 0.0585 (50- 75 nm1) 

100 22.60 0.2260 0.0850 (75-100 nmi) 
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Table 22c--5Ul1D18ry sheet for 50 1I:i.les south of Vera Beach, Florida 

1. Geographic location Vero Beach - 50 nmi 
2. Latitude 
3 • Longi tude 

26° 54' N 
80° 11' W 

4. Milepost [fig. 1] 1550 

5. Hur ri ca ne pa rame t ers 

a. Central pressure (Po) [fig. 35] 

h. Pressure deficit (1013-Po) 

1 

916 

97 

5 

927 

86 

5 

Percentile 
15 30 50 70 90 

941 955 974 989 996 

72 58 39 24 17 

Percentile 
20 40 60 80 95 

c. Forward speed (T) [fig. 41] 3.4 6.4 8.5 10.5 12.8 16.2 

Percentile 
5 16.67 50 83.33 95 

d. Direction (9) [fig. 44] 059 093 120 142 155 

e. Coastal orientation 020 020 020 020 020 

f. Angle of approach (d-e) 039 073 100 122 135 

g. Radius of maximum winds (R) [fig. 38] 5.0 10.0 17.5 28.0 37.0 

h. Frequency of landfalling storms 0.97 storms/l0 nmi/l00 yr, or 
[fig. 27] 

0.00097 storms / nmi / yr 

i. Frequency of exiting storms 0.90 storms/l0 nmi/l00 yr, or 
[fig. 28] 

0.00090 storms /nmi/yr 

j. Frequency of alongshore storms (accumulat ive counts) [fig. 32 J 

Distance from Frequency Frequency Frequency within 
coast ( mi) n ( /100) storms yr ( /) storm yr di i 1 stance nterva 

10 2.34 0.0234 0.0234 (0'- 10 nmi) 

20 4.02 0.0402 0.0168 00- 20 nmi) 

30 7.10 0.0710 0.0308 (20- 30 nmi) 

50 12.50 0.1250 0.0540 (30- 50 nmi) 

75 18.50 0.1850 0.0600 (50- 75 nmi) 

100 25.80 0.2580 0.0730 (75-100 nmi) 
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The parameters adopted for Vero Reach, Florida, in Table 23 represent five 
oressure deficit cate~ories, four R cate~ories, three T categories and three 
A categories. rnese factors are considered statistically indenendent except that 
the four R's are not the same for all pressure ceficit cate~ories, a small value 
bein!{ used with the class inter~lal of most in::anse pressure deficits in line with 
the discussion in Section 4.5. Thus, in Table 23, the most intense hurricanes 
(I percent of total count) are assumed to have an R of 13 nmi. The R's for 
-;.reaker storms cover the full range of '1alues. For these storms, the R class 
intervals need not be equally spaced. One needs to consider an appropriate class 
interval for the critical range of R near 30 nmi. This is because of the 
importance of the dynamic effect of winds near R on the sur~e calculation. For a 
hurricane <Nith constant intensity crossing the continental shelf of average 
width, the induced peak surge reaches its maximum value for R at or slightly 
.sraater than 30 nmi. Similarly, there exists a critical motion relative to a 
coast that gives the highest possible surge under any given set of conditions. 
The critical speed generally is greater than 25 kn. Thus, the fastest moving 
storms, especially if they are large and moving directly toward the coas t, pose 
the greatest hazard. Appropriate class intervals should also be designated for 
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Table 23.--Tropical cyclone para.u:ers Vero Beach, Florida 

p .iP Pi R Pr T Pt 9L Pe 
(mg) (mb) (nmi) (kn) (deg. ) 

Landfalling 

918 95 0.01 * 5.7 0.30 040 0.16 
929 84 0.06 1l.0 0.333 9.5 0.40 088 0.40 
943 70 0.12 18.0 0.333 14.0 0.30 112 0.44 
968 45 0.40 28.0 0.333 
994 19 0.41 

Landfa lling storm frequency • 0.00076 storms/nmi/yr. 

'* R 2 13 nmi is assigned a proba biU ty of 1.0 for tI < 920 mb. "0 

Exiting 

950 63 0.07 13.8 0.5 8.8 0.5 067 1.0 
961 52 0.12 23.5 0.5 18.0 0.5 
980 33 0.40 
999 14 0.41 

Exiting storm frequency a 0.0012 storms/nmi/yr. 

Alongshore 
L ... R Pr T Pt r 

(nmi) (storms/ r) (nmi) (kn) 

5.0 0.017 13 .5 7.0 .5 Po, AP, and Ph are 
15.0 0.016 25 .5 12.3 .5 the same as t ose 
25.0 0.024 for landf alUng 
40.0 0.042 storms 
62.5 0.060 

P ~ Central pressure (rob) a 
.iP - Pressure deficit (mb) 
Pi = Proportion of total storms with indicated .iP value 
R - Distance from center of storm to prinCipal belt of maximum winds (nmi) 
Pr = Proportion of storms with indicated R value 
T ~ Forward speed of storm (kt) 
Pt ~ Proportion of storms with indicated T value 
9L = Direction of entry or exit, measured clockwise from the coast (deg.) 
De - Proportion of storms with indicated 9L value 
L - Distance of storm track from coast (nmi) 
F - Frequency of storm tracks crossing a line normal to coast 

(storm tracks/yr passing through the interval centered at L) 
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PRESSURE DEFICIT (mb) 

Figure 57.--Cumulative probability curve for pressure deficit at Vero 
Beach, Florida. Dashed lines shown selected class intervals. 

the critical range of speed and direction. The direction of approach, 88°, ~..ras 
sel~cted (table 23) to represent the mosr: critical range of directions c..rhich 
would produce the hi~hest coastal surge if other factors were the same. 

In Table 23, the most intense landfalling hurricane class interval (l percent 
or the total) is assumed to have an R of 13 nmi and one third of each class of 
less intense hurricanes are assumed to have R's of 11, 18, and 2S nmi. Tbe P 
and R categories for landfalling storms given in Table 23 define 13 differen2 
hurricanes [4(P)o X 3(R) + (Po = 918 and R .. 13)}. The probability of each of 
these is obtained by multiplying the respective probabilities in the table. The 
sum of the probabilities of the 13 hurricanes, of course, equals 1. P and Rare 
statistically independent of 9 and T. Thus, the parameters for landfal£ing storms 
defines 117 different hurricanes (13 X 3(T) X 3(9». Each of the 117 discrete 
storms represent a portion of the probability domain, the probability of ea'ch 
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storm is obtained by multiplying the four parameter probabilities. For example, 
the probability of having a hypothetical hurricane with Po = 929 mb, R = 18 nmi, 
T = 9.5 kn, and 9L = 88°, is 0.0032 (0.06 X 0.333 X 0.4 X 0.4). 

11.6 Exiting Tropical Cyclones 

The intensity of exiting storms generally decreases because the overland tra
jectory reduces the energy supply (see chapt. 10). Central pressure data observed 
over the ocean in landfalling and alongshore storms may not be used to estimate 
the probability distribution of Po for exiting storms. Because of insufficient 
data sample size, no attempt was made to construct cumulative probability curves 
of hurricane parameters for exiting storms based on observed data. 

As preViously indicated (sec. 6.3.2.3), exiting storms normally contribute 
little to the overall frequencies of storm surges, except for the Florida 
peninsula. Storms exiting the east coast of Florida frequently come from the 
southwest. Plots of cumulative probability curves of landfalling direction along 
the west coast of Florida show a median direction of aoout 227° (from north) 
along most of the coast. The median direction for storms crossing the Florida 
peninsula from the Atlantic to the Gulf varies from 110-13 0° (from north). The 
typical transla tion speed of these storms is about 10 kn (see figs. 40 and 41). 
Using the median landfalling direction on the opposite coast, and assuming that 
the storm direction remains constant as it crosses the peninsula, a 
representative overland storm track can be determined for exiting storms. The 
next step is to estimate the time it takes the storm to cross the peninsula, 
using the median landfalling speed, which is also assumed constant. This time can 
be used to determine filling-rate factors (sec. 10.5) that can be applied to the 
Po distribution at the land~all. point. The modified Po distribution is then used 
to approximate the Po distr1but10n for exiting storms. 

Except for Po' we assume that there are no changes in other parameteFs as 
storms crossed the Florida peninsula. Cumulative probability curves developed for 
R, T, and 9 at the point of landfall are applicable to storms exiting the 
opposite coast. For expediency and economic considerations it will usually be 
sufficient to assign two class intervals for each of the Rand T distributions 
and four intervals for Po (e.g., see table 23). The direction of storms exiting 
the east coast of Florida may be represented by 227° from north since the range 
of probable direction of exit is so small. Two class intervals for directions of 
storms exiting the west coast of Florida are recommended by assigning 50 percent 
probability each to the directions of 073° and 116° from north. Because of 
infrequent occurrence of storms exiting north of Tampa Bay on the west coast of 
Florida, it should not be necessary to attempt to define exiting storm parameters 
to the north of this point. 

12. SUMMARY AND DISCUSSION 

This report presents an analysis of the geographical distribution of major 
hurricane and tropical storm factors useful for flood insurance studies. Each of 
these factors influences the ability of the storms to produce storm tides. This 
report provides a climatology of hurricane factors needed for surge-frequency 
analyses and information useful for storm-surge modeling. Because our purpose 
was to develop climatological data in a probabilistic sense, judicious smoothing 
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Table 24.--Da~a used in this report for probability analyses 

Clima to10gical 
Characteristic 

Storm frequency 
(1andfallin~, 
a longs hore, 
exiting) 

Central 
pressure 

Radius of 
maximum wi nds 

Di rect ion and 
speed of forward 
motion 

* 

Data 
Source 

Tropical cyclone tracks 
of the North Atlantic 
Ocean, 1871-1984 

Tables 1 to 3 (hurricanes 
with Po<982 mb since 1900) 

Tables 1 to 3 (hurricanes 
with Po<982 mb since 1900) 

Tropical cyclone tracks of 
the North Atlantic Ocean, 
1900-84, 'HURDAT' tape 

Application 

Tropical cyclones 

* Tropical cyclones 

Hurricanes 

Tropical cyclones 

Figures 

27,28, 
31, 32 

34, 35 

37, 38 

40,41,43 
44, 45 

Cumulative probability curves for central pressure, based on hurricane data, 
were extended to include tropical storms. 

was employed along the Atlantic and Gulf coasts and across the frequency spectra 
to eliminate the effect of sampling fluctuations. Results of our analyses are 
given in figures and tables with brief definitions and explanations. The figures 
depicting coastal profiles of probability distributions for selected percentiles 
give ranges of clima to10gically de fined hurricane parameters. Users should 
determine for their particular application the critical class intervals within 
these ranges. 

Table 24 summarizes the data sources and the classes of tropical cyclones 
represented. These are not the same for the all factors, for the reasons stated 
in the report~ 

12.1 Frequency of Tropical Cyclone Occurrences 

The frequency of 1andfalHng, exiting, and bypassing tropical cyclones were 
summarized in Figures 27, 28, 31 and 32, respectively. Of the three classes of 
storms, the most significant factor for storm~surge frequency computations is the 
frequency of landfalling storms. Coastal variation of landfalling storm 
frequencies is most rapid along the Atlantic coast of Florida and along the North 
Carolina and Virginia coasts (fig. 27). This steep gradient of hurricane 
frequency contributes to the potential for significant differences in the 
magnitude of resultant coastal surge frequencies in adjacent locations along 
these portions of the coast. Frequencies of alongshore storms are generally 
small (negligible) for most of the Gulf coast and, except for portions of the 
west coast of Florida, contribute little to the overall tide frequencies. High 
frequencies of exi ting storms occurred on the Atlantic coast near Jacksonville, 
Florida and just north of Cape Hatteras. Exiting storms generally produce lower 
storm surges and they are usually weaker than 1andfalling or alongshore storms 
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for the same latitudes. Their 
freouencies is ne~ligible in most 
freQuencies of landfallinst storms are 
the Florida Keys. Our treatment of 
Section 6.2. 

contribution to the overall storm-surge 
cases. Because of coastal orientation, 

not continuous from Cape Sable, Florida, to 
the analysis in this area is discussed in 

12.2 Probability Discributioll of Stora Par_ters 

Analysis of the data led to a set of graphs depicting the probability 
distribution of central pressure, radius of maximum winds, forward speed, and 
direction of storm motion. The central pressure distribution (figs. 34 and 35) 
is for tropical cyclones and is broken down for illustrati~e purposes into seven 
probability levels (percentiles) ranging from i to 90 percent. The probability 
levels were selected at intervals sufficiently close for the purpose of 
reconstructin.g smooth cumulative :9robability curves and should not be considered 
as a guide in. selecting the number of class intervals appropriate for 
computational purposes. 

Probability levels ranging from 5 to 95 percent were selected to depict the 
full range of other parameters (R, T, 9). The distribution for the radius of 
:naximum winds (figs. 37 and 38) was derived from hurricane data only, and is 
ilhstrated fer fi'le selected probabil1 ty levels. The resulting prohability 
distribution may be considered applicable for both hurricanes and tronical 
storms. The fot"'".vard speed distribution (figs. 40 at"d 41), based on tropi.c::!l 
cyclones landf31ling on the United States coasts, is illustrated for six selectad 
probability l~vels. Thi.s distribution is also adopted for alongshore sterns, as 
discussed in Section 11.4. The direction of ston ::notion distribution f'Jr 
landfalling tro~ical cyclones is illustrated for five probahillt1 levels in 
'!l'igures 43 (Gulf) and 44 (Atlantic coast, south of Gape Hatteras). Because of 
c:he 'Tery 1i:nited 11umber or stor~ affecting the Atlantic coast north of Cape 
":{ac:eras, only t~lree probability levels are given for direction of storm motion 
for t~is portion of the coast (fig. 45). 

12.3 Inde'Peudence of Parameters 

The parameters presented in this study can be considered statistically 
independent, except for central pressure (P ) and radius of maximum winds (~). 
Limited historical data indicate that hurr1canes with central pressure below 
920 mb bave small R's. ~lurricanes wit:!1 large R's are nearly always of moderate 
or weak intensity. Qut not all the ':Jeaker storms have laq~e R's. Establishi:1~ 
the Joint probability of ~",o factors wi <:h a degree of reliabili ty reauires a much 
larger sao:.pla of data than that available in T'l"les 1 to 3. For this reason, we 
specify R values for only the most intense hurricanes (sec. 4.5). 

Observations show that alongshore hurricanes generally move at a Easter speed 
than landfalling hurricanes at the same latitude. The differences' in forward 
speeds (T) were presumably related to the direction of storm motion, 9, 
(according to TR 15). There was no detectable interrelation be~ween T and e for 
landfalling hurricanes found in st:atistical tests of the present study. The 
small sample size does not allow us to establish any interrelation be~.veen T and 
13 for alongshore storms. With increased data in future years, it would be of 
interest to re-examine this relat.ionship. 
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It is generally believed that hurricanes striking the Florida Keys from an 
easterly direction are more intense than hurricanes coming from the southwesterly 
direction. The data sample for that area is not sufficient for us to 
statistically establish an interrelation of Po and e for landfalling storms. A 
similar situation exists in the area north of Cape Hatteras, North Carolina. In 
the latter case, separate P probability distributions were evaluated for 
tropical cyclones coming from t~e northeasterly and southeasterly directions (see 
chapt. 5). Segregating the sample into subgroups would take care of the inter
dependence of P and e for this particular area. This approach may be used to 
deal with similar problems in other regions. 
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APPENDIX A 

Detailed Analysis of Selected Storms 

A.l Introduction 

Data for storms that have occurred since TR 15 and are included in Tables 1 to 
3 were based on consideration of research work done by others and our own 
detailed analyses. This Appendix provides examples of the analyses leading to 
development of the parameters used in this study. The first storm discussed is 
Hurricane Alicia, which is representative of Gulf storms. We then discuss 
Hurricane David which affected the Atlantic coast. David was also used in 
Chapter 4 to examine the relation between Po and R. Finally, we conclude with an 
examination of Hurricane Allen. Allen was used in Chapter 4, and is an example 
of an intense storm undergoin$ a number of strengthening and weakening cycles. 

A.2 Hurricane Alicia, August 15-21, 1983 

A.2.1 Introduction 

Hurricane Alicia was the first hurricane since Carla (1961) to cause extensive 
damage in the Houston-Galveston, Texas area (estimated at 1.8 billion [1983] 
dollars). By hurricane standards, Alicia w~s only a medium sized hurricane that 
reached a minimal category 3 status (based upon the Saffir/Simpson scale) at 
landf all. Carla was a lIUch larger and more intense hurricane than Alicia, but 
Alicia struck a highly urbanized coastal area. Alicia caused more damage than 
Carla - the estima ted total damage of nearly 2 billion dollars is the largest 
dollar damage ever recorded for a hurricane striking Texas. If a hurricane the 
size and strength of Carla were to strike close to the Galveston Bay area today, 
the losses have been estimated to be two to three times more than those caused by 
Alicia (Case and Gerrish 1984). 

While the analyses described in this Appendix can provide useful information on 
a single storm event for calibration of hurricane surge computation using a 
numerical model, the purpose of the analyses was to specify clima tological 
hurricane parameters. These are central pressure, speed and direction of forward 
motion, and the radius of maximum winds. 

A.2.2 Previous Reports 

The National Hurricane Center provided a description of significant. features of 
all Atlantic tropical storms that occurred during 1983, including Hurricane 
Alicia, in the Monthly Weather Review (Case and Gerrish 1984) and in the National 
Summary of Climatic Data (National Hurricane Center 1983). These publications 
a Iso included a smoothed "best" t rack for Alicia. The NHC publication on annual 
data and verification tabulation for the 1983 Atlantic tropical cyclones (Clark 
and Staff 1984) also includes a list of Alicia's center-fix positions obtained 
by aerial reconnaissance penetrations, satellite images, and land-based radar. 
The hurricane's central pressure, maximum winds and other data observed by 
reconnaissance aircraft are also included in that report. Meteorological data 
collected at data buoy stations in the Gulf of Mexico can be found in the report 
"NDBC Observations During Hurricanes Alicia and Barry, 1983," published by the 
NOAA Data Buoy Center (1984). 
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Lambeth (1983) provided a 
Alicia. It included maximum 
both, reported from regular 
Texas Air Control Board (6 
(12 monitoring stations) in 
Plant in Freeport, Texas. 

summary of ava ilable informa tion about Hurricane 
wind, minimum pressure, and times of occurrences of 
reporting stations and other sources, including the 
stations), Houston Regional Monitoring Corporation 
the Houston-Galveston area, and the Dow Chemi cal 

Marshall (1984) used surface windspeeds recorded during the passage of Alicia 
to estimate fastes t-mi1e windspeeds at 10m above ground and compared these 
speeds wi th recommended windspeed criteria for the design of buildings and other 
permanent structures. Powell et a1. (1984) described the asymmetric character of 
the windfield in Hurricane Alicia and the changes in the winds during landfall. 
They found that the strongest surface and flight-level winds showed a close 
relationship to the precipitation structure of the storm as depicted by radar. 
Willoughby (1985) also described the evolution of Alicia's windfie1d as the 
hurricane made landfall. 

The Galveston District of the U.S .. Army Corps of Engineers (1983) evaluated 
storm damage caused by Alicia and published summaries of hydrologic, meteorologic 
and damage da ta. Garcia and Flor (1984) compiled coastal and inland tide gage 
data and high-water marks associated with Hurricane Alicia. They also included 
wave data and wave spectra in their report. 

A:J. .3 Sources of Data 

The reports discussed in the previous section were used to the maximum extent 
possible in the present study. We also examined original records to ensure the 
accuracy and completeness of this study and to enable us to provide more detailed 
information on track position, speed, central pressure, etc. This permitted us 
to perform the most comprehensive and detailed analysis yet developed for 
meteorological factors associated with Alicia and important to storm-surge 
modeling. 

The basic informa tion was obtained from the regularly reporting network of 
weather stations operated by NWS, NOAA and the military services. These reports 
are maintained at the National Climatic Data Center in Asheville, North Carolina. 
Supplemental data, -available in the NCDC archives, included ship observations, 
radar observa tions, radiosonde records, reconnaissance fligh t data and satel1i te 
observations. 

In addition, meteorological data collected by research aircraft of NOAA's 
Office of Aircraft Operations (OAO) were processed by computer and stored on 
magnetic tapes at the Hurricane Research Division (HRD) of NOM's Atlantic 
Oceanographic and Meteorological Laboratory. (AOML) in Miami, Florida. This 
information was made available to us for this report. A detailed description of 
the collection of meteorological information by aircraft, inc;luding the 
instrumentation, its calibration, and reliabi1ities, has been included in 
Hawkins et a!. (1962). A more recent discussion of the calibration and 
instrumentation of present-day NOAA research aircraft can be found in other 
publications (e.g., Merceret et a1. 1980). Availabili ty Of airborne research 
meteorological data collected by HRD/AOML are included in Friedman et a1. (1982, 
1984). 
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A.2.4 General Meteorological Situation 

The system which developed into Hurricane Alicia on August 17, 1983, initially 
formed in the northern portion of the central Gulf of Mexico. This system 
intensified into a tropical storm around mid-day of August 15 and drifted 
westward for the next 24 hours. Surface pressures were high over the Gulf of 
Mexico and rema ined high during the early stages of the storm's development. 
Several ships located near the storm reported pressures of 1015 to 1016 mb late 
on the 15th. During this time the storm remained quite small and generated winds 
stronger than usually observed in storms with similar minimum central 
pressures. Alicia turned toward the west-northwest on the afternoon of August 16 
and attained hurricane intensity on the morning of the 17th. Hurricane Alicia 
moved northwestward at the a steady pace and crossed the Texas coast about 30 nmi 
southwest of Galveston at 0700 GMT on August 18. The minimum pressure at the time 
of landfall was 962 mb. Maximum sustained winds of 78 kn were reported by a 
Coast Guard Cutter near Galveston. Alicia maintained its hurricane intensity for 
the 6 hours after making landfall. Maximum winds of 77 kn were reported at 1050 
and 1524 GMT at Pearland, Texas, and 70 kn at 1300 GMT at Baytown, Texas. After 
passing the southwestern suburbs of Houston, Texas, Alicia weakened rapidly and 
moved northwestward over Texas and then northward over western Oklahoma. 

A.2 .5 Detailed Meteorological Analysis 

A prima ry focus of this study was to analyze in detail hurricane parameters 
used in storm-surge models in order to develop a statistical climatology. For 
this purpose, we analyzed raw observational data. The intent of these analyses 
was to develop specific values of the hurricane fS central pressure, radius of 
maximum winds, direction and speed of forward motion, and location of its center 
at various time intervals. Particular attention was focused on the period just 
before and after the hurricane made landfall since this is the time interval most 
critical for storm-surge computation. 

A.2 .5.1 Stora Track. Generally, the analyses of meteorological data are 
weigh ted toward synoptic-scale motion. The hurricane track, thus obtained, is 
the best estimate of the large-scale motion and not necessarily the most precise 
location of the eye at discrete time intervals. Track differences of a few 
miles, insignificant in determining the large-scale motion, can be significant 
for replicating high water on the open coast and inside bays and estuaries in 
surge-model computations. 

Figure A.1 shows the final track determined for Hurricane Alicia from 0000 CST 
(0600 GMT) on August 16 through 1200 CST (1800 GMT) August 18 together with 
locations of meteorological stations used in this report. Except .for Baytown, 
the stations are either NWS offices or military installations reporting regularly 
to the NWS. The positions of the storm center are shown at 6-hour intervals. 
The central pressure (mb) and the radius of maximum winds (nmi) are plotted to 
the left of 12-hour positions. Direction of storm motion at landfall was 
determined from figures such as this. 

Any final determination of the track and speed of forward motion of a 
hurricane, especially over data-sparse regions, has inherent uncertainties. The 
track that was finally chosen was based on subjective analysis of all available 
information. Figure A.2 is an example of the information used in our analysis. 
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Figure A.l.--Hurricane track for Alicia, 0000 CST August: 16 
August 18, 1983. 

througb 1200 CST 

Hurricane eye positions based on radar observations reported from Galveston, 
Texas, and Lake Charles, Louisiana, are shown as solid dots. Aircraft 
reconnaissance penetration fixes are shown by triangles. Locations of the 
hurricane I s center determined from satellite observations are given by 
diamonds. The da ta from rada r fixes and aircraft penetrations were the prima ry 
sources used in determining the tra c!.t and speed of ::he hurricane over the open 
ocean. However, information obtained from satellite observations ana from ships 
and oil rigs operating in the area was considered in determining the final track 
and speed of motion. 

A.2 .5.2 Forward Speed. The translation speed of the hurricane is an important 
factor in determination of the surge along the open coast and in bays and 
estuaries. Hourly positions were the basic data used to determine the forward 
speed. Speeds between successive hours from positions along the best track were 
first deter.nined and plotted on a time scale and smoothed. Then smooth curves 
drawn from these data were used to adjust the hourly locations. The new 
locations were examined with regard to the observed data and, if necessary, some 
further adjustments were made. This process was continued in an iterative 
fashion until the best combination between smooth forward speeds and observed eye 
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positions ~as obtained. This process helped to obtain the best possible estimate 
of Eorward speed and hourly locations. 

A..2 .5.3 Central Pressure. The most important meteorological input to storm
surge models is the intensity of the hurricane which can be parameterized in 
terms of its central pressure. ~nimum pressures observed at stations and during 
reconnaissance aircraft penetrations are presented in Figure A.3. These 
observations were not all obtained at the same ti~e. Since the track of the eye 
did not cross any land station location, none of the values reported at land 
stations are equal to the 'minimum central pressure in the sto~. 

Figure A.4 shows our analysis of pressure data Erom land stations and aircraft 
reconnaissance flights used to obtain a time history or Alicia's central 
pressure. A smooth curve was fit to the data by eye. Alicia deepened gradually 
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at an average rate of 1 mb per hour starting from 1200 GMT on August 16 until it 
reached a minimum value almost 2 hours after landfall. A reconnaissance aircraft 
recorded the minimum pressure of 962 mb at 0842 GMT on August 18 (fig. A.4). We 
consider this pressure to be the lowest that occurred in Hurricane Alicia. The 
short time intervals between central pressures obtained by aircraft, combined 
with other information (cited in sec. A.2.2), did not indicate any lower pressure 
at intermediate times. 

As Alicia continued its north-northwesterly course overland, its intensity 
weakened only gradually over the next several hours. Alicia's central pressure 
reached its minimum and stayed nearly unchanged for another 2 to 3 hours after 
the hurricane center crossed the coast. Hurricane central pressure usually rises 
rapidly after the storm center moves over land. The central pressure of 
Camille (1969), which was a small and intense hurricane, rose at a rate of about 
10 mb per hour for about 5 hours after its center crossed the Mississippi 
coast. For Alicia, the lowest sea-level pressure recorded at Alvin, Texas, was 
967 mb and at Pearland, Texas, it was 972 mb. Alicia weakened rapidly soon after 
it passed the southwestern suburb of Houston, Texas. Its central pressure 
rose to 980 mb as its center passed near Spring, Texas, just 14 nmi west by north 
of Houston Intercontinental Airport (sea-level pressure at Spring reached 982 mb 
at 0952 CST or 1552 GMT - see fig. A.3). 

A.:l.5.4 Wind Analysis. In addi Hon to the minimum pressure reported at stations 
during hurricane passage, surface winds were recorded at several weather stations 
operated by the NWS and the military services. The Hurricane Landfall Program 
executed by the HRD of the AOML, NOAA, recorded radar data and collected post
storm surface meteorological data from numerous NWS and private sources 
(Powell et a1. 1984). This data collection was made ava ilable to us for this 
study. We analyzed the windfield for Alicia in two ways. We first examined the 
wind observations of land stations. Next, we did composite streamline analyses 
of the windfields at various intervals near the time of landfall. This wind 
analysis was used to aid in the determination of the radius of maximum winds. It 
also provided some guidance in determining the best track. 

Figure A.5 shows the time variation of windspeed and sea-level pressure 
recorded at Houston Intercontinental Airport, Texas. The figure shows that the 
maximum wind of 51 kn occurred some 3 hours before the minimum pressure was 
reached at about 1450 GMT on August 18. The maximum wind was observed when the 
hurricane center was about 28 nmi (51.8 km) south of the station. Figure A.6 
shows similar curves for pressure and windspeed recorded at the EXXON office in 
Baytown, Texas. A maximum wind of 70 kn was observed at 1300 GMT when the storm 
center was 31 nmi (57.4 km) to the west. 

Since surface data were too limited and scattered to analyze the winds when the 
hurricane was located some distance off the coast, all reconnaissance aircraft 
observations wi thin intervals of several hours were combined and plo.tted. This 
technique, called composite analysis, makes use of the hurricane center as the 
basis of the coordinate system. The position of each observation taken in aerial 
reconnaissance was measured in terms of azimuth angle and radial distance 
relative to the hurricane center at the time of observation. Each wind 
observation was then transposed to the relative location with respect to the 
hurricane center at map time. Figure A.7 shows a composite analysis based on the 
flight-level wind observations taken from 2040 GMT on the 17th through 0040 GMT 
on the 18th. The transposed observations are shown in this chart. The figure 
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shows an isotach (isolines of constant winds peed) analysis of flight-level 
(1,500 m or 5,000 ft) winds. The isolines are labeled in kn. The analysis L; 
assumed to apply to the center time (2240 G1T) of the compos ite period. rfaximum 
'~nds of about 85 ~n were observed in the front semi-circle at about 15 nmi (27.8 
km) from the storm center. 

Powell et al. (1984) constructed composite '!lapS using mean surface and fligh t
level trind data, adjusted to the 10-m level. The obser-vations .,ere :Jlotted at 
tr-ansposeci locations, relative to the trind center or the storm, as determined 
from aircraft reconnaissance fixes, surface winds, 3ea-level pressures dnd radar 
data. Figure A.8 shows the streamline and isotach analysis of a composite :nap 
from Powell et al., near the time of landfall (0730 GMT). The analysis assumed 
that the storm structure and intensity had not changed during the period of 
composite, 0400-1100 GMT on August 18. At this time, Alicia exhibited a double 
eye structure. The maximum winds observed during this period in the ston 
(39 m/sec or 78 kn) were found in the outer radius by a Coas t Guard cutter near 
Galveston, Texas. The extreme winds near the inner core (eyewall) T.o1ere slightly 
less than those of the outer maximum which was about 30 nmi (55.6 km) from the 
storm center. Analysis of flight-level winds for t~e same oeriod (diagram not 
shown) revealed maximum flight-level winds of 90-100 kn occurring at about 30 nmi 
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(55.6 :.:m) co t:te r-ight cf the storm center. 1.1is agr~es very well with surtJce 
.;i:1d obser· ... a tions. A secondary wind maximum (80-85~n), nearer the eye at 
flight-level, was located in the right rear quadrant of the storm. 

A.2 .5.5 Radius of MaxilJBUll Winds. A common measure of hurricane size is the 
distance between the storm center and the band of highest winds. The determina
tion of the radius of the maximum winds was made on the basis of all available 
data for t!1is storm. Three different types of obs~rvations were used. The first 
included maxi:num flight-level "Hinds and estimated surface rrinds as reported by 
reconnaissance aircraft. The second 'Nas the radar-estima ted eye wall diame ter, 
as well as data on the size of the eye as ~eported by reconnaissance aircraft and 
hy surface stations. Some vi3ual reports ,.Jere used ~Nhen the reconnaissance 
aircraft were in the eye of the storm. The third measure, useful only after the 
hurricane was near shore, was the estimated radius deduced from wind records at 
land stations. In Alicia, we relied heaVily on the first and the thi·rd measures 
to determine the R value. 

Figure A.9 shows High t-Ievel winds recorded at the 8S0-mb level bet--""een 
1352-1433 m1T on August 17. The winds were recorded at 1-second intervals by 
reconnaissance aircraft of NOAA's Office of Aircraft Operations and 'Mere 
processed and plotted as a function of radial distance from the hurricane 
center. The winds obtained during a traverse of the eye along a path 349 0 to 
169 0 revealed that maximum winds of about 45 m/sec (90 kn) occurred near 30 km 
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Figure A.8.--5l:rea.l1ne (solid lines) and 10-.. isol:acb (dashed. lines) analysis 
for Rurricane Alicia, ono ()ft' AlQtusl: 18, 1983 (fr.- PoIIell el: al .. 1984). 

(16 nmi) from the storm's center. Similar radial wind profiles constructed from 
winds recorded in each traverse of the hurricane eye were plotted by computer and 
made available to us by the RRD/AOML, NOAA. Examining a series of wind profiles, 
we obtained estimates of R at various times. Further analysis of composite 
.:!hart:s of flight-level <.nnds, previously discussed, provided additional ins i~ht 
into the time histOr:7 of R in Alicia. 

Figure A.IO shows the radial distance of wind maxima, thus obtained', at various 
times between 0600 GMT on August 17 and 0000 GMT on the 19th. Smooth lines drawn 
throu~h these da ta points provided us wi th curves from which the radius of 
maximum <Ninds was determined. Radial distances of maximum winds obtained from 
analysis of flight-level winds are shown by solid boxes; those deduced from 
surface winds recorded at land stations are given by triangles. The magnitude of 
extreme winds recorded at a given time was classified into two categories, a 
prima ry and a seconda ry '..,i nd maximum. The prima ry wind maximum is denot ed by a 
solid line, while the secondary wind maximum is indicated by a dashed line. A 
shift of the primarJ wind maximum from a radial distance of about 15 nmi 
(27.8 km) to about 30 nmi (55.6 km) from the center seems to have occurred around 
0600 GMT on August 18. 
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A.2 .6 Discussion 

radials through the 

The ·,ral:1e of R is one of the i:nportant factors to be pr"~scrihed .in a numerical 
~oill?uta tion of hurricane surges at the coas t as well as in bays and estuaries. 
The R value, together with a precisely determined storm track specify the 
location of maximum winds along the coast. This, in turn, influences the water 
level produced by surface wind stress in a storm-surge model. It is important 
for surge modelers, as well as users of hurricane surge models, to have precise 
meteorological i:tforma tion in order to calibrate or verify a numerical surge 
model. The radius of maximum winds for Alicia shifted from 15 nmi (27.8 km) to 
30 nmi (58.5 km) near the time of landfall. The transformation of storm size for 
Alicia took several hours to complete. The high c.o1inds near the inner .!ore c3used 
severe damages to downtown Houston, Texas. However, high-water l~veld in 
Galveston Bay (close to Ii ft above MSL at Baytown, Texas) were generated by t::e 
winds within the region of highest winds. After examining all available data, r~ 

concluded that R for Alicia shifted from 15 :1mi (27.8 km) to 30 nm! (55.6 len) 
just before the hurricane made landfall and that the larger R should be applied 
to surge co~utations for the Galveston Bay area. 

Hurricane data of recent years have shown large variabilities in hurricane 
parameters at various stages o~ a hurricane's life cycle. After a hurricane 
moves over land, its characteristics often change abruptly, due to larger surface 
friction and modifications to the heat and energy supply. Such changes in the 
char3cteristics of the hurricane woul d result in a departure from the 
standardized rMind profile of the storm-surge model. Hurricane parameters, 
especially the index R, given in Tables 1 through 3 may not be the best values 
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for replicating observed surges with a standardized wind profile. The variation 
in R near landfall might have to be examined on a case-by-case basis before a 
suitable value can be determined for the calibration of a numerical surge 
model. In the calibration process, the computed model winds, in addition to the 
cocputed high-water level, should be verified using observed data to ensure the 
adequacy of the wind model used in the numerical surge computation. 

A.3 Hurricane David, Septeaber 2-5, 1979 

A.3.1 Introduction 

Hurricane David emerged from. the central Caribbean on September 2 after 
devastating the Dominican Republic and rapidly weakening to tropical storm 
strength over the mountains of Hispanola. David was the strongest hurricane to 
hit Santo Domingo, Dominican Republic since 1930 (Hebert 1980). Once over water 
north of Cuba, David began to reintensify as it moved northWestward and 
approached Andros Island in the western Bahamas with winds of 61-69 kn 
(DeAngelis 1979). As the center crossed the island late in the afternoon on 
September 2, it appeared to be heading toward the ~ami area (fig. A.ll). A turn 
to the north-northwest, however, brought the slowly strengthening hurricane about 
50 nmi (92.6 km) east of mami on Labor Day, September 3. Winds of 50 k.11 were 
reported buffeting Miami Beach by 0800 G1T September 3. David continued moving 
north-northwestward and passed within 25 nmi (46.3) of West Palm Beach with a 
minimum central pressure of 973 mb at 1445 GtT September 3. Winds of 50 kn were 
experienced at Wes t Palm Beach Shortly before David's nearest approach. At 
1730 G1T on September 3, the storm center made landfall just south of 
Stuart, FLorida, with a central pressure of 968 mb. Winds of 60 k.n were recorded 
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Table A.l.--Time., flight pattern., and flight level of lfOAAlRP'C lIlisslons into 
Hurricane David., September 1979 

~1ission * Time period Pattern J:'light level( s) 
(GMT) ( ft) 

790902F 02/0145-0925 east-west 
race track 5,000 

790902 I 02 /1130-1853 star lIariable 

790902H 02/2002-03/0454 Recon. 118 riable 

790903F 03/0504-1240 star (see fig. A.12) 5,000 

7909031 03/2312-04/0641 along FL coast va riable 

790904H 04/1723-05/0128 modified star variable 
(eye partly onshore) 

* The missions are designated by an identification code, YYMODAAC where: 
YY == year 
MO == month AC 
DA = day of the month {

F 2 NOAA/RFC C130B aircraft 41 
~ aircraft H = NOAA/RFC WP-3D aircraft 42 

1 == NOAAiRFC WP-3D aircraft 43 

at Stuart at 1600 GMT. David remained close to the Florida east coast for the 
next 11 hours as it moved north-northwestward over land. ijv 0600 GfT 
September 4, the storm center had moved back over open water north of Cape 
Canaveral. David was the first hurricane to strike the Cape Canaveral area since 
192 6 (Hebert 1980). Central pressures in David remained steady as it made its 
wav north toward Georgia. Landfall occurred for a second time in the United 
States at 1822 GMT September 4 north of Rrunswick, Georgia, with a minimum 
central pressure of 968 mb. David continued on a northerly track and passed just 
west of Savannah, Georgia, at 2346 GHT September 4. 

A.3 .2 Previ OIlS Stool es 

Hebert (1980) prepared a detailed description of Hurricane David"" and included 
meteorological data from land stations as far south as the Lesser Antilles, and 
as far north as Mt. Washington, New Hampshire. He compiled meteorolo)Zical data 
from regularly reporting stations, as well as various unofficial sources which 
were used in the analysis of the variation of central pressure with time (shown 
in fig. A.15). The National Hurricane Center published an annual verification and 
data tabulation for Atlantic tropical cyclones of 1979 which included Hurricane 
David (Hebert and Staf f 1980). The compiled data tabulations give David's 
center-fix positions obtained by aerial reconnaissance penetrations, satellite 
images, and land-based radar. Central pressures, maximum winds and other data 
observed by aerial reconnaissance were also included for Hurricane David. 
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!1:;ItUre A.12.--tteco1l1Ulissance flight l'atteru., desiKUa·ted as star patteru., used in 
Hur-ric:anes David aDd Allen (r~fer to Fried_n at al. 1982). 

30"'..rel! at -31. (1982) provided a reDort: of :ide data durlt;g the ~assage ::: E 
!:{ur1:'1cane David at ~'fiami Beach, Palm 3each, and Vera 3t!:3Ch, Florida. 5i:OM 
surzes at ?al!ll 3each and Tlero Eeach '.'lere cOflll)uted by lowell et: ·'al. usiml .:1 

numerical storm-sur!!'e model and compared to1ith observed values. 

A..3 ..3 Aircraft Data 

~OAA research aircraft fl~g gi~ missions into Hur1:'icane David during the Der:od 
September 2-;. Table A.l summarizes the flight patterns, flight levels and the 
time periods for ""hich meteorological and flight data to1ere recorded. The ElL~ht 

?atterns flown tn these missions included a 'star' t7!,e (fig. A.12) and a '~econ' 
':~J'pe. The 'Recon' flight pattern was .:I deviation from typical Elight patterns. 
In this C3se, the actual pattern completed to18S designl3d to optimize both the 
determination of the storm center location and collection of research data. A 
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de tailed inventory of airborne research me teorological data is described by 
Friedman et ale (1982). This set of NOAA flight data was supplemented by Air 
Force reconnaissance flight data recorded on the morning of September 4. 

A.3 .4 Central Pressure 

A.3 .4.1 Po FrOll Aerial Reconnaissance. Minimum central pressures were recorded 
nearly continuously from September 2-4 by NOAA and Air Force reconnaissance air
craft when Hurricane David was moving over open water. Pressure values were 
obtained from Hebert et al. (1980). These pressure values were used in 
Figure A.lS. When Hurricane David moved over land, reconnaissance aircraft did 
not penetrate the eye to obtain a pressure reading because of increased 
turbulence over land. 

A.3 .4.2 Po FrOll Land Station Observations. Once Hurricane David was over land, 
station reports of hourly weather observations and barograph traces were used to 
determine minimum pressures. If the center of the hurricane eye passed directly 
over a land station, then the minimum pressure could be readily determined. 
Hurricane David, however, did not pass directly over any land stations. Since 
several stations were very close to the track, their minimum pressures were used 
to estimate the storm's minimum pressure. Figure A.13a shows the time variation 
of minimum pressures recorded at Shuttle Airport, Florida every 3 hours. From 
this plot, the lowest pressure observed during the passage of David, 974 mb, 
occurred at about 0300 GMT September 4, when the storm's eye was located only 
about S nmi (9.3 km) to the west of the station. This estimate was plotted in 
Figure A.lS. Another example of (hourly) station pressure data is shown in 
Figure A.13 b for Savannah Municipal Ai rport, Georgia. A minimum pressure of 
970 mb was experienced at 2300 GMT September 4 when David was ahout 7 nmi (13 km) 
to the west. This estimate was also used in the analysis shown in Figure A.lS. 

A.3 .4.3 Pressure Fit at the Coast. Minimum pressures determined at the Florida 
and Georgia coasts were not based on any single source. Observed pressures were 
extrapolated inward to P using visually-fitted radial pressure profiles based on o 
equa tion 1. Figure A .14a shows a subjective ly fit pressure profile curve at the 
Florida coast, near the time of landfall, at 2100 GMT September 3. Pressure 
observations from several land stations were plotted against distance from storm 
center at 2100 GMT. Then a curve was' drawn to fit the data. Figure A.14b is 
another example of the pressure profile curve except· at 1800 <Hr September 4, at 
the Georgia coast. In both cases, a minimum central pressure of 968 mb was 
estimated. In the case of the Georgia coast, a NOAA research aircraft measured a 
minimum 700 mb height of 2820 m at 1822 GMT September 4. Using a nomogram for 
estimating surface pressure in the eye of tropical cyclones (Jordan 1957), a 
central pressure of 968 mb was also estimated. 

A.3.4.4 Ti_ Variation of P. Hurricane David was most intense (central 
pressure of 92 4 mb) while stil? located in the Caribbean Sea, sou.th of Puerto 
Rico. The analysis for this period was used in Chapter 4. As David emerged from 
the central Caribbean Sea, however, central pressures moderated considerably (see 
fig. A.l!). Figure A.IS shows the time variation of central pressure in David 
for the period of September 3-5. Minimum pressures recorded by reconnaissance 
aircraft and land stations at various times were used to obtain a time history of 
David's central pressure. The line drawn is a curve fit to the data by eye. 
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Reconnaissance aircraft reported a minimum pressure of 965 rob at: 0051 GNT 
September 3 just as David crossed Andros Island, about 120 nmi (222 km) southeast 
of ~iami, Florida. A central pressure of 966 rob was recorded by aerial 
reconnaissance at 0302 GMT. By 0531 GMT September 3, another mission reported a 
central pressure of 981 mba The pressure difference in these 2.5 hours was 
15 mb. This large pressure rise seems to be inconsistent wi th the other da ta as 
Figure A.ls shows and no explanation can be given. Hurricane David approached 
the soueheast coast of 710rida at a speed of about 10 kn, and a central pressure 
of 968 mb was deternined at landfall at about 1730 ~1T September 3. TIlis ',falue 
is the pressure recorded in Table 2. As David moved northwest-ward over land 
along the Florida coast (fig. A.11), central pressures increased very gradually 
until the storm exited the coast and moved over water again. A central pressure 
of 975 rob was consistently reported by Air Force reconnaissance aircraft from 
1142-1515 GMT September 4. During this time, David was moving over.water north 
of Cape Canaveral at about 12 kn. As the hurricane approached the Georgia coast, 
pressures dropped at about 2 mb/hr from 1515 GMT until a low pressure of 968 mb 
was determined at landfall (see sec. A.3.4.3), about 1822 GMT September 4. David 
moved inland at about 10 kn and weakened slowly. Savannah, Georgia experienced a 
minimum pressure of 970 rob when the center of David was only about 7 nmi (13 km) 
to the west and 40 nmi (74 km) inland. 
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A.3.5 Radius of Maximum Winds 

A.3.5.1 R From Aerial Reconnaissance. Figure A.16a shows a wind profile 
constructed from flight-level wind data recorded between 2308-2356 GMT 
September 2. The winds were recorded during a north-south traverse through the 
eye and are plotted against radial distance from the storm center. The figure 
indicates that a wind maximum is located to the north of the center at a radial 
distance of about 35 km (18.9 nmO. This value was plotted in Figure A.18 at 
2332 GMT September 2. Figure A.16b is another wind profile for Hurricane David 
cons tructed from fligh t-level winds recorded between 0644-0748 GMT September 3. 
At this time, the storm center was located over open water about 68 nmi (126 km) 
east-southeast of Miami, Florida (see fig. A.II). Flight-level winds were 
recorded during a northeast-southwest traverse through the eye. The wind profile 
indicates that maximum winds occurred at a radial distance of about 45 km 
(24 nmi) northeast of center. This value was plotted in Figure A.I8 at 0716 GMT 
September 3. Figure A.16c shows another wind profile constructed from data 
recorded between 1750-1841 GMT September 4. At this time, the storm center was 
over water north of Cape Canaveral and approaching landfall on the Georgia 
coast. The winds were recorded during an east-west traverse through David's 
eye. Figure A.16c indicates a maximum wind at a radial distance of about 20 km 
(10.8 nmi) west of center. This value is plotted at about 1815 GMT September 4 
in Figure A.18. Figures A.16a through A.16c suggest the existence of secondary 
maxima (indicated by solid dots in fig. A.18) which were relatively short
lived. Analysis of composite maps (diagrams not shown) revealed that these 
secondary maxima were scattered and quite disorganized. They were not considered 
relevant in the specification of the parameters that are the focus of this study. 

A.3 .5.2 R From Land Station Observations. Once the storm moved inland, land 
stations were the primary source of data. Data from these stations were obtained 
from the NCDC in Asheville, North Carolina, where all raw data from station 
observations are stored. 

Figure A.I7a shows a time variation of windspeed and wind direction for Shuttle 
Airport, Florida from 1200 GMT September 2, to 0000 GMT September 5. This plot 
consists of hourly wind observa tions as Hurricane David passed just west of the 
station (0300-0400 GMT September 4). Note the shift in wind direction as the 
storm center passed. Winds veered from the east to east-southeast then south 
indicating the path of the storm center was to the' west of the station. A 
maximum wind of about 37-38 kn (19-20 m/s) was experienced at Shuttle Airport at 
0530 GMT September 4 when the storm center was located approximately 20 nmi 
(37 km) away from Shuttle Airport (see hurricane track on Fig. A.II). 
Figure A.17a also shows the distance of the storm from Shuttle Airport (dashed 
line). Using this informa tion, a radial distance of 20 nmi .(37 km) was 
determined for the wind maxima and was plotted in Figure A.I8 at 0530 GMT 
September 4. Figure A.I7b shows another plot of hourly windspeed and di rection 
against time for Savannah Municipal Airport, Georgia from 0600 GMT September 3 to 
1700 GMT September 5. The wind direction at Savannah as David's center passed 
nearby shifted from the east to east-southeast then south and finally 
south-southwest. This indicates that the hurricane passed to the west of the 
station (fig. A.II). A maximum wind of 'about 37 kn (19 m/s) occurred at Savannah 
at 2230 GfT September 4. The track in figure A.ll indicates that the hurricane 
center was only about 10 nmi (18.5 km) away from Savannah at 2230 GMT 
September 4. 

170 



z. W ---,-- ----, 
0 .- N 0 
w • • ••• • I ••• • 9;; • N· ... 

~ .' .. 0 J.' ••• .. ' ... • ••••• • • , n E • •• • , • ~ n \ ~ • 
:: s - \ 

I • \ . .... , ...... • • .\. .... \ ... 
0 0 

50 \ , , 
I 0 , , 

\ 0 

\ ~ 
40 , , 

0 , , I 
'" I c I 

...... .x 30 0 

+ 
--I ".J , ,-- n 

ld 
W , 
Q.. 

~ (J) 

n 
2.0 4; ~ 

:: I 
I /\r-V I 

I I I I I I I 
2/12 18 3/00 06 12 18 4/00 06 12 18 5/00 

TIME (GMT) 

Figure Atla.--·Ylud GI)eed (solt,t IIIH! ) and cJl1'ecttuli (dots) at ShuUle Airport, [II ud da t during the I,assage of 
lIur.rlcane navld. ScoJ)temher 2-4. 1919. nashed 11 ne a.lwwtJ dlstant:e of stur. fro. slatlon. 



...... 

"'" I",) 

z 
Q 
I
U 
W 
0: 
o 

,r. 
c;:: 

.!II: 
'-' 

0 
W 
W 
Q.. 
en 
0 
z 
3; 

w 

E 

50 

4 

3 

20 

10 

........ *~ . .. ... * ........ .. ,* ... '" ... '* ...... '* '* '* ..... * .. * .......... '* J '* * ... ~ *w ... '* ...... ... ... ... 

.. .... *-.;. ..... '* '* '* '* .*. * • * * ...... ~-"----' ....... ,_.-- ..... 
-....-.._- ....... "", ..... _'-

\. 
"- "-

4/00 06 

"
"- ...... , 

"-
\ 

" "-

12 

TIME (GMT) 

\ 

18 

\ I 
\ I 

\ I 
I 

\ I 

\V 
" 

I 
I 

I 

5/00 

I 

// 
I 

/ 

/'" 
/' 

06 

/ 
",. 

./ 
/' 

( 

./ 
~ 

12 

,....-

1020 

1010 

,-... 
.a 
E 

1000 '-' 

W 
0: 
::> 
en 
en 
w 
0:: 

990 Q.. 

...J 
W 
> 
W 
..J 

980 
« 
w 
en 

18 

Figure Al1b.--Willd speed (,mUd line) and direction (stars) at Savannah. (Hunlclpal Atrpol."t). Ceorgia. during 
the passage uf Uurdcane David. SepleUlbe·r 3-5, 1919. Dashed line shows the tiae variation of central 
prelit ... re. 



10 -

(.! 
Ii: 
c: .... 5 
w 
0 
z .. 4C -I-
!!! 
a 
.J 

3 ~ 
a .. 
cr 

20 

IIUHRICANf OAVIU, SU'L • 9 "/9 
, - ,--..,--r---'---j'---'-"-""---' ---,---1--,----,r--,---y--,.-

6NOAA III C/IN .,414 • • -"(CON UAIA (Ste.""" ., .... ,) 
0L 4NU 51 A liON:. 

• 
• 

• • • 

• 

lalldfall , 
J... __ ~ _,£lo::-_",---::....,''''=-::::--...L..._-::&'"", 

12 .8 4/00 06 

TlUE (Gun 

0,,10 ... 
o 

12 

• 

..... -...e.rl~· HB' SIVlftftl •• GA 
, 4. Hu.'a. AfB.GA 

Lall'hll 

18 5 

Pigu['e A.18.--Kadlal dhaances ({['om eye center) of wind maxiwa in lIurricane David. September 2-5, 1919. 



I 

A.3 .5.3 Tille Variation of R. Figure A .18 shows the time va riation of the radius 
of maximum winds in Hurricane David from 0300 GMT September 2 to about 0800 GMT 
September 5. Radial distances of maximum winds from the storm center measured by 
reconnaissance aircraft at various times, and those obtained from analyses of 
land-station wind records were used to obtain this time history. 
Reconnaissance aircraft reported the maj ority of maximum winds needed for 
R-value analyses, especially before 1200 GMT September 3. The line shown was 
drawn to the data by eye. 

As Figure A.18 shows, the radius varied from about 17 to about 28 nmi 
(31.5-51.9 km) between 2100 GMT September 2 and 1200 GMT September 3. By 
1400 GMT September 3, land stations were beginning to experience maximum winds. 
West Palm Beach, Florida experienced maximum winds when the hurricane center was 
about 18 nmi from the station. Stuart, Florida recorded maximum winds at about 
1600 GMT September 3 or 1.5 hours before the storm center made landfall in 
Florida. The radius of maximum winds remained steady at 26 nmi (48.1 km) during 
landfall. By 2100 GMT September 3, the radius began decreasing again until about 
0100 GMT September 4 when a reconnaissance aircraft reported maximum winds at a 
radius of 20 nmi (37 km). The radius remained steady once again at 20 nmi 
(37 km) as the storm moved out over water north of Cape Canaveral (see 
fig. A.11). Roth Melbourne and Shuttle Airport, Florida, experienced maximum 
winds when David was located 20 nmi (37 km) from the station before exiting the 
coas t. From about 1030 GMT September 4 until landfall in Georgia at 1822 GMT, 
the radius of maximum winds decreased to 10 nmi (18.5 km), as determined from 
maximum winds recorded by a reconnaissance aircraft at about 2000 GMT. This was 
the smallest radial distance reported within 150 nmi (278 km) of the east 
coast. Hunter AFB and Savannah, Georgia, both recorded maximum winds soon after 
the storm center made landfall when David was located 10 nmi (18.5 km) to the 
south. After passing Savannah, Georgia, the radius of maximum winds expanded 
rapidly. Columbia, South Carolina, experienced maximum winds when the storm was 
located at a distance of about 47 nmi (87 km) from the station at 0600 GMT 
September 5. 

Because of the abrupt change in storm size after making landfall, using an 
R value of 10 nmi (18.5 km) in a numerical surge computation could not replicate 
surge heights along the coast produced by Hurricane David (Jarvinen 1985, private 
communication). As David moved parallel to the coast and passed some 40 nmi 
(74 km) inland of Charleston, South Carolina, its track and R influenced the 
position of the band of strongest winds along the coast. This factor, in turn, 
affected the coastal surges and the maximum wind setup effects in Charleston 
Harbor. In replicating high water levels experienced in Charleston, either 
varying R with time or using a large R value in a numerical surge computation 
would be required in order to obtain realistic results. 

A.4 Hurricane Allen, August 2-10, 1980 

A.4.1 Introduction 

Hurricane Allen originated near the Cape Verde Islands, off the west coast of 
Africa, and developed into the second most severe Atlantic hurricane in modern 
records. It reached tropical storm strength in the early hours of 
August 2, 1980, and attained hurricane strength that evening (see fig. A.19). 
Its central pressure dropped to 951 mb by the evening of the 3rd as the eye 
passed just north of Barbados and south of St. Lucia. The hurricane continued 
westward into the Caribbean at about 20 kn and passed south of Puerto Rico during 
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the evening of the 4th. Its central pressure deepened and reached 911 mb, the 
lowest pressure ever recorded in the eastern Caribbean, on the early morning of 
the 5th. 

The hurricane weakened as it passed the southwest tip of Haiti and moved 
between Jamaica and Cuba. This was the first of three strengthening-weakening 
cycles in Allen's Ii fe history that are unprecedented in hurricane records. 
Allen reintensified rapidly as the circulation moved over the northwestern 
Caribbean Sea. Arriving at Yucatan Channel on the 7th, its central pressure 
deepened to 899 mb, the lowest pressure ever observed in the western Caribbean 
and the second lowest ever recorded for an Atlantic storm. The hurricane 
weakened for the second time when it moved past the north coast of the Yucatan 
peninsula. Its central pressure rose rapidly, reaching 961 mb on the morning of 
the 8th. As the hurricane continued west-northwestward across the warm open 
water of the Gulf of Mexico, Allen deepened once again with a minimum pressure of 
909 mb observed during the night of the 8th. 

As the hurricane approached the Texas coast on the 9th, its intensity weakened 
and the forward speed decreased. Allen held to its west-northwesterly course 
until mid-day and then turned northwestward. After crossing the southern end of 
Padre Island just northeast of Brownsville, Texas, Allen continued in a 
northwesterly di rect ion. By early morning of the 10th, Allen moved inland at a 
slightly faster speed and turned gradually towards the west-northwest. In 
addition to the damage from the hurricane winds and storm surge, Hurricane Allen 
also spawned at least a dozen tornadoes over Texas. 

A.4.2 Previous R.eports 

The National Hurricane Center provided a description of significant features of 
all Atlantic tropical storms that occurred during 1980, including Hurricane 
Allen. This information was published in the Monthly Weather Review (Lawrence 
and Pellissier 1981) and in the National Summary of Climatic Data (National 
Hurricane Center 1980). Significant features mentioned in regard to Allen were 
the minimum central pressure of record, the rapid deepening, and the fluctuations 
in intensity during its life cycle. The appearance of a double eye configuration 
was noted in a Brownsville radar picture taken when Allen was 100 nmi (I8S km) 
off the coast. 

Willoughby et al. (1982) described secondary wind maxima associated with 
concentric eye walls and the evolution of the hurricane vortex in Allen and a few 
other hurricanes. They described the sequence of events as reported near Allen's 
inner core by reconnaissance aircraft on Augus t Sand 8, 1980. Based on data 
collected in Allen and other hurricanes, they concluded that an outer maximum is 
frequently observed to constrict about a pre-existing eye and replace it and the 
central pressure tends to decrease during the constriction. They suggest that 
the concentric eye phenomenon is most frequently observed in intense, highly 
symmetric systems. 

The NRC publication on annual data and verification tabulation for the 1980 
Atlantic tropical cyclones (Taylor and Staff 1981) also includes a list of 
Allen's center fix positions obtained by aerial reconnaissance penetrations, 
satellite images, and land-based radar. The hurricane's central pressure, 
maximum winds, and other data observed by reconnaissance aircraft are also 
included in that report. 
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Ho and Miller (1983) analyzed available meteorological data for Hurricane Allen 
during the period surrounding landfall to provide information for use in dynamic 
storm surge models. Detailed analyses were made of the storm track, forward 
speed, central pressure, and radius of maximum winds. 

Marks (1985) studied the evolution of the structure of precipitation in 
Hurricane Allen. He used reflectivity data from airborne radar systems on board 
the three NOAA aircraft to specify the horizontal and vertical precipitation 
distributions within 111 km (60 nmi) of the hurricane center. He found that the 
most striking changes in structure during the 6-day period were the rapid con
traction in eyewall radius and the development of a secondary ring of intense 
reflectivity 80-100 km (43-54 nmi) from the storm center. He further stated that 
these changes in eye radius appeared to be related to the vortex evolution, as 
discussed by Willoughby et al. 

A.4.3 Reconnaissance Flight Data 

NOAA/RFC research aircraft flew 12 missions into Allen during the 6 day period, 
from August 5-10. Table A.2 lists the flight patterns, flight levels and the 
time periods for which meteorological and flight data were recorded in each of 
the 12 missions.' The table lists two 3-aircraft missions flown on August 5 and 
August 8 and single-aircraft missions on other days. Willoughby et al. (1982) 
compared the calculated and observed properties of Hurricane Allen on Augus t 8 
for all three different flight levels (500-, 600-, and 8s0-mb levels). He 
concluded that one can obtain reliable indications of the evolution of the 
symmetric vortex from any lower tropospheric flight level above the boundary 
layer. 

A.4.4 Central Pressure Analysis 

Figure A .21 shows our analysis of the pressure informa tion from reconnaissance 
aircraft that was used to obtain a time history of Allen's central pressure. 
This figure clearly shows the three strengthening-weakening cycles. Allen 
reached a record low pressure (for specific areas) at each of its deepening 
stages. A minimum pressure of 899 mb observed at 1742 G:lT on August 7 was the 
lowest observed in Hurricane Allen. The central pressure was only 7 mb higher 
than the record pressure of 892mb observed in the Labor Day, 1935 storm that 
struck the Florida Keys. The low pressure of 909 mb, observed at 0558 GMT on 
August 9, was considered to be the lowest that occurred in Hurricane Allen as it 
approached the coast. The short time interval between central pressures obtained 
by aircraft, combined with other information, did not indicate any lower pressure 
at intermediate times. As Allen continued its course west-northwestward, 
approaching the Texas coast, its intensity weakened. While the', hurricane's 
central pressure rose steadily, the charaeteristics of its inner core appeared to 
have undergone dramatic changes, as discussed in the next section. 

A.4.5 Wind Analysis 

Flight-level winds on each traverse were plotted by computer and made available 
to us by the Hurricane Research Division of NOAA/ AOML. The aircraft locations 
for observation of flight-level winds were translated to positions relative to 
the storm center. From these records, composite maps of winds at given intervals 
were constructed. Another source of information came from Air Force 
reconnaissance aircraft that flew into the hurricane. 
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Table A.2 .--Time" flight pattern" and flight level of NoAA/Rye missions into 
Hurricane Allen" August 1980 

Mission 

800805F 

800805H 

8008051 

800806H 

8008061 

800807H 

800808F 

800808H 

8008081 

8008091 

800809H 

800810F 

Time period 
(GMT) 

05/1028-1742 

05/1021-1933 

05/1015-1932 

06/1239-1910 

06/1825-07/0031 

07/1601-08/0017 

08/1620-09/0059 

08/1631-09/0107 

08/1617-09/0110 

09/1 62 5-10 / 02 10 

09/2324-10/0947 

10/1006-1630 

Pattern(s) 

filits. A.2 Oa, A.20b 

fig. A.20a 
fig. A.20b 

fig. A.20a, A.20b 

fig. A.12 

fig. A.20a (modified) 

fig. A.20a (modified) 

cross 

cross 

cross 

cross 

along coast 

25 nmi off coast 

Flight level(s) 
( ft) 

10,000 

variable 
variable 

1,500, 5,000 

1,500, 10,000 (last half) 

5,000 

variable 

12,000 

18,000, 20,000 

5,000 

10,000 

variable 

700- and 8SD-.b levels 

* The missions are designated by an identification code, YYMODAAC where: 
YY = year 
MO = month 
DA = day of the month {

F = NOAA/RFC C130B aircraft 41 
AC = aircraft H = NOAA/RFC WP-3D aircraft 42 

I = NOAA/RFC WP-3D aircraft 43 

Figure A.22 is an example of flight-level windspeeds plotted against radial 
distances from the storm center. The wind data were recorded in a 312 0 to 132 0 

traverse through the eye between 1535 and 1627 GMT on August 5. The maximum 
winds can be located at radial distances of 15 and 19 nmi (27.8 and 35.2 km). A 
secondary maximum appeared near radial distances of 50-60 nmi (82.6-111 km) at 
the rear quadrant of the storm. At this time, Allen's central pressure had risen 
to 937mb, after having reached a minimum of 911 mb at 0000 GMT on the 5th 
(fig. A.2 5). Figure A .23 is another example of fligh t-Ievel wi ndspeed plotted 
against radial distances from the storm center. This plot shows wind data 
observed between 1844 and 1945 GMT on August 7. The maximum winds recorded 
during this north to south traverse through the storm center were located at 
radial distances of 5 and 10 nmi (9.3 and 18.5 km). The maximum winds decreased 
rather rapidly with increasing distance away from the center. Allen, at this 
time, was a small and extremely intense hurricane, having reached its minimum 
pressure of 899 mb less than 2 hours earlier (see fig. A.21). Figure A.24 is an 
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Figure A..20.--R.econnaissance flight patterns used in Hurricane Allen (refer to 
Fried.n et al. 1982). 

179 



970 

..... 960 
.Q 

Iii ....., 

IJJ a:: 
::) 

950 

CO 940 
CO 
IJJ a:: 
Q.. 

....I « 
a:: 920 
I-
Z 
W 
(.) 910 

'37 I 

r 1960 i 
....., I 

w 950~ I = ~ ::) T""{ 
~ 940 i '\ 

W I \ ~ 930 I 
« I . 
~ 320 . 
Z 
i.t.I 
U 

06 12 18 

Figure A.21.--'Cencral pressure (sea level) for Hurricane Allen~ (a) .\uf(Ust 
3-7, and (b) August 7-10, 1980. 

example of flight-level windspeed plotted at translated positions relative to the 
storm center. The wind data were observed between 0200 and 0400 miT' on Augus t 9 
during the third deepening cycle within Allen's life span. The wind distribution 
indicates that maximum winds occurred at radial distances of 11 nmi (20.4 km) and 
about 54 nmi (100 km) from the center. Similar distributions of flight-level 
winds can be identified in composite maps of other time periods (diagrams not 
shown) as Allen approached the Texas coast. The evolution of the wind 
distribution in Allen during this period, shifting from a small size hurricane to 
one with R of about ~O nmi (74 kn), was described by Ho and ~iller (1983). 

180 

• 



~ 

SO 

70 \, 

ii 
,... .. 

N'1 
.... 60 s 
"'" 
Q 
W 

\ 
I.W 
Q. 

rn 
Q 50 'rv 1 ~ 
~ \ 

40 

30 rtf ACING -132 

l30 90 50 10 -30 -70 -110 -,50 

STORM DISTANCE (lui) 
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Figure A..2.3.--¥light:-level winds recorded along radials through the center of 
Hurricane Allen, 1844-1945 GtT, August 7,1980. 
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Figure A.24.--Composite _p of fli/l{ht-Ievel winds ('III/sec) recorded between 0200 
and 0400 GMT. August 9. 1980. 

A.4.6 Time Variation of Central Pressure and Radius of Maximum Winds 

Figure A.25 shows the time history of central pressure for Allen (from 
fi~. A.2l) together wi th radial distances of observed maximum winds recorded at 
each traverse of the hurricane center. Analysis of these radial distances 
yielded the variation with time of the radius of maximum winds. Generally 
speaking, Allen was a small hurricane except for the· period when it approached 
the Texas coast and moved over land. Prior to this period (9 hr before landfall) 
the time variation of maximum ~ri.nds indicated that the radial distances of wind 
maxima incre3sed to 20-25 nmi (37-46 .. 3 km) during Allen's two weakenins;( stag;es. 
However, radial distances of wind maxima stayed within 4 to is nmi (7.4-27.8 ~m) 
of the center '.Jhen Allen's central pressure dropped below 930mb in" each af t~e 
three deepening stages. The fact that Allen's minimum pressure in each of the 
three deepening cycles occurred some distance from land, does not exclude the 
possibility that a hurricane could attain its maximum intensity {or minimum 
central pressure) at or neer the time of landfall. Hurricane Camille (1969) is 
an example of a hurricane which maintained its intensity of about 90S mb for some 
36 hours before it crossed the Mississippi coast. 

A.4.7 Relation of Po and R in Hurricane Allen 

Figure A.26 is a plot of central pressure versus radial distance of maximum 
'Hinds recorded by aircraft reconnaissance durin!?; the period AUj;{ust 3 through 
August 9. Data points used in the plot included those instances when both wind 
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Figure A.26.--Concurrent observations of central pressure aod radius of _xi ... 
winds for Hurricane Allen, August 3-9, 1980. 

and pressure data were recorded in a traverse of the hurricane center. Some of 
the data points (rNith no concurrent observations of P and R) shown in previous 
diagrams were not inc luded in this plot. During ~he period of observation 
(August 3-9), Allen traveled from the Caribbean throu~h the Yucatan Channel into 
the Gulf of Mexico. It covered a distance of about 2,000 nmi (3704 km) from 
latitude 14°~ through 27°N. Except for a few instances of large R observed in 
the weakenin~ sta~es, Allen's maximum winds .stayed within 15 nmi (27.8 km) of the 
center. Allen was essentially characterized by small R's before it reached the 
Texas coast. However, the R values in Allen, as well as in other intense 
Atlantic hurricanes, tend to be small and a non-linear relation may exist between 
Po and R. 
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APPENDIX B 

Statistical Methods for Tests of Homogeneity and Independence 

B.I Introduction 

The statistical methods used in this report to test the homogeneity of 
hurricane parameters and interrelations between them are discussed in this 
appendix. The methods used to test for homogeneity include cluster analysis, 
discriminant analysis, principal component analysiS, and the Mann-Whitney test; 
those for the test of independence include the Spearman test and contingency 
table analysis using the Chi-square test. 

For these methods, this appendix describes assumptions, and where appropriate, 
the null hypotheses, the confidence levels, and decision rules. We also briefly 
discuss the rationale for choosing a me thod, its limi tat ions , and the guidelines 
for interpreting the test results. 

B.2 Me thods for the Tes t of Homogenei ty 

Among the methods for the test of homogeneity, cluster analysis, discriminant 
analysis and principal component analysis each consider several parameters, 
whereas the Mann-Whitney test is based on only a single parameter. 

B.2.1 Cluster AnalysiS 

B.2.1.1 Description of the Method. In cluster analysis, objects are assigned to 
groups or clusters suggested by the data sample, not by any grouping defined a 
priori. In this study, a hurricane was cons idered an object for the purpose of 
statistical analysis. That is, all parameters associated with a given storm were 
used to characterize the hurricane. There are many clustering methods (e.g., SAS 
1982); we chose the centroid method for this study. 

The actual computation was performed using the CLUSTER procedure in the SAS * 
system. The procedure computes the Euclidean distances between objects and 
assigns those objects that are close to each other to the same cluster. In this 
study, the Euclidean distance was c~mputed using co'ordinates represented by Po' 
R, 8, T, m, cP and A.. In the centr01d method, the distance between two clusters 
is defined as the Euclidean distance between their centroids (vector means). 

The procedure provided a cluster hierarchy from level one to level N, where N 
is the number of objects in the data sample. In this study, N is the number of 
hurricanes; if any hurricane parameter was missing, that hurricane was omitted. 
In the cluster hierarchy, there is only one cluster at level one and there are.N 
clusters at level N. The cluster at level one contains all the objects in the 
data sample, and every cluster at level N contains only one object. .As shown in 
Figure R.l, every cluster at a given level is completely contained in a cluster 
at the preceding level. For example, a cluster at level four may contain 

* Mention of a particular commercial product should not be considered an 
endorsement by the federal government. 
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MILEPOST NUMBER OF CLUSTERS 
RANGE 2 3 4 5 6 7 8 9 

11-243 0 0 CD CD CD 
296-500 CD CD 
560-671 CD CD CD 0 0 0 0 
718-904 0 0 
966-1201 0 0 ® @ 

1292-1584 0 0 0 10 010 0 
1752-1945 I 0 0 0 ® ® 00

3 

0) 0 0) 2043-2294 r0 
2582-2750 0 0 ® 0 ® 0) 

Figure B .l.--Levels t'8O thrOllR'h nine of the hierarchical clusters of landf alH D$t 
hurricanes, based on ?arameters P , R, 8, T, 111,. dl and '\. The circled numbers 
are the cluster identification nwa~ers. 

exactly the same objects of one cluster at level five (cluster 2 in fi~. B.l), or 
it may contain exactly the same objects of two clusters at level five (cluster 1 
at le'Tel 4, and clusters 1 and 4 at levelS in fig. B.l). The- user rust 
determine the most appropriate number of clusters. ~Jhen the number of clusters 
is chosen, the parent cluster of each object (hurricane) can be identified using 
the TREE procedure of the SAS system. 

B.2.1.2 Rationale for Choice. Some clustering methods reouire that the sample 
data be normally distributed. The hurricane data sample has large natural 
variability, and the normality of our data could not be reliably tested. We 
chose to use the SAS CLUSTER procedure since it did not reauire that the data 
sample be normal. 
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B.2 .1.3 Limitations of the Method. No satisfactory method has been developed to 
determine the appropriate number of clusters. This is dependent on the data 
sample and nature of the phenomena being considered. 

B.2 .1.4 Interpretation of the Results. Conclusions drawn from cluster analys is 
are dependent on the selection of the number of clusters and must be interpreted 
cautiously. Scatter diagrams of the original parameters were helpful for the 
determination of the optimum number of clusters. Other methods, both 
nonstatistical and statistical, were also considered to help interpret the 
results of cluster analysis. In this study, we relied heavily on meteorological 
judgment; in addition we used discriminant analysis and principal component 
analysis to help evaluate the results of the cluster analysis. 

B.2.2 Discriminant Analysis 

B.2.2.1 Description of the Method. Discriminant analysis uses one 
classification variable and several continuous Quantitative variables to assign 
each object to a class corresponding to a value of the classification variable 
using the information contained in the continuous variables. In this study, 
hurricanes were the objects to be classified, the cluster identification number 
obtained from the cluster analysis was the classification variable, and 
hurricane parameters were the continuous variables. 

There are several types of discriminant analysis, some are based on the 
assumption that each class can be considered normally distributed while others 
use non-parametric methods and do not require the assumption of norma Ii ty. In 
this study, we used the '''k-neares t-neighbor" discriminant. analysis, where k was 
chosen to be seven, equal to the number of parameters (PO' R, 9, T, m, cP and A) 
used in the analysis. 

Considering each hurricane as an object represented by a vector of seven 
components ( Po' R, 9, T, m, cP and A), the method computes the distance between 
two objects based on the total-sample covariance matrix (Mahalanobis distance), 
and, for each object, it saves the distances of the seven nearest objects 
(because k = 7). Based on these distances, it computes the probability that an 
object would fall into the class with the selected nucleus object. If the 
probability exceeds a speCified threshold, the associated object is classified 
into that class. The actual computation was performed using the NEIGHBOR 
procedure of the SAS system. More details of the method are given in the SAS 
User's Guide (SAS 1982). 

B.2.2.2 Rationale for Choice. The k-nearest-neighbor approach was non
parametric and did not require the assumption of normality. It allowed us to 
evaluate the results of the cluster analysis and to determine a number of 
clusters that could be characterized as homogeneous for testing the independence 
of the various hurricane parameters. 

B.2.2.3 Limitations of the Method. The variables, except for the classification 
variable, must be continuous. so that the computation of distances can be 
performed. The classification variable can be either cateji(orical or numerical, 
but there can only be one classification variable. It is recommended that the 
classification variable be limited to a finite number of values, so that the 
classes can be kept to a manaji(eable number. 
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B-2 -2.4 Interpretation of the Results. The discrimi nant analysis gives the 
classification of each object and probabili ties of its membership in all the 
classes in which it could have been placed. By comparing the class that the 
object was placed in and the class assigned a priori, misclassified objects can 
be identified. The probability of membership in a particular class can be used 
to judge whether the classification of the object was appropriate. The threshold 
probability for the classification is user specified. In this study, the 
threshold probability was not assigned and objects were classified into the 
class which was associated with the largest membership probability. 

B-2.3 Principal Component Analysis 

B-2.3.1 Description of the Method. Given N numerical characteristics that 
describe a set of objects, the principal component analysis procedure computes N 
principal components; each principal component is a linear combination of the 
origi nal characteristics (va riables). The coefficients of this linear 
combination are the elements of an eigenvector of the correlation or covariance 
matrix of the original variables. The eigenvectors are normalized to have unit 
length (unit norm). The eigenvalues are the variances of the associated 
princi pal components. The firs t principal component has the largest eigenva lue 
and the N-th principal component has the smallest. The eigenvectors are 
orthonormal, i.e., they represent perpendicular directions in the space of 
original characteristic variables. In this study, the original characteristic 
variables were Po' R, 1=1, T, m, cb and A therefore, there were seven principal 
components. 

The computation of the principal components of the hurricane parameters was 
performed using the PRINCOMP procedure of the SAS system. The procedure gives 
the percentage and cumulative percentage of all eigenvalues ordered from the 
largest to the smallest, i.e., from the first principal component to the seventh 
principal component. These percentages show the relative amount of variance 
accounted for by the principal components. The procedure also gives eigenvectors 
whose elements are interpreted as the loadings on the original variables; the 
loadings explain the relative importance of the hurricane parameters in each 
principal component. 

B-2.3.2 Rationale for Choice. After investigating the results of cluster 
analysis and discriminant analysis, we decided to examine the importance of 
various parameters in the grouping of hurricanes. The loadings provided with the 
principal component analysis allowed us to evaluate the weight of individual 
parameters. By plotting one principal component versus another and using the t 

cluster identification number of each hurricane for the plotting symbpl, we could 
examine the clustering patterns of the hurricanes. Using such a plot, we could f 

deduce which parameter(s) had most control on the clustering. 

B-2.3.3 Lim! tatioos of the Method. Principal component analysis required that 
all seven parameters Po' R, 9, T, m, cb and A be available for each hurricane. 
Storms with missing values had to be excluded from the analysis. 

B-2.3.4 Interpretation of the Results. As explained above, the results of the 
principal component analysis can be used to explain the relative importance of 
the original variables for the grouping of hurricanes. By investigating the 
percentage of variance accounted for by each principal component, we were able to 
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select the more important principal components. Then, by examining the 
eigenvectors associated with these principal components, we found the original 
variables that were most important in defining these principal components. 
Although the results of the principal component analysis can be used to explain 
some linear relations between the hurricane parameters, interpretation of these 
relations was not always clear. Sometimes scatter diagrams of the original 
variables were used for additional guidance in understanding the results. 

B-2.4 Mann-Whitney Test 

B-2.4.1 Description of the Method. The Mann-Whitney test is a rank test 
(non-parametric). In this study, we divided the hurricanes into several a priori 
groupings based on location along the coast. For each test, we selected two 
groups of hurricanes: one group had N hurricanes and the other had M 
hurricanes. Assuming that each group was a random sample drawn from its 
respective population and two groups were mutually independent, we performed the 
Mann-Whitney test on each of the hurricane parameters Po' Rand T. 

The test was performed in the following manner: We first combined the group of 
N hurricanes (group 1) with the group of M hurricanes (group 2). To test whether 
parameter Po' for example, has the same distribution function in groups 1 and 2, 
we first arranged the Po in the mixed sample from the smallest to the largest 
value and aSSigned rank values from 1 to N+M to these Po values. For tied values 
of Po' an averaged rank value was assigned to each of them as shown in the 
follOWing example (note rank 6.5 for Po = 961.7). 

* Example : 

Po Rank Group Origin 

943.0 1 2 
947.2 2 2 
955.3 3 2 
956.7 4 1 
959.0 5 2 
961.7 6.5 2 
961.7 6.5 1 
966.5 8 1 
975.0 9 1 
979.0 10 2 
981.0 11 1 

Then, the sums of ranks (S) were computed separately for groups 1 and 2. 
example, Sl = 38.5 and S2 = 27.5. The corresponding test statistics 
Mann-Whitney test were computed using the formulae: 

* This example is for illustration only, not to be confused with any actual 
grouping in this study. 
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1 WI = SI - 2 N (N + 1), ~"2 = S - 1 M (M + 1) 2 2 

respectively for groups I and 2. In the example, N = 5 and M = 6, thus WI = 23.5 
and W2 = 6.5. 

For given sample sizes Nand M, percentiles of the Ma nn-Whitney test statistic 
can be computed (see Conover, 1971, table 8). We used a two-tailed test at 
5-percent significance level and the null hypothesis that Po had the same 
distribution function in both groups of hurricanes. For N = 5 and M = 6 in the 
example, the 0.025-th percentile was 4 and the O.975-th percentile was 26. 
Comparing the test statistics WI and W2 with these percentiles, we found that WI 
and Wz were within the range between 4 and 26 (respectively, O.025-th ana 
O.975-th percentiles), and we accepted the null hypothesis for the above example. 

The test was repeated for Rand T 
hurricanes in this study. For more 

for every 
details of 

selected pair of groups of 
the Mann-Whitney test, see 

Conover (1971). 

B.2 .4.2 Rationale for Choice. The limi ted sample size 
variability of our hurricane data sample prevented us from 
the distribution functions of hurricane parameters for 
testing. Since the Mann-Whitney test is a non-parametric 
require a priori assumptions about the distribution function 
and is suitable for our hurricane data. 

and large natural 
reliably estima ting 
formal hypothesis 
test, it does not 
of the data sample 

B.2 .4.3 Lillli tat ions of the Method. The basic assumption for the Mann-{<lhitney 
test is that both groups are drawn as random samples. For the reasons discussed 
in Section 3.2.1.2, we did not consider it appropriate to use direction of 
landfalling hurricanes as a random variable, and this parameter was excluded 
from the Mann-Whitney test. Another assumption of the Mann-Whitney test is that 
two samples rust be rutually independent. There was no evidence that our 
hurricane data samples for the selected coastal segments violated this 
assumption. 

B.2 .4.4 Interpretation of the Results. The Mann-Whitney test examines the 
similarity of two distributions of rankings, but not the distributions of the 
a ctual va lues of the hurricane parame ters. For this reason, the results mus t be 
interpreted with caution, and any conclusions drawn from the test results must 
recognize that the distributions of rankings may not fully correspond to the 
distributions of the actual values. 

B.3 Methods for tbe Test of Independence 

To test independence among hurricane parameters, we used two methods: the 
Spearman test and contingency tables with the Chi-square test. The Spearman test 
is a rank test while the contingency tables with the Chi-square test is for 
categorical data. 
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B.3.1 Speanaan Test 

B.3.1.1 Description of the Method. As an example, consider the Spearman test 
for Po and R for a group of hurricanes. Po was ranked from the smallest to the 
largest value and rank numbers were assigned to each value; for tied values of 
Po' an average rank value was assigned to each of them as was done in the 
Mann-Whitney test (see sec. B.2.4.1). For the same group of hurricanes, R's were 
also ranked and assigned a rank number. Then the Spearman correlation was 
computed using the following formula: 

p = 1 - 6W 

N (;-1) 

N 

where W = L [reP ) - r(R.)]2 
°i 1 

i = 1 

The parameter N is the sample size of the group of hurricanes, and r is the rank 
value of parameters Po or R. Spearman's correlation can be used as a test 
statistic. Given the sample size, N, and the probability of a percentile, this 
percentile can be computed. 

There are three ways to test the Spearman correlation. The null hypothesis for 
all three tests is that Po and R are mutually independent, that is, the 
correlation coefficient is not significantly different from zero. The alternate 
hypothesis for the first test is that Po and R are positively correlated, for the 
second, that Po and R are negatively correlated, and for the third, that Po and R 
are correlated (either positively or negatively). In this study, when the 
probability associated with a specific estimate of p was greater than 
95th percentile, we rejected the null hypothesis of the first test, when p was 
less than 5th percentile, we rejected the null hypothesis of the second test, and 
when p was either less than 2.5 percent or greater than 97.5 percent, we rejected 
the null hypothesis of the third test. The significance level for all the tests 
was 5 percent. For more details, see Conover (1971). 

B.3 .1.2 Ra tionale for Choice. 
parameters because it offered 
interrelations, if they existed. 

We chose Spearman test for the 
the possibility of detecting the 

hurricane 
nature of 

B.3.1.3 Limitations of the Method. As with many non-parametric ·.tests, weak 
relations between two parameters may not be detected. 

B.3 .1.4 Interpretation of the Results. The Spearman tes t detects the 
correlation of ranks of random variables instead of the actual values of the 
variables. The interpretation of these correlations should be limi ted to the 
correlations of ranks only; independence between ranks of random variables may 
imply independence of the random variables. 
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B.3.2 Contingency Table wi th Chi-square Test 

B.3.2.1 Description of the Method. The contingency table wi th a Ch i-square tes t 
was used at the 0.05 level and is described in detail in Section 4.2 of this 
report. Additional .details may be found in Conover (1971). 

B.3.2.2 Rationale for Choice. There was no requirement that the sample meet 
conditions other than it he a random sample of sufficient size. This !nade it 
suitable for use with our data sample. 

B.3.2.3 Limitations of the Method. The contingency table with the Chi-square 
test was designed for categorical data samples, thus, we had to choose specific 
values to partition the parameters into categories to establish the cell 
frequencies in the contingency table. There cannot be more than 2 a percent of 
cells which have expected frequency less than 5 in each of them. This limitation 
is to ensure that the Chi-square approximation is valid for the test. 

B.3 .2 .4 Interpretation of the Results. 
to the values selected to partition the 
the dividing value sometimes caused the 
significant, or vice versa. Therefore, 
results using this approach. 

The results of this test were sensitive 
data into categories. A small change of 
result to change from not significant to 
we had to be careful in interpreting the 

APPHNDIX e 

Plotting Position Formula 

e.1 Introduction 

A plotting position formula was used to determine the location along the 
abscissa of ranked data in the cumulative frequency curves for the hurricane 
parameters. A plotting position formula was selected for this purpose from eight 
existing formulae based upon five evaluation criteria. 

Existing plotting position formulae are listed in Table C.1. The symbols used 
in the formulae are explained in the note underneath the table. In each line, 
the name of the formula is given in the left column,· and the year in which the 
formula was introduced is given in the right column. This table does not include 
all existing formulae. The Beard (1943) formula is not included because it only 
applies to m = 1, and the Samsioe formula (see Reinius 1949, p. 51) is not 
included because its computation involves solving a N-th power equation and it is 
not easy to use. For convenience of computation, only easy-to-use formulae were 
considered. 

e.2 Criteria for Evaluation 

The plotting position formula listed in Table C.l were evaluated according to 
the criteria listed below. 

1. The plotting position must be such that all the observed data can 
be plotted on probability paper. 
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Table C.l.--List of plotting position formulae 

Name Formula * Year 

P = 2!.... m N California 1923 

P = 2m-l 
m 2N Hazen 1930 

Wei bull P m 
m 

= N+i 1939 

P = m-O.3 
m N+O.4 Chegodayev 1955 

P = m-3/8 
m N+1/4 Blom 1958 

P 3m-1 
m 3N+1 Tukey 1962 

P m-O.44 
m N+O.12 Gringorten 1963 

Reinius 

* Pm = 
N = 
m = 
m < 

P m-O.37 
= N+O.26 m 1982 

probability; 
total 
rank 
N. 

2. 

number of items; 
of an item 

The plotting position should lie between the observed frequencies 
(m-1)/N and mIN. (For the explanation of m and N, see the footnote 
of Table C.1.) 

3. The return period of a value equal to, or larger than," the largest 
observed value should converge towards N. 

4. The observed values should be equally spaced on the frequency 
scale. 

s. The plotting position should have an intuitive meaning, be 
analytically simple, and be easy to use. 
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Table C.2 .--List of plotting position formulae in the descending order of their 
Pm's. (See table C.I for the meanings of symbols.) 

m = 1 m '" N 

California Cali fornia 
Wei bull Hazen 
Chegodayev Gringorten 
Tukey Blom 
Reinius Reinius 
Blom Tukey 
Gringorten Chegodayev 
Hazen iiei bull 

C.3 Evaluation of Plotting Position Formulae 

All formulae in Table C.l meet criteria 4 and 5. All except the California 
formula meet criteria 1 and 2. Only the California and Weibull formulae meet 
criterion 3. The most important problem with the California formula is that it 
gives Pm = 100 percent for m == N, and this Pm can not be plotted on a probability 
paper. The most important advantage of Wei bull formula is that the return period 
for m = 1 converges towards N as N - 00. Among formulae listed in Table C.l, 
only the Wei bull formula meets all the criteria listed above. Thus, the Wei bull 
formula was the choice used in this study. 

C.4 Comparison of Formulae 

To reveal more about the characteristics of the various formulae, we compared 
them for the special cases: m = 1, m = N, and N _00. For m '" 1 and N, the 
names of formulae are listed in Table C.2 in the qescending order of their values 
of Pm. The order of names for m = N is exa ctly the reverse of that for m == 1, 
except for California formula. For N _00, the values of Pm computed using all 
the formulae in Table C.l approach miN. 

Since the sample size of hurricane climatological data is usually small, we 
choose N = 10 for an example to compare values of Pm of the formulae in 
Table C.1. These values are plotted in Figure C.l. The Weibull formula gave the 
largest Pm for m = 1 and the smallest Pm for m == N. Except for the California 
formula, the largest difference in Pm between different formulae was less than 
5 percent. For m == 1, the Pm of the Weibull formula is approximately two times 
that of the Hazen formula. For m = N, the Pm of the Weibull formula is close to 
that of the Hazen formula: approximately 91 percent compared to 95 percent. 
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