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The Shore Protection Manual published by the U.S. Army Corps of Engineers in 1984 provides hurricane wave prediction techniques. On 27 September, 1998, Hurricane Georges moved into the northeast Gulf of Mexico. During this
period, a network of 5 surface stations operated by the National Data Buoy Center recorded simultaneously atmospheric pressure and significant wave height and period. In addition, both satellite and aircraft measurements were
obtained. All of these data sets were employed to evaluate the prediction techniques as provided in the Shore Protection
Manual. It is shown that the radius of maximum wind as determined by the surface network is in good agreement
with both satellite and aircraft measurements. The predicted significant wave height and period are also consistent
with buoy measurements. Finally, in order to estimate the significant wave height away from the radius of maximum
wind, the graphs in the Shore Protection Manual were digitized and incorporated into a linear regression analysis.
Using two buoys, one near the radius of maximum wind and the other away from it, this statistical method provides
a reasonable agreement between prediction and measurement for practical applications.

Hurricane Georges, radius of maximum wind, central pressure, significant wave
height, wave period, USACE, wave prediction.
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INTRODUCTION
Hurricane Georges formed in the far eastern Atlantic from
a tropical wave system early on 15 September, 1998. On the
third day, the system developed an eye and was upgraded to
hurricane status. During the next several days, Georges
moved on a general west to west-northwest course at 7 to 9
mls (15 to 20 mph). Georges made first landfall at Antigua
in the Leeward Islands on 20 September. Subsequently, it
moved near or over the U.S. Virgin Islands, Puerto Rico, Dominican Republic, and Cuba. After it made landfall near Key
West, Florida on the mid-morning of 25 September, the hurricane continued along a general west-northwest to northwest track during 26-27 September over the eastern Gulf of
Mexico. Georges made landfall near Biloxi, Mississippi as a
Category 2 hurricane.
According to the hurricane advisories issued by the National Weather Service for Georges while over the Gulf, a
central pressure of 961 mb occurred when the storm was located near 29.0° Nand 88.5° W at 21 UTC on 27 September.
Eleven minutes before 21 UTC, data from a polar-orbiting
satellite (NOAA-14) Advanced Very High Resolution Radiometer (AVHRR - Channel 4 with 1.1 km resolution) passing
over the storm location was recorded by the Earth Scan Lab
at Louisiana State University (LSU) in Baton Rouge, Loui98236 received 12 November 1998; accepted in revision 27 September
1999.

siana. Figure 1 shows an image from AVHRR for Georges.
Note that the eye, as determined by the warmest spot within
the eye wall at that time, was at 29.0° Nand 88.22° W. In
addition, five surface stations operated by the National Data
Buoy Center (NDBC) (buoys # 42040, 42039, and 42007 and
C-MAN (Coastal-Marine Automated Network) BURL1 and
GDIL1) acquired observations of meteorological and oceanographic variables. The distance between these stations and
Georges' eye are determined to estimate the radius of maximum wind, R, in the next section. The derived circulation
based on composite datasets at 2230 UTC on 27 September
is provided in Figure 2.
The purpose of this study is to evaluate those equations
related to hurricane conditions in the deepwater environment
as listed in the Shore Protection Manual by the U.S. ARMY
CORPS OF ENGINEERS (USACE) (1984, pp. 3-77 to 3-88). Information for this evaluation are available from Figures 1
and 2 along with those data collected by the U.S. Air Force
Hurricane Hunters, particularly that provided by dropwindsondes.

EVALUATION OF THE "RADIUS OF MAXIMUM
WIND" EQUATION
Under hurricane conditions, one parameter used in wave
prediction is the radius of maximum wind, R, which is defined as the radial distance from the storm center to the re-
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Figure 1. A satellite image of Hurricane Georges at 2049 UTC on 27 September, 1998 from NOAA-14. The coldest cloud-top temperature was determined
by AVHRR Channel 4. The radius of maximurn wind (R) is defined here as the distance between the eye and the area where the coldest cloud-tops are
located. The distance D is between the eye and the measurement stations.

gion of maximum wind speed (USACE, 1984, p. 3-81). According to SCHLOEMER (1954) (see also to HARRIS, 1958),
P-P =
P, - Po

___
0

or

e - (R/r )

'

P n - Po)
R = r In ( P - Po '

(1)
(2)

where P is the pressure at a point located at a distance r
from the storm center, Pais the central pressure, and P n (=
1013 mb based on USACE, 1984, p. 3-84) is the pressure on
the periphery of the storm.
Values of R were derived by using Eq. (2) and setting P to
the surface station pressure and Po to 961 mb (from the National Weather Service). The mean R of all 5 stations is approximately 53 km with a standard deviation of 8 km as listed in Table 1. In other words, the coefficient of variation
(COV) is 8/53, or 15%. Historically, the mean R is about 46
km for Category 2 storms (Hsu and YAN, 1998). Therefore,
the difference in R between Georges and the historical mean

is approximately 13%. Inspection of Table 1 reveals that if
one has only buoy 42039, R would have been 41 km; or if only
C-MAN BURL1 is available, R is 64 km. This may explain
why the standard deviation in the historical analysis of R is
large, i.e., 22 km, since significantly fewer pressure stations
were available in earlier times.
For the purposes of this discussion, we present data collected at approximately 21 UTC on 27 September, 1998, since
near-simultaneous measurements were obtained at that time
by three distinct systems-satellite, surface station, and research aircraft. As shown in Figure 2, the measured R is 50
km (27 nm), R can also be obtained by satellite method as
shown in Figure 1. In this method R is based on the distance
between the eye of the hurricane and the area where the
coldest cloud-top temperatures are located. Since the values
of R from Eq. 2 and Table 1 (53 km), from satellite (47 km),
and from in situ aircraft measurement (50 krn) are consistent
among these different measurement methods, we are confident that Eqs. 1 and 2 are verified. From Figure 2, it can be
seen that the measured R is located to the northeast of the
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Table 1. Determination of Rand B from Surface Network, 21 UTe 27
September, 1998 (Po = 961 mb, P; = 1013 mb).

Hurricane Georges 2230 UTe 27 September 1998
Station
Pressure

r-Distance
from Eye to
Station

R

(mb)

(km)

(km)

B

994.9
1003.9
966.1
991.1
999.4

132
214
22
117
172

56.5
41
51.2
64
52.1
52.96
8.39

0.88
1.13
1.02
0.71
0.97
0.94
0.16

Max. 1-min sustained surface winds (kt) for marine exposure
Analysis based on 850 mb AF C- 130 Recon minobs adj. to src. from 1753 - 2156 z:
Three GPS Dropwindsondes; C-MAN, buoys, and ships from 1800 - 2100 z:
CIMSS GOES Low-Level cloud drift winds adj. to sfc from 1900 z
2230 z position ex1rapolated from 2111 z fix using 320 deg @ 7 kt

Station
42007
42039
42040
BURLI
GDILI
Mean
Standard Deviation

32

30
6% of 1, we conclude that Eq. 1 is a valid model for use under
hurricane conditions produced by Georges. It is interesting to
see that when R ::::= 50 km, variations of B are rather small
according to Holland's Figure 2(b).

28

EVALUATION OF THE "PREDICTION
TECHNIQUE"

26

Experimental research product of :

NOAA I AOMll Hurricane Research Division
Figure 2. The circulation of Georges at 2230 UTC on 27 September,
1998, based on composite datasets provided by the Hurricane Research
Division, NOAA.

eye. While the wind fields in a tropical cyclone are rarely
symmetrical, winds, waves and surge are generally higher on
the right-hand side of the storm track. Hence, the calculated
R provides a conservative estimate, regardless of the storm's
symmetry.
It should be noted that other parametric models for hurricane representation are available, such as provided by HOLLAND (1980) which incorporates 'tuning' parameters for better depiction of the pressure and wind structure in a particular storm. According to HOLLAND (1980),
n
Po) -_ A, and
r B In (PP _- Po

R =

AI/B.

(3)

(4)

Parameter B can be obtained by eliminating A from the above
two equations so that

According to USACE (1984, pp. 3-83-84), the best method
for calculating wave conditions in a hurricane is to use a numerical model; however for a slow moving hurricane such as
Georges, the following formulas may be used to obtain an
estimate of the deepwater significant wave height and period
at the point of maximum wind:
Ha

T; = 8.6e R '; P/ 94 00 1
[

Values of B are calculated accordingly and listed in Table 1.
In this computation, R = 50 km was used because it is based
on aircraft measurements. Since Eq. 1 is the same as Eq. 5
if one sets B to 1 and since our mean B is O. 94 which is within

an d

.
+ 0.145<:xVF]
yu;;" metric. units,

(6)

(7)

where
H, = deepwater significant wave height in meters. For this
study, H, : : : : H o.
Ts = the corresponding significant wave period in seconds.
R = radius of maximum wind in kilometers = 53 km from
Table 1.
dP = P, - Po, where P n is the normal pressure of 760 millimeters of mercury, and Po is the central pressure of the
hurricane (961 mb or 721 mm Hg. Thus dP = 760 - 721 =
39 mm Hg for Georges).
VF = the forward speed of the hurricane in meter per second
(::::= 4 m1s from Figure 2).
U R = the maximum sustained windspeed in meters per second, calculated for 10 meters above the mean sea surface at
radius R where
UR

(5)

.
5.03e R '; P/4700 1 + 0.29<:xVF]
yu;;" metric. units,
[

=

=

0.865Urnax + 0.5V F (for moving hurricane).

(8)

U rnax = maximum gradient windspeed at 10 meters above the
water surface; i.e.,
Urnax = 0.447[14.5(Pn

-

P O) 1I2

-

R(0.31f)] metric units,

(9)

f = Coriolis parameter = 2w sin 'P, where w is angular velocity of Earth (= 2'1T/24 radians per hour). For 'P = 29° in
Figure 1, f = 0.254.
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Figure 3. Time series of atmospheric pressure and significant wave height at buoys 42040 and 42039 during Georges.

ex = 1.0 for Georges because it was a slowly moving hurricane.
Substituting R = 53 km, f = 0.254, and P, - Po = 39 into
Eq. (9) we have U m a x = 0.447[14.5 X 391;2 - 53(0.31 X 0.254)]
= 38.6 mls.
Substituting VF = 4 mls and U m a x = 38.6 mls into Eq. (8)
yields
U R = 0.865

X

38.6 + 0.5 x 4 = 35.4 mls or 69 kts.

(10)

Based on Figure 2, the U R is 77 kts, therefore Eq. (8) underestimates U R by about 10%.
Now, substituting R = 53 km, ~P = 39 mm Hg, ex = 1, VF
= 4 mis, and U R = 35.4 mls (from Eq. 10) into Eq. (6), we get

H, =

5.03e(53X39)/4700

X 4] = 9.33 m.
1 + 0.29
. . r;:;;:-;[
v35.4

(11)

Because the exact hourly forward speed of Georges was not
known, we use the measured hourly H, at buoy 42040 between 11 UTC and 21 UTC on 27 September, which ranged
from 8.21 m to 10.88 m with mean H, = 9.40 m and standard
deviation = 0.78 m (see also Figure 3). Therefore, Eq. (6) is
a good formula to use in practice.
For quicker estimates, a very simple formula for H, calculation has been proposed by Hsu (1991 and 1994) such that

H; = 0.20 (1013 - Po)'

(12)

Since Po = 961 mb, we have H, = 10.40 m, which is in excellent agreement with H, = 10.88 m as measured at 19 UTC
when buoy 42040 was closer to the radius of maximum wind.
The dominant wave period, T s. related to the deepwater
significant wave height can be evaluated via Eq. (7) as follows:
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Isolines of relative significant wave height for slow-moving hurricane (after USACE, 1984, p. 3-85).

X 4]
T, = 8.6e(53X39J/9400 1 + 0.145
\13M
= 11.76 sec.
[
35.4

(13)

Similar to the discussion of H o, the mean hourly T s between
11 and 21 UTC ranged from 11.11 sec to 14.29 sec with mean
Ts = 12.41 sec and standard deviation = 0.84 sec. Since the
difference between measured (12.41 sec) and predicted T s
(11.76) is only about 5%, Eq. (7) appears to be a useful approximation for the significant wave period associated with
the low frequency swell.
As stated in USACE (1984, p. 3-85, Eq. 3-64), the corresponding approximate wave period may also be obtained by

r,

=

s;

12.1~g'

(14)

Substituting H, = 9.33 m from Eq. (11) and setting g = 9.8
m S-2 into Eq. (14), 'I', = 11.81 sec, which also agrees well

with T; = 11.76 sec given in Eq. (13). Therefore, Eq. (14) is
also a very useful formula to estimate Ts if H, is known.

EVALUATION OF "SIGNIFICANT WAVE HEIGHT
AWAY FROM R"
From USACE (1984, p. 3-85), once H, is determined for
the point of maximum wind from Eq. (6), it is possible to
obtain the approximate deepwater significant wave height for
other areas of the hurricane by using a graph as shown in
Figure 4 (USACE, 1984, Figure 3-43). Because both the wind
and waves are generally travelling along the same direction
on the right-hand side of the storm track, it is more dangerous than the left (Hstr, 1988, Figure 8.25, p. 217). Hence, the
right-hand side of this USACE graph is "digitized" and simplified for computational use as shown in Figure 5. The dots
in Figure 5 are taken from the USACE graph at the points
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RADIAL DISTANCE FROM THE STORM CENTER, IN Km. FOR R =50Km
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Figure 5. A relationship between Hs/Hsmax and r/R (see text for explanation).

where the circle intersects the radial (x) axis along the 90°
line on the right-hand side from the storm track shown in
Figure 4. The linear regression analysis from these 9 points
shows that
r

H s , = 1.06 - O.l1 ,
H sm a x
R

(15)

with a high correlation coefficient of -0.99. In Eq. (15), H s r
is the significant wave height, H s ' at the radial distance of r/
R from the storm center (where R is the radius of maximum
wind and r is the distance from the hurricane's eye to the
point in question). H s m a x is the maximum H, at R either measured or estimated from Eqs. (6) or (12). As shown in Figure
5 (top scale), R is set to 50 km on the basis of an historical
analysis of 59 hurricanes from 1893 through 1979 as listed
in SIMPSON and RIEHL (1981, pp. 389-391), in which the average R was found to be 47 km (Hstr and YAN, 1998). Thus,
from Figure 4, if one approximates R = 50 km, the value of
H s r at a location 200 km away from R is about 60% of H s m a x '
A practical application of Eq. (15) and Figure 5 are evaluated
from Georges as follows.
From hourly measurements (available at NDBC's Internet Website) at buoy 42040, the minimum pressure (963.4
mb) was recorded at 23 UTC on 27 September, but the max-

imum H, (10.88 m) was measured at 19 UTC (see Figure 3),
a four hour difference. This lag is explained by the average
forward speed of Georges between 19 and 21 UTC of about
7 kts (see Figure 2). Since R is estimated at 28 nm, this
would place R over buoy 42040 approximately 4 hours prior
to the minimum pressure. In other words, the approximate
H s m a x = 10.88 m at buoy 42040. Simultaneous measurement
of H s r at 19 UTC at buoy 42039 (see Figure 1) was 7.72 m
(see also Figure 3). Substituting H s r = 7.72 m, H s m a x = 10.88
m, R = 53 km (from Table 1), and r = D = 214 km (from
Figure 1) into Eq. (15), one gets 0.62 for the right-hand side
of the equation and 0.71 for the left-hand side, a net difference of 13%. If one considers that the total system accuracy
for reports of H, measurements by buoys is 5% (NDBC,
1990, Table 1), then this 13% difference could be reduced to
within 10%. Note that H, at buoy 42039 might have been
influenced by the minimum pressure earlier on that day (at
9 UTC on 27 September as shown in Figure 3), therefore
this H s r (= 7.72 m) value at 21 UTC may not necessarily
represent the wave condition at that time only. Nevertheless, Eq. (15) may be used as a first approximation. Certainly, much more data is needed to further substantiate
Eq. (15), or Figure 5, and to estimate the error in this empirical approach.
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CONCLUSIONS
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When Hurricane Georges moved into the northeast Gulf of
Mexico region on 27 September, 1998, a network of 5 NDBC
stations provided a good opportunity to evaluate the prediction techniques related to hurricane waves suggested in the
Shore Protection Manual published by USACE in 1984. Our
results are summarized as follows:
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(1) Evaluation of the radius of maximum wind, R, shown in
Eq. (1) is consistent with both aircraft and satellite measurements. The surface network shows that R = 53 km,
whereas R = 50 km from aircraft and R = 47 km from
satellite measurements, respectively;
(2) Evaluation of maximum significant wave height and period at R shown in Eqs. (6) and (7) are in good agreement
with the measurements;
(3) Two simple prediction formulas, one which relates to the
pressure difference for significant wave height (Eq. 12)
and the other for significant wave height and period (Eq,
14) are also in excellant agreement with the measurements; and
(4) Evaluation of the significant wave height away from R
shows that Eq. (15) as digitized from USACE's graph
(Figures 4 and 5) is also consistent with measurements.
If one considers the 13% difference between Eq. (15) and
the measurement as acceptable, then Eq. (15) is useful as
a first approximation. Clearly, more datasets are needed
to further validate the results and to improve the empirical formulas published in the Shore Protection Manual.
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