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1. INTRODUCTION

Hurricane Andrew was the costliest natural disaster in
United States history. This perception is formed primarily by the
devastation caused by this storm in South Florida. The loss of
life and damage in the Gulf Coast states was an order of
magnitude smaller than in South Florida. This study, however, is
prompted by the striking impact of Andrew on offshore platforms,
and associated infrastructure, located in Federal waters of the
Gulf of Mexico. At least 249 of 3,800 offshore platforms were
damaged by the storm, though there was no associated loss of life
offshore, less than 500 barrels of oil spilled (with virtually no
residual pollution therefrom), and production of cil and gas were

minimally affected.

The exposure and response of the offshore infrastructure to
Hurricane Andrew is, and will remain, of intense interest to the
structural engineering community and to relevant government
agencies. Intensive studies will be directed toward gaining an
understanding of the structural response of damaged and collapsed
platforms as well as of those platforms that survived in the area

of greatest damage.

The experience of Hurricane Andrew provides an opportunity
to qguantitatively evaluate the adequacy of older design practices
and possibly to validate the effectiveness of present design
practices. Such studies will be severely hampered, however,
without reliable data on environmental conditions (sustained wind
speed and peak gust, significant wave height, maximum wave
height, maximum wave crest heights, storm surge and storm driven
ocean currents) at each site affected. Unfortunately, there were
no instrumental measurements made offshore of surface winds,
waves, currents or surge within about 50 miles of the track of
the center of Hurricane Andrew. The cbjective of this study is to

provide a reliable base of environmental data in the offshocre
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areas affected by the application of hindcast models which have
been previously calibrated and validated against Gulf of Mexico

hurricanes.

This report i1s organized as follows. Section 2 gives a
general description of the hindcast approach applied. Section 3
describes the data assembled for the hindcast, and our analysis
of that data to develop the storm meteorological parameters
required by our hindcast models, but only as Andrew traversed the
Gulf of Mexico. The reader interested in a more general
description of the track, intensity and impact of this storm
throughout its long history should read the NOAA National
Hurricane Center Preliminary Report on Hurricane Andrew, included
here as Appendix A, and perhaps the summary of airborne track and
storm structure data included here as Appendix B. Section 4
presents the result of the hindcasts themselves, including
comparison of hindcast and measured (as available to this study)
data and a summary of hindcast extremes. Extensive hindcast

results are also submitted separately on magnetic media.
2. THE HINDCAST APPROACH

This study may be viewed within the context of the Ocean
Data Gathering Program (ODGP), which began in 1969 and included
an extensive measurement program, a hindcast model development
and calibration phase and an analysis phase which culminated in
the establishment of reliable estimates of extreme wave heights
and wave periods, associated with hurricane generated sea states
in deeper parts of the Gulf of Mexico continental shelf between
the Mississippi Delta and the Texas/Mexico border. The measured
data acquired in the ODGP provided a basis for the development
and calibration of numerical models for the accurate
specification of surface wind and wind stress fields in
historical Gulf of Mexico hurricanes. In addition, it was

demenstrated that numerical spectral ocean wave prediction models
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could be used to provide an accurate description of the complex
pattern of sea states generated by and travelling with tropical
cyclones (Cardone et al., 1976). The extremal analysis of the
results of hindcasts of the most extreme historical hurricanes
which had occurred between 1900 and 1970 carried out with the
ODGP hindcast models, provided the design estimates (Ward et al.,
1979; Haring and Heideman, 1978).

The ODGP was one of the earliest applications of the
"hindcast-approach" to the specification of extremes. Since then,
the hindcast approach has been widely adopted by the offshore and
coastal engineering communities as a way to develop reliable
extreme wind, wave, surge and current design estimates for
offshore and coastal structure design. For example, the recently
completed joint industry project "Gulf of Mexico Storm Hindcast
of Oceanographic Extremes" (GUMSHOE) served to update the ODGP
study and provide more reliable extreme design data in shallow
water. In GUMSHOE a total of 100 tropical cyclones over the 90-
year period 1900-198% were hindcast. The statistical analysis of
the hindcast data base provided‘definitive estimates of extremes
of significant wave height, maximum individual wave height,
maximum crest height, wind speed, current speed and storm surge
height at over a 1000 grid points spaced nominally 12 nautical
mile (nm) apart, covering all lease areas of current and future
interest in deep and shallow water (water depths greater than 7.5

meters).

ODGP and GUMSHOE included substantial hindcast model
validation studies because wind, wave, surge and current
measurements have been made in some notable historical Gulf of
Mexico storms (Audrey, 1957; Bertha, 1957; Carla, 1961, Camille,
1969; Edith, 1971, Delia, 1973, Frederic, 1979, Danny, 1985, Juan
1985). These validation studies (e.g. Reece and Cardone, 1982)
suggest that our hindcast method typically specifies peak sea

states (significant wave height) at an arbitrary site in a Gulf



of Mexico hurricane with bias of less than 0.5 m, mean abolute
error of than 1.0 m and scatter index of 10-15% (scatter index is
100 x s.d/avg. where s.d. is the standard deviation of
differences ketween hindcast and measured peak wave heights and
avg. is the average of measured heights in the validation
population of heights). The period and directicnal properties of
peak storm generated seas appear to be specified with comparable

accuracy.

The hindcast of an historical storm consists of three basic
steps. First, the wind field is specified in a process which
requires considerable work by a meteoroclogist both to develop
reqguired input parameters for a numerical model of the cyclone
wind field, and to produce kinematic analyses for use when, and
for areas in which, the numerical solution is not sufficiently
accurate. The wind fields are specified on two grid systems, one
used in the spectral wave model whose execution 1s the second
part of the hindcast, and ancther used in the storm surge/current
model, whose execution is the third part of the process.
Appendix C gives concise descriﬁtions cf each of these processes,

as specifically adapted to this problem.
3. METECROLOGICAL CHARACTERISTICS OF HURRICANE ANDREW.
3.1 Data Sources

Our analysis referred to the following data, acquired from

the indicated sources in the indicated format:

Vortex messages from U. S. Alr Force Reserve aircraft
reconnaissance of Hurricane Andrew . Received at OWI over
its real time data link to the Glecbal Telecommunications

System, or GTS). Hard copy.



Continuous l1l-minute average flight level wind speed,
direction, D-value, alr temperature. NHC. Hard copy and

diskette file.

Synoptic observations from NCAA buoy and C-MAN stations.
OWI GTS. Hard copy and hard disk files.

NOAA NHC advisories, including intensity and position at 3-

hourly intervals. OWI GTS. Hard copy.

Synoptic observations from ccastal and land stations. OWI-

GTS. Hard copy.

Hourly composite radar images. WSI NOWRAD system. Hard disk

files,

Loops of NOAA GOES visual, infrared and water vapor channel

images. University of Wisconsin McIdas system. VHS tape.

Bullwinkle platform (Green Canyon Block 65) wind and wave

measurements. NOAA C-MAN GTS and Shell. Hard copy.

Lena platform (28.2, 89.1) wind and pressure measurements.

NOAA C-MAN and Exxcn. Hard copy.

Jolliet Platform (Green Canycn Block 184) wave measurements.

Conoco Inc. (These data remain confidential to Conoco Inc.)
General Storm Characteristics.

The NOAA NHC Preliminary Report gives a concise synoptic

history of Hurricane Andrew from its formation out of a tropical

wave which exited the west ccast of Africa on August 14 to its
demise on August 28 over the mid-Atlantic states. That report

also includes vital meteorological statistics on the storm,
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casualty and damage statistics, a critique of forecasts and
warnings issued in real time, and a map and table of "best track"

and intensity.

Of particular interest to this study is the period of time
that the storm was in the Gulf of Mexico, or basically the 48-
hour period between the time the storm exited south Florida near
1200 UT August 24, and the time it entered the Gulf Coast near
1200 UT August 26. During that period, the Air Force Reserve
mounted twice-daily missions into Andrew, yielding no less than
28 center "fixes" and copiocus flight level data, mainly at 700 mb
of wind, pressure and temperature defining the structure of the

storm (at flight level).

Hurricane Andrew emerged into the Gulf of Mexico as an
intense storm despite having passed over land through South
Florida. Shortly after exiting the west coast of Florida, the
central pressure was about 950 mb, maximum flight level winds
were 117 knots, and the radius of maximum wind was still very
small at about 10 nm. The aircraft fix data served as the
principal source of data for specification of storm track and
central pressure time histories in the Gulf of Mexico. We
developed our own smoothed "best track" from the fix data,
augmented by radar and satellite loops, to yield the track shown

in Figure 1.

The observations of central pressure are shown in Figure 2,
which alsc indicates the history implied in real time NHC
advisories and the history ultimately used for our hindcast (as
explained further below). Evidently, Andrew underwent one cycle
of slight deepening shortly after leaving South Florida, and a
more pronounced and sudden intensification when the center passed
due south of the Delta. It is quite interesting that the central
pressure reached its minimum (for the Gulf of Mexicc phase) when
the center was still abocut 60 nm offshore at about 2100 UT cn
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August 25. The central pressure then filled rapidly so that when
the center actually crossed the coast, the pressure was close to
955 mb. This behavior is unlike mest storms which maintain
intensity until very near coast creossing. Andrew's behavior may
be related to the oblique incidence angle of the track with the
shoreline which placed much of the right front gquadrant over land
well before landfall, or perhaps to some other effect. Filling

continued as the storm moved north through Louisiana on the 26th.

Maximum flight level winds in the Gulf of Mexico of about
130 knots were measured after the first round of deepening early
on the 25th, and winds of 135 knots were measured at the end of
the second round of deepening late on the 25th. However, as the
central pressure filled early on the 26th, flight level winds
appeared to decrease commensurately only to the left of the
center, with the aircraft reporting maximum flight level winds of
petween 130 and 135 knots up until 0600 UT when the eye was just
crossing Atchafalaya Bay. Ailrcraft data, satellite and radar
imagery all supported a gradual expansiocn of the eye and eyewall
diameter as the storm crossed the Gulf of Mexice, so that by the
time the storm entered the Louisiana cocast, the radius of maximum

winds (in the boundary layer) was estimated to be 15 nm.
3.3 Detailed Storm Parameters

The bulk of the labor involved in our hindcast method as
applied here is the development of the time histeory of the
parameters reguired by our numerical vortex model of the boundary
layer wind field. These consist mainly of the three-hourly
coordinates of the storm center, and time histories of the
central pressure, peripheral pressure, scale radius of the
analytical form used to describe the axisymmetric part of the
pressure field, the ambient circulation in which the storm is
embedded described in terms of an equivalent geostrophic

"steering flow", and a time backward weighted storm motion vector
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(see Appendix C for a more detailed explanaticon ¢f the model

initialization).

The specification of storm parameters was most heavily
influenced by the aircraft flight level and eye dropsonde data.
For this study, the magnetic media files of virtually continuous
flight level data were processed in much the same manner as they
are processed at the NOAA National Hurricane Research Division.
Figure 3 shows a typical flight pattern. To produce this plot,
we first repositioned the individual measurements to a storm
center relative ccordinate system, using the seguence of fixes
provided by the particular mission to determine the continuous
position of the center over the approximately 8 hour duraticn of
this flight. For this plot the flight level wind speeds were
reduced by 75% to approximate 60-minute average winds at 20 m
height. This reduction factor was taken from extensive empirical

compariscons of flight level and surface winds reported by Powell

and Black (1989}.

In the storm relative coordinate system, individual legs
were also plotted as a function cf distance from the center as
shown in Figure 4, which shows the reduced sea level pressure
(extrapolated from 700 mb height) and surface wind speed
distributions along flight legs taken north and south of the eye
late on the 25th. The pressure plot shows a trial fit of the
exponential profile tc the reduced flight level data. The
parameters of the pressure profile ultimately selected for the
hindcast were not exclusively based upon fits to aircraft data
for several reasons. It 1s possible, for example, that the
structure of the inner core at the surface is different from that
exhibited at flight level. In some storms the eyewall slopes
inward toward the surface. A second consideration was the desire
to compensate for the steady state aspect of the vortex model
which implies instantaneous adjustment of the wind field to the

pressure field. In the 9 hours before landfall, wind field
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changes evidently lagged the rapid filling in central pressure
especially to the right of the center where maximum wave
generation occurs. Therefore, we introduced a lag in the
pressure center (see Figure 2) in the modeled central pressure
time history during the prelandfall filling stage. Since the wind
response appeared tc be asymmetrical, introduction cf this lag
should improve the accuracy of the modelled winds to the right of
the center at the expense perhaps of slightly degrading the
accuracy of the wind field to the left of the track.

The final parameter specification adopted for the hindcast
(a result of many trial iterations) is given in Table 1. The
ultimate objective of the model initialization was to provide a
vortex description which provided the most accurate hindcast of
ocean response parameters. Direct verification of the modeled
wind field was given lower priority because availlable surface
wind data are woefully inadequate for this purpose.
Unfortunately, the inner core of Andrew weaved a path which
avoided the buoy and platform stations eguipped with calibrated

recording anemometers (see Figure 1).

Table 1 gives the parameters used to calculate a series of
ten numerical model wind field solutions on a storm-centered
relative nested rectangular coordinate system (inner mesh spacing
of 5 km), which are then interpolated in space and time to
provide wind fields at 30-minute intervals on the rectangular
grids of regular spacing of the wave and surge/current models.
The 30~-minute center coordinates are interpolated linearly from

the 3~hourly positions in the "storm track table"” of Table 1.

The hindcast extends from 1200 UT August 24 to 1800 UT
August 26. The first snapshot specifies a vortex with central
pressure of 947 mb, azimuthal averaged peripheral pressure of
1016 mb, scale radius of ¢ nm, movement toward the west-northwest

at 13 knots, and ambient geostrophic steering "flow" from the
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east-southeast at 7 m/s. As the storm reached its maximum
intensity at 1800 UT August 24, indicated in Table 1 by
"snapshot" number 5, the central pressure had locwered to 932 mb,
the scale radius had increased to 15 nm, the steering flow
increased to 11 m/s and forward motion slowed to 11 knots, now
directed toward the northwest. Since Andrew was accompanied by
greater than normal peripheral pressures and ambient steering
gradients, the effective intensity (i.e. in terms of wind, and
ocean response) was somewhat greater than indicated merely by its

central pressure.
4. HINDCAST RESULTS
4.1 Wind Field

In this study, all winds are referred to the effective over-
water 60-minute average winds at a height of 20 m above sea
level. Wind speeds at 10 m height are about 8% lower. Wind
speeds at shorter averaging intervals may be derived by applying

the following "gust" factors to the 60-minute average wind speed:

10 minute average x 1.09
1 minute average X 1.22
3-second gust ®x 1.53

The hindcast wind fields are shown at twc scales in this
report. Appendix D shows the pattern over the whole Gulf at 6&-
hourly intervals, with wind vectors plotted at every octher row
and column of points of the wave hindcast model grid. Appendix E
shows the winds at 3-hourly intervals at every model grid point
over a more limited domain and only for the hindcast period
during which the hurricane passed through this domain.
Conventional "wind barb" representation (each full barb denotes
ten knots, each half barb 5 knots and each flag 50 knots) is
followed, which limits read resolution to about S knots. However,
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on the high resclution plots, the two digits plotted adjacent to
each vector allow the actual wind speed and direction to be read
(the first digit is the tens place of the direction, the second
digit is the units place of the speed). For example, at 1800 UT
August 25 (map labelled as 92082518), the grid point with maximum
wind speed is located due north of the storm center (center of
cyclonic circulation), at which the wind direction is 070 degrees
(from which) and the wind speed 1is 98 knots. Due south of the
center maximum wind speeds are only 68 knots, indicating the
asymmetry usually found in a Gulf hurricane if it is not heavily
influenced by an extratropical weather system. The wind
direction pattern is alsoc quite asymmetrical with strong inflow
in the right and rear quadrants and minimal inflow to the front

and left of the center.

The evolution of the wind speed field 1s shown in a
different way in Figures 5 (large domain) and Figure 6 (limited
domain). These plots show contours of the maximum wind speeds
experienced at each grid point over the entire storm history. For
example, Figure 6 shows that winds exceeded 50 m/s only over a
small area southwest of the Mississippi Delta, where the minimum
central pressure was observed. Using the rough empirical ratio
between surface and flight level winds speeds of 0.75, (Powell
and Black, 1989) maximum flight level winds in the range of 130-
135 knots are consistent with surface winds of about 99 knots, or
about 51 m/s, which is very close to the maximum wind speed

modeled.

Appendix F gives comparisons of modeled and measured
(adjusted to 20 m) wind time histories at open-sea sites,
including NOAA bucys 42001 and 42003, and Bullwinkle and Lena
platforms. Only Lena was located toc the right of the track, and
only wind speed measurements are avallable there. There were two
anemometers on Bullwinkle, and compariscns are presented for

both. In general, there is excellent agreement between modeled
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and observed wind direction histories, and a tendency for the

" modeled wind speeds to run higher than cobserved. However, as
noted above, we judged it more important to model the inner core
and right sides of the circulation accurately, and therefore
decided not to compromise the storm parameters to achieve closer
fits at sites left of the track, at the expense of lowering peak
wind speeds closer to the center. Also, as noted below, this
wind field provides generally unbiased hindcasts of peak storm

significant wave heights at these same sites.
4.2 Surface Waves

The execution of the wave hindcast model provides directly
the two-dimensional wave spectrum at hourly intervals, on the
wave model grid (see Appendix C), an array of points spaced
nominally 12 nm apart. Integrated properties of the spectrum are
calculated from the 2-D spectra at all grid polnts and archived
as part of the hindcast run. For example, Appendix G shows the

pattern of hindcast HS and associated vector mean wave direction.

In a peost-processing step, and only at points at which the
peak HS in the storm exceeds at least 3 m, time histories of the
2-D spectra are used to calculate the probable maximum individual
wave height, HM, and maximum individual crest height, HC. The
entire time history at a point is used in this calculation
following the method of Borgman (1973). The empirical statistical
distribution of Forristall (1978) is used to specify HM and the
empirical distribution of Haring et al. (1978) is used for HC.
These calculations yield probability distributions for the
respective heights. We have selected the median value (or 50%
cumulative probability level) of the fitted distributions. Thus,
even if the hindcast is perfect, it is quite possible that the

median maximum HM or HC may be exceeded at a particular site.
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The spatial distribution cof the maximum hindcast HS and the
maxima calculated (median) HM and HC are shown in Figures 7, 8
and 9 respectively on the large Gulf domain, and in Figures 10,
11 and 12 respectively for the limited dcmain of most interest.
The hindcast shows maxima of HS increasing from about 8 m just
off the west coast of Florida to a peak just above 13 m scuth of
the Delta where the storm intensity peaked. The calculated
maximum individual wave height and crest height just exceed 21 m
and 13 m respectively. The absolute maximum sea state hindcast
was at grid point 3748, at 28.25 degree N, 89.88 degrees W, where
the hindcast HS 1s 13.26 m, HM is 22.04 m, and where HC is 12.79
m, though HC of 13.92 m was specified at an adjacent grid point
The hindcast and calculated storm maxima of winds and all ocean
response parameters of interest at all grid points within the

limited domain are given in Appendix G.

It is possible to compare measured and hindcast waves at
only three offshore sites, none located closer than about 50 nm
from the track. These comparisons are shown 1n Figures 13-15,
for buoys 42001, 42003, and BullQinkle platform respectively. At
42001 the agreement in HS is excellent throughout except for a
slight lag and underspecfication of peak HS with respect to that
measured. At 42003 the peak is slightly overpredicted and the lag
is smaller. At Bullwinkle, the peak HS is well specified, with a
lag of about 2 hours. Figure 16 is a scatter plot of measured and
hindcast HS based upon all sites, and Table 2 compares just the
peaks. Though the data sample is quite small, Table 2 suggests
that this hindcast comes within the typical error characteristics
for specification of storm peak HS at a site of the ODGP hindcast
method. Over the three sites, the mean hindcast-measured
difference in specificaticn of peak HS is .32 m, and the mean

absolute difference is only .38 m.
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4.3 Storm Surge/Currents

The results of the hindcast of storm surge and vertically
integrated currents are shown in Figures 17 and 18 fcor the large
domain, and in Figures 19 and 20 for the limited domain. The
latter figures show the hindcast peak at every mocdel grid point.
Figure 19 shows the peak hindcast current (plot threshold of 25
cm/sec) and the hindcast peak positive storm surge at the time of
the peak current, and Figure 20 shows the peak hindcast storm

surge (plot threshold of 20 cm) and the associated current,

No measurements of the surge offshore are available for
comparison with this hindcast. The indicated positive surge near
the storm track of 50-75 cm in deep water 1is associated with the
"inverted barometer effect". Maximum positive storm surge
increased with decreasing water depth near the track, exceeding 1
meter to the right cof the track on the shelf and up tc 3 meters
at one grid point near the cocast south of Houma near Terrebone
Bay. The pattern of open coast surge 1s close to that cbserved
(see Figure 21, from Haag Enqineéring Cc., 1992). Higher
resolution in the surge model would be required to make
quantitative comparisons between cbserved and hindcast surge at
gage locations right at the shoreline, but the general agreement
between hindcast and measured peak positive surge between Grand
Isle and Vermillion Bay is encouraging. The maximum vertically
integrated current was specified toc be 1.60 m/sec (3.1 knots)

offshore Vermillion Bay.
5. DISCUSSION

The objective of providing an environmentzl data base for
study of platform response to Hurricane Andrew has been satisfied
by the hindcast method. The very limited field data available for
validation of this hindcast suggests that errors in specification

of wind fields and sea states are equal to or smaller than errors

14



typical of the hindcast method applied. No validation of
currents was possible, but the profile of peak hindcast storm
surge along the open coast of Loulsiana appears to be in close

agreement with the limited measurements available at this time.

By almost any standard measure (e.g. central pressure, peak
winds, destructive potential) Hurricane Andrew was a very intense
Gulf of Mexico hurricane. In this century we estimate that only 5
other hurricanes attained central pressure of 932 mb or lower in
the Gulf of Mexico. The storm is also very highly ranked in
terms of wave generation. If we use the ODGP historical
hindcasts as a reference (Ward et al., 1979) the maximum hindcast
HS at the shelf break south of the Mississippi Delta of 13.2 m
(43.5 ft) was exceeded in only 7 storms this century anywhere in
the Gulf. Off the central Gulf coast, only Betsy (1965) and
Camille (1969), both with peak hindcast HS of (14 m) 46 ft,
exceeded the peak hindcast HS in Andrew. The maximum calculated
individual wave height of 22 m (72 ft) at the shelf break is
equal to the site-specific 100-year return period maximum
individual wave height estimated for deep water by Ward et al.
(1979). Participants in the more recent joint industry projects
which extended the ODGP results into shallow water (e.g. GUMSHOE)

may make comparable comparisons in shallow water.

Finally, while this hindcast was carried out to support the
platform response studies, there is the potential that the
studies of platform damage and respcnse may be used in a
synergistic way to further validate the hindcast models and
existing design data derived therefrom. We fully encourage the
offshore industry efforts to utilize indirect methods to estimate
the peak environmental conditions seen by their platforms, and
recommend that such data be poocled to reveal the spatial pattern
of peak environmental loads exerted by this hurricane. Such data

might even by useful for reevaluation of some of the fundamental
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physical mechanisms incorporated in the wave and hydrodynamic

models exercised herein.
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Table 1. Storm parameters and track used for numerical model
simulation of boundary layer wind field

Tropical Cycleone Input Data Project ANDREW JIP
Storm #_9208 Name ANDREW Duration of Hindcast_60 hours
SNAP 1 EYELAT = 26 ., DIREC = 280 ., SPEED = I3 ., EYPRES = 947.,
RADIUS = 9 ., PFAR =1016 ., SGW = 7 ., AN = 120.,
SNAP 2 EYELAT = 26 ., DIREC = 280 ., SPEED = 13 ., EYPRES = 943.,
RADIUS = 9 ., PFAR =1016 ., SGW = 7 ., ANl = 120.,
SNAP 3 EYELAT = 27 ., DIREC = 295 ., SPEED = 13 ., EYPRES = 948.,
RADIUS = 12 ., PFAR =]1016 ., SGW = & ., ANl = 125.,
SNAP 4 EYFELAT = 28 ., DIREC = 295 ., SPEED = 13 ., EYPRES = 944.,
RADIUS = I5 ., PFAR =1016 ., SGW = ¢ ., ANl = 125.,
SNAP 5 EYELAT = 28 ., DIREC = 305 ., SPEED = 11 ., EYPRES = g932.,
RADIUS = 15 ., PFAR =1016 ., SGW = 11 ., ANl = 125.,
SNAP 6 EYELAT = 29 ., DIREC = 320 ., SPEED = 10 ., EYPRES = 836.,
RADIUS = 15 ., PFAR =1016 ., SGW = 9 ., ANl = 140.,
SNAP 7 EYELAT = 30 ., DIREC = 340 ., SPEED = 9 ., EYPRES = 958.,
RADIUS = !5 ., PFAR =1016 ., SGW = 8 ., ANl = 155.,
SNAP 8 EYELAT = 30 ., DIREC = 355 ., SPEED = 9 ., EYPRES = 873.,
RADIUS = 15 ., PFAR =1016 ., SGW = & ., ANl = 160.,
SNAP 9 EYELAT = 30 ., DIREC = 5 ., SPEED = § ., EYPRES = 982.,
RADIUS = 15 ., PFAR =1016 ., SGW = & ., ANl = 170.,
SNAP 10 EYELAT = 31 ., DIREC = 5 ., SPEED = & ., EYPRES = 9390.,
RADIUS = 16 ., PFAR =1016 ., SGW = 8 ., ANl = 175 ,
Storm Track Table
TIME STEP LAT LONG SNAP ROT (YM¥DH)
O 25 36 -81 12 1 0 92082412
& 25 41 -82 10 0 241%
12 25 46 -83 09 1 0 2418
18 26 00 -84 03 0 2421
24 26 08 -85 02 2 0 2500
30 26 23 -85 54 0] 2503
36 26 38 -86 47 o} 2506
42 26 56 -87 38 3 0 2509
48 27 16 -88 24 o] 2512
54 27 31 -89 08 0 251%
60 27 47 -89 42 0 2518
66 28 10 -90 Q¢ O 2521
72 28 33 -90 3¢ 0 2600
78 28 47 -91 03 6 0 2603
84 29 Q9 -91 19 0 2606
90 29 37 -91 34 7 0 2609
96 30 06 -91 42 8 0 2612
102 30 29 ~91 40 9 0 2615
108 30 54 -91 36 10 0 2618

File: G:\OSANDREW.TAB, Thursday 5-Nov-1992 11:38am
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Hurricane ANDREW

Table 2.

Comparision of Hindcast vs. Measured
Peak-to-Peak Significant Wave Heights

Measured Hindcast
Staticon | Time Hs Grid Pt Time Hs Time Diff Hs Diff
(Meas—Hind) {Meas-Hind
BUSL1 2519 7.86 3664 2521 7.76 -2 .10
42001 2513 4.50 2896 2517 3.84 -4 -.66
42003 2502 6.50 2896 2503 65.98 -1 -.39

File: G.\COMPPEAK.WPF, Monday 9-Nov-1992 4.28pm
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Pressure Comparision

Hurricane ANDREW
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Observed central pressures, NHC advisory central

Figure 2.

pressures, and central pressure time history used for

hindcast, with lag during filling stage to model lag in

decay of peak winds.
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Wind Profile Orientation: NORTH/SOUTH

G 100 | i
- = Hurricane ANDREW
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Figure 4. Flight level data reduced to surface level and
repositioned with respect to the center of Hurricane
Andrew for a north-south flight leg through the eye.
A trial fit of the exponential pressure profile is
shown through the pressure data.
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Appendix A

NCAA Natiocnal Hurricane Center Preliminary Report
on Hurricane Andrew 16-28 August, 1992






Preliminary-ﬁeport
Hurricane Andrew
16 - 28 August 1982

Andrew was a small and ferccious Cape Verde hurricane that
wrought unprecedented economic devastation along a path through the
northwestern Bahamas, the scuthern Florida peninsula, and south-

central Loulisiana. Preliminary damage estimates in the United
States range from $15-30 billion, making Andrew the most expensive
natural disaster in U.S. history. The tropical cyclone struck

southern Dade County, Florida, especially hard, with violent winds
and storm surges characteristic of a category 4 hurricane on the
Saffir-Simpson intensity scale, and with a central pressure (926
mb) that is the third lowest this century for a hurricane at
landfall in the United States. In Dade County alcne, the forces of
Andrew resulted in 15 deaths and one-quarter million people
homeless. An additional 25 lives were lost in Dade County from the
indirect effects of aAndrew, but the total of 40 lives lost there
seems remarkably low considering the destruction caused by this

hurricane.
a. Synoptic History

Hurricane Andrew formed from a tropical wave that satellite
pictures and upper-air data indicate crossed from the west coast of
Africa to the tropical North Atlantic Ocean on 14 August. The wave
moved westward at about 20 kt, steered by a swift and deep easterly
current on the south side of an area of high pressure. The wave
passed to the south of the Cape Verde islands on the following day.
At that point, metebroclogists at the National Hurricane Center
(NHC) Tropical Satellite Analysis and Forecast (TSAF) unit and the
Synoptic Analysis Branch (SaB) of the National Environmental
satellite Data’ and Information Service (NESDIS) found the wave
sufficiently well-organized to begin classifying the intensity of
the system using the Dvorak (1984) analysis technigue. ;

Convection subsequently became more focused in a region o
cyclonic cloud rotation. Narrow spiral-shaped bands of clouds
developed around the center of rotation on 16 August. At 1800 UTIC
on the 16th, both the TSAF unit and SAB calculated a Dvorak T-
number of 2.0 and the "best track" (Table 1 and Fig. 1) shows that
the transition from tropical wave to tropical depression tock place
at that time. ' .

The depression was initially embedded in an environment of’
easterly vertical wind shear. By midday on the 17th, however, the
shear diminished. The depression grew stronger and, at 1200 UIC 17
August, it became Andrew, the first Atlantic tropical storm of the
1992 hurricane season. The tropical cyclone continued moving
rapidly on a heading which turned from west to west-northwest.
This. course was 1ln the general direction of the Lesser Antilles.

Between-the 17th and 20th of August, the tropical storm passed
south of the center of the high pressure area over the eastern
Atlantie. Steering currents carried Andrew closer to a strong
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upper-level low pressure system centered about 500 n mi to the
eéast-southeast of Bermuda and to a trough that extended southward
from the low for a few hundred miles. These currents gradually
changed and Andrew decelerated on a course which became
northwesterly. This change in heading spared the Lesser Antilles
from an encounter with Andrew. The change in track also brought
the tropical storm into an environment of strong southwesterly
vertical wind shear and quite high surface pressures to its north.
Although the estimated maximum wind speed of Andrew varied little
then, a rather remarkable evolution occurred.

Satellite images suggest that Andrew produced deep convection
only sporadically for several days, mainly in several bursts of
about 12 hours duration. The deep convection also did not persist.
Instead, it was stripped away from the lowjlevel circulation by the
strong southwesterly flow at upper levels. Air Force Reserve unit
reconnaissance aircraft investigated Andrew and, on the 20th, found
that the cyclone had degenerated to the extent that only a diffuse
low-level circulation center remained. Andrew's central pressure
rose considerably (Fig. 2). Nevertheless, the flight-level data
indicated that Andrew retained a vigorous circulation aloft. Wind
speeds near 70 kt were measured at an altitude of 1500 ft near a
convective band lying to the northeast of the low-level center.
Hence, Andrew is estimated on 20 August to have been a tropical
storm with 40 kt surface winds and an astonishingly high central
pressure of 1015 mb.

Significant changes in the large-scale environment near and
downstream from Andrew began by 21 August. Satellite imagery in
the water vapor channel indicated that the low aloft to the east-
southeast of Bermuda weakened and split. The bulk of the low
opened into a trough which retreated northward. That evolution
decreased the vertical wind shear over Andrew. The remainder of
the low dropped southward to a positicn just southwest of Andrew
where its circulation enhanced the upper-level outflow over the
tropical storm. At the same time, a strong and deep high pressure
cell formed near the U.S. southeast coast. A ridge built eastward
from the high into the southwestern Atlantic with its axis lying
just north of Andrew. The associated steering flow over the
tropical storm became easterly. Andrew turned toward the west,
accelerated to near 16 kt, and quickly intensified.

Andrew reached hurricane strength on the morning of 22 August,
thereby becoming the first Atlantic hurricane to form from a
tropical wave in nearly two years. An eye formed that morning and
the rate of strengthening increased. Just 36 hours later, Andrew
reached the borderline between a cateqory 4 and 5 hurricane and was
at its peak intensity (Table 1). From 0000 UTC on the 21st (when
Andrew had a barely perceptible low-level center) to 1800 UTC on
the 23rd the central pressure had fallen by 92 mb, down to-922 mb.
A fall of 72 mb occurred during the last 36 hours of that period
and qualifies as rapid deepening (Holliday and Thompson, 1379).
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The region of high pressure held steady and drove Andrew nearly.

due west for two and a half days beginning on the 22nd. Andrew was -

a category 4 hurricane when its eye passed over northern Eleuthera
Island in the Bahamas late on the 23rd and then over the southern-
Berry Islands in the Bahamas early on the 24th. After leaving the
Bahamas, Andrew continued moving westward toward southeast Florida.

Andrew weakened when it passed over the western porticon of the
Great Bahama Bank and the pressure rose to 941 mb. However, the
hurricane rapidly reintensified during the last few hours preceding
landfall on Florida as it moved over the Straits of Florida.
Radar, aircraft and satelllite data showed a decreasing eye diameter
and strengthening eyewall convection. Aircraft data also suggest
that the deepening trend continued up to the coast. The eye
temperature was at least 1-2°C warmer at 1010 UTC (an hour after
the eve made landfall) than it was in the last "fix" about 15 n mi
offshore at 0804 UTC. It is estimated that the central pressure
was 926 mb at landfall near Homestead AFB, Florida at 0905 UTC

(5:05 A.M. EDT). 24 August.

The maximum sustained surface wind speed (l-min average at 10
meters elevation) during landfall over Florida is estimated at 125
kt (about 145 mph), with gusts at that elevation near 150 kt (about
175 mph). The sustained wind speed corresponds to a category 4
hurricane on the Saffir-Simpson scale. Locally stronger winds -
occurred at heights more than 10 meters (about 30 ft) above the
ground, such as on taller structures. Several unofficial reports
of stronger gusts are being evaluated. The landfall intensity is
discussed further in Section b: .

Andrew moved nearly due west when over land and crossed the
extreme southern porticon of the Florida peninsula in about four
hours. Although the hurricane weakened about one category on the
saffir-Simpson scale during the transit over land, and the pressure
rose to about 950 mb, Andrew was still a major hurricane when its
eyewall passed over the extreme southwestern Florida coast.

The first of two cycles of modest intensification commenced
when the eye reached the Gulf of Mexico. Alsc, the hurricane
continued to move at a relatively fast pace while its track
gradually turned toward the west-northwest.

As Andrew reached the north-central Gulf of Mexico, the high
pressure system to its northeast weakened and a strong mid-latitude
trough approached the area from the northwest. Steering currents
began to change. Andrew turned toward the northwest and 1its
forward speed decreased to about 8 kt. The hurricane struck a
sparsely populated section of the south—central Louisiana coast
with category 3 intensity at about 0830 UTC on the 26th. The
landfall location is about 20 n mi west-southwest of Morgan City.

Andrew weakened rapidly after landfall, to tropical storm

strength in about 10 hours and,to depression status 12 hours later.
During this weakening phase, the cyclone moved nerthward and then

3
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accelerated northeastward. Andrew and its remnants continued to
produce heavy rain that locally exceeded 10 inches near its track
(Table 2c). By midday on the 28th, Andrew had begun to merge with
a frontal system over the mid-Atlantic states.

b. Meteorological Statistics

The Dbest track intensities were obtained. from the data
presented in Figs. 2 and 3. Those figures .show the curves of
Andrew's central pressure and maximum sustained one-minute wind
speed, respectively, versus time, along with the observations on
which they were based. The figures contain relevant -surface

~observations and intensity estimates derived from analyses of

satellite images performed by the TSAF unit, SAB and the Air Force
Global Weather Central (USAF in figures). The aircraft data came
from reconnaissance flights by the U.S. Air Force Reserve unit
based at Keesler AFB, Mississippi. Additicnal data were collected

aboard a NOAA aircraft.

Table 2 1lists a selection of surface observations. The
anemcmeter at Harbour Island, near the northern end of Eleuthera
Island in the Bahamas, measured a sustained wind speed of 120 kt
shortly after 2100 UTC on the 23rd. That wind speed was the
maximum that could be registered by the instrument. A higher speed
may have occurred at a later time. -

v

Unfortunately, there were no official observations of sustained
surface winds in the region of maximum wind speeds at the U.S.
landfall sites. However, there is considerable evidence supporting
a maximum sustained wind speed of about 125 kt over southeastern
Florida. The strongest reported sustained wind near the sSurface
occurred at the Fowey Rocks C-MAN station at 0800 UTC. The station
sits about 11l n mi east of the shoreline and, at that time, was
within the northern eyewall. The 0800 UTC data included a 2-min
sustained wind of 123 kt (141 mph) with a gust tc 147 kt (169 mph)
at a platform height of 43 meters. The National Data Buoy Center
converted this observation to a two-min wind of 108 kt (124 mph) at
10 meters elevation using a boundary-layer model. The peak cne-
minute wind during that period at Fowey Rocks was likely a few
knots higher. Moreover, it is unlikely that this point observation
was so fortuitously situated that it represents a sampling of the
absolute strongest wind. Indeed, Fowey Rocks ceased transmitting
data only 3 minutes later, presumably when even stronger winds
disabled the instrumentation. A subsequent visual inspection
indicated that the mast supporting the anemometer had become bent
90 degrees from vertical.

, Reconnaissance aircraft data from a flight level of about
10,000 ft are alsc compatible with a 125 kt estimate. The maximum

-wind speed along 10 seconds of flight track (equated to a 1l-min

wind speed at a stationary site) on the last pass prior to landfall
was 162 kt. That wind occurred at 0810 UTC in the eyewall region
11 nmi to the north of the center of the eye (almost directly
above Fowey Rocks). As with the observation from Fowey Rocks, it

4
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must be kept in mind that the aircraft provided a series of "pointﬁ

observations (i.e., no lateral extent). Almost assuredly, somewhat

"higher wind speeds occurred elsewhere in the northern eyewall, a

jittle to the left and/or to the right of the flight track. A wind
speed at 10,000 ft is usually reduced in order to cbtain a surface
wind estimate. The findings of a preliminary analysis of the
aircraft and low-level observations by the Atlantic Oceanographic
and Meteorological Laboratory (AOML) Hurricane Research Division is
consistent with 125 kt.

, Two indirect measures of intensity support a sustained wind
speed of at least 125 kt. First, a standard pressure-wind
relationship applied to 926 mb yields around 135 kt (155 mph).
Second, a special TSAF unit Dvorak technigque classification at

landfall provided a T-number of 6.5, or 127 kt.

Tt is estimated that maximum gusts (of 3-5 seconds duration)
were near 150 kt (175 mph) at the 10-meter level at landfall in
Florida. Unofficial observations in Table 2b support locally
higher, more instantaneous, peak gusts. o

geveral unofficial pressure observations read at the surface
near Homestead support a landfall central pressure of 926 mb (Table
2b) . The observatiocns also suggest that the 932 mb central
pressure report from reconnaissance aircraft one:hour prior to
landfall came from a dropsonde that probably did not sample the
lowest pressure within the eye. In this century, only Camille in
1969 and the Labor Day (Keys') Storm in 1935 had lower pressures at
the time of landfall in the United States (Hebert et al., 1992).

The maximum 10-second flight-level wind speed reported during
Andrew was 170 kt at about 1500 UTC on 23 August. The alrcraft
data indicate that the lowest pressure in Andrew was 922 mb near
1700 UTC that day. ' '

Andrew came ashore in the northwest Bahamas and southeast
Florida near high tide and was accompanied by a locally huge storm
surge. The surge at Current Island, near the northern end of
Eleuthera Island, reached a phenomenal 23 ft.  Figure 4 shows a
cross section of the height of the storm tide (which.is the sum of
the storm surge and astronomical tide) over the southeast Florida
coastline. The 16.9 ft storm tide which headed inland from
Biscayne Bay is & record maximum for the southeast Florida
peninsula. Storm tides in Loulsiana were at least 7 ft (Table 2a)
and caused flooding from Lake Borgne westward through Vermillion

Bay. Results from storm surge surveys in southwest Florida were

incomplete at the time of this writing.

There have been no confirmed reports of tornadoes associated

with Andrew over the Bahamas or Florida. Funnel sightings, some
unconfirmed, were reported in the Florida counties of Glades,
Collier and Highlands, where Andrew crossed in daylight. - In

. Louisiana, one tornado occurred in the city of Laplace several

hours prior to Andrew's landfall. That tornado killed 2 pecple and

injured 32 others.  Tornadoes in the Ascension, Iberville, Baton.
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Rouge, Pointe Coupee, and Avoyelles parishes of Louisiana
reportedly did not result in Casualties, Numerous reports of
funnel clouds were recelved by officials in Mississippi and
tornadoes were Suspected to have caused damage in several
Mississippi counties. In Alabama, the occurrence of two damaging
tornadoes has been confirmed over the mainland while another
tornado may have hit Dauphin Island. As Andrew and its remnants
moved northeastward over the eastern states, it continued to
'Produce severe weather. For example, several damaging tornadoes in
Georgia late on 27 August were attributed to Andrew,

Andrew dropped sufficient rain to cause local floods even
though the hurricane was relatively small and generally moved
rather fast. Rainfall totals in excess of seven inches were
reccrded in southeast Florida, Louisiana, and Mississippi (Table
2c) . Rainfall amounts near five inches occurred 1in Several
neighboring states. Hammond, Leuisiana reported the highest total,
11.92 inches.

C¢. Casualty and.Damage Statistics

Table 3 lists a Preliminary count of casualties and damages
associated with Andrew. The death toll currently stands at 54.

Damage estimates are fluctuating within the $15-30 billion
range. Andrew's impact on southern Dade County was extreme from
the Kendall district southward through Homestead and Florida City,
Lo near Key Largo. Insured losses alone in southern Florida have
been preliminarily‘estimated at $7.3 billion by the Property Claims
Division of The American Insurance Services Group, Inc. Recent
nNews reports indicate that this total may rise. Reports by Florida
Governor Chiles and the American Red Cross, summarized in The Miami
Herald, delineate the extent of damage in Florida. The loss to
South Florida's agricultural industry was $1.04 billion. Andrew
destroyed 25,524 homes and damaged 101,241 others. About 670,000
Customers lost power in Dade County alone {one customer may
represent multiple users). The State of Florida requested §2
billion in federal aid for cleanup of debris. The Miami Herald
reported $0.5 billion in losses to boats in southeast Florida.

S
- The damage to Louisiana is estimated at $1 billion.
Damage in the Bahamas has been estimated at $0.25 billion.

Extensive damage occurred to numerous offshore platforms near
the south-central Louisiana coast.

Figure 5 displays a radar reflectivity pattern {similar to
rainfall intensity) about 30 minutes prior to landfall, super-
imposed on a map, of southern Florida. The fiqure shows that the
most devastated areas correspond closely in location to the region
overspread by Andrew's eyewall and its accompanying core of
destructive winds and, near the coastline, decimating storm surges.
Flight-level data about an hour prior to landfall place the radius
“of maximum wind at 11 n mi {in the northern eyewall at 10,000 ft (

6
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altitude). The radius of maximum wind at the surface was llkely a
little less than 11 n mi. Areas of southern Florida well-outside
the eyewall experienced less severe damage and fewer casualties.

' Table 2 reveals that about cne-half of the fatalitles were
"indirect". The indirect deaths occurred primarily during the
recovery phase following Andrew's passage. ‘

Hurricanes are notoriously capricious. Andrew was a compact
system. A little larger system, or one making landfall just a few
nautical miles further to the north, would have been catastrophic
for heavily populated, highly commercialized and no less vulnerable
areas to the north. That area includes downtown Miami, Miami Beach,
Key Biscayne and Fort Lauderdale. Andrew also left the highly
vulnerable New Orleans region relatively unscathed.

d. Forecast and Warning Critique

Track forecast errors by the NHC and by the suite of track
prediction models are given in Table 4. On average, the NHC errors
were about 30% smaller than the current 10-year average. The most
significant changes in Andrew's track and intensity (see Fig. I,
Table 1) were generally well anticipated (noted in NHC's Tropical
Cyclone Discussions) and the forecast tracks generally lie close to

the best track. However, the rate of Andrew's westward accelera-
tion over the southwestern Atlantic was greater than initially
forecast. In addition, the NHC forecast a rate of strengthening

that was less than what occurred during Andrew's periocd of rapid
deepening.

Several of the dynamic track models had stellar performances
during this hurricane. The Aviation Model (AVNO) performed
especially well. However, recent modifications to this model
(including the ‘incorporation of a simulated vortex at the hurricane
location) give the AVNO a rather short "track history"”. Hence, the
operational reliability of this model for hurricane forecasting is
not established. The GFDL and QLM models also had small errors.
It should be pointed out, however, thdt the NHC works on a six-
hourly forecast cycle and that the models mentioned above are run
just once per 12 hours. Moreover, the output from these models
becomes available to forecasters no earlier than the following six-
hour forecast cycle.

Historically, the NHCI0Q statistical-dynamical model has been
the most accurate of NHC's track guidance models. The NHC90 errors
were rather large during Andrew. Because the NHC90 uses output
from the Aviation Model it is possible that the recent changes in
the latter model may be responsible for NHC30's degraded

performance.

Table 5 lists a chronology of watches and warnings issued by
the National Hurricane Center and the Government of the Bahamas.

The associated lead times (based on landﬁall of the eye) are given
in Table 6.
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Massive evacuations were ordered in Florida and Louisiana as
the likelihood of Andrew making landfall in those regions increased
(Table 7). About 55,000 people left the Florida Keys. Evacuations
were ordered for 517,000 people in Dade County, 300,000 in Broward
County, 315,000 in Palm Beach County and 15,000 in St. Lucie
County. For counties further west in Florida, currently available
evacuation totals exceeding one thousand pecple are Collier
(25,000)5 Glades (4,000) and Lee (2,500).

It is estimated that 1,250,000 people evacuated from parishes
in southeastern and south-central Louisiana.

About 250,000 people evacuated from Orange and Jefferson
Counties in Texas.

The recovery process continues in several areas. Nevertheless,
it is not too early to emphasize an important point. The winds in
Hurricane Andrew wreaked tremendous structural damage, particularly
in southern Dade County. Notwithstanding, the loss of life in
Hurricane Andrew, while very unfortunate, was far less than has
previously occurred in hurricanes of comparable strength.
Historical data suggests that storm surge is the greatest threat to
life. Clearly, lives were saved by the large evacuation along the
Coastline of southeast Florida. The relatively small loss of 1life
there serves as testimony to the success and ‘importance of
coordinated programs of hurricane preparedness.
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Radar: Miami

Andrew
JAug. 24, 1892
8:380 UTC

2 55 dBZ
51-55
48-51

< 15 dBZ

NORA AOML HRD

Figure 5.

42 N MI X 42 N MI .

Miami radar reflectivity factor (similar to <rainfall intensity)
pattern of Hurricane Andrew at about 0830 UTC 24 August 1992. Andrew
made landfall near Homestead AFB about 30 minutes later. Variations
in reflectivity factor (dBZ) denoted by s?gdes of gray. Figure
provided by NOAAR~AOML Hurricane Research Division. :
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.Table ;. Prelimigary best track, Hurricane Andrew, 16-28 August 1992. B

Date/Time Position , Pressure Wind Speed Stage
(UTC) Lat.(°N) Lon.(°W) {(mb) (kt)
18/1800 10.8 35.5 1010 25 Tropical Depression
17/0000 11.2 37.4 1009 30 " "
0600 11.7 39.6 1008 30 ” "
1200 12.3 42.0 1006 35 Tropical Storm
1800 13.1 44.2 1003 35 " "
18/0000 13.86 46.2 1002 40 " "
0600 14.1 48.0 1001 45 ' " "
1200 14.6 49.9 1000 45 , n n
1800 15.4 51.8 1000 45 i "
19/0000 16.3 53.5 1001 45 " "
0600 17.2 55.3 1002 45. " "
1200 18.0 56.9 1005 45 " ' "
1800 18.8 ' 58.3 1007 45 " "
20/0000 19.8 59.3 1011 . 40 " "
0600 20.7 60.0 1013 40 " 1"
1200 21.7 60.7 1015 40 " "
1800 22.5 61.5 1014 40 ‘ " "
21/0000 23.2 62.4 1014 45 " "
0600 23.9 63.3 1010 . 458 " "
1200 24.4 64.2 1007 50 " i
1800 24.8 64.9 1004 50 " I
22/0000 25.3 65.9 1000 585 " "
0600 25.6 67.0 994 60 " "
1200 25.8 68.3 981 ' 70 ' Hurricane
1800 25.7 69.7 . 969 80 . "
23/0000 25.6 71.1 961 90 ’ "
0600 25.58 72.5 947 105 i
1200 25.4 74.2 933 120 "
1800 25.4 75.8 822 135 "
24/C000 25.4 77.5 930 125 n
0600 - 25.4 79.3 937 120 "
1200 25.86 81.2 951 110 "
1800~ 25.8 83.1 ) 947 118 ’ . "
25/0000~° 26.2 85.0 943 113 "
06007 26.6 86.7 948 115 "
1200~ 27.2 88.2 946 115 "
1806~ 27.8 8s.8 941 iz20 "
26/0000-7 28.5- 90.5 937 120 "
0600 -~ 29.2 91.3 955 115 "
1200. 30.1 91.7 873 80 " :
1800 0.9 91.6 991 50 Tropical Storm
27/0000 31.5 91.1 995 35 " oo
. 0600 32.1 - %90.5 997 30 Tropical Depression
1200 32.8 89.6 998 30 " "
1800 33.6 - 88.4 e3¢ 25 n "
28/0000 4.4 86.7 1000 ‘ 20 " L
0600 5.4 84.0 1000 20 " "
1200 - Merging with frontal system
23/1800 25.4 75.8 922 135 Minimum Pressure
Landfall:
northern Eleuthera Island, Bahamas .
23/2100 25.4 76.5 923 130 Hurricane
southern Berry Islands, Bahamas
24/0100 25.4 77.8 931 125 Hurricane
Homestead Air Force Base, Florida - . -
24/0905 25.5 80.3 926 125 Hurricane
Point Chevreuil, Louisiana {20 n mi west-southwest of Morgan City) )
26/0830 29.6 91.5 956 108 Hurricane
14 k
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Table 2b. - Additional rainfall totals and unofficial weather reports on R
. Hurricane Andrew, August 1992, .

Maximum surface wind speed Minimum pressure Total

(kt) (mb) - Rain
(in.)
Peak Date/time Pate/time
Location Sustained gust (UTC) * P {UTC)
Florida
Perrine 184 %~
Princeton 155** 24/0935
Virgina Key 85 g8 24/0930 992 24/0830
Turkey Point 85**  24/0820
Fort Lauderdale 66 76
Homestesad . A925
Princeton AS26
Redlands A92s8
Leigure City 928 24/0945
Homestead 929 24/0925
Redlands A930 ‘
Homestead 933
Perrine 948
Cutler Ridge 949
South Richmond Hts. 956
Angelfish Creek 957 24/0940
Southwest Kendall 962 '
South Miami Hts. 865
Kendall 2967
Tamiami Lakes 985 24/0930
South Miami 997- 24/0930
Cape Coral 45
5-124 (Broward County) 7.79
5-21A (Dade County) 7.41
5-20G (Dade County) 5.19
5-37A (Broward County) 5.14
$~39 (Broward/Palm Beach Counties) 5.12
5-80 (Martin-St. Lucie) 4.94
Everglades Park (Collier County) E4.50
S-18C (Dade County) ) 4.48
Marco Island - ‘ E3.50
5—-20F {Dade County) '4.12
' 5-308 (Lake Okeechobee area) 3.47
Cudjce Key 2.02
Louisiana
Berwick Fire Stn. N83 N104
Jeanerette 71 78+ 975
Jeanarette 67 75 26/0845
Near Brusly 69 30+  26/1310 990.2 26/1337 5.05
Lafayette courthouse N90 .
Mooring 17 (29.2°N 92.0°W) 994.9 26/0930Q
Hammond . 11.92
Robert . 11.02
Amite 10,386
Morgan City 9.31
Manchac 8.75
Jeanerette 7.96
Butte La Rosge ' 7.90
Ponchatoula : 7.54
-Mt. Herman 7.50
- Franklin 7.03
18
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Table 2b (cont.).

-

reports on ilurricane Nndrew, August 1992.

Additional rainfall totals and undfficial‘wéather"'ﬁ S

Port Gibson

19

Maximum surface wind speed Minimum pressure Total
(kt) {mb) Rain
(in.)
Feak Date/time Date/time '
Location sugtained gust (uTCc)* P {UTC)
WSFO Slidell 5.06
Jena 4WSW 4.42
Alabama -

. BAliceville 4.40
Tuscaloosa 3.60
MRGAl Morgan 3.46
MRZA1 Mount Roszell 3.21
¢cDCAl Red Bay Creek 2.90
WRTAL Wright 2.89
CBTAl Colbert 2.75
AKDAl Lexlington 2.66
oakal oakland 2.62

Georgia
Hurst 5.24
Mountalin City 4.60
Burton 4.31
Clayton 4.30
Nacoochee Pwr 3.83
Helen 3.40
SCHG1 Suches G. Creek 3.32
TUsSGl Titus 3.12
Tallulzah . 3.05
Jasper 2.67
BRDG1 Blue Ridge Dam 2.65
EPWG1l Epworth H. store 2.64 -
Kentucky
BLWK2 2.56
Mississippi
Sumrall 9.30
velahatchie (gage) 8.20
Yazoo City 7.63
Crystal Springs 7.24
pelahatchie (co-cp) 7.07
Colling 7.04
Union Church 7.04
Brookhaven 7.02
Mize 6.71
Rockport 6.36
Monticello 6.386
Boconeville 6.30
Good Hope 6.14
vicksburg : 5.95
McComb : 5.93
Cfahoma ] 5.82
Bay St. Louis 5.72
white Oak ] 5.65
Forest I 5.59
Liberty : 5.59
Goshen Springs 5.582
5.51



Table 2b (cont.), Additional rainfall totals and unoffiecial weather
reports con Hurricane Andrew, August 1992. .

Maximum surface wind speed Minimum pressure Total

(kt) {mb) Rain
{in.)
Peak Date/time Date/time
Location Sustained gqust (UTC) * p (urc)
Meadville 5.45%
Tylertown 5,38
Columbia 5.32
Philadelphia ' 5.06
Nerth carolina
HDSN7 Highlands . 4.68
. WLGN7 F-Wallace Gap 2.73
RMNN7 Roeman ) 2.62
Tennessee
ELKT1 Elkton 3.80
WNBT1 Wayneshoro 3.64
GEOT1 Georgetown 3.43
IRCTL Iron City-S.cC. : 3.33
BGLT) Big Lick . 3.25
CBOT1 Crab Orchard ’ 3.07
CLLT1 Collinwood . 3.07
PSKT1 Pulaski 3.03
LNVT1 Lynnville 2.97
PICT1 Pickwick Dam 2.95
CLET1 Cleveland 2.91
CLBT1 Columbia 2.80
DYNT1 Dime : ‘ i : 2.74
LEWT1 Lewisburg ' 2.58
Csv Crossville Arpt. 2.57
PKVTI Pikeville 2.50
A Cerrected value based on laboratory test of instrument
conducted by the NOAA Aircraft Operations Center.
E Estimated.
*+,—~ A more extreme value may have cccurred unnoticed.
* Time of sustained wind speed unlese only gqust is given,
** Value was at upper limit of equipment range, or eguipment

became inoperabie bevond thig value.

20
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£
1 : Table 2c. Hurricane Andrew selected NDBC observations, huguat 1992.
Minimum sea-level Maximum wind speed
pressure (kt) ’
platform/ Pressure Date/time Peak Date/time
Location (mb) (UTC) average* gust (UTC)

Fowey Rocks C-MAN 967.5%+* 24/0800 123*+  147%* 24/0800
FWYF1/ 25.6°N 80.1°W .

Bullwinkle Platform 998.5 25/2300 52 63 2572200
BUSL1/ 27.9°N 90.9°W

Molasses Reef C-MAN 998.5 24/0900 48 56 24/1000
MLRF1/ 25.0°N 80.4°W

Eastern Gulf Buoy 100Q.5+* 25/0200 454 * 56%+ 25/0200
42003/ 25.9°N B5.9°W

Grand Isle C-MAN 1005.2 25/2300 48 59 25/2200
GDILl/ 29.2°N B9.9°W

Southwest Pass C-MAN 1006.1 25/2200 . 58 64 25/210C
BURL1/ 2B8.9°N 89.4°W ‘

Sombrero Key C-MAN 1007.7 24/1100 34 ag 24/1130
SMKF1/ 24.6°N 81.2°W

Lena Platform C-MAN 1007.7 25/1600
LNEL1/ 28.2°N 89.1°W .

Eleuthera Buoy 1007.9 23/2100 29 35 24/0100
41016/ 24.6°N 76.5°W

Sand Key C-MAN . 1010.2 24/1100, 1400 30 35 24/1600
SANF1l/ 24.5°N-81.9°W

Settlement Point C-MAN 1012.7 24/0600 38 44 24/0500
SPGF1l/ 26.7°N 79.0°%9%

Dauphin I=zland C-MAN 1016.1 26/0000 32 38 25/2100
DPIAl/ 30.2°N BB.1°W ‘

*  NOAA buoys report an 8-minute average wind. C-MAN stdtions repert a 2-min
average wind at the top of the hour and 10-min averages at other tlmes.

** Equipment became inoperable shortly after cbservation.
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§rable.s:

#Initial ‘estimates of casualtieg a

nd damages 'incurred -

in association with Hurricane Andrew.
) Deathsg Damage
Direct Indirect Miseging ($Billion)
Bahamasg 3 1 Q.25
"Florida 15 29 1530
Dade County 1s 25 15-30
Broward County 0] 3 0.1
Monroe County 0 1 0.131
Collier County 0 ¢! 0.03
Louisiana 6 2 1
St. J. the B. Parish 2
Offshore 4 2
Lafayette Parish 0.017
Vermillion Parish 0.001
Georgia 0.001
Total 24 30 2 15-30
Table 4. Hurricane Andrew average track forecast errors
(nautical miles), non-homogenesous sample.
Forecast period {hours)
Model 12 24 36 48 72
Official 33 65 106 141 243
(no. of cases) {37) (35) {(33) (31) (27)
CLIPER 35 81 148 233 437
(37) {35) {33) {31) (27)
AVNO 60 75 8% 97 132
(15) (15} (14) (13) (11)
BAMD 45 93 141 182 268 -
’ (37) {35) (33) (31) (27)
BAMM 40 81 121 151 229
; (37) (35) (33) {31) (27)
I
BAMS 39 77 114 135 187
! (37) (35) {33) (31) (27)
|
QLM 39 84 93 130 132
/ (19) (18) (17) “(16) (14)
- NHC90 35 77 135 197 330
(37) (35) (33) (31) (27}
VBAR 32 60 93 138 287
(23) (23) (23) (23) (23)
GFDL 36 71 93. 117 209
(9) (9) (9) (%) (7)




Table 5.

Pate/Time{uTC) /Action

22/1500

22/2100
22/2100
23/0800

23/1200

22/1200

23/1200

:23/1800
23/1800
24/0900
24/1300

24/1300
24/130Q
24712300

24/1800

24/2100

25/0%00
25/09a0
25/1500
25/1500
26/07C0
25/0700
26/1100
26/1300

26/1700

Hurricane

Hurricane

Hurricane

Hurrlcane

Hurricane

Troplcal S

Hurricane

Hurricane
Tropiéal s
Hurricane
Hurricane

Hurricane

Wwarch
viarnlng
Watch
Warning
Qarning

torm Warning

Watch

Warning

torm Warning

Warning discontinued
Warning discontinued

Warning dlscontinued

Tropical Storm Warning and

Hurricane

Hurricane,’

Hurricane

Hurricane

Hurricane
Hurricane
Hurricane
Hurricane
Hurricane
Hurricane
Hupxicane
Hurricn;e

Hurricane

Watch discontinued

watch

Warning dlscontinued

Warning

warning

Watch

Warnlng

Watch

Wwarning dlscontinued
watch dimcontinved
warning discontinued
Warning discontinued

Warning discontinued

Wwatch and warning summary, Hurricane Andrew.

lorthwent Bahamas from Androe and Eleuthera Islands
northward through Grand Bahama and Great Abaco

Morthwest Bahamas from Andros and Elauthara Islands
northward through Grand Bahama and Great Abaco

Florlda east coast from Titusville aouthward through
the Florida Keys including the Dry Tortugas

Central Bahamas including Cat Island, Great Exuma,
san Salvador, and Long Island '

Florida east coast from Vero Beach scuthward
through the Florida Eeys to the Dry Tortugas
including Florida Bay

Florida east coast north of Vero Beach to Tituaville

Flerida west coast south of Bayport lncluding the
greater Tawpa area te north of Flamingo

Florida wegt coast south of Venice and Lake Okeechobes
Florida west coast horth af Vehice to Bayport

Baohamas except for Bimini and Grand Bahama

Remainder of the Bahamas

Florida except for Lake Okeechobee and the west coast
south of Venice te Flamingo

Florida east coast from Vero Beach to Tituaville
and Florida west coast [rom Venice to Bayport

Horthern Gulf coast from Moblle, Alabama to
sabine Paso, Texas ’

Remainder of Florida

Northern Gulf coast from Pascagoula, Hissi#sippi to
yermilllon Bay, Louislana

vermillicn Bay, Louilslana to Pert Arthur, Texas
West of Port Arthur through High Island, Texas
west of Port Arthur through the Bolivar Peninsula Texas

i
West of tha Bolivar Peninsula to Freeport, Taxas

- gast of Grand Isle, Loulsiama

West of the Bolivar Peninsula

wast of Port Arthur, Texas ‘ A

West of Camarcn,  Loulaiana

Remainder of Gulf coast - ’ - e ::““-»'

S S -
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PRI R Table:6./: Watch-and wﬁ:ningﬂieaditimes5forﬁléndfall”siteé?”ddriné*é
Hurricane Andrew. Lead time refers to time lapsed from

advisory to landfall. . [

Location ' Type __Lead Time (hours)
Northwest Bahamasg Hurricane Watch 30
- Hurricane Warning 24
Southeast Florida Hurricane Watch 386
Hurricane Warning 21
South-central Louisiana Hurricane Watch 43
Hurricane Warning 24

Table 7. Chances of the center of Hurricane Andrew passing within 65 miles of
listed locatians by date and time (EDT) indicated; probabilities in
percent with X for less than 2 percent.

ADVISORY ISSUE TIME: 16/11PM 17/5aM 17/11AM 17/5pM 17/11pM
PROBABILITY END TIME: 19/8pM 20/2AM 20/8aM 20/2PM 20/8pPM
SUMG 110N 640W 4 5 7 6 X
TTPP 106N 614W 7 8 g & X
TTPT 112N 608W 8 10 11 8 X
TGPY 120N 618W 8 10 11 = X
TEPB 131N 595W 11 14 is © 14 4
TVSV 131N 612W g 11 14 12 3
TLPL 138N 610W 10 12 : 15 14 5
TFFF 146N 610W 10 12 15 15 8
TDPR 153N 614W 10 12 15 15 .10
TFFR 163N 615W 10 12 16 16 13
TAPA 171N 618W 9 11 15 16 15
TKPK 173N 627w 8 10 14 15 14
TNCC 122N 690W X X 3 2 X
TNCM 181N 631W X X 14 14 14
TISX 177N 648W X X 12 12 .9
TIST 183N 650W X X X 12 X
ADVISORY ISSUE TIME: 18/5AM 18/11AM 18/8pM . 18/11PM 19/5aM
PROBABILITY END TIME: 21/28M 21/8aM 21/2pM 21/8pM 22/2aM
TEPB 131N 595K 4 3 X X X
TVSV 131N 612W 3 3 X X X
TLPL 138N &610W 6 6 2 X X
TFFF 146N 610W 9 g q 2 2 ,
“TDPR 153N 614W 11 13 7 4 3
TFFR 163N 615W ‘ 15 18 13 8 ' 5
TAPA 171N 618W 18 21 17 14 10
TKPK 173N 627w i . 16 20 17 14 12
TNCM 1B1N 631W : 17 21 19 19 . 17
TISX 177N 648W | 12 16 14 14 12
TIST 183N 650W | 13 17 16 16 15
TIPS 180N 666W | 8 13 12 12 11
MDSD 185N 697W : X 6 7 - 8 8
MDCB 176N 714W [ X 2 3 3 3
MTPP 186N 724W / X "X 3 3 3

i 661W X X

© . L E MRS ety - 1 g e
e Ty ]

- .. va s




Table 7 (cont.).

ADVISORY ISSUE TIME:
PROBABILITY END TIME:

TRAPA
TKPK
THNCH
TISX
TIST

TIPS
MDSD
MDCB
MTPP
TJSJ

MDPP
MUCH
MTCA
MUGH
MBJT

MY MM
MYSH
MYEG
MYAK

171N
173N
181N
177N
182N

180N
185N
176N
186N
184N

198N
214N
183N
200N
215N

224N

241N
235N
241N

ADVISORY

MDSD
MDCB
MTPP
MDEP
MucH

MTCA
MUGM
MBJT
MYMM
MYSM

MYEG
MYAK
MYNN
MYGF
MUHA

MKJIS
MWCG
MUCF
MUSHN

185n
176N
186N
198N
214N

183N
200N
215N
224N
241N

235N
241N
251N
266N
230N

185N
193N
221N
216N

BERMUDA

MIAMI FL

W PALM BEACH FL

618W
627W
631W
648W
650W

666W
69TH
714W
724W
661W

707w
T79W
738%W
751w
7129

730W
745W
758W
TT6W

ISSUE TIME:
PROBABILITY END TIME:

697w
714W
724W
7079
T79W

738W

751W |

712%
730W
745W

758W
T76W
F75W
787W
824w

779W
814w
805W
826w

MARATHCON FL .
FT PIERCE FL
COCOA BEACH FL

DAYTONA BEACH FL

L.

19/11AM
22/8AM

W e m® VWWon -~ O G =1 BN

o )R

20/5PM
23/2pH

Do~ b B

12

13

MR NN NOED-O

MM KR

"

probabillties ln percen

19/spPM
. 22/2P4

01 Lo W 5

Oy h B =) U

11
3
4
3]

16

14
14
10

7

20/11pM
23/8PH

E WL w;m [o BEN I NS vl S s

MR KRR

'19/11PM
22/8PM

X
X
X

[
&b WA W N

—

PN i

21/5AM
24/2AM

-
WAL O@ MO OLR NWRNRN

L pe e e

Mo W

]

L Lo W g O

20/58M
23/2BM

W W0 NN UV I I [V S

-

[
PN

21/11aM

24/8n8M

]
h

t

'

= Do U LN

W oo

NN NN

SO RGBS WM R KN

1

R B W N WO

11
10

=

[
Wwowao

7.
X

21/5PM
-24/2PM

3, S IS I

[ I+ s I A=

2
X
4
2
2

Cchances of the center of Hurricane Andrew paﬁéing within 65
of listed locations by date and time (EDT) indicated;
t with X.for less than 2 percent.

20/11AM
23/8aM




Chances of the .center df,HurricanerAndréw passing withi

‘mi1334of&listed@lobétiohéﬂbyidate“énd*ffﬁé”%EDT)”indicét
probabilities in percent with X for less than 2 percent.

Tab ont.)

J.e 7(C [
i ed

ADVISORY ISSUE TIME: 21/1ipM 22/5aM 22/11aM 22/5PM . 22/11PM7_.~3

PROBABILITY END TIME: 24/8PM 25/2aM 25/8aM 25/3pM 25/8PM
MUCM 214N 779W 4 5 6 7 2
MUGM 200N 751W 3 X X X X
MEJT 215N 712W 3 2 X X X
MYMM 224N 730w 6 [ 5 X X
MYSM 241N 745%5W 11 12 16 19 21
MYEG 235N 758W 9 10 12 15 11
MYRK 241N 776W 9 11 14 ) 22 27
MYNN 251N 775W 11 13 17 27 35
MYGF 266N 787W 11 13 17 24 24
MUHA 230N 824w 4 5 8 14 16
MWCG 193N 814W- X X X 4 X
MUCF 221N 805W 4 5 8 12 10
MUSN 216N 826W 2 3 & 10 g
MUAN 219N 850w 2 3 5 9 11
MMCZ 20SN B69W X % 3 5 5
BERMUDA ’ 2 X X X X
MIAMI FL 8 10 14 21 23
W PALM BEACH FL 9 11 15 Z0 20
MARATHON FL 6 8 12 19 23
FT PIERCE FL ] 11 15 18 16
COCOA BEACH FL 9 11 14 © 18 13
DAYTONA BEACH FL 8 10 1z 13 10
JACKSONVILLE FL - 7 8 S g 7
SAVANNAH GA 6 7 7 5 4
CHARLESTON . SC X 7 § 3 2
MMMD 210N 897W X X ! k| 5
MYRTLE BEACH sC X X 5 X X
WILMINGTON NC £ X 4 X X
KEY WEST FL X X X 18 21
MARCO ISLAND FL X X X 19 21
FT MYERS FL X X X 18 19
VENICE FL X X X 17 17
TAMPR FL , X ¢ X X 14
CEDAR KEY FL i X X X X 711
ADVISORY ISSUR LIME: 23/5AH 23/5aM" 23/11AM 23/11aM 23/5PM
PROBABILITY END| TIME: 26/2nM 26/2aM 26/8nM 26/8aM 26/2PM
MYSM 241N T45W - 26 26 13 13 X
MYEG 235N 758W : 12 12 . 2 X X
MYAK 241N 776W| 34 34 34 34 17
MYNN 2S1N 775W 51 51 68 68 99
MYGF 266N 787W 36 : 36 43 43 61
MUHA 230N 824W 18 18 15 15 - 10
MUCF 221N B80O5W 10 10 5. 5 X
MUSN 216N 826W 9 9 5 5 X
MUAN 219N 850W, 11 11 g 9 3
MMCZ 205N B69W 5 5 4 X : ‘X
.MIAMI FL : . 34 34 ~.© 40 40 . 56
W PALM BEACH ' 30 30 a3 - 33 . . 47
MARATHCN FL 30 30 32 32 37
FT PIERCE FL’ 23 - 23 23 .23 .00 . 28+
: 18 \

_ COCOA BEACH F 17 17 16 16
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i=Table "7 (cont.) .~ "Chances "OF Lhoraant ol of*Hurricane’ ARAr o ‘paﬁf‘s"ﬁ‘i‘lﬂé"%‘fth'ifi\ 65
miles of listed locations by date ‘and time (EDT) indicated;
probabllities in-percent with X for less than 2 percent.

ADVISORY ISSUE TIME: 23/5aM 23/50M 23/11aM 23/11aM 23/5pPM
PROBABILITY END TIME: 26/2AM 26/ 2nM " 26/8AM 26/8AM 26/2pM
DAYTONA BEACH FL 11 11 10 10 9
JACKSONVILLE FL 7 7 6 6 X
SAVANNAH GA 3 3 2 X X
CHARLESTON SC X X X , X X
MMMD 210N 897W 5 5 5 ' 5 X
MMSO 238N 982W 2 2 3 X X
MMTM 222N 979W ' X X 2 X X
EEY WEST FL 27 27 28 28" 31
MARCO ISLAND FL 28 28 31 31 42
FT MYERS FL 25 25 27 27 37
VENICE FL 21 21 22 22 29
TAMPA FL 17 17 17 17 20
CEDAR KEY FL 13 13 12 12 13
ST MARKS FL X X X 10 9
APRLACHICOLA FL X X ¢ iz _ 12
PANAMA CITY FL. X X X X 11
PENSACOLA FL X hie X : X 11
ADVISORY ISSUE TIME: 24/5AM 24/5AM 24/11aM 24/11aM 24/5PM
PROBABILITY END TIME: ~ 27/2AM 27/2aM 27/8AM 27/8nM 27/2pM
MYCF 266N 787W . 30 30 X X X
MUHA 230N 824W X 2 X X X
MUAN 219N 850W X 3 X X X
MMCZ 205N 869W X 2 X X e
MIAMI FL .99 g9 X X X

W PALM BEACH FL 73 ‘73 X X X
MARATHON FL : 62 62 X X X
FT PIERCE FL 8 8 X X X
COCOA BEACH FL 4 4 X X X
DAYTONA BEACH FL 3 3 X X X
JACKSONVILLE FL 3 3 X X X
SAVANNAE GA b'e X X X X
CHARLESTON SC X ' X X X X .
MMMD 210N 897W X 3 X X X
MMSQ 238N 982W X 3 X X X
KEY WEST FL 37 37 "X X X
MARCO ISLAND FL 83 83 99 99 X
FT MYERS FL 67 67 94 94 X
VENICE FL 46 46 62 62 X
TAMPA FL 19 19 5 6 X
CEDAR KEY FL 10 10 4 4 X
ST MARKS FL 8 8 6 5 : 6
APALACHICOLA FL 12 12 9 9 8
PANAMA CITY FL 11 11 11 ) 11 , 10 .
PENSACOLA FL _ 12 12 15 - 1s 16 .
MOBILE AL 12 X 17 17 18
GULFPORT MS . 13 , X 19 .19 : 21
BURAS LA : X X 24 24 26 i
NEW ORLEANS LA X - X 21 21 23t "
NEW IBERIA LA X X 20 20 21 :
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Table 7 (cont ). Chances of the center of Hurricane Andrew passing within 65
miles of listed locatlons by date and time (EDT) indicated;
probabilities in percent with X for less than 2 percent.

BDVISORY ISSUE TIME: 24/50M 24/5aM 24/11AM 24/11AM 24/5PM
PROBABILITY END TIME: 27/28M 27/2nM 27/8aM 27/8AM 27/2PM
PORT ARTHUR TX X X 16 16 17
GALVESTON TX X X X 15 15
FREEPORT TX ) X X X X 13
PORT O CONNOR TX X X X X 10
ADVISORY ISSUE TIME: 24/11PM 25/5AM 25/11AM 25/5PM 25/11PM
PROBABRILITY END TIME: 27/8PM 28/2AM 28/8RM 28/2pM 28/8PM
FT PIERCE FL 2 X X X X
COCOA BEBCH FL 2 X X X X
DAYTONA BEACHE FL 3 X X X X
JACKSONVILLE FL 4 X X X X
SAVANNAH GA 3 X X X X
CEARLESTON §C 2 X X X X
MMSO 238N 982W X 3 X X X
MARCO ISLAND FL 2 X X X X
FT MYERS FL 2 X X X X
VENICE FL 3 X X X X
TAMPA 'FL 4 X X X X
CEDAR KEY FL 6 X X X X
ST MARKS FL g 5 X X 3
APALACHICOLA FL 11 7 6 4 6
PANAMA CITY FL 13 8 7 . 6 7
PENSRACOLA FL 16 © 13 11 9 i1
MOBILE AL 18 16 14 13 13
. GULFPORT MS 20 20 18 16 15
BURAS LA 23 .32 50 44 64
NEW ORLEANS LA. 21 25 36 37 66
MEW IBERIA LA X 23 38 50 76
PORT ARTHUR TX X 18 24 28 30
GBLVESTON TX X 17 20 19 11
FREEFORT TX X . 16 17 15 X
PORT O CONNOR TX X 13 13 10 X

28




e

A A —————— T WP ——— r— —

Wi VT 2

ST

LTS CTVINNATYTY

— - X_uﬁ.w »\Gwouwv /516 ars [T et \n\,N )
A T PR | hhlp| 2ies %NE\QN
- — \ )
i1 o o o e 6] = | =196 |7 [ b lessg) el
| oecr| s e |t | 0 el | ssp| 2N UGS
<k | eot| @] o | <] w] | \E]ISA 6 £ b | Sk | 9089/
N\ﬁ ol oﬁ.u 220 <l | s N hix 15b| Lz LZ0b| 12 »w\,m\wm
2/ ool ol 810 el | hi| 21| coce [2EF6] sC oA B sl .r.._,wm\m.m._.
Z/t ool | as™m | 8L | Rl E | sbor| 2SH 28 L AL | ek | esofae
2]z cel | 9| S| gl | v| zgoz| kst sl Artt nmm‘mu &hRe [92
e | ooy | aen] ool wilar| ] g 5P e Lol | s x| mEC3e
g | el gra e (or) 3| el el | | x| care/ie
P I BT A B 2] BV PR -2 B VI oy |~ | ce el /€8 ?_\..m\%mw
e PR A ;
o s ~ P ! < f RPN , N . /
M\\.& - D [ v d \ o N.\ ﬁu& 57 NM\WNH \..._.m\ i ; ¢ “Q&v , ;q@m.\ % T.w\.\\nwo
v/ Q0 T2 oo op [e93 ~ a
&/ Llastolved|er (& £ pebe L, |98 ~ | h9.%| 5088 19t/ s
/1| OOL TSI\ 08D | il L i 95T EN“ cel| 05| 05,48 /5,1 opty ST
S| oL | ast|GUY L Al | M| Gese | enb | LY - (L8 G\ ER L) L/ e
q\\ ool |as7aloc 2| /1 | G/lo/| 479 Fab | gl oo 15,98 sele qu\\mu »
/s 058 asT | 00 81 | 7z | 61 €octl 986 | S¢| S9| TOwe | €5LT] T060/LT1 | TI <mwwm2 ﬂ%mmw
CIR "N 2.1 9| 9o, () (T (1) (SNIN-5930)
“LAW/CAVNG LIV *¥VHD | 2dVES | "1ld | NI 1n0| "IH 2d4S| 1S 14 [ 04S My N, ) #| IN3dY
XOVMAQOV| "140V |  FAd | FAT | M3IA | dHIL XVH ~ars| NI | aNIA XWR| NO1 |  Iv1| 3IMIL/AIVQ 90| NOISSIW| I1IOV
v y SILVA ANOIDAD
4 TYN ANOTIAD )



=) I U QN% | k| | Ehe /ed] all VSLL| 525 crop/hE ol veee/
2N R VR S A P ETR R [ [ LEN = 1bs | sest| ceeefel 4| ¢ o
B IARY .d,%wmu_ L lotla )9z mé Ol = zeoase| savele | 5| Lo |
-z, . O _:r . AU 7 |~ ~ ./\_.. o B -+ Mv\ — |- kmmov&mr,\\mm\\MN HZ Y N
| e TR B AVN B A vl R Re FYoll B 22 K790 Y W72 b8t | 28| 1| goea 2
N\\ YL y | ¥V ¢ | Kot gk QN\.Q o/ 1ol \*Qomm ENQmN N\;Nm\\mﬂ ] | 2
M\\ a0/, FoL B ler| b bese | olby g — sh ¥ ez soif 1" }WNM“MQ Ji
M.\_ ol . [ 10O A | EI b ghcr | Aoal RU e fr 44 T Ge rmﬁxﬁmn A, z_\mmq_m‘ﬂ% A8 b A
) A T Al T e e m, N N Y &7 | L
o el y R L T B O I Iy 2 el I TS/ I IR
“\ \ /" A R 412/ \.\a ses - .wvm 241 ;5 k rwmmm v_o\mm 37 o T
/
\\/ Y WS @ LA NG Al H_W\M.ww, 18/ A \TW\R JNQQ\MN ,Q\\w (' I
o eec| v B S ¥ R esd s8] il e 1 0 [l | Fy
,PCeenacen | S |y m.&; L5z \r.sxm\m. . T
" [ oo | von| o] || 8| 22 || on | ob| 87| Tue| tour e 21 PR
</ aelaco| o pletfg | ST ekl pe | - Larug|isse| wsijee| o|eTE L ag),
T esn | aS| @) prfez|s | | pos| b on|2n 99| es | peseg fol [MHIVC g
S/s grosy  ast | o0z | 81 | zz| 61 €OET] 986 | SL| S9| 10%6 | €SlLT| ZO60/LT | TI ﬁmwmm« ﬂmmmmw
(IR °N) o_ | o | o, ) (81) (I0) | (SNIR-593Q)
*IIW/CAYN|] IV "UVHD | 9dVHS | ‘Ld | NI 1nO| "I¥ ods| d1s | L4 [ 04§ Mg, N, (LnD) #] IN3AL
A3VdA0dvY "140V A3 CPACH ME0 | 3L XV “aLs NIH aNIM XVR NOT IV1| dWIL/4Lvd| 80| NOISSIN 130V
} J SIIVA INOTIAD )

JNVN INOCTOAD



/1| YL \qsm | 9E 7| BN iyl bege |9pb el ~ s g9l re e RVEE
m\\. ool |\ Gwige| Qf D jI Vel G| 9e9e | 945 | Eor| — R e Qm\\\.,ﬁ
4 - - MWW.M.\WMM&/Q ‘ - “ - .
- \ | SO b R e szww VT N s ahkb 28 Qht e | LS ?n?,\»ﬁ
AN - P o
[ 7% e | sU]= iy |759] Lovg.
EXIY Lhh | L) 08| op2a) e[S
9/ oSE| a5 | @) g i sz|es| esb | | cri] ~ | el gEE] benofs
e
VAR BTV W el Ir-rav] B v b2 WO BRI B YA I R B I BT 7 .QS\R
VR B e A S I B I e Y s KA
\& S | QTR Rio 3D SULE | s Eee | pxlleol| w0 Al oo \\gm\}w
: ?
\X COA N dsin e e S0/ 1?7 E ez, | S LU P ESY 08 G2 m\“:\.wm
v ‘ el 4 0 Ve
\\\\ ae/ as7> | LI pl R1| A0l 69 | LAk L1]| ael| 20 £9 | %4.5C ISU he
(1 ALl gzl drp | s/ s/ | 959 | Lhb] Lol [oet] % E8 IhST| 259l RO
</ LN TSTOL Ao st L | s | s8mn | zn| | chEs | Ksr | tecifrg
Ve LL«IH\\!@ \
<fc <ol Q| 9D s/ 9 L] Ly xE | E o Ce | gz | IFECGIAE
-7 " Q R / : Sl I 2 IhE
P\m OCN\ Qmuu oTD \v\ T\ 7 N\\,r) I \(r\_.u \mm:% — | 2 Np\ A bb“hu\\f
T - : -
b o Sl et Vo YTiblaoLi] - el ot fL7
s preod | A0 STV ENE 695 | |0k | 7 b gt | 2p SH| S0/
S \Wever | anen | cto | Sl s L msse| L ) S = | s ao Cr | e -
il o ‘ - - n\?\v.mm \ < mx\ QN mN o \\Jt :
. _ VIOITV { 086JV
c/¢ qHOSH asio 0¢o B [ 61 £ 986 SL 69 10%6 t£sLe Z060/L1 FA c0S0  [31avxa
(IR _*N) O, 1 2 1 9. () (aW) (I3) (SNIN-S03@)
LI/ CAVH AL "¥4VHD | 3dVRS “Ld NI 100} °"1H 24S 418 13 [ 24S 30 zo (119) it LNIAL
AOVINDOV *L4DV IR3 313 M30 | dHEAL XVH “qrLs NIK aNIM XVH NO1 vl IWIL/AIval g0 ROISSIW | . 14D¥V
N_ , Sd1Vad INOTOAD w
FTZHCHE | DIVN ENOTORD



Appendix C.

Hindcast Methodology



Appendix C.
Hindcast Methedoleogy

Introduction

The hindcast of a historical storm consists of three basic
steps. First, the wind field is specified in a process which
requires considerable work by a meteorologist both to develop
required input parameters for a numerical model of the cyclone
wind field, and if necessary and warranted to produce Kkinematic
analyses for use when, and for areas in which the numerical
solution is not sufficiently accurate. The wind fields are
specified on two grid systems, one used in the spectral wave
model whose execution is the second part of the hindcast, and
another used in the storm surge/current model, whose execution is
the third part of the process. In this section we give concise
descriptions of each of these processes, as specifically adapted
to this problem. More extensive mathematical treatments are
reserved to cited references.

Wwind Field Specification

We have two approaches available to the specification of
wind fields in tropical cyclone regimes. In the first approach,
a numerical model of the boundary layer flow in a moving vortex
is adapted to specify the time and space varying wind associlated
with a propagating cyclone. Some account of the ambient flow in
the far-field surrounding the cyclone is incorperated in this
approach through the specification of the ambient pressure field;
the background flow is prescribed in terms of a constant
equivalent geostrophic pressure gradient limiting this scheme to
relatively simple superpositions of tropical cyclones and
surrounding systems. For example, the case of a tropical cyclone
travelling around the periphery of the sub-tropical anticyclone
is well handled by this appreoach, a configuration characteristic
of Andrew through most of its history.

In recent years, detailed aircraft reconnaissance has
revealed quite complicated wind fields in some tropical cyclones.
For example, some storms exhibit two distinct maxima in the
radial variation of boundary layer wind, one often very close to
the eye of the storm (10-15 n.mi.), and the second perhaps 50 to
100 miles away from the center. Other storms exhibit a single
maximum near the center, but with a much slower decrease in wind
speed with radial distance outside of the radius of maximum wind.
For such storms, we have developed a second approach which
utilizes kinematic analysis of over-water wind observations
(often aircraft observations are extrapolated down to the 20-
meter reference level), to develop a description of the wind
field about the translating cyclone, which is then used to
provide a time varying wind field, by propagating the complicated
wind field distribution with the moving storm center.
Fortunately, on the scale at which we are attempting to resolve
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the wave and surge fields (that is, as dictated by the resolution
of the wave and surge models), Andrew exhibited neither double
concentric wind maxima nor anomalous outer core radial wind
profiles, so the wind specification could be made with the wind
model. However, many iterations of the model sclution were made
in order to achieve a wind field in reasonable agreement with the
limited observations of surface winds and with surface winds
reduced from aircraft measurements. Therefore, we next describe
the numerical cyclone model.

Numerical Cyclone Wind Field Model

The model developed in the Ocean Data Gathering Program
(ODGP) provides a complete description of the surface winds in
the boundary layer of a tropical cyclone from the 51mp1e model
parameters available in historical storms. The model is an
application of a theoretical model of the horizontal air flow in
the boundary layer of a moving vortex. That medel solves, by
numerical integration, the vertically averaged equations of
motion that govern a boundary layer subject to horizontal and
vertical shear stresses. The equatlons are resolved in a
Cartesian coordinate system whose origin translates at constant

velocity, v, , with the storm center of the pressure field

associated with the cyclone. Variations in storm intensity and
motion are represented by a series of quasi-steady state
solutions.

The non-linear system of equations is solved numerically on
a fine-mesh nested grid system (inner nest grid spacing is
prescribed). Transformation of steady solution to earth fixed
coordinates provides the vertically integrated wind field.

The Ocean Data Gathering Program wind model included an
empirical scaling of the 20-meter wind speed from the vertically
integrated wind. 1In a later study we replaced the empirical
scaling by replacing the surface drag treatment (Cardone et al.,
1979) with a similarity boundary layer parameterization.

The model pressure field is described as the sum of an

axially symmetric part, § , and a large-scale pressure field, D,

of constant gradient. The symmetric part is described in terms
of an exponential pressure profile

D=p,+Apexp(-r,/r)

where p, is central pressure, Ap is storm ancmaly and

(2)
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r, is a scaling radius nearly equivalent to the radius of

maximum wind. The mecdel, therefore, can be initialized from
parameters that are usually available from historical
meteorological records:

Pg»Z,. Ve and the ambient pressure field p . The entire wind

field history is computed from knowledge of the variaticen of
those parameters aleng the storm track.

For each hindcast, so-called "snapshots" are specified to
describe the surface wind distribution on the nested grid as
often as 1s necessary to describe different stages of intensity.

The interpolation of winds to the hindcast wave and current
model grids from the snapshot wind fields, which are generated on
a moving nested grid, proceeds in three stages. First, the
hourly coordinates of the storm center are linearly interpolated
from a track table. Second, at each interval, the model wind
components are linearly interpclated in time between adjacent
snapshots. Third, for each grid point each hour, given the
latitude and longitude of the eye and the latitude and longitude
of the pocint, the smallest nest 1s found within which the grid
point lies and the wind components are interpolated bi-linearly
to the grid point from the four surrounding nest positions.

The model was validated originally against winds measured in

several Ocean Data Gathering Program storms. It has since been
applied to nearly every recent hurricane to affect the United
States offshore area. Compariscns with over-water measurements

from bucys and rigs support an accuracy specification of +/- 20
degrees in direction and +/- 2 meters/second in wind speed (1-
hour average at 20-meter elevaticn). Most comparisons have been
published (see e. g., Cardone et al., 1978; Ross and Cardone,
1978; Cardone and Ross, 1979; Forristall et al., 1877; 1978;
1980).

The cyclone wind medel has also been applied to the study of
tropical cyclones in foreign basins. The model has been used by
the U. S. National Aeronautics and Space Administration (NASA)
and by the National Oceanic and Atmospheric Administration (NOAA)
to evaluate marine winds sensed remotely from SKYLAB and SEASAT
in several Pacific Ccean typhoons. More recently, in over three-
dozen proprietary industry-sponsored studies, the model has been
applied to mecdel tropical cyclones offshore Borneo, in the Gulf
of Thailand, the Arafura Sea, offshore NW Australia, and in
several studies for cffshore China, including waters around
Hainan Is. and Pearl River Basin.

(3



As presently formulated, the wind model is free of arbitrary
calibration constants which might link the model to a particular
storm type. The variations in structure between tropical storm
types manifest themselves basically in the characteristics of the
pressure field of the vortex itself and of the surrounding
region. The interaction of a tropical cyclone and its
environment, except as noted above, can usually be accounted for
by a proper specification of the input parameters. The
assignable parameters of the planetary boundary layer (PBL)
formulation, namely planetary boundary layer depth (in this case
500 m) and stability (air-sea temerature -2 degree C) and of the
sea surface roughness formulation, are the same as we have used
in several recent studies of Gulf of Mexico hurricanes.

The Wave Hindcast Model

Background

The wave hindcast model adapted for this study is a so-
called fully-discrete spectral wave model. That is, the wave
spectrum is resolved in discrete freguency-direction bins, a grid
of points is laid out to represent the basin of interest, and a
solution is obtained based upon integration of the spectral
energy balance equation, a process which successively simulates,
at each model grid point, and for each time step, the physical
processes of wave growth and dissipation (through the source
terms of the energy balance) and wave propagation.

Three classes of spectral models are generally recognized.
First-generation models (1G), such as the ODGP model (Cardone,
Pierson, and Ward, 1976), are part of the family of fully-
discrete spectral models originally proposed by Pierson, Tick,
and Baer (1966). This type of model is characterized by a
source-term formulation which does not include an explicit
representation of conservative transfers of energy between
spectral components, believed to be asscciated with rescnant non-
linear wave-wave interactions. Second-generation models (2G)
were introduced to include at least a parametric representation
of a wave-wave interaction source term, while third-generation
(3G) models, only recently introduced, attempt to model the wave-
wave interaction source term rigorously.

The formulation of the ODGP model has been described in
detail in past studies, most recently in MacLaren (1985). The
skill of the model has also been documented in numerous studies,
including Reece and Cardone (1982), and more recently by Cardone
and Greenwood (1987), wherein the characteristics of the model
are compared to those of recent 2G and 3G models.

While a number of 2G models and the so-called 3G-WAM model
(WAMD1 Group, 1988) have been demonstrated in some applications
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to achieve hindcast skill comparable to the ODGP 1G mcdel, no
clear superiority of these later formulations has been
established in the specification of storm peak wave heights in a
storm at a site. For example, the 2G model developed at
Oceanweather for an international wave model comparison program
(SWAMP, 1985), and known as the SAIL model (Greenwood, Cardone,
and Lawson, 1985), has been calibrated against the same data base
used for the ODGP model, and validated against wave measurements
in some of the same validation storms used in this study with
good skill, but only in a deep water mode. The 3G-WAM mcdel was
not considered for this study. It has been tested against three
Gulf of Mexice hurricanes (WAMDI Group, 1988) and provides the
same skill in specification of peak wave height and pericd as
provided by ODGP when driven by identical wind fields, yet 3G-WAM
requires a factor of 5 or more computer time than ODGP. The 3G-
WAM model was also applied in a deep water mode for those tests.
The shallow water version of 3G-WAM has not been tested against a
wide range of wave regimes with any real success. ODGP was also
applied in the recent Joint Industry Program - GUMSHOE including
shallow water mechanisms.

Grid System

The wave model grid system is shown in Figure Cl. The model
has basically the following attributes:

grid domain: 18.3386-30.4554 degrees North latitude
97.7000-80.2200 degrees West longitude
grid spacing: 11.91 n. mi. at north edge, 13.09 n. mi. at

south edge
projection: direct Mercator
time step: 30 minutes (15 minutes grow, 30 minutes

propagaticn, 15 minutes grow)

angular spectral resolution: 24 directions, 15-degree
bandwidth

frequency spectral resolution: 15 frequencies, binned as
given in Table C1

spectral growth algorithms: ODGP2 (deep water); ODGPS
{shallow water)

propagation: interpolatory, deep water and shallow water,
great circle effects and refraction and
shoaling included.

Basic Propagation Scheme

The propagation scheme is basically interpolatory.
Convergence of meridians (great circle effects) is modelled.
This scheme, whose dispersion properties are described in detail
by Greenwood, Cardone, and Lawson (1985), has been used with
success by Oceanweather in its wave models since it was first
developed and described by Greenwood and Cardone (1977).

( 5)



Deep~Water Scurce=-Term Algorithms

Two variants of the ODGP spectral/growth model were applied
in this model, one for deep water grid points, the second at
shallow water grid points (points with water depth less than 200
m.)

The original ODGP algorithm was implemented in a wave model
as a subroutine called CMPE24. While a few changes in the code
and numerics of this subroutine have been effected since the
original version was developed in the ODGP-Analysis Phase (ODGP-
AP), the calibration of this spectral growth/ dissipation
algorithm and the qguantitative behavior of hindcasts of tropical
and extratropical cyclones have not changed. The algorithm is
described in most detail in the original ODGP-AP report
(proprietary to ODGP-AP participants) and most recently in the
public domain in MacLaren (1985).

A slightly modified version of the ODGP spectral/growth
algorithm (ODGP2) was developed in 1983, and has been used
operaticnally since then. The subrcutine which implements the
modified algorithm is called CMPE27. The changes affect only the
behavior of the high-frequency part of the wave spectrum, and
were made in order to make the so-called saturation range of the
spectrum more responsive to the stage of wave development. CMPE27
differs from CMPE24 in the following three particulars:

1. The integrated band (0.24167 hz to 3.0 hz) is not
automatically saturated by the local wind, but is subject to
grow, propagate, and dissipate.

2. The f-4 range in the representation of the high-
frequency tail of saturated spectrum in the ODGP algorithm is not
used, as an £-5 representation throughecut the tail is assumed.

3. Phillips' "constant" is allowed to float as a
function of sea state, following Resio's (1981) cocrrelation

Shallow-Water Propagation and Depth Grid

The propagation scheme of the shallow-water model is
analogous to that used in the deep-water model. In the
construction of the table of propagation coefficients at each
grid point and for each frequency and direction bin, a numerical
shallow-water tracing program is used instead of the simple
spherical trigonometric calculation of the ray path in the deep-
water program. Effects of shoaling and refraction over an
irregular bathymetry as resolved on the model grid are included.

The depth field was derived from the digital data base

produced at the U.S. National Geophysical Data Center (NGDC),
known as ETOPOS. That data base is stored on one 6250 bpi
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magnetic tape and resolves the global topography/bathymetry on a
5 minute grid. Previous studies have noted deficiencies in ETOPOS5
in the vicinity of steep bottom slopes (NGDC are aware of the
problem and are working on a revised ETOPO5), so prior to use, we
corrected parts of the ETOPOS grid which represents the Gulf. By
displaying and contouring the ETOPOS5 grid array, four areas in
the Gulf of Mexico were identified as having been contaminated by
NGDC's interpolation problem: (1) south and central Florida west
coast; (2) both sides of the Mississippi Delta; (3) Campeche
Bank; (4) offshore southeast Texas (25 to 27 degrees North). The
correction procedure was simple. For the affected parts of the
grid, depth values were read off (visual interpolation) hand
contoured depth fields on the USGS 1100 series charts at ETOPOS5
grid points, and the new values simply replaced the ETOPOS5
values.

Depths were assigned to the wave model grid by simply
averaging all ETOPOS grid depths which lay within a grid box
defined by each point. Since there are typically 6 or 9 ETOPOS
depths within a rectangle represented by each grid point, the
binning effects considerable smocothing of the depth field, and no
further smoothing was applied. At a few points near shore, the
depth was limited to a minimum depth of 7.5 m, to avoid
computational problems with the ray-tracing routine. Figure C2
shows contours of the depth field as resclved on the wave grid.

The assignment of grid points to land or sea was made by
digitizing the coastline off standard charts, plotting the
digitized coastline together with' the entire grid array, then
manually reading off those points which lie on land. The grid
was then replotted to check the assignments. After deletion of
land points, the grid contains 2969 active points.

Shallow Water Source Terms

A shallow-water version of the ODGP spectral growth
algorithm (CMPE24/ CMPE27) has been under development since 1984.
The first significant test of the algorithm against field
measurements was made during the Canadian Atlantic Storms Project
(CASP), which was carried out on the Canadian Scctian Shelf in
the period January - March 1986. The performance of the model
hindcasts, which were carried out as part of a real-time
analysis/ forecast system, exceeded that of the several other
operational and research shallow-water models which also
participated in the experiment (Eid and Cardone, 1987).

The modifications of the ODGP deep-water routine
spectral/growth subroutine made to extend the model to shallow
water are:

1. transformation of the fully-developed Pierson-Mocskowitz
form to shallow water;
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2. calculation of an explicit attenuation associated with
bottom friction, which is modelled after the comprehensive
treatment of Grant and Madsen (1982);

3. calculation of the exponential growth rate using the
shallow-water celerity;

4., adoption of wave-number scaling of the high-frequency
saturation range of the spectrum, with the equilibrium range
coefficient expressed as a function of the stage of wave
development.,

5. modification of the equilibrium range treatment to
include a dependence on significant wave steepness.

Numerical Storm Surge/Current Model

Oceanweather have applied, in several recent studies, a
state-of-the-art current/surge model in problems of this type,
including applications in the South China Sea and Bering Seas.
The particular model adapted was developed at Texas A&M under the
direction of Professor R. 0. Reid, and 1s described in detail by
Bunpapong, Reid, and Whitaker (1985). The model differs from most
previcus surge models, since it was designed for basin-wide
simulations (such as Bunpapong's initial treatment of the problem
of hurricane forcing on a grid covering the entire Gulf of
Mexico), rather than models restricted to limited stretches of
the continental shelf. .

The theoretical formulation of the model 1s based upeon the
vertically-integrated momentum and conservation equations for
gquasi-~hydrostatic large-scale disturbances in a basin of variable
depth. The model is formulated to handle up to two layers, but
was used in the single layer mode in this study.

The normal mode egquations are solved by finite-difference on
a time-marching model, employing an alternating direction
implicit differencing scheme. The model is quasi-linear, and
tides are not included. Variable bathymetry, variable coriclis
parameter, and variable atmospheric pressure are modelled,
however. The inverted barometric effect is therefore implicit in
the model, and is automatically included in the modelled water-
level anomalies. Surface-pressure anomalies are also used to
stipulate barotropic height ancmalies on the open boundaries of
the model. A no-flow condition is taken at all solid boundaries.

The surge model is forced by specification of time histories
of surface pressure and wind stress at the top boundary, and
bottom friction at the bottom boundary.



The surge model incorporates a quadratic bottom-stress law
with a constant friction coefficient. Bunpapong, Reid, and
Whitaker (1985) used a coefficient of 2.5 E-3 in their Gulf of
Mexico hurricane simulations. This was reduced to 1.0 E-3 in this
study, which is at the lower end of the range of friction factors
commonly adopted in models of this type. This value was used
because we have found that when driven by wind stresses produced
by our wind models, more accurate open coast surges were provided
with the reduced friction factor.

The model was adapted to the Gulf on a grid covering the
same domain as that of the wave model. However, the grid system,
shown in Figure €3, is slightly different with points spaced 10
minutes in latitude and 10.5 minutes in longitude. Therefore,
the surge model grid points and wave model grid points do not
coincide; however, since the resolutions are comparable, it is
easy to match grid points in order to produce a single archive of
hindcast results referenced to the wave model grid point
location. (The location of a surge model output point is
somewhat ambigquous anyway, since the grid is staggered such that
the x-component of current, the y-component of current and the
water levels are specified at a different location within a grid
box). Parts of the southern and eastern boundary are treated as
open non-reflecting boundary conditions. The model time step is
15 minutes. Wind stresses and sea-level pressures are provided to
the current/surge model at 30~-minute intervals and interpolated
linearly to 15 minutes.
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Table 71

Frequency bands and bandwidths of ODGP wave model

SAND NOMINAL FREQUENCY BANDWIDTH
1 14/360 nz = .03889 nz 1/180 hz
2 16/360 .04424 1/180
3 18/360 .05000 1/180
4 20/3860 .05556 1/180
5 22/380 L0611 1/180
6 24/360 LQ6657 1/180
7 26/360 .07222 1/180
8 29/7360 .080S6 1/ 90
9 33/360 .09167 1/ 90

10 37/360 .10278 1/ 90
1 42/360 .11667 1/ 60
12 48/73860 L13333 1/ 60
13 57/360 . 19833 1/ 30
14 75/360 .20833 1/ 15
15 111/360C . 30833 2/ 15
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Attachment D

conventional "wind barb" representation of the surface wind field
in Hurricane Andrew at 3-hourly intervals on the large domain.
Winds are plotted at alternate rows and columns of grid points on
the wave model grid. Areas devoid of winds lie outside the domain
of the numerical vortex wind model used for the hindcast.
Representation of speed is flag: 50 knots; each full barb: 10
knots, each half barb: 5 knots.

Winds plotted represent 60-minute average winds at an elevation
of 20 meters. For average winds at 10 meters reduce speeds by
about 8%. For other typical averaging intervals the 1-hour
average wind speed may be increased by the following factors:

10 minute average 1.09
1 minute average 1.22
peak gust 1.53
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Attachment E

Conventional "wind barb'" representation of the surface wind field
in Hurricane Andrew at 3-hourly intervals on the small domain.
Winds are plotted at every grid points of the wave model grid.
Representation of speed is flag: 50 knots; each full barb: 10
knots, each half barb: 5 knots. The two digits plotted near each
vector allow higher resolution of wind direction and speed. The
first digit is the "tens" place of the wind direction (e.g. if
the vector is in the first quadrant, 7 means the wind direction
is 070 degrees) and the second digit is the units place of the
speed (e.g if there is cone full barb and one half barb, 6 means
the wind speed is 16 knots).

Winds plotted represent 60-minute average winds at an elevation
of 20 meters. For average winds at 10 meters reduce speeds by
about 8%. For other typical averaging intervals the 1-hour
average wind speed may be increased by the following factors:

10 minute average 1.09
1 minute average 1.22
peak gust 1.53



0
P

l6- c6-

. “"\“L-Lf__on;

i
™

bb/v\ bb/v\ «V/v\ o

nm./v\\ @/v\ é/v\\ @/V\\

6

4z : 4

J dFdddddd
v & F A d I o B B B
xd uv%\ %/\ .%\ ] auf\ xuf\ au;\ gu\ PN SR Tl
8 a%\ eo;\ P %f\ su/\ %\ au\ ; o PNV N
& o 5 7] :%\ %\ ..%\ .,.0\ o o e e &> e o B
e e@\ 5 5] 9@\ a%\ ¢0\ &0\ TS SR S S S

ﬁﬁvv\ *v%\. &V@v\ nc%@\ ~%

B> \ﬁ/v,v\ n&/VV\ @@\ t@@\

&OV\ .w@\ «-Ov\ ee/%\ %

e
& 7 g gy

PN N g g

LN - SVl N N

0 B B P

> @/V.v\ @/v/\,\ 90%\ LN
BB T 4 G o]
2P S e e g

b Sl =\ Sl NEGgl N A\t

b B R B T

Au/vv\ o.v/wv\ «v/vv\ -u/v\
gr//..v\ ﬁ.e/%\ ,m./,vV\ .v/v\,.\

SN Sl S N g

QT/Vv\ »ﬂ/vV\\ n&/wv\ AV/VV\\_.".

%

¢661 MIHANV,BU

201LINH

LE

!

90GZ80¢6

CCEGLL Z68-AON-9 NO QILIOTS



- le

1
o
o)

]
—
(o))

8 6

A EREE EE I R
AT P P I B | - R e e
T dddddddddddde v
R A A A R A e R
N o T IS S S e e

S = & P 2 v e g
N P G g E R G S

PP g N @%\ 9»0/\ @v/w\ aw%\ & ¢/¢\ ee/u\ W >

@i ’
AP e g g 9t , 7 5 o 7 e W T W b

i i i SN PR 7 o g

B2
%
%
%
LY
%
%
AS
%

Q/V\\ nv/«\ N

X

N\ N\ \ g

ju/v\ Qa/v\ s/v\\

TP AN ST T g &> > @//v\ qu/w/\

PP QU DT 8T GO o g g g

Ty PN LIl NV LIN Sl N N 1b/v\(\\mwvv\n PG

A
Bl B 20 e e B @0 b e B Pr

4
Omﬁw\\ BN — S\~ A=VEREl SN T @ LINCE .@ﬁv\ F/vv\\%ﬂwv\%

-

L e e Bl o

MIHANY /Auesiny
: 60528026

00:L5 L L SENON-G NO GILLOTS



1 e
o0
o))
o
o
<

—
@

N~
o~
B
B
<
&
~
~
P
Nt
-
R
e

Bl SUL s 2 g

o w5 e
a5 e
hﬁOV\ -bOv\ @wvv\ nv/u\

m.«,/vv\ n-bO\\

[ .
XX FT - % 3 3224 dd
A e, 02 2223 d|ddadddddd
Dinna e d i iailidiadansy
mf,mr/?le?x, v F Al ddidddddd ST
8w | v A A S
Bl B g g e e « M _w\ %\ .w\ A A R e e ad
.. R RS A I B A A
..HEerF.mc&r@(\?\\e/\?\«%vx R Vs A,
4
v

T
(Y

)

_“Prm.?ﬂ%ﬂ/vvw\ﬂ%

%
I

&

@N.E.T BUL- S e o

-
i :

UL - B g - VTSR

2N

Fy
:
ke

I B Ban - g - 23]
DUl Bl - NATORE N FINVE

O&|

B

S 2

€661 MIHANY BuUBOLINH

}

L& ¢LS280CH6

§51:60°C Z6-NON-8 NOC G31L07d



Q)
1

RN
:u.@ﬁ .uw/ .v./ .umf
%EP a_/ .«../

AL
T G g

e Uy Sy, S = & w oF &
8C] B L S s T E— ¢ e
i TNC 7 eu,\ n\ n\
g wEF wEF B__ 3 % . € c oL 4§t i L *l
o\
e s%v\ ~v\ U\ L\ uv\
4 oF &7 53 T ot £i *Z|

@ mﬁcﬂ.mmﬁ.ﬁmmw,u:bl Sun

L BRI Su g

UL SuL S !

e S Bwy, Bug, sy
Bl Sun_ By, Buw, e\

Sl Buu Sun 2y, ew

Bl BuL Bun ui gy

B 2 g S
TP TR T (TP

W Pur
S UL Bt ny ey,
T Bu s

&
~|
~

AN

A

)
L

L 8ub BUL SuL [~\TY

B Buh Bl Bule g

B e S g |

S VI Cs N
R Sl g e..L\ em\ .«Uﬂx P e%\ @ 7
- e - ol
2 LR mV/w\ m..v‘\ u/\ wvl\ Am.%& - _%\ h%\ bn.% vww
F S g, *
»! N N _e/\ n%\ p.w,\ QL_

- U e e
- B QU o b

B 2 e g BpE i

- UM S B w@\\m\@v\ "
§ p

f

P P R R
T R R R

% P e A

A

LY

*’«
$

%

% &

82

LE

T
L BulC b B dunl g 9 4.\»_\f
B B e fmv\ 1%%%
T e s Teeen b
}

661 MIHQNV Puedluny

[

GLGC80C6

EGLOTL Z6NON-9 NO g3LL0Td



Y S P S :
. o} T 7 8 08 " 3 s N
R T U U O R | % % d
s 4 & & & £ e P ”» e Ty /.q LML W. w m
ﬁﬁfﬁﬁfﬁﬁww\»\aﬂ;,#y/v%vwmw.%w.
AN NN \%yzyqu Vee V(, w m. M. M L
LRQ/ .QQF/ .GEP .«f .a../ he/ .mf .«kf ...35/ %@A &\A _wf % 1 Woa Wae Veo Vo.. M M— M— M M
T T e P A S B R
wtﬁ u.c.:/ ..mEP WEF nr// u—r/ mzf/ MF:I 8 L g % a a 2 4 E e = i =
g by by e 8 g [ - - ’ eel/v«v\ ww%\ nn_\ ..U_\ i m% M_ .:M o1 L3
iy ::/ E‘F U, Sy fof:z’“ﬁlwﬂk\ﬁ%\-«(&\ 0@\ k Mw . ;

(-] .
mm o] UL sl Sule By oy - N

,
.
;
r

-1 o a3 = =
Ty EFuEFuErnr]nrllvr\\;wf\-//\\

By Buy suiL Sy tunl B B 9y gy

S Bl Buy Buu Sunl dui suibe gune AN LN
\\ <

Bl UL Bui Bub Buil Sul . Sk guib sy h

Lo S Bl Bl Bull Bl g sl 9&*\ L
1

= W SV -V

o~

y
«

ow|
4

UM S

",

T P R

T P
KA

e

%

S, B, By, B
=5 o

OmEr B S0 Bul sunl sl sun gl wﬁvx

” Eﬁ?&m\\
! ]
“ | -

LE

¢661 MJHANV euURallnH

)

81G280¢C6

8E0LZ1 Z6-NON-8 NO GILLOTS



LE

-
<

[4h

= g e

%
P NS T T

T e g
e . N
e

ade /724& Jw@ /w

El

g8

7
e
>

o> o7

&
any

 Puy Buy Swy By
U S, Sug 8uy Suy)
ISy, Bwg . Bu syl

(1, Bl Buy | Sy Suy)

L2

07
v——
N
» ‘—0\‘/ E“P‘/ ,l/
o
o\——‘é\//a\/‘?y ‘&\'/
o

o\ub‘%\_ub—%\;»» 4}'\9‘»’ %&/ (y/ i
SUll g N a>> “‘\9/

4

-
.
-
L
-
»
-

R [N
My Fu
P fu

TR LU

-

0

R

~

8L 8, Sur_ Bl

I, BuL Buy S

20LLINH

661 MIHANV Ut

}

1 cGC80C6

E0€L 2L Z68NON-2 NO GILLOTS



31

92082600

AR Y IS
A A P e e )
2o ERV- - PSS S B s
Fé‘ ;4 5 e - oI SIS RPN e
15 /{5“5 oo s P S U P
( o [ﬁé' f"' {" f" S IS S P x\%%
A
&

{
£ g g 3
g TMgTmg

-
roy

iﬁi
y

Ty,

7,

~

&

/Jn

AT s Rt %

A O < %o ]

[

_ s
A g

-

Tl Ty T

o

= V‘. ¥
= &
%

% % % e e

-

T N Ty tny Ty Ty k!

P

T e TMg g g

Hurricane’ ANDREW 1992

-

g

Ty

O g g~y
2
7

T e S
P e e e
- %

%y RN RN
g
Rl N “; (73 % %‘i %‘ %‘3‘

>

4’{’\5 AL g ” 0?/ IJ ?L é é %

AV = “ "’a/ s 7} é{ é é

BT e S A EF é/

"o " q.&y .‘.\5\7/ a,\?\/ (0:7’/ = 0‘3/ j/

ol M A RN [

N % < & &

OF'§1:CL E6-NON-8 NO g3LL0T

O
4T % st s R
0
R

AT QP % %% s

7
Y s T e

% R g g —Tmg e

-92



29

(0'0) ™~
| . N AN~
\-p /@"l /\Q*'r /&"l /&’o &'o /@’o /&" /(\g\’b /<\\'b /(®
\Q\’a /\Q@é /(Q‘?é /6*"’ /<\\"z < /<\\’o /<\\’o /Q’a /Q\‘o Py
P Sl S S P P S
3 /A\\a' /(@3' /@a’ /@y <% SIS /@‘o e

Jo
S

A

N NN
e

PRSP A S S Y

PSSP S P P L PR P

2 . .
S SEPS SPC P P P PSSP ey

Tmy Ty Tmy mg Ty T
Ty Ty Ty Ty Tny e hy M T
88

~

32 ¥, r
/§ /é\’ /@\’ /@%/,«\"c/@%/ﬁ\d‘,/@%‘ﬂ\%/

L%

Sid S 52 N ) &
PSP SIS S /@‘/«\"a/«\’om@,@
1

\’7777:5, \Imu

5
¥

3> s -,
PSSP P S R OB

.

o g
R / / /\"’ /&6\‘\) P N e 0 T
S e e e
S AR R T

G
o % &,
/Q Pl AN N e —TIhg —Tha, 1
)

% T Mg TTmg Tme TR

Hurricane’ ANDREW 1992

92082603

Y092t E6-NON-9 NO dILLi0Td



92082606

31

@) N o -
2! N N
%\ /S-« /§¢ /&*t /@“u /@ﬂw /\Qwo <X /<\\"’ /@‘b /6\" /@\') L /A\") /&\ﬁe /g\‘% /Q'o ,@
/@\?a /\Q-ia /@-?a /898 /ééa /&Wo S /@'w % /6\" /6\\"’ % /«\a) /«\‘b PR P
J \-do
/@ /4: /sao /@% /@"0 /58:! Lt /@’a /@’o /6\'9 /@*‘ PSid /(\Q.‘% /«\") RN <%
S /Sg' /@a’ /@a' /6*" Pl S i /6‘? AT B %< _<® <%
i & X S S S S A A A B R R P Shaea sl /%
2 & @ l
F s AT &Y % o o o % b <% Lo
23 L€¢ 2 v,
N FoA A S P P R PR s L
(4
o .25 |28 28
g A £ PSP P NPT Sy By
2 73 2
- \\ S /<\(\7" PSP AT 4 R R = >
E: = o )
= A AT SR 0% 0 8 o L
m &7 R
O R P 0% 0® 0 s e s
Z s
pre SIS U R N S B
34 %o & % C N Ny
c I R 3 T T T T
n\-,! [Ty 2
0 AT % o e e g g —Tg Tl
j -
fw— % &>
- AN g g Tfhg Tig e TMe T Thg TN
I o N - ~
— "'"\S Tn-nz ‘I'l-rng ‘rrn= “:Trlg ‘"rrng \Tng ~Tn8
%
TN e J )
Mg \g %g 7773 \’7773 \'7772 \'7778 ﬁ77_9 7@9.
M
T
\'7,8 \.L \,4, % \A?Zc, }77741 \'7)7;; %C %5 7]75!
%% % 2 % A % % % b
J
& i U)‘ % %ﬁ‘ é‘ é‘ %‘. \?’Q %
v 4
“ "GJ & v é é %” é‘ é‘ ?t\]
y / [ | \ \ \
e c’
¢ = ces7 a? é é ?. é % %‘ !

2ELZTL Z6°NAON-9 NO GFLLOTd



92082609

o
™

(o))
N

Q0
N

NG /&\'o /&\fa /&"o /&'o
R AP P P
SIS P PR
Sad /@'o /@?@ /6\1' /Qﬁ
Pid %

<5 <%

N /(\"0 /Q’O /&’0 /«\fo
AT T <t
AT <SS k<%
S /((\‘) P . <%

Y] <% <de oY

ot

< < <t <% _<h
% b
A%l < <%
AT %% <% <%

% % @

SIS PR

\i' .

A P
AT e

ﬁ*’\f /@ S

% <% %% b

P <t o %

PPN P R %

s

PN C N N

S QB OB 0B G

F?e

S <<% %2
R %% ot
‘S\" /(Qi\t’ B % D

<,
O 0% 0B 0

AT OB TS O S A

R N R (N R T I

TR T T G T -

STIS —T0E g Mg e,

I~
o~
1%

P

AE OB OG > ,»%
1
T3

<%

PR

[

-88

6\‘) /6\% /‘3\% /ﬁ\é‘ A% % RN S R

at

Hurricane’ ANDREW 1992

O % % e g
A
M TN g e e

e T T g e

TR TINg T T T e, |
g TNg TMg T g T Mg ]
TfMe "Tne ~hg ~Thg g |

e e

Me \\Wg Wg \”713 Wﬂe
SN

\.7772
\777’:.

22 % % % % %
| I U N V.
032032 3% % % % % e

cO0EZl Z8-NON-G NO GILLOTd



92082612

O
™

(o))
N

Q0
N

AT F <t <
R
RS
T T Tt

L % % s 3

<t <%«
b _F <<

< A%< <

(2 QB B« b
B %«
Sid /6\" /6\% /((\o" /(Q\‘:’

}\FN’\ <®"’ (6\’5 PP

SNENRS: IR L LY. X
< b D 0% %

%% S %

A% < P I
PO S

%D _<D <&

PUS I PPN N P Y
o8]
- SEPE SN SPY Sll DV SR, . -
1
AT b b % _ b S 02

AN S % D D

AT NG 0D 0D

> L 2] > &
%i‘\ /@em/&’. A

Nad

N

%@‘% B % 0B 0%

%5 PN T RS Y

ATD 0% 0 D 0

<% D 0D D D T

P R R S
B R
AR NG 0 TR T A

AR TG G R G

Hurricane’ ANDREW 1992

o
i e R

AT D D T T
e — 3 — T3 —nd —mg
(Ve —7N3 Mg — e g

Mg g ~g ~Me ~ Mg

/

T T T e PR T

T T NG TR TG

g T e T g T oag Thg

N~
N~
B

A N D 0D DS

3

3

19

L,

%_89 kL

2

Mg Mg "Me  Me e
T g
e

o «

LT N

¢ Tg Mg Tg )
g T |

\73 \ﬂg \Tig 1

5\
2 2 % & %

3

-
\};q? s = ) 3

9 PETL Z6NON-9 NO G3LLO0Td



Sremmr

Appendix F

Comparison of measured (after adjustment to 20 m) and hindcast
time histories of wind speed and direction at NOAA buoys 42001,

42003, Bullwinkle and Lena platforms. (see Figure 1 for
locations)
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Appendix G

Vector field plots of hindcast significant wave height and vector
mean wave direction at 3-hourly intervals at alternate rows and
columns of wave model grid system within the large domain.
Numerals denote significant wave height in meters x 10. (i.e. 48
= 4.8 meters)
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Appendix H

Listing of hindcast pezk winds, sea states, currents and surge at
317 model grid points located in the area: 27N - 31N, 87W - S2W,

Explanation of Table.

Each line gives all hindcast and computed peaks at a grid point,
including storm peak individual wave height and crest height
computed from the time history using the Forristall distribution
(1978) for wave height and the Haring et al. distribution (1978)
for crest height.

GP grid point number of 12-nm GUMSHOE grid

LAT North latitude of grid point degrees (decimal)

LONG West longitude of grid point degrees (decimal)

MAX WS maximum average wind speed in storm at point, m/sec

ASS0 WD wind direction associated with MAX WS, degrees from
which

The following nine quantities apply at time step of maximum HS

WS, WD average wind speed (m/sec) and direction
MAX HS maximum storm significant wave height, meters
TS significant wave period, seconds

.74*TP spectral peak pericd multiplied by 0.74, seconds
(this is an approximation of zero-crossing period)

VMD vector mean wave direction, degrszes true, toward which

HSUR surge with respect to mean sea level, centimeters

Cs depth averaged current speed, cm/sac

CD depth averaged current direction, degrees true, toward
which

The following guantities are storm maxima

MAX HSUR maximum positive surge height in storm at point
MAX CS maximum depth averaged current speed in storm at pecint

cm/s
ASSO CD current direction of MAX CS, degrees true,
FORR maximum (median) individual wave height at point in

storm, meters

HARING maximum (median) individual crest height (with respect
to still water) in storm at point), meters

W/HS ratio of FORR/MAX HS

C/HS ratio of HARING/HS
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