


Storm-Tide Elevations Caused
by Hurricane Hugo on the

U.S. Virgin Islands and

Puerto Rico, September 18, 1989

By Heriberto Torres-Sierra

U.S. GEOLOGICAL SURVEY

Open-File Report 92-87

San Juan, Puerto Rico
1996




U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
Gordon P. Eaton, Director

The use of firm, trade, and brand names in this report is for identification purposes only and does
not constitute endorsement by the U.S. Geological Survey

For addtional information write to: Copies of this report can be purchased
from:

District Chief U.S. Geological Survey

U.S. Geological Survey Branch of Information Services

GSA Center, Suite 400-15 Box 25286

651 Federal Drive Federal Center

San Juan, Puerto Rico 00965 Denver, CO 80225



CONTENTS

Path of Hurricane Hugo
Effects of Hurricane Hugo
U.S. Virgin Islands
Puerto Rico

Vertical datum

PLATES

....................................................................................................................................................

......................................................................................................................................................

[Plates are in pocket]

Plates 1-16.

o ® N A D=

e e e
AN N AW N = O

Maps showing elevations of high-water marks and survey marks used to document
the effects of storm tides caused by Hurricane Hugo, September 18, 1989:

Vega Alta quadrangle, Puerto Rico

Bayamoén quadrangle, Puerto Rico

San Juan quadrangle, Puerto Rico

Carolina quadrangle, Puerto Rico

Rio Grande quadrangle, Puerto Rico

Fajardo quadrangle, Puerto Rico

Isla de Vieques quadrangle, Puerto Rico

Culebra and adjacent islands quadrangle, Puerto Rico

Western St. Thomas quadrangle, U.S. Virgin Islands

. Central St. Thomas quadrangle, U.S. Virgin Islands
. Eastern St. Thomas quadrangle, U.S. Virgin Islands
. Western St. John quadrangle, U.S. Virgin Islands

. Eastern St. John quadrangle, U.S. Virgin Islands

. Frederiksted quadrangle, U.S. Virgin Islands

. Christiansted quadrangle, U.S. Virgin Islands

. East Point quadrangle, U.S. Virgin Islands

Contents

.............................................................................................................................
..............................................................................................................................................
............................................................................................................................................



FIGURES

1. Map showing track of Hurricane Hugo across the Atlantic Ocean

and North America, September 1989 ........c..coviiiiiieieeeietee e

2. Map showing track of Hurricane Hugo across the islands of the

Caribbean Sea, September 1989 .........cccoviiiiiiiecicre et esa et

3. Map showing study area and quandrangles for which high-water

mark and survey-mark elevations are ShOWN...........ccociiniiiii s

TABLES

1. Chronology of major hurricanes in U.S. Virgin Islands, 1867-1989,

and in Puerto Rico, 1899—1989 ..........uuiiirieeeeeeeeiceteieerirressisesesesreeesnsrseesssssasassasaasssvnns
2. Descriptions of high-water Marks..........cccceccrueuirieirenminieenncces s

3. Descriptions of reference marks and benchmarks .........coooeevvecrecinnininiiiiin,

CONVERSION FACTORS AND ACRONYMS

............

Multiply By To obtain
inch 254 meter
foot 0.3048 meter
mile 1.609 kilometer
mile per hour 1.609 kilometer per hour
acre 0.4047 hectare

Acronyms used in this report:

NOS National Ocean Service
USCGS  United States Coastal and Geodetic Survey
USGS United States Geological Survey

v Contents



Storm-Tide Elevations Caused by Hurricane Hugo on the
U.S. Virgin Islands and Puerto Rico, September 18, 1989

By Heriberto Torres-Sierra

ABSTRACT

In September 1989, Hurricane Hugo, a very
powerful and destructive hurricane that had winds in
excess of 130 miles per hour, hit the U.S. Virgin
Islands and Puerto Rico. This hurricane was one of
the most destructive storms to hit the Caribbean in
the 20th century. Although rainfall totals associated
with this storm were relatively low (4 to 10 inches in
most affected areas), high winds and storm-surge
flooding along the coastal areas caused severe
damage. St. Croix in the U.S. Virgin Islands was
particularly hard hit; 65 percent of the buildings were
destroyed and another 30 percent damaged. The
maximum storm-tide elevations measured were 13.0
feet above mean sea level on St. Croix, and 13.5 feet
above mean sea level near Mameyal, Puerto Rico.
Although estimates of the loss of life and damage
that can be attributed directly to the hurricane vary,
at least five people lost their lives and damage was
estimated at $2 billion (National Oceanic and
Atmospheric Administration, 1990).

INTRODUCTION

On September 18, 1989, Hurricane Hugo, a very
powerful and destructive hurricane, hit the U.S. Virgin
Islands and Puerto Rico. This hurricane was one of the
most destructive storms of the 12 major hurricanes that
have hit the area since the late 1800’s (table 1). In the
weeks that followed the passage of Hurricane Hugo
through the Caribbean Sea, the U.S. Geological Survey
(USGS) collected data on the storm-tide elevations

caused by this storm. This report presents storm-tide
elevation data collected at sites on the islands of St. Croix,
St. Thomas, and St. John, U.S. Virgin Islands; on the
islands of Culebra and Vieques, Puerto Rico; and along
the northeastern coast of Puerto Rico. The data presented
here can be useful in guiding future development in these
areas and in comparing the storm-tide elevations of past
and future hurricanes. The location and elevation of high-
water marks caused by storm tides produced by Hurricane
Hugo are shown on a series of topographic quadrangle
maps along with locations and elevations of reference
marks and bench marks used in surveying the elevations
of high-water marks (plates 1-16). The storm-tide
elevations produced by Hurricane Hugo on the South
Carolina coast of the eastern United States have been
reported by Schuck-Kolben (1990).

PATH OF HURRICANE HUGO

On September 13, tropical storm Hugo, located in the
middle of the Atlantic Ocean at about 13°N. latitude and
38°W. longitude (fig. 1), was upgraded to hurricane status
having wind speed of 75 miles per hour (mi/hr). Over the
next 4 days, the hurricane continued its westward
movement and gained strength over the open water of the
Atlantic Ocean. Hurricane Hugo, now a powerful
category 4 hurricane (wind speeds 131-155 mi/hr),
continued along a 750-mile stretch of the Lesser Antilles
on Sunday, September 17, and passed over St. Croix
between 4 a.m. and 5 a.m., Atlantic standard time, on
Monday, September 18 (fig. 2). Traveling in a west-
northwest direction and passing over the island of
Vieques, Hurricane Hugo brushed the eastern coast of
Puerto Rico at 8 a.m., Atlantic standard time, and had
maximum sustained winds of 104 mi/hr, gusts of

Path of Hurricane Hugo 1
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Table 1. Chronology of major hurricanes in U.S. Virgin Islands, 1867-1989, and in Puerto Rico, 1899-1989

Date

Area affected

Remarks

U.S. Virgin Islands

October 29, 1867

October 9, 1916

August 28—29, 1924

September 12—14, 1928

August 67, 1955

August 11-12, 1956

August 29-31, 1979

September 18, 1989

St. Thomas

St. Thomas

St. Thomas, St. Croix

St. Croix

St. Thomas

St. Croix

St. Thomas, St. John,
St. Croix

St. Thomas, St. John,
St. Croix

Hurricane. Maximum wind speed, 170 miles per hour; lowest
barometric pressure, 27.95 inches. Deaths, 600.

Hurricane. Wind gusts, 160 miles per hour; lowest barometric pressure,
28.10 inches. Charlotte Amalie, Frenchtown, and Harry S. Truman
Airport severely flooded.

Hurricane. Maximum wind speed, 143 miles per hour; maximum 24-
hour rainfall, 5.7 inches on St. Croix; and lowest barometric pressure,
28.56 inches. Numerous lives lost.

Hurricane. Maximum wind speed, 130 miles per hour on St. Thomas;
maximum 3-day rainfall, 16.6 inches in Christiansted; and lowest
barometric pressure, 29.80 inches. Substantial loss of life and
substantial damage.

Hurricane Connie. Maximum wind speed, 71 miles per hour;
maximum 24-hour rainfall, 7.0 inches in Charlotte Amalie. Deaths, 3.

Hurricane Betsy, 30 miles south of St. Croix. Maximum wind speed,
86 miles per hour; maximum 24-hour rainfall, 4.7 inches in St. Croix.
Damage, $30,000.

Hurricane David. Maximum wind speed, 54 miles per hour on St.
Croix; rainfall 15 inches in 3 days.

Hurricane Hugo. Maximum wind speed, 140 miles per hour; 20,000
people homeless; deaths, 3; damage, $1.3 billion.

Puerto Rico

August 8, 1899

September 13, 1928

September 26, 1932

September 6, 1960

September 16, 1975

August 29-31, 1979

September 18, 1989

Islandwide

Islandwide

Islandwide

Eastern Puerto Rico

Southwestern Puerto Rico

Eastern, southern, and
northern Puerto Rico

Eastern Puerto Rico

Hurricane San Ciriaco. Wind speed, 104 miles per hour; 24-hour
rainfall, 23 inches. Deaths, 3,000; damage, $35 million.

Hurricane San Felipe II. Wind speed 160 miles per hour, barometric
pressure 27.5 inches. Deaths, 300; damage, $50-$85 million.

Hurricane San Ciprian. Wind speed, 115 miles per hour; 40,000 homes
destroyed; 70,000 families homeless. Deaths, 300; damage, $30
million.

Hurricane Donna. Maximum 24-hour rainfall, about 19 inches; 484
homes destroyed. Deaths, 107; damage, $7.5 million.

Hurricane Eloise. Maximum 24-hour rainfall at Maricao, 23 inches; 15
bridges destroyed. Deaths, 34; damage, $125 million.

Hurricane David. Wind speed, 75 miles per hour; rainfall of 20 inches
in 3 days; 800 homes destroyed and 8,000 damaged. Damage, $125
million.

Hurricane Hugo. Maximum wind speed, 125 miles per hour;
barometric pressure, 27.9; 13,000 people homeless. Deaths, 2;
damage, $1 billion.
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120 mi/hr, and an atmospheric pressure in the eye of the
storm of 946 millibars (27.94 inches of mercury). By
noon, Hurricane Hugo, with maximum sustained winds of
125 mi/hr and minimum sea level pressure of 957
millibars (28.26 inches of mercury), was north of San
Juan, Puerto Rico. San Juan experienced maximum
sustained winds of 77 mi/hr with gusts to 92 mi/hr and a
barometric pressure of 972 millibars (28.72 inches of
mercury) at about 10 a.m.

Some of Hurricane Hugo’s energy was dissipated as it
passed over the eastern coast of Puerto Rico, and the
storm was downgraded to a category 2 hurricane (wind
speeds 96—-110 mi/hr). By late Tuesday, September 19,
Hurricane Hugo had weakened from land friction in the
islands; but, as it moved over water, in a northwesterly
direction toward the mainland of the United States, it
regained strength.

By late Thursday, September 21, Hurricane Hugo had
regained enough strength to be upgraded again to a
category 4 hurricane. It was about 180 miles in diameter
and had winds in excess of 135 mi/hr (Jarvinen, 1989).
Early on Friday morning, September 22, at 1:05 a.m.,
eastern daylight time, Hurricane Hugo made landfall on
the South Carolina coast. The estimated maximum
sustained wind speed at the time of landfall was
138 mi/hr, and the estimated minimum central pressure
was 934 millibars (27.58 inches of mercury) (Purvis,
1989).

Hurricane Hugo passed through South Carolina and
into North Carolina, where it was downgraded to a
tropical storm. The storm then moved through the eastern
United States, where it was reclassified as an extratropical
storm. It then passed through Canada and moved back
over the North Atlantic Ocean and finally dissipated near
Greenland on September 26 (fig. 1).

EFFECTS OF HURRICANE HUGO

Damage to the U.S. Virgin Islands and Puerto Rico
from Hurricane Hugo was extensive, and has been
estimated at $2 billion (National Oceanic and
Atmospheric Administration, 1990). A summary of the
effects of Hurricane Hugo on the U.S. Virgin Islands and
Puerto Rico is presented in the following sections.

U.S. Virgin Islands

Rainfall data for the U.S. Virgin Islands are scarce
because no data were recovered from recording raingages
on St. Thomas or St. Croix, and only one raingage was
operational on St. John. At St. John’s gage, a maximum
of 10.3 inches of rain fell during the 2-day period ending
at 8 a.m. on September 19. Although rain caused local
flooding in the islands, rainfall totals associated with
Hurricane Hugo generally were small in comparison with
rainfall total commonly associated with hurricanes. Most
of the flood damage in the U.S. Virgin Islands occurred in
coastal areas and was the result of tidal flooding. High
water levels resulting from a combination of normal
(predicted) tide, storm surge, and wave action ranged
from about 13.0 feet above mean sea level on St. Croix to
3.6 feet above mean sea level on St.Thomas.

Damage from Hurricane Hugo was severe throughout
the U.S. Virgin Islands, particularly on St. Croix, where
about 65 percent of the buildings were destroyed and
about 20,000 people were left homeless. All marina and
dock facilities and hundreds of boats were damaged or
destroyed, hospitals were destroyed, roads were made
impassable, the airport was heavily damaged, and all
public utility services were disrupted. About 90 percent
of all powerlines on the island were downed by the storm,
two of the three desalination units were disabled, one 10
million-gallon water storage tank was destroyed and
another severely damaged, and the sewage treatment
system was disabled. High winds stripped leaves from
trees and bushes and toppled trees, and saltwater burned
grass and killed bushes. Restoration of public services on
St. Croix was slow. In some areas, water-supply systems
disrupted by the storm were not returned to normal
service for several months.

St. Thomas and St. John also received substantial
storm damage, particularly along their southern coasts.
Waterfront areas and harbors on St. Thomas were
damaged heavily by extensive flooding and high winds.

Puerto Rico

In eastern Puerto Rico, rainfall associated with the
passage of Hurricane Hugo exceeded 10 inches near
Naguabo; more than 9 inches of that total fell during a
24-hour period. Rainfall amounts and intensities were
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substantially less than those associated with other large
hurricanes, such as San Felipe in 1928, which produced
rainfall totals of about 25 inches. Based on historical
records of rainfall (U.S. Weather Bureau, 1961),
Hurricane Hugo’s recorded maximum rainfall intensities
of 1-, 2-, and 3-hour durations had recurrence intervals of
less than 5 years, although inland flooding occurred along
some small streams.

High water levels along the eastern and northern
coasts of Puerto Rico and the coasts of Puerto Rico’s
offshore islands, Vieques and Culebra, generally ranged
between 4 and 10 feet above mean sea level but exceeded
13 feet at Mameyal (plate 1). At San Juan, the maximum
storm surge occurred at 10:30 a.m., Atlantic standard
time, about 30 minutes before the predicted high tide
(Richard Webb, U.S. Geological Survey, oral commun.,
1991). Coastal flooding occurred in some beaches and
low-lying areas where land-surface elevations are less
than 10 feet above mean sea level. In some of these areas,
sand was removed from the beach and redeposited in
overwash fans. The overwash in the area of Laguna de
Pifiones, east of San Juan, penetrated the mangrove
lagoon more than 700 feet inland, and about 650,000
cubic yards of sand were deposited behind the dune line
(Rodriguez and Webb, 1990). Along much of the coast,
however, the effects of coastal flooding were limited by
the geologic and physiographic setting of the Island.
According to coastal geologist David Bush (1989) of
Duke University, the narrow continental shelf accounted
for the relatively small storm surge, and the rocky
coastline provided protection against waves. The
relatively high and steep shoreline also provided higher
sites where many structures remained above the storm
surge.

The tropical rain forest of Puerto Rico also was
severely damaged. The Caribbean National Forest, which
is located in the Sierra de Luquillo range in the north-
eastern part of the Island (plate 6), has been managed by
the U.S. Forest Service since 1917 and was designated a
United Nations Educational, Scientific and Cultural
Organization (UNESCO) Biosphere Reserve in 1976.
The forest, which ranges from about 330 to 3,500 feet
above mean sea level and covers an area of 28,000 acres,
includes subtropical wet forests, subtropical rain forests,
lower montane wet forests, and lower montane rain
forests (Brown and others, 1983). About 97 percent of

the trees in the Bisley Watersheds, a subtropical wet
forest, were damaged or destroyed by wind (Fred Scatena,
U.S. Forest Service, oral commun., February 1991). Not
since Hurricane San Ciprian in 1932 has a hurricane
caused such severe damage to Puerto Rico’s tropical rain
forest.

The area in and around the Caribbean National Forest,
where rainfall amounts and intensities were high, was
also the site of more than 400 shallow landslides on the
steep and highly dissected mountain slopes (Larsen,
1990). Half of the landslides occurred where highways
were constructed and along road cuts; the other half
occurred on slopes that were without human modifi-
cation. About 50 percent of all the landslides were
shallow soil slips, 25 percent were debris flows, and the
remainder were slumps and rockfalls. The largest
observed landslide was 430 feet long and 70 feet wide.
This landslide moved about 30,000 cubic yards of soil
and rock 2,000 feet downslope into a river. According to
an eyewitness, it occurred 3 days after the hurricane.

Drastic changes in water quality were associated with
the storm, and many fish and shellfish perished.
Although it is not known which factors most affected
these marine animals, the physical disruption of the
shoreline by the storm and freshwater flowing into the
lagoons as a result of the heavy rains disturbed aquatic
habitats and changed concentrations of dissolved oxygen,
dissolved solids, dissolved sulfide, and other constituents
in the water.

Homes and buildings in eastern and northeastern
Puerto Rico and on Vieques and Culebra were severely
damaged as a result of high winds. More than 13,000
people were left homeless, and electric power and public
water-supply distribution systems were heavily
damaged. Two deaths were directly attributed to the
hurricane, and six employees of the power authority were
killed during repair of downed powerlines.

VERTICAL DATUM

The vertical datum used for this study is local mean
sea level derived by the U.S. Coast and Geodetic Survey
(USCGS), which is now named the National Ocean
Service (NOS). The local mean sea level, which varies
with time and distance along the coastline, is the average,
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over selected time periods, of the midpoints in elevation
between mean higher-high water (MHHW) and mean
lower-low water (MLLW). The mean tide level (MTL)
established by the U.S. Department of Commerce, NOS,
is physically the same as the local mean sea level of the
USCGS, but is referenced to MLLW datum. That is, the
MTL is the elevation of the local mean sea level above the
MLLW. The MLLW datum, also called the chart datum,
is used by the NOS to minimize the reporting of negative
values in predicting tide elevations (U.S. Department of
Commerce, 1988).

All of the study area has bench marks established by
both the NOS and the USGS based on local mean sea
level datum except for the Island of Culebra. For this
study, local mean sea level was established for Culebra
using techniques described in the section “Storm-Tide
Elevations.”

STORM-TIDE ELEVATIONS

Immediately after the storm, the USGS sent crews to
the coastal regions to investigate and survey the
maximum water-surface elevations caused by the storm
tide. High-water marks were located and marked. A
description of each mark, which included a detailed
description of its location, the type of mark (seedline,
washline, driftline, stainline), and an assessment of the
quality of the mark was prepared. The quality of each
mark was assigned a category for interpretation of the
storm-tide elevation as follows:

Excellent—A level, extremely well-defined line of
densely accumulated fine debris (or a distinct
stain). Reliable to + 0.05 foot.

Good—A level, well-defined line of densely accumulated
fine debris (or a distinct stain). Reliable to +0.10
foot.

Fair—A level, but less distinct band of fine or coarse
debris (or stain). Reliable to within + 0.25 foot.

Poor—A poorly defined band of sparsely accumulated
coarse debris that may undulate due to surface
wave action. Other examples include a
discontinuous scatter of coarse debris on a
structure, a coarse groundline of heavy-vegetative
drift, or debris hung up in the branches of a tree.

Uncertainty in true elevation greater than about
0.25 foot.

The best high-water marks for indication of maximum
stillwater storm-tide elevation generally were found
inside buildings or other locations where wave action was
dampened. Outside marks are sometimes of poorer
quality because of wave action or, in the case of debris
lines, distortion by high winds.

After each storm-tide high-water mark was located
and assigned a quality rating, the elevation of the mark
was determined. Most elevations were determined by
using conventional direct leveling equipment and vertical
control stations (bench marks) established by the NOS
and the USGS.

On the Island of Culebra, bench marks referenced to
mean sea level were not available. The high-water marks
were referenced to local sea level at the time of the survey
and the date and time of the survey were noted. The
normal predicted tide data from the NOS tables (U.S.
Department of Commerce, 1988) were used to estimate
the departure from estimated “mean” tide level at the
location and time of the survey for each high-water mark.
Using this computed departure, each high-water mark
elevation was then adjusted to “mean” sea level datum.
The tidal variation during the time of the leveling
(November 6-8, 1989) was 0.7 feet. The maximum
adjustment to storm-tide elevation made using this
procedure was 0.4 feet.

The high-water mark elevations are shown on the
topographic quadrangle maps. The maps are identified on
figure 3 and presented as plates 1-16. Descriptions of the
high-water marks are given in table 2 (at end of report).
Descriptions of the survey marks (reference marks and
bench marks) used to determine the mean sea level
elevations of the high-water marks are given in table 3 (at
end of report). The survey-mark elevations are also
shown on the topographic quadrangle maps (plates 1-16).

Storm-Tide Elevations 7
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