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BIOTROPICA 23(4a): 317-323 1991

Physical Aspects of Hurricane Hugo in Puerto Rico’
F. N. Scatena

Institute of Tropical Forestry, U.S.D.A. Forest Service, Southern Forest Experiment Station, Call Box 25000,
Rio Piedras, Puerto Rico 00928-2500

and
M. C. Larsen
U.S. Geological Survey, P.O. Box 364424, San Juan, Puerto Rico 00936-4424.

ABSTRACT

On 18 September 1989 the western part of Hurricane Hugo crossed eastern Puerto Rico and the Luquillo Experimental
Forest (LEF). Storm-facing slopes on the northeastern part of the island that were within 15 km of the eye and
received greater than 200 mm of rain were most affected by the storm. In the LEF and nearby area, recurrence
intervals associated with Hurricane Hugo were 50 yr for wind velocity, 10 to 31 yr for stream discharge, and 5 yr
for rainfall intensity. To compare the magnitudes of the six hurricanes to pass over Puerto Rico since 1899, 3 indices
were developed using the standardized values of the product of: the maximum sustained wind speed at San Juan
squared and storm duration; the square of the product of the maximum sustained wind velocity at San Juan and
the ratio of the distance between the hurricane eye and San Juan to the distance between the eye and percentage of
average annual rainfall delivered by the storm. Based on these indices, Hurricane Hugo was of moderate intensity.
However, because of the path of Hurricane Hugo, only one of these six storms (the 1932 storm) caused more damage
to the LEF than Hurricane Hugo. Hurricanes of Hugo’s magnitude are estimated to pass over the LEF once every
50-60 yr, on average.

RESUMEN

El 18 de septiembre de 1989, la esquina noroeste del huracan Hugo paso sobre la parte este de Puerto Rico y el
Bosque Experimental de Luquillo (BEL). Las pendientes de barlovento a 15 km desde el ojo y que recibieron mas
que 200 mm de lluvia, sufrieron el mayor impacto. En el BEL, los intervalos medios de ocurrencia asociados al
huracan Hugo fueron 50 afios para velocidades de vientos, 10-31 afios para descargos de quebradas y 5 afios para
intensidades de precipitacion. En el proposito de comparar las magnitudes de seis huracanes que han pasado
recientemente sobre Puerto Rico se desarrollaron indices que utilizan los valores estandarizados de: (1) el producto
del cuadrado de la velocidad maxima sostenida del viento en San Juan por la duracion de la tormenta: (2) el cuadrado
del producto de la velocidad maxima sostenida del viento en San Juan y la razon de las distancias desde el ojo del
huracan a San Juan y al BEL; y (3) el porcentaje con respecto al del promedio anual de la lluvia traida por la tormenta.
En ralacion a huracanes historicos, Hugo fue una tormenta de tamafio mediano. Sin embargo, debido a su trayectoria,
fue el segundo mayor impacto al BEL. Huracanes de la magnitud de Hugo pasan sobre el BEL cada 30-60 afios.

PaTH AND wiND vELOCITIES —Hurricane Hugo orig-
inated off the coast of Aftrica and developed into a
hurricane on 15 September 1989, three days before
it entered the Caribbean. On 18 September 1989
the western patt of the hurricane crossed Puerto
Rico near the town of Fajardo (Fig. 1), while the
central and eastern parts of the storm remained over
water (U.S. National Weather Service 1989). Al-
though the shape of the hurricane was variable, the
eye generally was about 30 km in diameter.
Wind gusts of tropical storm force were first
recorded in Puerto Rico at the U.S. Naval Base
near Ceiba at 1600 hr on 17 September 1989.
Sustained tropical storm force winds began at 0200

! Received 11 January 1991, revision accepted 1 October
1991.
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hr the next day. Before U.S. National Weather
Service anemometers were damaged, maximum sus-
tained winds of 166 km /hr, with gusts to 194 km/
hr, were recorded (U.S. National Weather Service
1989). Unofhcial measurements of sustained winds
on Puerto Rico were as high as 227 km/hr (J.
Francis, pers. comm.). In the affected areas of eastern
Puerto Rico, hurricane-force winds lasted about 4
hr. The average time interval between occurrences
(recurrence interval) of 166 km /hr sustained winds
at the U.S. Naval Base at Ceiba (Fig. 1) was es-
timated at 50 yr (Marshall 1990). For the small
islands east of Puerto Rico, where sustained winds
of 194 km/hr and gusts to 240 km /hr were re-
corded, Marshall (1990) estimated a recurrence in-
terval of 200 yr.

As Hurricane Hugo crossed Puerto Rico, a min-
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FIGURE 1.
1986, and U.S. National Weather Service 1990).

Paths of hurricanes that have crossed Puerto Rico since 1700 (adapted from Salivia 1972, Weaver

imum sea level barometric pressure (MSLBP) of
946.2 mbs was measured at the U.S. Naval base
at Ceiba (U.S. National Weather Service 1989). In
San Juan, the MSLBP was 972.6 mbs. Storm waves
along the coastline of eastern and northeastern Puer-
to Rico were between 2.1 and 3.9 m. Storm waves
of 3.4 to 3.8 m occurred on nearby islands (H.
Torres-Sierra, pers. comm.).

Residents on the eastern part of Puerto Rico
reported that the storm intensity peaked between
0800 and 0900 hr on 18 September 1989. At
Ceiba wind velocities decreased rapidly about 0850
hr, and wind direction shifted from north to south-
west (U.S. National Weather Service 1989). A sim-
ilar wind shift was reported by residents living in
Fajardo, and in areas adjacent to the LEF.

RAINFALL AND STREAM DISCHARGE.—During the 2
wk period prior to Hurricane Hugo, rainfall in east-
ern Puerto Rico was 80—85 petcent below normal
(U.S. National Weather Service 1990). During the
storm, however, rainfall totals ranged from 100 to
339 mm and precipitation intensities ranged from
34 to 39 mm/hr (U.S. Department of Commerce
1990). Maximum intensities for 1-, 2-, and 3-hr
intervals generally had recurrence intervals of 5 yr
or less (U.S. Weather Bureau 1961).

During the weeks after the hurricane, large areas
of Puerto Rico experienced below average rainfall
(Fig. 3). Monthly rainfall totals wete below long-
term means at Fajardo (U.S. National Weather
Service 1990) and within the LEF at El Verde
(Luquillo Forest Long-Term Ecological Research
Project 1989) until the end of the calendar year.

Of the 28 long-term weather stations located
throughout Puerto Rico, 21 or more stations re-
ported below normal rainfall for the months of
October, November, and December 1989. Peak
stream discharges (instantaneous maximums) for
drainages in and near the LEF had recurrence in-
tervals of 10-31 yr (Table 1). Within 12 to 24 hr
after storm rainfall ended, all of the streams returned
to prestorm discharges.

GEeoMorpHIC EFFECTs.—Examination of two groups
of aerial photographs that covered 57 percent (6474
ha) of the LEF revealed 285 Hurticane Hugo related
landslides (Fig. 2, Table 2). These landslides af-
fected 0.14 percent of the area photographed. How-
ever, 230 of these landslides were concentrated in
a 1031 ha area. Field measurements in 13 ha of
the Bisley watersheds, which is located on storm-
facing slopes within the 1031 ha area of concen-
trated damage (Fig. 2), indicated that 1.25 percent
of the land surface in that area had been disturbed
by landslides or uprooted trees (Table 2). Landslides
alone affected 0.6 petcent of the Bisley watersheds.
Multiple uprooted trees accounted for the remaining
0.65 percent of disturbed area.

Most landslides (71 percent), occurred on
northeast- (37 percent) or northwest-facing (34 pet-
cent) slopes. Of the remaining landslides, 55 percent
were at or immediately below the east-west trending
ridges that had numerous treefalls (Angel Torres-
Sanchez, pers. comm.). The largest failure was a
debris avalanche measuring 153 m long, 23—33 m
wide, and 3—10 m deep. This landslide occurred 3
d after the hurricane and moved approximately
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Map of eastern Puerto Rico showing research sites at El Verde and Bisley, area covered by aerial

photography, location of mapped landslides, and rainfall isohyets for Hurricane Hugo.

30,000 m? of material more than 600 m into a
nearby river.

The majority (77 petcent) of landslides were
not related to roads, pasture, or cropland and oc-
curred on forest-covered slopes. Fifty-five percent
of all landslides were on concave slopes. Shallow
soil slips (0.5—1.5 m deep) and debris flows (1-2
m deep) accounted for 91 percent of all landslides
surveyed (A. Torres-Sanchez, pers. comm.).

Almost all of the mapped landslides occurred
in areas with land-surface elevations of 100—-640
m above mean sea level and in areas that received
200 mm or more rainfall (Fig. 2). The rainfall
apparently saturated the upper 1-2 m of the rel-
atively impermeable regolith before increases in pore
pressure occurted at depth (Larsen & Torres-Sanchez
1990, Larsen 1990). The elevated pore pressures
in the saturated shallow regolith were sufficient to
trigger the numerous shallow landslides during the
short-duration, high-intensity storm. Because al-
most all of the landslides were in the area that
received more than 200 mm of rainfall, this rainfall
amount appears to be a threshold for landslides
associated with Hurricane Hugo.
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FIGURE 3. Departure from mean monthly rainfall for

long-term rainfall stations at Fajardo, eastern Puerto Rico,
and the northern slopes of Puerto Rico (from U.S. Na-
tional Weather Service 1990).
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TABLE 1.  Summary of streamflow characteristics and peak discharges during Hurricane Hugo and other large storms
at selected streamflow stations in eastern Puerto Rico (Curtis et al. 1990, Lipez et al. 1979)
Peak discharge (m®/s) and .
dis‘?g:gli;on d (recurrence interval 1/n years) }I;u ugr;“;:;i
Streamflow Drainage (years of Historical Hurricane basin runoff
station area (km?) record) (m?/s) maximums Hugo {mm /hr)
Espiritu Santo 223 1.69 (24) 566 (42) 427 (10) 69
Fajardo 38.6 1.98 (29) 555 (15) 666 (31) 58
Icacos 3.3 0.42 (18) 81 (20) 70 (12) 76
Mameyes 17.8 1.67 (13) 561 (10) 580 (14) 138
Bisley 0.07 0.005 (2) 1.6 (unk) 1.9 (unk) 98
Sabana 10.3 0.57 (10) 255 (12) 231(10) 81

Although Hurricane Hugo caused extensive de-
foliation and landsliding on hill slopes, extensive
channel or valley floor modification (sensz Gupta
1988) was not observed within or near the LEF.
Locally, however, boulders were moved, high flow
channels and flood plain margins were modified,
and small debris dams impounded water in active
channels and at culverts. All of the culverts on streams
draining north-facing slopes wete clogged with de-
bris but none had structural damage. Only one of
the eight bridges in the LEF suffered structural dam-
age.

WIND-DAMAGE AND RAINFALL INDICES.—Since 1930
the number of hurricanes in the Caribbean basin
has averaged between 0.5 and 1.5 annually (Gray
1990). On average, one of these storms passes over
Puerto Rico once every 21 yr (Salivia 1972). The
effects of a storm at any location depend on the
magnitude and path of the storm, and on the com-
plex interaction of climatic, topographic, lithologic,

TABLE 2.  Summary of Hurricane Hugo landslide char-
acteristics in areas of the Luquillo Experi-
mental Forest covered by aerial photography
and field measurements in the Bisley Exper-

imental Watersheds (Fig. 2).

Area
covered  Bisley
by Experi-
aerial  mental
photo-  Water-
graphs  sheds
Number of landslides 285 5
Median size, m? 161 370
Minimum size, m? 20 75
Maximum size, m? 4821 600
Area of survey, ha 6474 13
Area affected by landslides,
ha 9.1 0.16

and biologic factors. In general, the magnitudes of
individual storms or the time intervals between
storms do not provide satisfactory measures of the
effectiveness of extreme events in shaping the land-
scape (Wolman & Gerson 1978). To compatre the
relative importance of hurricanes that have passed
over Puerto Rico since 1899, wind damage and
precipitation indices were developed (Table 3). These
indices represent the relative potential of a hurricane
to affect changes in the landscape. The indices were
computed using the following equations: island-
wide wind-damage index = V,?-D; LEF wind-dam-
age index = (VR /R, )% rainfall index = P, /P,
where V, = maximum sustained wind velocity at
San Juan; R, = shortest distance between hutricane
and San Juan; R, = shortest distance between hut-
ricane and the LEF; P, = maximum storm precip-
itation; P,, = mean annual precipitation at station
where the maximum storm precipitation was mea-
sured; and D = duration of storm over island.

Both wind damage indices were standardized
by dividing each value by the largest value of all
the storms and multiplying by 100. The square of
the wind velocity was used because both fluid pres-
sure (Streeter & Wylie 1979) and wind damage
increase with the square of velocity (Gray 1990).
Wind velocity in San Juan was used because it is
the only reliable long-term data set. The ratios of
the distances account for differences in the paths of
hurricanes and the decrease in tangential wind speed
from the center of the storm (Anthes 1982).

The potential for rainfall-related effects associ-
ated with the hurricanes were compared using the
ratio of the maximum storm rainfall to the average
annual rainfall at the location where the maximum
storm rainfall was measured, i.e., the percentage of
average annual rainfall produced by the hurricane
(Table 3). This index takes into account inherent
differences associated with precipitation falling in
different climatic regions and is analogous to scaling
the geomorphic work of individual events by the
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TABLE 3.  Characteristics of hurricanes that have passed over Puerto Rico since 1899. The island-wide wind damage
index is the standardized product of sustained wind speed (at San Juan) squared and storm duration. The
LEF wind damage index is the standardized product “‘the square of " of sustained wind speed (at San Juan)
hand the ratio of the distance between the hurricane eye and San Juan (and) the distance between the eye
and the LEF. The rainfall index is the ratio of maximum storm rainfall to average annual rainfall at the
location of measurement. Data from Salivia 1972, Pico 1974, and U.S. Department of Commerce 1990.
Maximum Island-wide
sustained Island-wide  rainfall index
winds in Storm duration ~ Maximum wind damage (percent LEF wind
San Juan over island storm rainfall index of annual damage index
Year (km /hr) (hr) (mm) (scale 0-100) rainfall) (scale 0-100)
1989 148 4 339 19 15 63
1956 144 3 215 13 11 4
1932 194 7 415 57 17 100
1931 144 6 135 27 5 3
1928 241 8 725 100 40 20
1899 122 6 575 19 23 5

ratio of storm erosion to mean annual erosion (Wol-
man & Gerson 1978).

DISCUSSION

RANFALL—Storm rainfall totals of 500 mm are
common for hurricanes (Riehl 1979) and some Ca-
ribbean storms have reportedly produced more than
2000 mm (Gupta 1988). Compared to these storms,
Hutricane Hugo was relatively dry with a maximum
rainfall of 339 mm (Table 3). However, compared
to other large hurricanes that have crossed Puerto
Rico since 1899, Hugo was a moderate storm in

The temporary decrease in rainfall following
Hurricane Hugo was apparently caused by both
microclimate changes induced by the hurricane and
meso-scale weather patterns. At the regional level,
below-average rainfall was associated with a series
of high pressure atmospheric systems that passed
over the island and was not limited to either hut-
ricane-damaged or montane areas.

During much of the 3 mo period following the
storm, the cloud base over the LEF was not at the
usual 500—-600 m level but was at an elevation of

terms of the combined effects of wind and rain. & R
Hurricane-induced rainfall at any location de- eor :\
pends on many factors, including proximity to the @ 55| Huge
storm’s center, the horizontal velocity of the storm, § 501
and local topographic effects (Anthes 1982). The — as| \\
relatively low total rainfall associated with Hurricane S 40| N
Hugo was appatently influenced by both the path - .\\
and diameter of the storm. Moisture and enetgy £ ol RN
balances within hurricanes dictate that rainfall in- g S~
tensity is inversely related to the radius of the hur-  § 2° °\\\~
ricane (Riehl 1979) and that the northwestern part = 20 *
of the storm typically has the least precipitation § 151
(Riehl 1979, Anthes 1982). @ o}
Because Hugo was a relatively large-diameter 5%
hurricane, that passed rapidly over the island, total ol v
storm rainfall associated with this storm was less 0 5 10 15 20 25 30 35 40 45 50 55 60
than that of many other hurricanes. However, when Distance from E! Yunque (km)
spatial variations in annual rainfall are accounted -
FIGURE4. Estimated recurrence intervals of hurricanes

for by calculating the percentage of the mean annual
rainfall that occurred during the hurricane, the rel-
ative importance of Hugo and that of other hut-
ticanes is similar (Table 3). Furthermore, the mag-
nitude and intensity of the rainfall associated with
Hugo was sufficient to trigger numerous landslides.

passing within a given distance from El Yunque peak at
the center of the Luquillo Experimental Forest, Puerto
Rico. Based on the cumulative frequency distribution of
distances of hurricanes relative to the LEF using the tra-
jectories of hurricanes in Figure 1 (adapted from Scatena

1989).
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322 Scatena and Larsen

900—1000 m. During this period there was a no-
ticeable decline in the number of brief episodes of
orographic rainfall that occurs throughout the day
in the lower elevations of the LEF. These local
changes were appatently caused by a rise in the
cloud base, which resulted from increased temper-
atures and albedo in defoliated areas. The lack of
rainfall following the storm appears to have affected
animal populations (Woolbright 1991) and fine
root mortality (Parrotta & Lodge 1991).

PATH, WIND VELOCITIES, AND DAMAGE.—Neither the
path of Hurricane Hugo through the Caribbean,
nor the location of landfall on Puerto Rico was
unique. All 15 of the severe hurricanes that have
passed over the island since 1700 have landed on
the eastern part of the island, and most (9 hurri-
canes) have landed along the coast between Mauna-
bo and Fajardo (Fig. 1). However, no historical
hurricane has crossed the island of Puerto Rico with
a path similar to the path of Hurricane Hugo.

Once over land, hurricanes follow irregular paths
and diminish in intensity because of decteased evap-
oration, increased surface friction, and changes in
ground level air temperature (Anthes 1982). Con-
sequently, both internal coriolis and centritugal forc-
es decline and radial pressure gradients weaken.
When large differences in surface conditions exist,
like those developed when part of a hurricane in-
tersects mountainous tetrain, asymmetric radial
pressure gradients develop and the hurricane may
move away from these mountainous areas. This
mechanism may explain why only 4 of the last 15
hurricanes to pass across Puerto Rico have crossed
directly over the LEF (Fig. 1). Most hutricanes have
crossed the island along the intermountain region
to the south and west of the LEF.

The island-wide wind damage index indicates
that Hurricane Hugo was about the fourth largest
of the six hurricanes to affect the island of Puerto
Rico since 1899 (Table 3). However, because of its
path across the eastern part of the island, Hurricane
Hugo was the second most important storm to affect
the LEF. The largest of the six hurricanes to hit
Puerto Rico since 1899 occutred in 1928 but that
storm had relatively little effect on the LEF (Crow
1980).

During Hurricane Hugo, extensive damage to

vegetation was limited to areas within 30 km of
the path of the storm. Landslides and other geo-
morphic modifications wete most common in areas
receiving 200 mm or more rainfall and within 15—
25 km of the eye of the storm. Although some
damage occurred 100 km from the storm, beyond
40-50 km, the damage from the storm was isolated
and strongly dependent on local conditions. Wads-
worth and Englerth (1959) reported similar findings
for the 1956 hurricane. They found no appreciable
biologic or geomorphic damage beyond 40 km of
the center of the storm.

The average recurrence intetval for a hurricane
to pass within a given distance of the LEF was
derived from the cumulative frequency of distances
of hurricanes relative to the center of the LEF (Sca-
tena 1989; Fig. 4). Each point defining the curve
shown in Figure 4 represents a radius from the center
of the LEF, except for the point labeled ‘“Hugo.”
This figure was based on the paths of hurricanes
shown in Figure 1, and reflects the higher frequency
of hurricanes when a larger distance from the LEF
is considered (Scatena 1989).

Both the 1956 and 1989 hurticanes caused
extensive damage to forest vegetation within 40—
50 km of the center of the storm. Because most
hurricanes have a 40-km wide zone of maximum
winds (Anthes 1982) and hurricanes have passed
within 40 km of the LEF with an average recurrence
interval of about 2530 yr, it is likely that the LEF
will be affected by a hurricane once every 25-30
yr on average (Fig. 4). However, the average re-
currence interval for a hurricane to pass as close to
the LEF as Hurricane Hugo did and affect as large
an area of the forest as that affected by Hugo, is
about 50—-60 yr (Fig. 4).
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