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HURRICANE IMPACTS TO TROPICAL AND
TEMPERATE FOREST LANDSCAPES!

EMERY R. Boosg, DAVID R. FOSTER, AND MARCHETERRE FLUET
Harvard Forest, Harvard University, Petersham, Massachusetts 01366 USA

Abstract. Hurricanes represent an important natural disturbance process to tropical
and temperate forests in many coastal areas of the world. The complex patterns of damage
created in forests by hurricane winds result from the interaction of meteorological, phys-
iographic, and biotic factors on a range of spatial scales. To improve our understanding of
these factors and of the role of catastrophic hurricane wind as a disturbance process, we
take an integrative approach. A simple meteorological model (HURRECON) utilizes me-
teorological data to reconstruct wind conditions at specific sites and regional gradients in
wind speed and direction during a hurricane. A simple topographic exposure model (EX-
POS) utilizes wind direction predicted by HURRECON and a digital elevation map to
estimate landscape-level exposure to the strongest winds. Actual damage to forest stands
is assessed through analysis of remotely sensed, historical, and field data.

These techniques were used to evaluate the characteristics and impacts of two important
hurricanes: Hurricane Hugo (1989) in Puerto Rico and the 1938 New England Hurricane,
storms of comparable magnitude in regions that differ greatly in climate, vegetation, phys-
iography, and disturbance regimes. In both cases patterns of damage on a regional scale
were found to agree with the predicted distribution of peak wind gust velocities. On a
landscape scale there was also good agreement between patterns of forest damage and
predicted exposure in the Luquillo Experimental Forest in Puerto Rico and the town of
Petersham, Massachusetts. At the Harvard and Pisgah Forests in central New England the
average orientation of wind-thrown trees was very close to the predicted peak wind direc-
tion, while at Luquillo there was also good agreement, with some apparent modification
of wind direction by the mountainous terrain. At Harvard Forest there was evidence that
trees more susceptible to windthrow were felled earlier in the storm.

This approach may be used to study the effects of topography on wind direction and
the relation of forest damage to wind speed and duration; to establish broad-scale gradients
of hurricane frequency, intensity, and wind direction for particular regions; and to determine
landscape-level exposure to long-term hurricane disturbance at particular sites.

Key words: hurricane; landscape patterns;, modeling; natural disturbance; New England (USA);
Puerto Rico; regional patterns, spatial scales; temperate forests; topographic exposure; tropical forests;

wind damage.

INTRODUCTION

Historically, hurricanes have been one of the major
natural disturbance factors affecting Atlantic coastal
areas from northern South America, through the Ca-
ribbean and Gulf Coast region, to eastern North Amer-
ica as far north as the Maritime Provinces of Canada
(NOAA 1971, Neumann et al. 1987). Hurricanes are
a significant geomorphic force that reconfigures shore-
lines, inflicts substantial property damage, and creates
extensive windthrow in forested areas (Gentry 1966,
Anthes 1982). Wind damage serves as an important
source of landscape-level patterning in forests and is a
major factor initiating vegetation dynamics (Naka 1982,
Denslow 1985, Foster and Boose 1992). At the eco-
system level, extensive blowdown may be an important
factor regulating hydrological, energy, and nutrient re-
gimes (Whigham et al. 1991, Lugo and Scatena 1993).
The role that hurricanes play in determining ecosystem

! Manuscript received 29 January 1993; revised 12 No-
vember 1993; accepted 22 November 1993.

function and landscape patterns in tropical and tem-
perate regions has made this disturbance process a ma-
jor focus of research at numerous sites (e.g., Luquillo
Experimental Forest, Puerto Rico; North Inlet Marsh,
South Carolina; Virginia Coast Reserve, Virginia; Har-
vard Forest, Massachusetts).

Despite an awareness of the importance of hurri-
canes, there exists among ecologists only a rudimentary
understanding of their meteorological characteristics
and an incomplete knowledge of their role in natural
forest dynamics (Smith 1946, Webb 1958, Bormann
and Likens 1979, Lugo et al. 1983, Boucher et al. 1990,
Foster and Boose 1992). What is needed is a more
complete understanding of how the hurricane’s energy
is distributed and how it is expended on ecosystems
(Moore 1989, Walker et al. 1991). To understand the
long-term disturbance regime for a particular region
we must know the storm history and the gradients in
storm frequency and intensity for that region. Such
information could further other ecological studies in
hurricane-prone areas and provide ecosystem connec-
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FiG. 1.
Experimental Forest. 1989 = Hurricane Hugo.

tions to global climate model (GCM) projections of
future hurricanes (Emanuel 1987, O’Brien et al. 1992).

In our work we have tried to develop an integrative
approach for assessing the ecological characteristics of
hurricanes. A simple model (HURRECON) of hurri-
cane surface wind fields, based on meteorological stud-
ies and calibrated with meteorological data, provides
broad-scale estimates of wind conditions during a storm.
A simple topographic exposure model (EXPOS) uti-
lizes wind direction predicted by HURRECON and a
digital elevation map to predict site exposure to the
strongest winds on a landscape scale. Actual damage
to forest stands is assessed through analysis of remotely
sensed, historical, and field data.

In the present study we used these techniques to
evaluate the characteristics and impacts of two im-
portant hurricanes: Hurricane Hugo (1989) in Puerto
Rico and the 1938 Hurricane in central New England.
Though broadly similar in terms of wind velocity and
their catastrophic impact on forest ecosystems, these
two storms provide sharp contrasts in their meteoro-
logical conditions, and the two regions affected differ
greatly in climate, vegetation, physiography, and dis-
turbance regimes. Model predictions were combined
with records and maps of forest damage at a regional,
landscape, and stand scale to enable a comprehensive
assessment of our modeled results and a comparison
of the two storms.

STUDY AREAS
Puerto Rico

Puerto Rico, the easternmost and smallest of the
Greater Antilles, is a mountainous island =55 x 160
km in size. The island is characterized by an east-west
mountain ridge terminating in the northeast in the Lu-
quillo Mountains (1075 m above sea level [a.s.1.]). Con-
siderable variation in climate results from the inter-
action of this topography with the eastern trade winds.

Puerto Rico. Tracks of severe hurricanes since 1700 (adapted from Salivia 1950, Weaver 1987). LEF = Luquillo

Major life zones include: Subtropical Dry Forest, Sub-
tropical Moist Forest, Subtropical Wet Forest, Sub-
tropical Rain Forest, Lower Montane Wet Forest, and
Lower Montane Rain Forest (Holdridge 1946, Ewel
and Whitmore 1973). Puerto Rico has experienced >70
hurricanes since 1700 (Salivia 1950, Millas 1968, Neu-
mann et al. 1987), including severe storms in 1899,
1928, 1932, and 1989 (Gifford 1905, Bates 1930,
Weaver 1987, Scatena and Larsen 1991). Hurricanes
generally approach the island from an easterly direction
(Fig. 1). Wind and erosion accompanying hurricanes
have repeatedly modified the forests, creating a land-
scape mosaic of vegetation (Crow and Grigal 1980,
Weaver 1986). Hurricanes may play a very important
role in maintaining floristic diversity in the tabonuco
zone (Doyle 1981, Brown et al. 1983), generating on-
going dynamics of vegetation structure and composi-
tion (Wadsworth 1970, Crow 1980, Weaver 1986) and
controlling the productivity of the forest ecosystem
(Waide and Lugo 1992).

The Luquillo Experimental Forest (LEF) occupies
11230 ha in the Luquillo Mountains of northeastern
Puerto Rico and is administered by the USDA Forest
Service. In an elevational range from 100 to 1075 m
a.s.l. the LEF encompasses the largest contiguous area
of virgin forest in Puerto Rico. Vegetation consisting
of tabonuco (100-600 m), colorado (600-800 m), and
dwarf forest (ridges >600 m) occupies elevationally
defined zones, palm brakes occur on poorly drained
soils above 500 m elevation, and secondary forest
occupies lower sites toward the margin of the LEF
(Wadsworth 1970, Weaver 1986). The climate is char-
acterized by a mean annual precipitation of 320 cm
and mean temperature of 21°C (Briscoe 1966).

Hurricane Hugo

Hugo was a category 3 hurricane with maximum
sustained winds of 57 m/s as it passed northwest at 5
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m/s over the extreme eastern tip of Puerto Rico on 18
September 1989. Damage to the LEF was severe, par-
ticularly at the Bisley study site in the northeastern
portion of the LEF, where extensive areas of forest were
blown down (Lugo and Scatena 1993). The effects of
Hugo are an important focus of research for the Lu-
quillo Long-Term Ecological Research (LTER) pro-
gram (Waide and Lugo 1992, Lugo and Waide 1993).

New England

New England comprises a six-state area of =173 000
km? in the northeastern United States. Climatic gra-
dients associated with latitude, distance from the coast,
and elevation produce considerable regional variation
in vegetation. Major forest types include: Central
Hardwoods-Hemlock, Transition Hardwoods—-White
Pine-Hemlock, Northern Hardwoods—Hemlock-White
Pine, and Spruce-Fir-Northern Hardwoods (Westveld
1956). New England experiences severe hurricanes on
an infrequent basis (Smith 1946). Major historical
storms that caused significant forest damage occurred
in 1635, 1788, 1815, 1869, 1938, and 1944 (Darling
1842, Perley 1891, Ludlum 1963, Neumann etal. 1987).
Hurricanes generally approach New England from the
south (Fig. 2).

The 1200-ha Harvard Forest in north-central Mas-
sachusetts lies in the Eastern Upland physiographic
region with moderate local relief ranging from 220 to
410 m a.s.l. and vegetation characteristic of the Tran-
sition Hardwood-White Pine-Hemlock forest region.
The climate is characterized by a mean annual precip-
itation of 110 cm and a mean temperature of 7°C (Har-
vard Forest Archives [Petersham, Massachusetts, USA],
unpublished data).

1938 Hurricane

The 1938 New England Hurricane was also a cate-
gory 3 storm as it passed northward over Long Island
and across western New England on 21 September. Its
rapid forward motion (an extraordinary 25 m/s on
landfall) and modification by cool temperate air are
typical of New England hurricanes (Dunn and Miller
1964). This storm was the most destructive hurricane
ever recorded in central New England, where it de-
stroyed much of the standing timber and caused dis-
astrous floods (NETSA 1943). It has had a profound
effect on forestry and forest ecology in New England
(Stephens 1955, Gould 1960).

METHODS
Meteorological model (HURRECON)

Modeling hurricane winds. —Meteorological studies
of hurricane structure are based on empirical analyses
of many individual storms. Such studies indicate that
the broad-scale structure of the surface wind field is
similar in most hurricanes (Frank 1977, Simpson and
Riehl 1981, Anthes 1982). Based on these findings, we
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FiGg. 2. New England. Tracks of six severe hurricanes that
caused significant forest damage (adapted from Smith 1946).

developed a simple model that estimates surface wind
conditions (sustained wind speed, peak gust speed, and
wind direction) utilizing data on the track, size, and
intensity of the hurricane and the surface type (land or
water).

Model equations for sustained wind velocity (V}),
peak gust velocity (V,), sustained wind direction (D),
and peak gust direction (D,) at a point P for hurricanes
in the northern hemisphere are given below (Fig. 3).
Velocity and direction are measured relative to the
Earth’s surface, and angles are measured in degrees.
Parameter values used in this paper are given in pa-
rentheses. Note that the highest winds and heaviest
precipitation normally occur in the hurricane eyewall
surrounding the relatively calm and (frequently) clear
central eye.

V, = F[V,, — Vi(1 — sin A)][R/R,]
inside the eye
= F[V,, — Vi(1 — sin A)][R/RJ¥ (1)
outside the eye
V,=GV, ¢)
3

where F = reduction in sustained wind velocity due to
friction (water = 1.0, land = 0.8), V,, = maximum

D,=D,=B-90 - 1,
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FiGg. 3. Meteorological model, HURRECON. (a) At the

surface air is drawn into the hurricane along spiral streamlines
or trajectories that cross the nearly circular isobars. Model
estimates of wind velocity and direction at point P are based
in part on R (distance to center of hurricane), R, (radius of
hurricane eye), 4 (angle between forward path of hurricane
and radial line to P), and I (cross-isobar inflow angle). (b)
Model estimates of surface wind velocity along a radial line
outward from the center of the hurricane, for different values
of the wind profile constant X. R, = radius of hurricane eye,
V, = wind velocity in eyewall.

sustained wind velocity at any location if the hurricane
were entirely over water, V), = forward velocity of hur-
ricane, A = clockwise angle between forward path of
hurricane and a radial line from the hurricane center
to point P, R = radial distance from hurricane center
to point P, R, = radius of eye, X = wind profile constant
(0.4 = X < 0.8), G = gust factor (water = 1.12, land
= 1.4), B = compass bearing from point P to hurricane
center, I = cross-isobar inflow angle (water = 20°, land
= 40°. The derivation of these equations and char-
acteristics of the surface wind field are discussed in the
Appendix. Note that for a given location the predicted
wind speed is a function of storm position, storm speed
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and direction, eye diameter, current maximum wind
speed, wind profile constant, and surface type (land or
water), while the predicted wind direction is a function
of storm position and surface type. In general the high-
est wind speeds are predicted to the right of the storm
track, where the forward motion of the storm coincides
with the rotational motion of the wind around the
storm center. Minor adjustments in the model equa-
tions are required for hurricanes in the southern hemi-
sphere, where air flow is clockwise around the eye.

The model distinguishes between land and water sites:
because of greater surface friction, land sites are nor-
mally characterized by lower sustained wind speeds
and higher inflow angles (Powell 1982; also see Ap-
pendix). In our studies particular sites were character-
ized as land or water sites depending on the approach
path of the highest winds. For regional estimates, maps
were digitized on the GIS (Geographical Information
System) to indicate the surface type (land or water) of
each cell of a regional grid.

The model does not take into account local topog-
raphy. Surrounding topographic features, particularly
in hilly terrain, may modify wind speed and direction
at a particular site; large mountains may significantly
weaken the storm itself (see Hurricane Hugo, below).
The topographic model described below may be used
to locate areas on a landscape scale most likely exposed
to or protected from the peak winds predicted by the
HURRECON model.

The model does not predict convective-scale effects
such as spiral rainbands (bands of heavy precipitation
that spiral around and into the storm), intense con-
vective cells, or tornadoes; nor the disruptive effects
on the storm of large topographic features such as
mountains; nor the overall influence on the storm of
the surrounding large-scale flow in the atmosphere. The
model is less accurate than the sophisticated compos-
iting technique used by meteorologists to study some
recent hurricanes (e.g., Powell 1982, 1987); however,
the compositing technique requires extensive obser-
vational data that are rarely available.

Calibration.—The process of calibrating the model
for a particular hurricane has several steps:

1) The model requires fixes of the hurricane center
specifying latitude, longitude, and date/time of day in
order to compute storm location and the speed and
bearing of forward motion.

2) For each fix, the model requires an estimate of
the maximum sustained surface wind speed (over wa-
ter) at any location at that date/time. For recent At-
lantic hurricanes (e.g., Hugo) these figures are available
from the National Hurricane Center; for older storms
(e.g., 1938 Hurricane) they may be estimated from
surface wind or pressure measurements.

3) The model requires an estimate of the size of the
eye. Where sufficient data are available (normally aerial
reconnaissance data; e.g., Hugo), measurements of the
eye diameter as a function of date/time may be used.
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For earlier storms (e.g., 1938 Hurricane) a constant
diameter may be estimated from available data.

4) The wind profile constant X may be estimated
from surface observations if a weather station close to
the track survives the storm. The model is used to
generate a series of wind speed-vs.-time curves for the
station for different values of X these are compared
to the observed wind speed curve to determine the best
fit (see Meteorological reconstruction sections, below).
The value of X could also be calculated from aerial
reconnaissance transects, where these have been per-
formed.

If additional meteorological data are available that
were not used to calibrate the model, they may be
compared to model estimates to test the accuracy of a
particular reconstruction.

Wind and forest damage. — The relationship between
forest damage and wind speed and duration is complex
and not fully understood. Engineering studies to date
have focused on the response of human constructions
to high winds (e.g., Simpson and Riehl 1981). The
response of trees is more complex, especially since the
architecture of many trees appears to include features
that reduce wind drag as the wind speed increases (e.g.,
Vogel 1993). It has been hypothesized that much of
the damage to forests is caused by wind gusts, especially
at higher wind speeds, while lower wind speeds may
cause fatigue damage over time (Fujita 1971). In our
model we used two measures of wind speed: sustained
wind speed (V;) and peak gust speed (V). The first is
an estimate of the wind speed averaged over a specified
period (U.S. standard = 1 min; international standard
= 10 min). The second is an estimate of the highest
instantaneous gust speed; actual measured values de-
pend on the type and sensitivity of the instruments
used. As an indication of the impact on a given site,
the model calculates peak gust speed and total energy
(the square of the velocity multiplied by time) of sus-
tained winds of gale force (=17 m/s) during the storm’s
passage.

The relationship between treefall orientation and
wind direction is also complex. Recent experiments
have shown that trees pulled over using a winch and
a long cable tend to fall in the direction of the applied
force, with some individual variation because of dif-
ferences in form and rooting conditions (J. Bertram,
unpublished data). The direction of hurricane wind gusts
tends to be close to the sustained wind direction (see
Appendix). Thus if the sustained wind does not change
direction and wind gusts are high enough to cause
windthrow, we would expect that the average orien-
tation of a large sample of wind-thrown trees should
reflect that wind direction.

The direction of the damaging winds normally
changes during passage of the hurricane, especially at
sites close to the eyewall. In hilly or mountainous areas
wind direction may also change as the wind is chan-
nelled along alternative paths by the local topography.
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Trees that are more susceptible to windthrow may be
felled earlier in the storm, at lower wind speeds, than
other trees. In areas of steep terrain, the final position
of wind-thrown trees may be influenced by the local
slope. These factors complicate the interpretation of
the treefall data. Their possible influence in both Hur-
ricane Hugo and the 1938 Hurricane is discussed be-
low.

Topographic exposure model (EXPOS)

Modeling the movement of air around even a simple
geometric solid is a difficult problem in fluid dynamics
(e.g., Churchill 1988). The problem becomes far more
complex if one assumes a complex topographic surface
and the meteorological conditions typically found near
the center of a hurricane: steep gradients of pressure
and velocity, curved wind trajectories, and rainbands
and local convective cells. In most cases the storm is
moving forward, causing these gradients to change at
fixed locations. In addition the storm itself may be
intensifying or weakening, further altering the gradi-
ents.

Despite these complexities, we found that a very
simple topographic exposure model provides useful
predictions of areas protected from or exposed to dam-
aging winds. The model works on a landscape scale
(=10 km) and requires an accurate digital elevation
map and a specified wind direction. The HURRECON
model may be used to provide the peak wind direction
or directions for a particular area. The EXPOS model
then classifies each point on the elevation map as pro-
tected or exposed, depending on whether or not it falls
within the wind shadow cast by points upwind. The
wind shadow is estimated by assuming that the wind
bends downward no more than a fixed inflection angle
from the horizontal as it passes over a height of land
(Fig. 4).

The modeled inflection of the air stream as it passes
over a height of land roughly approximates the wake
created in turbulent flow around a stationary object at
high Reynolds number (Shapiro 1961, Whitaker 1968,
Churchill 1988). The actual path of the air in the ver-
tical plane is more complex than this and depends on
factors such as wind speed, air density, surface friction,
and the size and shape of the landform. The model
does not predict deflection or curvature of the wind in
the horizontal plane, and so cannot predict local al-
terations in wind direction caused by topography.

Hurricane Hugo

Meteorological reconstruction.—Meteorological data
used in the reconstruction of Hurricane Hugo included
track and intensity data every 6 h and at landfalls (Law-
rence 1989, NOAA 1989), aerial reconnaissance mea-
surements every 1-7 h (U.S. National Hurricane Cen-
ter and Hurricane Research Division, unpublished data),
and hourly surface observations from San Juan Inter-
national Airport (U.S. National Climatic Data Center,
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Fig. 4. Topographic exposure model, EXPOS. For a given wind direction, each point in the study area is classified as
protected or exposed, depending on whether or not the point falls within the wind shadow cast by points upwind. Wind
shadows are estimated by assuming that the wind bends downward no more than a fixed inflection angle (©) as it passes over

a height of land.

unpublished data). San Juan Airport was the only local
station to survive the storm. Wind equipment was lost
at two stations closer to the storm track, Roosevelt
Roads Naval Base in Ceiba and Alexander Hamilton
Airport in Saint Croix (Matos 1989). For modeling
purposes San Juan Airport was treated as a water site.
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FiG. 5. Calibration of the HURRECON model for Hur-
ricane Hugo using sustained wind velocity data from San Juan
Airport on 18 September 1989. (a) Predicted wind velocity
for different values of the wind profile constant X and (b)
observed wind velocity as a function of time of day (UTC =
Coordinated Universal Time, formerly called Greenwich Mean
Time).

The HURRECON model was calibrated as follows:

1) The track of the storm was taken directly from
the National Hurricane Center report (Lawrence 1989).

2) Maximum 1-min sustained wind speeds were
taken directly from the National Hurricane Center re-
port (Lawrence 1989), with modifications for the pe-
riod 1200 on 18 September 1989 through 0600 on 19
September 1989 UTC (Coordinated Universal Time,
= Greenwich Mean Time) as described below (in item
5).

3) Eye diameters as a function of date/time of day
were taken directly from the Reconnaissance Fix Log
at the National Hurricane Center. Where the eye was
recorded as elliptical, the diameter was calculated as
the average of the major and minor axes of the ellipse.

4) The wind profile constant X was estimated by
comparing observed 1-min sustained wind speeds at
San Juan Airport with model estimates for different
values of X (Fig. 5). A value of X = 0.8 was found to
provide a good fit for the period 0000 through 1200
on 18 September as the storm approached Puerto Rico
over water, before it was weakened by landfall (see
below). Actual inflow angles at the Airport during the
height of the storm were calculated from the track data,
assuming circular isobars.

5) The track and eye data from the National Hur-
ricane Center indicated that the western edge of the
eye passed to the west of San Juan. When the model
was calibrated with these data, it predicted the arrival
at the Airport of the leading eyewall to within 5 min
of the observed peak wind. If the eyewall had passed
to the east of San Juan as first reported (Matos 1989),
then the peak wind would have occurred at the point
of closest approach, =1 h later. Meteorologists at the
Hurricane Research Division believe that upon land-
fall Hugo actually jogged slightly to the west of the
National Hurricane Center track (H. Willoughby, per-
sonal communication). However, the observed wind
speed at the Airport showed a lower peak value than
predicted, and little evidence of the passage of the trail-
ing eyewall (Fig. 5), suggesting that the storm was sig-
nificantly weakened as it passed over the Luquillo
Mountains (1075 m above sea level [a.s.l.]). Aerial re-
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TABLE 1. Maximum sustained wind speed estimates for
Hurricane Hugo from the National Hurricane Center (NHC)
and modified values used in the model to simulate weak-
ening of the storm after landfall in September 1989.

NHC Model
Date/time*  values  values
(UTC) (m/s) (m/s) Notes
18/1200 57 57 Landfall at Vieques
18/1300 57 50 Landfall at Fajardo
18/1400 43
18/1500 33
18/1800 54 33
19/0000 51 46
19/0600 46 46

* Time of day. UTC = Coordinated Universal Time (for-
merly called Greenwich Mean Time).

connaissance data confirmed this hypothesis: average
peak wind speeds at an altitude of 4 km 6-8 h after
landfall were roughly two-thirds of what they were 13-
19 h before landfall (Hurricane Research Division, un-
published data). Even greater weakening may have oc-
curred at surface levels, since the hurricane boundary
layer responds to landfall more quickly than upper
levels (Powell 1987; H. Willoughby, personal com-
munication). This weakening was simulated in the
model by modifying the maximum sustained wind
speed estimates from the National Hurricane Center
(Table 1) so that the predicted sustained wind speed
at the Airport closely matched the observed values (see
Results: Hurricane Hugo, below). The introduced val-
ues simulated a steady reduction of sustained wind
energy (square of the velocity) over a 3-h period and
3 h as a minimal hurricane (33 m/s) before the storm
reintensified.

Once calibrated, the model was used to generate re-
gional estimates of wind conditions over a 180 x 180
km grid (cell size = 1 X 1 km) centered on eastern
Puerto Rico. A GIS overlay of land and water areas
was used by the model to identify the surface type of
each cell. Wind conditions were also calculated at four
points along an east-to-west transect at latitude 18°19’
N in the Northern Luquillo Experimental Forest (LEF)
study area (Fig. 6): the Bisley (65°45’ W) and El Verde
(65°49' W) field sites, and points at the east (65°44’ W)
and west (65°50’ W) edges of the study area. For mod-
eling purposes these points were treated as land sites.
Output for all four sites was used to estimate the range
in peak wind speed and direction across the Northern
LEF study area and to obtain average values for use
with the topographic exposure model. Predictions for
Bisley and El Verde were compared to treefall data
from the Eastern LEF study area and El Verde, re-
spectively (Fig. 6).

Topographic exposure.— An elevation map of the LEF
at 30-m resolution (digitized from 1:24 000 USDA
Forest Service map) was used to predict protected and
exposed areas in the Northern LEF study area using
the peak 340° (NNW) wind predicted by the meteo-
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rological model and inflection angles from 2° to 12°.
Exposure was also estimated for an inflection angle of
6° and wind directions from 270° clockwise to 90° in
10° increments. The vegetation damage map for this
study area (see below) was recoded to reflect average
percentage damage for each class: class 1 = 0% average
windthrow, class 2 = 5%, class 3 = 25%, class 4 = 58%,
class 5 = 88%. This map was used to calculate average
damage in protected and exposed areas for different
sections of the study area and different inflection an-
gles. A simplified damage map was derived in two
classes: low damage = class 1-2 (<10% windthrow)
and high damage = classes 3—5 (=10%). This map was
used to calculate the association (using Cole’s coeffi-
cient; see below) between protected areas and low dam-
age in different sections of the study area for an in-
flection angle of 6° and a range of wind directions.
Finally, the elevation map for the entire LEF was used
to study protected and exposed areas across the LEF
for the predicted peak wind direction (340°) and an
inflection angle of 6°.

Broad-scale damage patterns.—Forest damage was
mapped across the Northern LEF study area from ae-
rial photographs (color infrared; 1:24 000; August 1990)
with a lens stereoscope (4 X magnification). Damage
was assessed in five severity classes, correspending to
the following percentage of wind-thrown trees: class 1
= 0% windthrow, class 2 = 1-9%, class 3 = 10-39%,
class 4 = 40-74%, class 5 = 75-100%. The smallest
damage patch recognized was 1.3 ha. The aerial inter-
pretations were transferred to a base map (1:24 000,
USDA Forest Service) and then digitized onto the GIS.
Other digitized information included elevation (see
Topographic exposure, above) and forest vegetation
(USDA Forest Service, unpublished data).

Analysis of the spatial pattern of damage and its

Northern LEF study area

" LEF boundary

I-—!Ik.m N

270° + 90°

180°

FiG. 6. Study areas in the Luquillo Experimental Forest
(LEF,; Puerto Rico). Elevation shown in 100-m contours rang-
es from 50 to 1075 m above sea level (a.s.l.).
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1938 New England Hurricane using sustained wind velocity
data from Providence (Rhode Island, USA) on 21 September
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wind profile constant X and (b) observed wind velocity as a
function of time of day (EST = Eastern Standard Time).

association with landscape characteristics was under-
taken on the GIS. Summary statistics and an index of
the strength of association between damage classes and
site characteristics were calculated from GIS overlays.
The index of association utilized was Cole’s coeflicient
(Cole 1949, Foster and Boose 1992). Coeflicient values
range from —1 (maximum disassociation) to 0 (no as-
sociation) to 1 (maximum association).

Treefall orientation.—Treefall orientation was as-
sessed across the Eastern LEF study area (Fig. 6), a
17-km? area for which damage intensity was high and
cloud-free aerial photography available (true color;
1:18 000; February 1990). This study region ranges from
100 to 660 m a.s.l., includes the headwaters of the
Sabana and Mameyes Rivers, and is approximately
bisected by the Rio del Cristal. A total of 2598 wind-
thrown trees were mapped from the aerial photographs
using a lens stereoscope. The orientation of each mapped
stem was measured to the nearest degree and subse-
quently grouped into categories of 10°. Within the study
region 108 areas containing treefalls and ranging in size
from 0.5 to 29 ha were delineated and categorized ac-
cording to physiography.

EMERY R. BOOSE ET AL.

Ecological Monographs
Vol. 64, No. 4

Treefall orientation at El Verde (Fig. 6) was assessed
using data collected by the Luquillo LTER Program.
The orientations of 1712 severely damaged trunks in
a 16-ha plot (320 x 500 m) were measured in the field
to the nearest degree (J. Zimmermann, personal com-
munication). The data were then grouped into cate-
gories of 10°.

1938 Hurricane

Meteorological reconstruction. —Our primary source
of meteorological data for the 1938 Hurricane was the
surface weather charts compiled by C. Pierce (1939).
Charts used to calibrate the model were for 0730 on
21 September and hourly from 1100 on 21 September
through 0000 on 22 September EST (Eastern Standard
Time). Pierce’s wind speeds were 5-min averages in
the Beaufort scale.

The HURRECON model was calibrated as follows:

1) The track of the storm was measured directly
from Pierce’s charts.

2) Maximum sustained wind speeds were calculated
from Pierce’s estimates of central pressure as follows:

V,=22.8-(101.3 — P)'2 “)

where V,, = maximum 1-min sustained surface wind
speed (over water) in metres per second and P, = cen-
tral pressure in kilopascals. This equation was adapted
from published equations (e.g., Fletcher 1955, Dunn
and Miller 1964, Atkinson and Holliday 1977, Simp-
son and Riehl 1981) to provide a good fit between the
proposed values for maximum 1-min sustained wind
speed and central pressure in the Saffir/Simpson dam-
age scale (Simpson and Riehl 1981). Model predictions
based on these calculated values for V,, were found to
agree well with the 5-min observed values reported by
Pierce.

3) In the absence of aerial reconnaissance measure-
ments of the hurricane’s eye, the eye diameter was set
to a constant value of 50 nautical miles (92.7 km), in
accordance with the estimate of the ring of maximum
winds at 93 km (Simpson and Riehl 1981) and with
surface reports from Long Island, New York, indicating
that the calm portion of the eye was ~80 km in di-
ameter (Tannehill 1938, Pierce 1939, Brooks 1940).

4) The wind profile constant X was set at a value of
0.4 by comparing observed wind speeds at Providence,
Rhode Island (Pierce 1939), with model estimates for
different values of X (Fig. 7). Providence was treated
as a water site.

Once calibrated, the model was used to estimate
wind conditions at three sites from east to west across
the storm track (Fig. 2). Of these, Block Island, Rhode
Island, was treated as a water site and Hartford, Con-
necticut, and Poughkeepsie, New York, were treated
as land sites. Model predictions were compared to ob-
served values, and actual inflow angles during the height
of the storm were calculated from the track data (as-
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suming circular isobars) for all three sites and for Prov-
idence. Regional estimates were generated for wind
conditions over a 480 x 720 km grid (cell size = 4 x
4 km) centered on Massachusetts, and a GIS overlay
of land and water areas was used by the model to
identify the surface type of each cell. The range in
predicted peak wind speed and direction from east to
west across the town of Petersham, Massachusetts, was
calculated. Finally, wind conditions were estimated for
two study sites in central New England: the Harvard
Forest in Petersham (42°32' N, 72°11’ W) and the Pis-
gah Forest in Winchester, New Hampshire (42°49’' N,
72°27" W). Output for Harvard Forest was used as
input to the exposure model for the town of Petersham,
and output for both sites was compared to treefall data.

Topographic exposure.—An elevation map of Pe-
tersham at 60-m resolution (digitized from 1:24 000
USGS topographic map) was used to predict protected
and exposed areas using the peak 135° (southeast) wind
predicted by the HURRECON model and inflection
angles from 2°to 12°. The locations of undamaged and
destroyed mature Pinus strobus (white pine) stands were
compared to protected and exposed areas for different
inflection angles (see next section).

Broad-scale damage patterns.—Information con-
cerning forest damage across New England from the
1938 Hurricane was derived from maps compiled by
the Northeastern Timber Salvage Administration, a
United States government agency responsible for or-
ganizing the salvage and sale of forest products (NET-
SA 1943). The maps depict by township throughout
New England the volume of marketable timber in four
classes, interpreted as representing levels of damage
intensity: no damage, light damage (<2400 m?3 [10¢
board feet]), moderate damage (2400-24 000 m?), and
severe damage (>24 000 m?3).

For evaluation of EXPOS and assessment of the
landscape pattern of damage, maps of forest vegetation
and damage for the town of Petersham were utilized
(Harvard Forest Archives, unpublished data). The lo-
cation and extent of the vegetation most susceptible to
damage (white pine stands >30 yr old; Foster 1988a)
were digitized on the GIS and then compared to the
distribution of exposed and protected areas predicted
by the EXPOS model.

Treefall orientation.— The orientation of wind-
thrown trees was assessed for the Harvard Forest and
the Pisgah Forest, a virgin forest tract owned by Har-
vard University in Winchester, New Hampshire, 37
km to the northwest of Harvard Forest. The Harvard
Forest data were collected by W. Rowlands (1941; Fos-
ter 1988a) from >100 stands that were fully exposed
to the wind and completely damaged. The Pisgah For-
est data were collected from plots distributed through-
out the forest area, which was entirely wind-thrown
(Foster 1988b). In both locations tree species and di-
ameters were recorded. At Harvard Forest tree ori-
entations were measured to the nearest degree and later
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grouped into categories of 5°. At Pisgah Forest tree
orientations were measured to the nearest 30°.

RESULTS
Hurricane Hugo

Meteorological reconstruction.—The San Juan Air-
port sustained wind velocity data were used to set the
value of the wind profile constant X and to estimate
maximum wind speed values as Hugo weakened over
land. Thus they could not provide an independent check
of the reconstruction. However, after calibration, pre-
dicted sustained wind speeds at the Airport did match
actual sustained wind speeds generally to within <5
m/s (Fig. 8). Observed peak gust speeds averaged 5-8
m/s higher than predicted, suggesting that the gust fac-
tor at the Airport was closer to 1.2 than 1.12, the value
used in the model for water sites.

Wind direction data from the Airport were not used
to calibrate the model. As the storm first approached
(while wind speeds were still low) the observed winds
reflected the normal trade wind direction and did not
yet converge toward the hurricane. During and after
the height of the storm, observed and predicted direc-
tion values for both sustained winds and peak gusts
agreed generally to within 20° (Fig. 8). The actual inflow
angle of sustained winds at the Airport during the height
of the storm averaged 19° (Table 2).

The model predicted that the northeastern eyewall
(see Methods: Meteorological model (HURRECON):
Modeling hurricane winds, above) contained the high-
est winds (predicted gusts of 62 m/s) and passed over
the island of Culebra (Fig. 9); the highest actual wind
gust recorded during Hugo’s history (76 m/s) was mea-
sured in Culebra harbor (Lawrence 1989). Regional
reconstructions of wind conditions showed an east-to-
west gradient of maximum wind speed across eastern
Puerto Rico caused by the storm track and the simu-
lated weakening of the storm after landfall (Fig. 9). This
gradient agreed with general reports of property dam-
age across the region; e.g., the hardest hit communities,
notably Naguabo, Ceiba, Fajardo, and Luquillo, were
located on the eastern tip of the island (Matos 1989,
Scatena and Larsen 1991).

In the Luquillo Experimental Forest (LEF) the model
predicted that peak winds were associated with the
leading eyewall. From east to west across the Northern
LEF study area, moving away from the storm track,
the model predicted a westward shift of 17°in the peak
NNW wind (Table 3). A decrease in peak gust speed
of 7 m/s from east to west was predicted, corresponding
to a 25% reduction in wind energy (velocity squared),
over a period of 34 min. The model predicted that the
trailing eyewall passed over the same region ~2 h later,
attended by much lower winds from the southwest or
SSW.

Actual damage patterns across the LEF agreed with
the model estimates: most of the damage was concen-
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Fic. 8. Observed and predicted wind at San Juan Airport on 18 September 1989 during Hurricane Hugo. (a) Sustained
wind velocity, (b) sustained wind direction, (c) peak gust velocity, and (d) peak gust direction as a function of time of day

(UTC; for definition see Table 3).

trated on north-facing slopes, while south-facing slopes,
exposed to the southwest or SSW winds of the trailing
eyewall, showed little damage (Scatena and Larsen
1991). In the Eastern LEF study area, only 9% of the

TaBLE 2. Inflow angles (relative to circular isobars) at se-
lected sites during the height of the hurricane.

Observed inflow ﬁiﬁ;’ Infl(;:;iair:lgle
angle () velocity model
Site Mean SD (m/s) ©)
Hurricane Hugo
San Juan 19° 14° 17 20° (water)
1938 Hurricane
Providence 25° 18° 17 20° (water)
Block Island 27° 15° 17 20° (water)
Hartford 25° 5° 11 40° (land)
Poughkeepsie 43° 21° 11 40° (land)

treefall orientations indicated winds from the south-
west quadrant (180°-270°). The actual east-to-west
damage gradient across the Northern LEF study area
was even stronger than the model predictions suggest-
ed; e.g., while damage at El Verde was scattered and
largely confined to defoliation and branch break, much
of the Bisley area sustained catastrophic damage, in-
cluding massive uprooting or breakage of the majority
of stems. Both the damage gradient and the model
reconstruction suggested that Hugo’s eyewall struck the
eastern edge of the LEF with full force, but weakened
dramatically as it swept westward across the LEF and
over the larger mountains.

Model estimates for Bisley predicted that the highest
winds did not vary much in direction from the pre-
dicted peak at 342° (Fig. 10). Analysis of treefall data
for the Eastern LEF study area showed a major peak
from the northwest (=315° and a minor peak from
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Fic. 9. Predicted wind over a 180 x 180 km grid on 18 September 1989 during Hurricane Hugo. Cell size = 1 x 1 km.
(a) Predicted sustained wind velocity and (b) predicted sustained wind direction at 1200 UTC (for “UTC” see Table 3). (c)
Predicted maximum wind gust velocity and (d) predicted total energy of sustained winds of gale strength (17 m/s) or greater
over a 24-h period (time step = 2 min).
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TABLE 3. Predicted peak winds in Hurricane Hugo with the
leading and trailing walls of the hurricane eye (the eyewall).
Sites are located from east to west across the Northern
Luquillo Experimental Forest (LEF) study area at latitude
18°19'N.

Time of Wind  Sustained Gust
day  direction velocity velocity
Site (UTC)* © (m/s) (m/s)
Leading edge of eyewall
East edge 1216 346 39 55
Bisley 1222 342 39 54
El Verde 1246 331 35 49
West edge 1250 329 34 48
Trailing edge of eyewall
East edge 1442 202 22 31
Bisley 1444 205 22 30
El Verde 1450 216 20 28
West edge 1451 217 20 27

* UTC = Coordinated Universal Time (formerly called
Greenwich Mean Time).

the northeast (=45° see Treefall orientation, below).
The major peak was thus =27° to the west of the pre-
dicted peak wind direction. The difference may have
resulted, at least in part, from westward deflection of
the wind along the northeast-facing slopes of the central
mountain ridge in the study area, while the minor peak
may have been the result of wind channelling up the
prominent Rio Mameyes valley, which rises toward
the southwest and bisects the northern slopes of the
Luquillo range (Fig. 6). Evidence for this lies in the fact
that the western edge of the Eastern LEF study area
(near the Rio Mameyes) showed a greater percentage
of treefall from the northeast (see Treefall orientation,
below), while the model (ignoring local topography)
predicted that the peak winds should be more nearly
westerly as one moved westward away from the storm
track. Further evidence was found in the analysis of
topographic exposure discussed in the next section.

AtEl Verde, the average orientation of severely dam-
aged trunks was 340° (wind direction), 9° to the east of
the predicted peak wind direction and within the likely
accuracy of the model.

Topographic exposure.— Protected areas in the
Northern LEF study area, predicted by the topographic
exposure model (EXPOS) using the peak wind direc-
tion (340°) from the meteorological model (HURRE-
CON) and an inflection angle of 6°, matched fairly
closely the areas of low damage (Fig. 11). The match
was poorest along the western edge of the study area
where little damage occurred even on exposed sites,
paralleling the east-to-west gradient in wind speed pre-
dicted by HURRECON. Patterns of protected and ex-
posed areas in this mountainous terrain were quite
sensitive to changes in the inflection angle and changed
abruptly with relatively small changes in wind direc-
tion (Fig. 11).

Analysis of exposure in the west, central, and east
sections of the study area showed that the percentage
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FiG. 11.

Forest damage from Hurricane Hugo and predicted exposure in the Northern Luquillo Experimental Forest (LEF)

study area. White = outside study area. (a) Forest damage: light grey = <10% windthrow; dark grey = =10% windthrow. (b)
Predicted exposure: wind direction = 340° inflection angle (dlownward curvature of airflow path) = 6° light grey: protected;
dark grey: exposed. (c) Predicted exposure: wind direction = 340° inflection = 4°. (d) Predicted exposure: wind direction =
340°; inflection = 8°. (e) Predicted exposure: wind direction = 280° inflection = 6°. (f) Predicted exposure: wind direction =

40°; inflection = 6°.

of the total area classified as protected differed from
section to section, reflecting differences in underlying
topography (Fig. 12). In each case, as the inflection
angle increased, the percentage of the total area clas-
sified as protected decreased, as did the average damage
sustained in those protected areas.

The association between predicted protected areas
for different wind directions and low actual damage
varied across the study area (Fig. 13). Over the entire
study area it was highest for a 0° wind. In the west and
east sections it was highest for a 330° wind; in the east
there was a secondary peak at 50°. In the central section
there was strong association with winds from 0° to 40°,
with a peak at 10°. The two peaks in the east section
were close to the two peak treefall orientations in the
Eastern LEF study area (=315° and 45°% see below).
Associations in all sections were consistent with a peak
wind from 340° as predicted by HURRECON and local

channelling of the wind up the Rio Mameyes valley,
causing local winds from the northeast in portions of
the east section and much of the central section.

Across the entire LEF, large portions of the rugged
mountain landscape were classified as protected (Fig.
14). As predicted, actual damage was largely confined
to the north-facing slopes.

Broad-scale damage patterns.—The distribution of
land area among the forest damage classes in the North-
ern LEF study area was highly uneven (Fig. 15, Table
4). Damage in classes 2 (1-9%) and 3 (10-39%) oc-
cupied 47% and 28% of the study area, respectively.
Class 4 (40-74%) occupied 14%, whereas undamaged
areas (class 1) and destroyed areas (class S) each oc-
cupied 6% of the forest. The east-to-west damage gra-
dient across the study area was striking: class 5 areas
were restricted to the northeast section, class 4 damage
was concentrated in the eastern half, class 2 and 3
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Forest damage from Hurricane Hugo and predicted exposure for different sections of the Northern LEF study

area and different inflection angles. Wind direction = 340°. (a) Entire study area. (b) West section. (c) Central section. (d) East

section.

damage increased in the western two-thirds of the re-
gion, and undamaged areas fell along a general north-
east-to-southwest line across the middle and western
part of the study area.

Variation in the damage pattern coincided with ma-
jor physiographic features (Fig. 15). For example, un-
damaged areas were concentrated on the southern to
southeastern crests of ridges, and sharp discontinuities
in damage coincided with ridgelines and associated
changes in aspect orientation. Each damage class also
exhibited a unique spatial pattern. Completely wind-
thrown areas (class 5) were grouped together rather
tightly in north-to-south linear patterns, and may have
been the tracks of intense convective cells associated
with the eyewall before the storm weakened. Class 4
damage was spread somewhat more, whereas class 3
and 2 areas covered broad contiguous areas in the west

and rather more discontinuous regions in the east. Un-
damaged areas were extremely discontinuous and small.

Damage was strongly associated with differences in
elevation and vegetation type (Tables 5 and 6). Com-
pletely damaged areas were concentrated between 100
and 400 m elevation and were confined to the tabonuco
zone. Class 4 damage occurred predominantly in ta-
bonuco forest below 600 m. Classes 1, 2, and 3 ex-
tended across nearly the entire elevational range in all
vegetation types, and in general were positively asso-
ciated with colorado, palm, and dwarf forest types. In
general there appeared to be an increase in damage
with elevation at lower elevations (100-600 m) and a
decrease at the highest elevations. The former may
have been due to an increase in wind speed with ele-
vation that caused greater damage among the broad-
leaved trees in the tabonuco forest, while at higher
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TABLE 4. Characteristics of the Northern LEF study area.

EMERY R. BOOSE ET AL.

Ecological Monographs
Vol. 64, No. 4

Entire area

West section

Central section East section

Category (ha) (%) (ha) (%) (ha) (%) (ha) (%)
(a) Elevation (m)

0-99 7 0 7 0 0 0 0 0
100-199 341 7 117 7 32 2 191 13
200-299 581 11 146 8 111 6 324 22
300-399 714 14 179 10 225 11 311 21
400499 850 16 223 13 333 17 295 20
500-599 848 16 271 15 294 15 282 19
600-699 649 12 237 13 333 17 78 5
700-799 705 13 355 20 350 18 0 0
800-899 412 8 221 12 191 10 0 0
900-999 131 3 24 1 106 5 0 0

1000-1099 17 0 0 0 17 1 0 0
(b) Forest type
Secondary 26 1 26 2 0 0 0 0
Tabonuco 2720 52 679 38 701 35 1340 90
Colorado 1459 28 832 47 495 25 132 9
Palm 929 18 232 13 687 35 9 1
Dwarf 119 2 11 1 109 6 0 0
(c) Aspect
South 239 5 41 2 110 6 88 6
Southwest 312 6 103 6 117 6 92 6
West 490 9 287 16 96 5 107 7
Northwest 945 18 577 32 195 10 173 12
North 1328 25 488 27 504 25 335 23
Northeast 921 18 190 11 382 19 349 24
East 543 10 27 2 328 17 188 13
Southeast 387 7 25 1 231 12 130 9
Level 89 2 43 2 28 1 18 1
(d) Hurricane damage
Undamaged 298 6 120 7 177 9 1 0
Slight 2451 47 1012 57 1010 51 429 29
Moderate 1453 28 649 37 604 30 201 14
Very 750 14 0 0 202 10 548 37
Destroyed 302 6 0 0 0 0 302 20

elevations the forest canopy decreases in stature, even-
tually becoming a dense, scrubby dwarf forest that was
more root firm and tended to suffer defoliation rather
than windthrow (cf. Howard 1968, Weaver 1986).

Interpretation of these results was complicated by
the strong east-to-west damage gradient. The range of
damage to low-elevation tabonuco forest on north-fac-
ing slopes along the northern edge of the study area
suggested that the meteorological gradient was the most
important factor in determining the location of forest
damage. The eastern section, which sustained most of
the class 4 and all of the class 5 damage, was almost
entirely lower elevation tabonuco forest.

The relationship between aspect and damage was
relatively consistent (Table 7). Over the entire study
area, the greatest damage (classes 4 and 5) was asso-
ciated with northwest to east slopes. Class 3 damage
was associated with west to north slopes, whereas dam-
age in classes 1 and 2 was more evenly spread but was
positively associated with east to south to west aspects.
In the east section, where the greatest damage occurred,
the strength of association between destroyed forest
and northwest and north slopes increased greatly, while

classes 1 and 2 exhibited stronger association with east
to southwest slopes.

Treefall orientation. — In the Eastern LEF study area,
wind directions for 2598 wind-thrown trees ranged from
181° clockwise to 97°, with a concentration from 280°
to 90° (Fig. 16). Approximately 61% of the stem ori-
entations indicated winds from the northwest quadrant
(270° to 0°), 29% from the northeast quadrant (0° to
90°), 9% from the southwest quadrant (180° to 270°),
and 1% from the southeast quadrant (90° to 180°).
There was a slight low in the distribution around 10°.
In the area to the southeast of the Rio del Cristal (n =
2082) the breakdown between northwest and northeast
winds was 64% and 25%, respectively, with a slight
trough around 10°. To the northwest (n = 516), closer
to the Rio Mameyes valley, there was a much larger
component from the northeast: 47% from the north-
west, 48% from the northeast, and a pronounced trough
around 0°.

At El Verde the average wind direction for 1712
severely damaged trunks was 340° the distribution was
fairly symmetrical around a pronounced peak at 350°
(Fig. 16). Approximately 40% of the treefall orienta-
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Fi1G. 15.

Northern LEF study area, showing (left to right) west, central, and east sections. (a) Elevation in 100-m contours.

(b) Major forest types (USDA Forest Service, unpublished data). (c) Forest damage from Hurricane Hugo in five severity
classes. Values indicate estimated percentage of wind-thrown trees.

tions indicated winds from the northwest quadrant,
28% from the northeast quadrant, 20% from the south-
west quadrant, and 12% from the southeast quadrant.

The HURRECON model predicted little variation
in the direction of the peak sustained wind in the LEF
because of proximity to the storm track. However a
wide variation in treefall orientation was observed at
El Verde and in the 108 individual areas in the Eastern
LEF study area, suggesting considerable air turbulence
and variation in wind gust direction, presumably be-
cause of the rugged terrain. There was also a wide
variation in peak treefall orientation from one area to
another, and some evidence of topographic control of

wind direction, including apparent wind deflection
around local peaks and wind channelling along river
valleys (especially the Rio Mameyes; Fig. 17). It is
possible that local topography further increased the
variance in treefall orientation by influencing the fall
and secondary movement of wind-thrown trees on the
steepest slopes.

1938 Hurricane

Meteorological reconstruction.— Wind velocity data
from Providence were used to set the value of the wind
profile constant X and therefore did not provide an
independent check of the model. However after cali-
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TABLE 5. Relationship between hurricane damage and elevation in the Northern LEF study area. Values are Cole’s coefficient

for positive association.

Elevation (m)

(O 100-
Damage class 99 199

200-
299

300-
399

400-
499

500-
599

600-
699

800-
899

900-
999

1000-
1099

(a) Entire area
Undamaged
Slight
Moderate
Very
Destroyed

(b) West section
Undamaged
Slight
Moderate
Very
Destroyed

1.00 0.13 0.15
0.06

0.09

0.08
0.22

1.00 1.00 1.00

(c) Central section
Undamaged
Slight
Moderate
Very
Destroyed

0.12
0.35 0.52

0.07

East section
Undamaged
Slight
Moderate
Very
Destroyed

d

~

1.00

0.06 0.16

0.05 0.11 0.19

0.08

0.11
1.00 0.2

0.09
0.02

0.02 0.12 0.11 0.36

0.03
0.08

0.17 0.24 0.28 0.43

0.28 0.14

=)}

0.07 0.54 0.28 0.24 0.66

0.06 0.10 0.34

0.18
0.11

0.16 0.41

0.23 0.17

0.05 0.34

1.00

bration the observed and predicted sustained wind
speeds at Providence did agree generally to within 5
m/s (Fig. 18). Wind direction data at Providence, not
used to calibrate the model, showed that the observed
and predicted wind directions differed widely as the
storm first approached (while wind speeds were still
low) but agreed generally to within 20° during and after
the height of the storm (Fig. 18). The actual inflow
angle at Providence during the height of the storm
averaged 25° (Table 2).

Comparisons of observed and predicted wind con-
ditions at three sites from east to west across the storm
track showed that the predicted sustained wind speed
was generally within 5 m/s of the observed value (Fig.
19). The match was best during the height of the storm
at Block Island and Hartford; both predicted and ob-
served wind speeds were lower at Poughkeepsie, to the
west of the storm track. Observed and predicted wind
directions were widely different during the early part
of the storm (while wind speeds were still low) at Block
Island and Hartford. However during and after the
height of the storm at these locations, and for the entire
period at Poughkeepsie, predicted and observed values
agreed generally to within 20° (Fig. 19). Actual inflow
angles during the height of the storm averaged 27° at
Block Island, 25° at Hartford, and 43° at Poughkeepsie
(Table 2).

Regional reconstructions of wind conditions sug-
gested that, because of the exceptional forward velocity
of this hurricane, high winds were concentrated on the

eastern side of the storm track (Fig. 20). The area of
predicted maximum gust velocity extended northward
along a broad swath through central New England,
gradually decreasing in intensity as the storm weakened
over land. These predictions closely matched the map
of regional forest damage, especially in southern and
central New England (NETSA 1943; Fig. 21). The
greatest damage was concentrated in a band from
northern Connecticut and Rhode Island through cen-
tral New Hampshire. This band coincided with the
intersection of the area of highest predicted winds and
areas where white pine was abundant in 1938 (Baldwin
1942); white pine has been shown to be particularly
susceptible to wind damage (Foster 1988a). In north-
ern New England the greatest damage was located
somewhat farther to the east of the storm track than
the model predicted, suggesting the expansion of the
ring of maximum winds that normally occurs as a hur-
ricane finally expires (see Discussion: Regional scale,
below).

From east to west across the town of Petersham only
small differences in peak wind speed (4 m/s) and di-
rection (1°) were predicted, because Petersham was be-
yond the range of the eyewall and the steepest wind
gradients and because the storm weakened only slightly
during the period of impact. No evidence of a broad-
scale gradient of forest damage across Petersham was
found (Harvard Forest Archives, unpublished data).

Predicted peak wind velocity and direction at Har-
vard Forest and Pisgah Forest were compared with
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TABLE6. Relationship between hurricane damage and forest
type in the Northern LEF study area. Values are Cole’s
coefficient for positive association.

Forest type

Second- Tabo-

Damage class

ary nuco

Colo-

rado

Palm

Dwarf

(a) Entire area

(©

(©)

d

Undamaged
Slight
Moderate
Very
Destroyed

West section
Undamaged
Slight
Moderate
Very
Destroyed

~

Central section
Undamaged
Slight
Moderate
Very
Destroyed
East section
Undamaged
Slight
Moderate
Very
Destroyed

~

1.00

1.00  0.61

0.54

1.00

0.31
0.12
0.99

0.20
0.21

0.31
0.41

0.04
0.06

0.42

0.03
0.21
0.07

0.16

0.21

0.29
0.21

0.23
0.18

0.88

0.23
0.08

TABLE 7.

for positive association.
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damage at the two sites (Table 8). Harvard Forest was
located =63 km from the storm track and thus beyond
the predicted range of the eyewall (eye radius = 46
km). Accordingly the model predicted a single peak
from the southeast (135°). Pisgah Forest (37 km to the
northwest) was located ~43 km from the storm track,
and thus within range of the eastern eyewall. As a result
two peaks were predicted: the first =20° closer to east
and the second ~20° closer to south than at Harvard
Forest.

Analysis of wind-thrown trees at Harvard Forest
showed an average wind direction of 124°, 11° to the
east of the predicted peak wind direction and within
the likely accuracy of the model. The asymmetrical
shape of the treefall vs. orientation graph suggests that
a majority of trees were felled before the peak treefall
at 135° (the predicted peak wind direction), and per-
haps before the winds reached their peak velocity (Fig.
22). Analysis of conifer windthrow at the Harvard For-
est showed that the average orientation angle for taller
conifer stands (=15 m) was 11° to the east of the av-
erage for shorter conifer stands (<15 m), and the dif-
ference was statistically significant using a two-sample
t test (P = 0.002; Fig. 22). Taller trees are more sus-
ceptible to windthrow (Foster 19884, Foster and Boose
1992) and therefore might have fallen earlier in the
storm and at lower wind velocities than shorter trees.

Treefall data from Pisgah Forest showed an average
wind direction of 105°, 11° to the east of the predicted
first peak and within the likely accuracy of the model
(Fig. 23). The close agreement between the average

Relationship between hurricane damage and aspect in the Northern LEF study area. Values are Cole’s coefficient

Aspect
Damage class S Sw w Nw N NE E SE Level
(a) Entire area
Undamaged 0.04 0.03 0.03 0.01 0.07 0.04
Slight 0.51 0.42 0.03 0.39 0.23
Moderate 0.13 0.11 0.08
Very 0.03 0.12 0.10
Destroyed 0.15 0.17
(b) West section
Undamaged 0.19 0.01 0.01 0.31 0.12
Slight 0.08 0.18 0.03 0.16 0.15
Moderate 0.08 0.04 0.01 0.41
Very
Destroyed
(c) Central section
Undamaged 0.02 0.06 0.11 0.02 0.07
Slight 0.55 0.37 0.17 0.54 0.21
Moderate 0.01 0.32 0.25 0.06
Very 0.04 0.03 0.08 0.06 0.05
Destroyed
(d) East section
Undamaged 0.35 0.53
Slight 0.64 0.63 0.04 0.36 0.23
Moderate 0.19 0.12 0.07
Very 0.01 0.12 0.10 0.09
Destroyed 0.40 0.20
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FiG. 16. Treefall orientation across the LEF during Hurricane Hugo, showing number of trees as a function of wind
direction. (a) Eastern LEF study area (n = 2598). (b) Eastern LEF study area northwest of the Rio del Cristal (n = 516; see
Fig. 17). (c) Eastern LEF study area southeast of the Rio del Cristal (n = 2082). (d) El Verde 16-ha plot (n = 1712).

treefall orientation and the predicted first peak sug-
gested that the majority of windthrows at Pisgah Forest
occurred with the leading eyewall.

The HURRECON model predicted a fairly broad
range in the direction of the highest sustained winds
at Harvard Forest and Pisgah Forest because of the
distance from these sites to the storm track. The rel-
atively narrow range in actual treefall orientation at
both sites was apparently the result of: (1) windthrow
of a majority of trees at the first onset of catastrophic
wind speeds, as discussed above, and (2) relatively little
variation in wind gust direction, presumably because
the gentle topography did not create severe air tur-
bulence.

Topographic exposure.—In general, undamaged ma-
ture white pine stands in the town of Petersham were
located in protected areas and those that were de-

stroyed were located in exposed areas, using the south-
east (135°) wind predicted by HURRECON and an
inflection angle of 6° to predict exposure (Fig. 24). The
percentage of the study area classified as protected de-
creased rapidly as the inflection angle increased (Fig.
25). The percentage of both undamaged and destroyed
stands occurring in protected areas also decreased as
the inflection angle increased; however, for each in-
flection angle there was a large difference between the
two, suggesting fairly good agreement between pre-
dicted exposure and actual damage. With an inflection
angle of 6°, 11% of the landscape was classified as pro-
tected, while 78% of the undamaged stands and only
5% of the destroyed stands were located in protected
areas.

Most of this gently rolling landscape was classified
as exposed, and protected areas were scattered and
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FiG. 17.

270°+90°

180°

Elevation in 50-m contours and treefall orientation across the Eastern LEF study area. Arrows show wind directions

corresponding to peak treefall orientations in each of 108 physiographically defined areas.

small (Fig. 26). As predicted, forest damage was wide-
spread across the entire landscape (Harvard Forest Ar-
chives, unpublished data).

DiscussioN

The patterns of damage resulting from hurricane im-
pact on a forested landscape are complex and may
appear random or indecipherable (Shaw 1983). Inter-
acting factors that influence the spatial distribution and
severity of damage include meteorological, physio-
graphic, and biotic features and the effects of previous
natural and human disturbance. Especially where local
topography is complex and where there is incomplete
knowledge of vegetation characteristics and distur-
bance history, the importance of these different factors
may be quite difficult to unravel. However, simple
models of hurricane meteorology and topographic ex-
posure do provide useful estimates of broad-scale me-
teorological and topographic effects and can explain
much of the broad-scale complexity in the patterns of
forest damage. Where there is good knowledge of veg-
etation characteristics and response to wind distur-

bance, it may be possible to predict the damage itself
(Foster and Boose 1992).

The accuracy and sensitivity of the models used in
this paper are considered below, and the roles of me-
teorological, topographic, and biotic factors in deter-
mining forest damage are discussed for a range of spa-
tial scales: continental (=5000 km), regional (=500
km), landscape (=10 km), and stand (=1 km).

Meteorological model (HURRECON)

HURRECON is based on empirical meteorological
studies of many individual hurricanes. The model re-
constructs broad-scale surface wind conditions by as-
suming that the structure of the surface wind field in
all hurricanes can be described by simple equations
whose parameters are adjusted for particular storms.
The accuracy of the model rests on the extent to which
this is true, and the relative importance of more-lo-
calized effects (such as intense convective cells) that
the model cannot predict.

One way to test the model is to examine meteoro-
logical data not used to calibrate the model and com-
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21 September 1938 during the 1938 New England Hurricane.
(a) Sustained wind velocity and (b) sustained wind direction
as a function of time of day (EST = Eastern Standard Time).

pare predicted and observed values. Our work to date
with Hugo and the 1938 Hurricane, based on a limited
number of sites (all urban airports), suggests that during
the height of the storm (when winds are strong enough
to impact forests) predicted sustained wind speeds are
generally within 5 m/s and predicted wind directions
generally within 20° of actual observed values for rel-
atively flat unforested areas. Further use of the model
should help to refine these figures.

A second way to test the model assumptions is to
examine variation in the observed data. Analysis of
observed inflow angles during the height of the storm
in Hugo and the 1938 Hurricane, again based on a
limited number of sites, showed an average standard
deviation of =15° (note that observed wind directions
are normally rounded to the nearest 10°). If this figure
is representative, then a margin of error of =20° is
probably as good as can be expected for model esti-
mates of wind direction at specific times.

Spatial accuracy in estimated wind gradients is pri-
marily a function of the error in determining the po-
sition and size of the eye. Track data from the National
Hurricane Center for Hurricane Hugo were rounded
to the nearest 0.1° of latitude and longitude (roughly

EMERY R. BOOSE ET AL.

Ecological Monographs
Vol. 64, No. 4

+5 km). Eye measurements were recorded to the near-
est nautical mile (1.85 km), but averaging major and
minor axes for elliptical eyes introduced an error of up
to =5 km. Thus the margin of error in the predicted
location of the eyewall was at least 5 km for Hugo. For
older storms where track and eye data are less reliable
the margin of error would be greater. Note that spatial
accuracy is most critical near the left and right edges
of the eye, where the steepest gradients (both actual
and predicted) in peak wind speed occur.

Topographic exposure model (EXPOS)

The EXPOS model identifies points on a landscape-
scale topographic surface as exposed to or protected
from a specified wind direction. The model roughly
approximates the path in the vertical plane of the high-
est winds close to the ground. It does not estimate
changes in wind speed or direction caused by the local
topography.

The model is tested by comparing predicted expo-
sure to actual landscape-level damage. The Northern
Luquillo Experimental Forest (LEF) study area pro-
vided a complete and detailed data set for rugged
mountainous terrain. The Petersham data, while in-
complete, provided a test for gently rolling terrain. In
both cases protected areas sustained significantly less
damage than exposed areas over a range of inflection
angles, using the peak wind direction predicted by the
HURRECON model. Increasing the inflection angle
caused the average damage in protected areas (and the
extent of those areas) to decrease; thus a large inflection
angle might be used to locate areas least likely to be
impacted by winds from a given direction.

Comparison of actual damage and predicted expo-
sure for different wind directions suggests that the mod-
el may be sensitive enough to indicate the direction of
the damaging winds where topographic relief is signif-
icant and damage assessment is thorough. Results ob-
tained in this way from the Northern LEF study area
were consistent with the predicted peak wind direction
and with the treefall orientation data.

Continental scale

The geographic and meteorological factors that con-
trol the formation and movement of hurricanes can
only be understood on a continental scale (=5000 km).
The tendency for hurricanes to form in particular areas
and follow general tracks is of great importance in de-
termining the long-term hurricane disturbance regime
for specific locations. Much is known, for example,
about the tracks of hurricanes that have formed in the
north Atlantic over the last 120 yr (Neumann et al.
1987). These data may be used to estimate the histor-
ical frequency of hurricanes affecting particular sites.

There are important differences between hurricanes
in tropical and temperate regions. Hurricanes form over
tropical oceans, and many never reach temperate lat-
itudes. The ones that do tend to be less severe, for
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Hurricane track
VELOCITY 21-26 m/s DIRECTION
0- 5m/s 26 - 31 m/s North pmmmE South
5-10 m/s 31-36m/s Northeast EEEs 2 Southwest
10 - 15 m/s 36 - 41 m/s East QMg West
15 - 21 m/s 41 - 46 m/s Southeast I Northwest
(4)

VELOCITY 31-36m/s

0- Smis i ] 36 - 41 m/s ENERGY

5-10 m/s G 41 - 46 m/s 0 x 10°°(m/s)* + h
10 - 15 m/s EEEEE 46 -Slm/s <27 x 10°5(m/s)* + h
15- 21 m/s EEE 51-57mis 2.7- 53 % 10°5(m/s)’ - h
21 - 26 m/s EEEEE  57- 62 m/s 53- 7.9 x 10-5(m/s)* - h
26 - 31 m/s BIIEW 62 - 67 m/s

FiG. 20. Predicted wind over a 480 x 720 km grid on 21 September during the 1938 New England Hurricane. Cell size
= 4 x 4 km. (a) Predicted sustained wind velocity and (b) predicted sustained wind direction at 1700 EST. (c) Predicted
maximum wind gust velocity and (d) predicted total energy of sustained winds of gale strength (17 m/s) or greater over a
16.5-h period (time step = 2 min).
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Fi1G. 21. Forest damage and predicted winds across New England during the 1938 Hurricane. (a) Volume of timber blown

down on a town-by-town basis, compiled by the Northeastern Timber Salvage Administration after the storm (NETSA 1943);
106 board feet = 2400 m3. (b) Predicted maximum wind gust velocity (adapted from Fig. 20c).

several reasons: (1) Hurricanes require warm ocean
water as their primary energy source and normally
weaken over the colder oceans of temperate regions
(Simpson and Riehl 1981). (2) The Coriolis force in-
creases with latitude, so that the same pressure gradient
produces a lower wind speed at higher latitudes (Byers
1974). (3) In temperate regions hurricanes are often
influenced by cool, dry air masses that convert the
storm’s internal dynamics to those of an extratropical
storm. While this process may cause short-term inten-
sification, in the long run it reduces maximum wind
speed (Byers 1974, Anthes 1982).

Hurricanes in temperate regions tend to move for-
ward at greater speed than those in the tropics, creating
a greater asymmetry in the surface wind field (Simpson
and Riehl 1981). This contrast was especially clear in
the observed and modeled winds for Hurricane Hugo
and the 1938 Hurricane, with forward speeds of 5 m/s
and 25 m/s (respectively) upon landfall. In a faster
moving storm the highest winds tend to be concen-

trated on one side of the storm track, reducing the area
of potential destruction and limiting the range of dam-
aging wind directions.

Large-scale geography (e.g., the locations of coast-
lines and mountain ranges) determines how much a
hurricane will be affected by land before it reaches a
particular site along a given storm track. Hurricanes
weaken over land because of the loss of latent and
sensible heat from the ocean surface and because of

TABLE 8. Predicted peak winds in the 1938 New England
Hurricane at Harvard Forest (Massachusetts) and Pisgah
Forest (New Hampshire).

Time Wind Sustained Gust
of day direction velocity velocity
Site (EST) © (m/s) (m/s)
Harvard Forest 1715 135 37 52
Pisgah Forest 1730 116 40 57
Pisgah Forest 1755 157 40 56
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FiG. 22. Treefall orientation and predicted wind at the Harvard Forest (Massachusetts) during the 1938 New England
Hurricane. (a) Predicted wind velocity and (b) predicted wind direction as a function of time of day (EST). (c) Lines indicate
predicted wind velocity as a function of wind direction. Bars indicate number of wind-thrown trees in 5° classes as a function
of wind direction (Rowlands 1941). (d) Number of wind-thrown conifers in 5° classes as a function of wind direction. Conifers
from stands <15 m in height and conifers from stands =15 m in height are shown separately.

greater surface friction (Anthes 1982). Mountains can
cause considerable distortion of the surface center and
rapid weakening within a few hours, though circulation
aloft decreases more slowly and many storms regain
strength after moving out to sea again (Dunn and Miller
1964), as Hugo did after it passed over Puerto Rico.
These factors help to explain why Puerto Rico ex-
periences more frequent, more intense, and longer last-
ing hurricanes than New England (Neumann et al.
1987). Historical data show that the range of approach
directions for Puerto Rico is less limited (northeast to
southeast) than it is for New England, where coastlines
and meteorological factors limit severe hurricanes to
those that approach from the south. In New England,
fewer possible pathways and greater forward speed mean

that the direction of damaging winds is more con-
strained: catastrophic winds should be confined in most
cases to the southeast quadrant, as in 1938. Highest
wind speeds should occur near the coast, before the
hurricane is weakened by landfall. In Puerto Rico the
close proximity of large mountains to the coast may
cause hurricanes that pass over the island to weaken,
as Hugo did, creating a general east-to-west gradient
of maximum wind speed.

Regional scale

The hurricane itself extends across a regional scale
(=500 km): while the radius of the storm may be as
large as 1000 km, the radius of sustained hurricane-
force winds is normally <100 km. The highest winds
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Fi1G. 23. Treefall orientation and predicted wind at the Pisgah Forest (New Hampshire) during the 1938 New England
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Time). (c) Lines indicate predicted wind velocity as a function of wind direction. Dotted line indicates average treefall
orientation. (d) Number of wind-thrown trees in 30° classes as a function of wind direction (Foster 1988b).

are typically found =30 km from the center (the dis-
tance may vary from 10 to 80 km) and may be confined
to a narrow ring of 1-2 km width around the edge of
the eye (Simpson and Riehl 1981). The HURRECON
model and most models of hurricane structure and
dynamics operate at this scale.

The location of coastlines, hills or mountains, and
the storm track determines (along with atmospheric
and oceanic conditions) how a particular storm will be
changed by landfall and how rapidly it will weaken
over land. These changes are very complex and not yet
fully understood. In our simple model they are ap-
proximated as follows: (1) the effects of greater surface
friction over land are estimated by reducing sustained
wind speeds and increasing the inflow angle for a given
central pressure, and (2) the weakening effects of land-

fall (including passing over mountains) are estimated
by using meteorological observations to calculate the
reduction in maximum surface wind speed. As a hur-
ricane finally expires, the ring of maximum winds typ-
ically expands outward, the surface wind field changes
to that of a tropical storm or an extratropical low, and
wind speeds fall below damaging levels (Anthes 1982).
At this point the model is no longer applicable.

Factors controlling forest damage at this scale in-
clude: (1) broad-scale wind velocity gradients resulting
from hurricane size and intensity and proximity to the
storm track, (2) broad-scale wind shielding by large
topographic features such as mountain ranges, and (3)
broad-scale vegetation zones reflecting differences in
geology, climate, and disturbance history.

The two hurricanes studied provide interesting con-
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FiG. 24. Damage to mature white pine stands (> 30 yr old)
and predicted exposure in the town of Petersham, Massachu-
setts, during the 1938 New England Hurricane. Map shows
predicted protected areas (white) and exposed areas (grey) for
a wind direction of 135° and inflection angle (downward cur-
vature of airflow path) of 6°. Mature white pine stands that
were either undamaged (black outline) or destroyed (grey out-
line) are also shown.

trasts in these regional factors: in the 1938 Hurricane
predicted peak wind velocity and actual damage gra-
dients were nearly parallel to the storm track, while in
Hugo they were more nearly perpendicular, because of
the slower forward velocity of the storm and more
rapid rate of weakening upon landfall. As predicted,
broad areas in the lee slopes of the Luquillo Mountains
were shielded from the most destructive winds and
suffered relatively little damage. At Luquillo the dwarf
forests at high elevations appeared to be more resilient
to wind damage than lower elevation forests, while the
abundance of old-field white pine apparently contrib-
uted to the catastrophic effect of the 1938 storm in
central New England.

Landscape scale

Variations in wind conditions at the landscape scale
(=10 km) are greatest in the vicinity of the eyewall (for
definition see Methods: Meteorological model (HUR-
RECON): Modeling hurricane winds, above) and in the
vicinity of intense convective cells and tornadoes (if
they occur) in other parts of the hurricane. Significant
variation may also be created by abrupt changes in
surface friction (e.g., along coastlines) or by local to-
pography. At this scale HURRECON indicates the
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general gradient of sustained wind velocity and direc-
tion.

Topographic effects at this scale are very complex
and may include acceleration of the wind over ridges
and summits with strong turbulence on the lee sides,
wind channelling up valleys and around protuberances,
and variations in exposure due to wind shadowing
(Gloyne 1968, Hutte 1968). The last is roughly ap-
proximated by EXPOS. Upper mountain slopes ex-
posed to the wind may be affected by the higher ve-
locities normally occurring in a hurricane at higher
altitudes.

Factors controlling forest damage at the landscape
scale include: (1) wind velocity gradients resulting from
hurricane size and intensity and proximity to the storm
track, complicated by local convective-scale effects, (2)
variation in site exposure and other effects of local
topography, and (3) differential response of individual
stands to wind disturbance as a function of species
composition and structure.

The Northern LEF study area and the town of Peter-
sham (study areas of comparable size) showed interesting
contrasts in predicted wind velocity and exposure and
in actual forest damage. The strong east-to-west gra-
dient in actual damage across the Northern LEF study
area paralleled the predicted gradient in peak wind
speed (a result of proximity to the storm track and
significant weakening during the storm’s passage), while
linear patterns of extreme damage in the east section
appeared to be caused by intense convective cells be-
fore the storm weakened. No broad-scale damage gra-
dient was observed across Petersham, nor was any sig-
nificant difference predicted in peak wind speed (a result
of greater distance from the storm track and little weak-
ening during the storm’s passage). In the steep moun-
tain terrain of the Northern LEF study area there were
relatively large areas that sustained little damage, while

] % area classified as protected
HEl % undamaged stands in protected areas

100
B % destroyed stands in protected areas
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50
40

T

1 1

PERCENT

2 4 6 8 10 12
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F1G.25. Damage to mature white pine stands (> 30 yr old)
and predicted exposure for different inflection angles in the
town of Petersham, Massachusetts, during the 1938 New En-
gland Hurricane. Wind direction = 135°.
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FiG. 26. Predicted exposure in the town of Petersham, Massachusetts (light = protected, dark = exposed). The view is
toward the northeast. Wind direction = 135° inflection angle = 6°.

in the gently rolling terrain of Petersham damage was
more widespread; in both cases damage patterns
matched predicted exposure fairly well.

Stand scale

Variations in wind conditions at the stand scale (=1
km) are largely due to individual wind gusts created
by turbulent eddies, and wind gradients associated with
intense convective cells and tornadoes. These effects
cannot be predicted by HURRECON. Changes in wind
flow may result from small-scale topographic features
and from the structure of the forest itself.

Details of the damage patterns at this scale often
reveal exceptions to the general patterns: e.g., small
patches of dissimilar damage in broader homogeneous
areas or local windthrow patterns that do not match
the overall trends. These details are highly relevant to
community-level studies, despite their minor areal ex-
tent. Causative factors appear to include: (1) local wind
gusts and convective-scale effects, (2) in rugged terrain,
variation in site exposure and other topographic effects,
and (3) variation in species susceptibility to wind dam-
age. Factors contributing to the last may include overall
morphology, age, size, form, health, and rooting con-
ditions.

Patterns of treefall orientation in the two hurricanes
studied pointed to interesting differences in the degree
of local topographic control of wind direction. The
HURRECON model predicted little variation in the
direction of the peak sustained wind in the LEF (be-
cause of proximity to the storm track), but a wide range
in treefall orientation was observed, suggesting consid-
erable air turbulence and variation in wind gust direc-
tion (apparently caused by the rugged terrain). In ad-
dition, analysis of the tree orientation vectors suggested
that the primary air flow was deflected or channelled
at times by local topographic features. At the Harvard
and Pisgah Forests a much wider range of high wind
directions was predicted (because of distance from the

storm track), but the actual range in treefall orientation
was much narrower than in the LEF, suggesting that
turbulence and topographic control were less impor-
tant in the gentler terrain of central New England.

Conclusion

The patterns of damage resulting from hurricane im-
pact on a forested landscape are a result of the inter-
action of meteorological, physiographic, and biotic fac-
tors. This interaction can be investigated on a series
of spatial scales by combining models that estimate
meteorological and topographic effects with damage
assessment through analysis of remotely sensed, his-
torical, and field data. This approach may be used to
study the effects of local topography on wind direction
and the relation of forest damage to wind speed and
duration. It may be combined with historical data to
reconstruct long-term hurricane disturbance regimes
or with global climate model predictions to estimate
future hurricane impacts, at both regional and land-
scape scales.
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APPENDIX
DEetAILs oF THE HURRECON MoODEL

Characteristics of the hurricane’s surface wind field and
assumptions underlying the model equations are discussed
below.

Assumption 1: The hurricane eye (see Methods: Meteoro-
logical model (HURRECON): Modeling hurricane winds) and
the surrounding isobars are circular. Discussion: The eye may
be slightly elliptical. In such cases the model approximates
the eye as a circle whose diameter is the average of the major
and minor axes of the ellipse. Isobars within the radius of
damaging winds (the area of interest) are very nearly circular
in most hurricanes (Simpson and Riehl 1981).

Assumption 2: The surface wind field is asymmetrical, with
the highest sustained wind speeds in the eyewall (see Methods:
Meteorological model (HURRECON): Modeling hurricane
winds) occurring on the right side of the eye and the lowest
wind speeds on the left side. The difference between the two
is twice the forward velocity of the storm. Sustained wind
velocity in the eyewall (Ve) is estimated as:

V,=V, — V1 — sin 4), (A.1)

where V,, = maximum sustained wind velocity at any location
if the hurricane were entirely over water, ¥V, = forward ve-
locity of hurricane, and 4 = clockwise angle between forward
path of hurricane and a radial line to a point P. This yields
Ve=V,atA=90°V,=V, — V,at 4 =0°or 180° and V,
=V, — 2V, at A = 270°. Discussion: Maximum wind speed
normally occurs on the right side of the storm approximately
at right angles to the forward path. The difference between

the left and right wind speeds in the eyewall is normally about
twice the forward velocity of the storm (Simpson and Riehl
1981).

Assumption 3: The sustained wind velocity (Vs) at a point
P on a radial line beginning at the hurricane center can be
approximated as follows:

V; = V«(R/R.)
Vs = Vo(R./RY¥

inside the eye

outside the eye, (A.2)

where V, = sustained wind velocity in the eyewall on the
radial line, R = radial distance from hurricane center to point
P, R, = radius of eye, and X = a constant between 0.4 and
0.8. Discussion: These are standard equations for estimating
the tangential wind velocity of a hurricane (Miller 1967, Simp-
son and Riehl 1981, Anthes 1982). Since the model assumes
the inflow angle to be constant for a given surface type (land
or water; see Assumption 8, below), the total wind speed is
proportional to the tangential wind speed over that surface
type. The value of X is related to the size of the storm and
determines how rapidly the modeled winds decrease as one
moves away from the center. Note that Eq. 1 follows directly
from Eqgs. A.1 and A.2 plus the friction factor discussed below
(see Assumption 5).

Assumption 4: The wind profile constant X remains con-
stant over the period of interest (normally ~24 h for one site).
Discussion: Values of X for Hurricane Hugo and the 1938
Hurricane were determined from wind observations at a single
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station during passage of the storm. A single station provides
a transect of the hurricane over both space and time, and so
gives a rough measure of X over time if the storm does not
intensify or weaken rapidly.

Assumption 5: During and after landfall, sustained wind
velocities over land are a fixed fraction of what they would
have been (in the same part of the storm and at the same
time) over water. Discussion: The actual reduction in wind
speed over land due to friction varies as a function of surface
roughness, fetch, and initial wind speed. A fixed value for the
reduction in sustained wind velocity due to friction, F, of 0.8,
determined from empirical studies at coastal stations (Powell
1982), was used in this paper.

Assumption 6: The peak wind gust velocity (V) equals the
sustained wind velocity (V) times a fixed wind gust factor
(G) for a given surface type (land or water). Discussion: Surface
wind gusts are caused by turbulent eddies in which momen-
tum is transported downward from higher velocity winds aloft.
Highest wind speeds normally occur at an altitude of 500—
1500 m above the surface; at this height there is little differ-
ence in wind speeds over water and over land (Powell 1982).
The surface gust factor increases with surface roughness
(Simpson and Riehl 1981) and decreases with height above
the ground and with increasing wind speed (Atkinson and
Holliday 1977). Although sustained wind speeds over land
are slower than over water, peak gust speeds are roughly the
same (Atkinson and Holliday 1977). In this paper we used
typical gust factors (10 m above ground level) of G = 1.4 over
land (Powell 1982) and 1.12 over water (Atkinson and Hol-
liday 1977), yielding identical gust speeds over land and water.

Assumption 7: The direction of peak wind gusts (D,) is the
same as the direction of the sustained wind (D). Discussion:
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In fact the direction of wind gusts may vary to either side of
the sustained wind direction. However this variation is re-
ported to be minimal in hurricanes because of the nature of
the turbulent eddies involved (Simpson and Riehl 1981).

Assumption 8: The cross-isobar inflow angle (J) is every-
where constant over a given surface type (land or water). The
estimated wind direction is thus set to the counterclockwise
tangent minus the inflow angle. Discussion: In fact the inflow
angle varies with surface roughness, storm quadrant, storm
velocity, storm intensity, storm maturity, latitude, and en-
vironmental flow (Dunn and Miller 1964, Simpson and Riehl
1981). The most important factor is surface roughness, since
surface friction reduces air velocity, thereby reducing the out-
ward centrifugal and Coriolis forces that act on the air. Be-
cause the inward pressure gradient force is not reduced, the
result is an inward spiral of air at surface levels (Simpson and
Riehl 1981). Values for the mean inflow angle reported in the
literature include 23° over water and 38° over land (Dunn and
Miller 1964), 16° for ships at sea and 20-25° for small islands
(Frank 1977), and 15-20° (moderate hurricane) up to 20—40°
(severe hurricane) over water plus an additional 10-30° over
land (Simpson and Riehl 1981). Intermediate values of 20°
over water and 40° over land were used in this paper.

Assumption 9: Wind velocity and direction can be estimated
as above, even for points distant from the hurricane center.
Discussion: In fact the model equations apply only within a
few hundred kilometres of the hurricane center. This distance
is a function of the size of the particular storm and the sur-
rounding meteorological conditions. Model estimates appear
to be reliable within the radius of gale-force winds—the area
of interest for studying forest damage.



