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ABSTRACT

HOUSTON, S.H. and POWELL, M.D., 2003. Surface wind fields for Florida Bay hurricanes. Journal of Coastal Re-
search, 19(3), 503–513. West Palm Beach (Florida), ISSN 0749-0208.

The surface wind fields of several tropical cyclones which impacted Florida Bay and the surrounding coastal areas
were reconstructed by the Hurricane Research Division (HRD) of the National Oceanographic and Atmospheric Ad-
ministration. These cyclones provided the forcing for significant changes in water-levels, waves, and currents, resulting
in sediment transport, deposition, and other physical processes affecting the bay. In addition, tropical cyclones had
direct and indirect effects on plant and animal life in the bay and the surrounding coastal areas, such as the Florida
Keys and Everglades. The HRD wind fields are being made available in gridded form for use in hindcasts, which may
help researchers to estimate the potential impacts of future tropical cyclones on the south Florida ecosystem, especially
in relation to Florida Bay.

The tropical cyclones investigated represent vastly different scenarios for the type of events that might be expected
over extreme south Florida. The reconstructed storms range in intensity from Tropical Storm Gordon of 1994 to the
Labor Day Hurricane of 1935 (the United States’ most intense hurricane at landfall).

This paper summarizes the methods used to reconstruct tropical cyclone surface wind fields and provides examples
of their circulation features and wind swaths. Comparisons of winds to observed damage are also presented for three
major hurricanes. The wind fields for all of these tropical cyclones are being made available to researchers as graphical
products and gridded data sets on a Web site maintained by HRD (www.aoml.noaa.gov/hrd).

ADDITIONAL INDEX WORDS: Hydrographic modeling, ecological impacts, sediment transport, gridded fields, di-
saster studies, mangroves, forests, palms, damage assessment.

INTRODUCTION

Tropical cyclones are believed to exert considerable influ-
ence on the ecological health of Florida Bay. The effects of
these episodic events are manifested by significant changes
in physical processes, such as water-levels, waves, currents,
and sediment transport. Hurricane conditions, which were
relatively rare in the vicinity of Florida Bay during the 1970’s
and 1980’s (JARRELL et al., 1992), have frequently impacted
the region (Figure 1). The winds associated with hurricanes
generate surface stresses and associated responses in the
bay’s circulation patterns and sediment transport. High mor-
tality rates of plants and animals occur in association with
damaging hurricane winds, which also produce storm surges
and waves. The post-storm decay of organic material may
contribute to poor water quality, algal blooms, and additional
damage to plant and animal life in and around the bay by
upsetting the salinity balance (SMITH et al., 1994). Heavy
rainfall associated with very wet, slow moving tropical cy-
clones can also cause extensive freshwater flooding over
mainland Florida and the keys. Freshwater discharges into
the bay can have short lived and sometimes long-term con-
sequences on the vitality of the bay’s ecosystem. Other re-
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searchers have found that hurricanes may be directly or in-
directly beneficial to the vitality of the bay. For example,
SWART et al. (1996) believe that hurricanes promote resus-
pension and flushing of organic carbon, which would likely
lead to improved environmental conditions. Therefore, chang-
es in the frequency of major hurricanes is a potential con-
trolling mechanism for carbon storage and removal from
Florida Bay (NELSEN et al., 2001). In order to assess the re-
sponse of Florida Bay to episodic wind events, circulation and
ecological modelers can benefit from the use of reconstructed
surface wind fields in hurricanes.

The Hurricane Research Division (HRD) of the National
Oceanic and Atmospheric Administration (NOAA) has been
providing real-time tropical cyclone surface wind fields on an
experimental basis to forecasters at the National Hurricane
Center (NHC) of the Tropical Prediction Center since 1993
(POWELL and HOUSTON, 1998). The forecasters use the HRD
wind fields as guidance for their advisories and forecasts of
wind radii (i.e., the extent of 17.5, 25.0, and 33.0 m s�1 winds
from the tropical cyclone’s center in all quadrants). This in-
formation is useful for marine interests and for emergency
managers if warnings are issued. The HRD real-time surface
wind fields are generated by analyzing all available quality
controlled data. These data are adjusted to a common frame-
work accounting for height and averaging time. Examples of
recent real-time surface wind fields include Hurricanes
Georges (1998) in Figure 2a, which primarily impacted the
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Figure 1. Tracks of all hurricanes passing within 140 km of Florida Bay
(large circle) during 1886–1995.

lower Florida Keys and western Florida Bay as a category 2
hurricane on the SAFFIR and SIMPSON (1974) scale, and Hur-
ricane Irene (1999) in Fig. 2b, which was a category 1 hur-
ricane that moved across the middle Florida Keys and Florida
Bay.

The reconstructed, gridded surface wind fields for Florida
Bay tropical cyclones were developed using techniques simi-
lar to those employed to produce HRD’s real-time surface
winds for NHC. If there were not enough surface wind ob-
servations available for some of the early Florida Bay hur-
ricanes (e.g., the Labor Day Hurricane of 1935), a parametric
model was used to compute a background wind field.

Tropical cyclones that impacted Florida Bay with a broad
range of intensities over the past century were included in
this study (Figure 3). The reference for the storm history of
each tropical cyclone is listed in Table 1. The reconstructed
storms range in intensity from Tropical Storm Gordon of
1994 to the Labor Day Hurricane of 1935 (the United States’
most intense hurricane at landfall). Hurricane Andrew’s
(1992) surface wind fields over south Florida (POWELL and
HOUSTON, 1996) were also included in this study.

In the following sections, the methods used to reconstruct
the Florida Bay tropical cyclone wind fields are described.
Two examples of reconstructed hurricane wind fields are pre-
sented (Donna of 1960 and the Labor Day Hurricane of 1935),
and some of the ecological impacts of these two intense hur-
ricanes and Hurricane Andrew on the environment of the bay
and surrounding areas are reviewed. Conclusions are provid-
ed in the last section.

METHODOLOGY

All available surface wind observations in each Florida Bay
tropical cyclone examined in this study were processed to
achieve a consistent framework in terms of averaging time,
height and exposure using the methods of POWELL et al.
(1996). A major assumption of these procedures was that

each hurricane was in nearly steady state during the time
the data are composited (�6 h). Most of the data available in
the core of the hurricanes examined during the era of aircraft
reconnaissance flights were based on flight-level observations
adjusted to the surface. All data used were adjusted to max-
imum 1-min sustained winds at a height of 10 m for marine
exposure. Some past hurricanes had limited surface data
available. In these latter cases, a planetary boundary layer
model developed by SHAPIRO (1983) and implemented by
VICKERY and TWISDALE (1995) was adapted to construct a
background field of surface winds.

Analyses of Hurricane Wind Data

Data for hurricanes such as Donna were available from a
number of platforms. Most of these observations were found
in HRD’s microfilm archives. The most important data ob-
tained in the core of Donna were the flight-level observations
from two National Hurricane Research Project (NHRP; pre-
decessor organization of HRD) flights into Donna’s inner core
around 1800 UTC 9 September 1960. Examples of observa-
tions that were available from the NHRP aircraft and surface
wind observations (e.g., from manned lighthouses, airports,
ships, amateur weather hobbyists, etc.) in the Florida Keys
and surrounding areas are shown in Figures 4a and b. The
observations from the manned lighthouses in the Florida
Keys, some made in dangerous conditions within Donna’s
eyewall, were essential for describing the surface wind field.1

The surface wind data were objectively analyzed using the
Spectral Application of Finite-Element Representation (SAF-
ER) method (OOYAMA, 1987; FRANKLIN et al., 1993). As de-
scribed in POWELL et al. (1996), the method uses cubic
B-splines to minimize the difference between the input ob-
servations and the analysis. Each analysis produces fields of
mesoscale winds (VMESO). The scale of each analysis is con-
trolled by the analyst and is dependent on the features that
need to be resolved. An advantage of this analysis system is
that multiple nests are used, which allows the inner most
features near the storm center (e.g., the eye, eyewall, inner
rainbands, etc.) to be resolved. Nested meshes also allow the
winds in the outer portion of the domain to be smoothed more
due to sparser data coverage. Fields of maximum 10-min
mean surface winds valid for marine exposure (VM10) were
considered best for examining oceanic responses to surface
stress (HOUSTON et al., 1999). These VM10 may be converted
to NHC’s standard maximum 1-min sustained wind speed by
multiplying with a factor of 1.11. The VM10 were computed
from the VMESO winds using a gust factor relationship de-
scribed by POWELL and HOUSTON (1996) and HOUSTON et al.
(1999).

Modeling of Hurricane Winds

The basis for the model used to create parametric wind
fields for some of the early Florida Bay hurricanes without
sufficient data (e.g., the Labor Day Hurricane of 1935 and

1 It was determined that observations in 1960 from Florida surface
stations, such as these lighthouses, were reported in Eastern Stan-
dard Time (J. Dunion, HRD, personal communication, 2000).
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Figure 2. Examples of surface wind fields provided to the forecasters at
NHC in real-time. The wind field is represented as isotachs (units �
m s�1) and streamlines. These winds are maximum 1-min sustained
speeds valid only for marine exposure at 10 m where a) is Hurricane
Georges at 1630 UTC on 25 September 1998 and b) is Hurricane Irene
at 1330 UTC 15 October 1999.

Figure 3. Tracks of Florida Bay tropical cyclones examined in the study.

Table 1. Reference for the storm history of each tropical cyclone used in
the study.

Tropical Cyclone Storm History

Labor Day (1935)
Donna (1960)
Betsy (1965)
Andrew (1992)
Gordon (1994)

MCDONALD (1935)
DUNN (1961)
SUGG (1966)
MAYFIELD et al. (1994)
AVILA and RAPPAPORT (1996)

Betsy of 1965) was a simple slab boundary layer model which
SHAPIRO (1983) developed to examine the steady boundary
layer flow under a translating symmetric hurricane vortex.
His model was used to examine the effect of surface friction
on the asymmetries in the hurricane’s boundary layer wind.
The SHAPIRO (1983) model solves the momentum equations
for a slab boundary layer having constant depth under an
imposed symmetric pressure distribution. The model uses a
storm-relative coordinate system in which there is gradient
balance between the boundary layer winds and the pressure
field above the boundary layer.

VICKERY and TWISDALE (1995) used the output from the
SHAPIRO (1983) model to derive equivalent 10 m surface
winds. Their work required a drag coefficient that related the
vertically integrated wind speed computed by SHAPIRO to the
wind speed at 10 m height. SHAPIRO (1983) used a drag co-
efficient, which increased linearly with velocity. VICKERY and
TWISDALE (1995) applied a reduction of 50% to the drag co-
efficient assigned to the upper level winds before they were
adjusted to 10 m height over the ocean.

The wind speeds, V, produced by the numerical model are
vertically averaged values defined as:

h1
V � V(z) dz,�� �h 0

in which the boundary layer depth, h, is assumed to be 1 km
and z is the incremental depth of the boundary layer. The
vertically averaged wind speed is assumed to be equivalent
to the SHAPIRO (1983) wind speed at 500 m (VICKERY and
TWISDALE, 1995). The 500 m winds are adjusted to 10 m
height assuming marine exposure by implementing a varying
percentage reduction according to radius, r, from the storm
center. The value of r is related to the radius of maximum
winds, Rmax. Based on comparisons of the model output with
the Hurricane Andrew surface wind field at landfall in south
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Figure 4. Example of the coverage of wind data recorded at lighthouses
(open circles), ships (squares), and NHRP research aircraft data adjusted
to the surface (filled circles) from 1200 to 2100 UTC 9 September 1960
in storm-relative coordinates for Hurricane Donna centered at 1800 UTC.
The observations are shown as wind barbs where each whole barb �
5 m s�1, each half barb is 2.5 m s�1, and each flag is 25 m s�1. The area
shown in a) is over 1600 km2 and b) �440 km2 and shows the data cov-
erage of the NHRP flight-level data adjusted to the surface.

Florida (POWELL and HOUSTON, 1996), the percentage re-
duction for r � 1.5 Rmax was 10% and for r � 5 Rmax was 20%.
The reduction of wind speeds for 1.5 Rmax � r � 5 Rmax was
based on a smooth transition function having 10–20% reduc-
tions. The averaging time was assumed to be 1 h, so the wind
speeds were adjusted to VM10 values (POWELL et al., 1996;
HOUSTON et al., 1999). For consistency with the gridding of
the wind fields based on analyzed data and to produce wind
swaths, the model outputs were also objectively analyzed.

TWO INTENSE FLORIDA BAY HURRICANES

One example of an intense hurricane that passed through
Florida Bay was Hurricane Donna, which was a category 4
hurricane when it made landfall in the central Florida Keys
early on 10 September 1960. The number of surface wind
observations available in the Florida Keys was unusually
large for this storm. Another intense hurricane which oc-
curred 25 years earlier and moved across the same area of
the Florida Keys was the very intense Labor Day Hurricane
(1935). The 1935 hurricane caused considerable loss of life to
residents and railroad workers in the area of the highest
winds, storm surge, and wind driven waves in the vicinity of
landfall (MCDONALD, 1935a). Man made structures and the
natural habitat suffered complete destruction in the region
of the central Florida Keys where the relatively small Labor
Day Hurricane’s eyewall crossed. Only a few observations
were available where this hurricane made landfall, so mod-
eled surface winds were required to produce the background
wind field.

Hurricane Donna (1960)

In his pioneering research using boundary layer observa-
tions from Hurricane Donna, MILLER (1963, 1964) provided
wind trajectories and wind analyses based on the relatively
large amount of data that were available. He apparently did
not adjust the observed wind data into a common framework
for averaging time, height, and exposure. The methods of
POWELL et al. (1996) were used to adjust all of the wind data
that were available for Donna. The time windows for accep-
tance of data into each analysis time are shown in Table 2.

Donna’s track as it approached the keys was available from
two sources: Navy aircraft reconnaissance and ground-based
radar (SENN and HISER, 1962; CONOVER, 1962). CONOVER

(1962) found that the reconnaissance aircraft fixes had large
deviations from known positions as Donna approached and
made landfall in Florida. There were also uncertainties in the
available ground-based radar center fixes (SENN and HISER,
1962; CONOVER, 1962). The final track used was based on a
blend of these radar data and nearby surface observations.

Based on the 0000 UTC 10 September surface wind anal-
ysis (Figure 5a), VM10 winds of 25–30 m s�1 from the northeast
were occurring over the northeastern portion of Florida Bay
140 km from Donna’s eye. The 0600 UTC analysis (Figure
5b) shows the surface wind field shortly before the center of
Donna made landfall near Conch Key, Florida. The highest
winds (VM10 � 55 m s�1) were located in an 11 � 18 km2 area
centered �35 km north-northeast of the eye over Florida Bay.
These strong northeast winds resulted in a substantial drop

in water-levels over portions of Florida Bay as water was
pushed southwest toward the Gulf of Mexico (BALL et al.,
1967). At the same time, significantly increased water-levels
(� 1 m above normal) and large breaking waves (likely rang-
ing 3.0–4.5 m on the outer reefs) were causing considerable
problems along the Atlantic side of the northern keys (BALL

et al., 1967) where southeasterly VM10 � 45 m s�1 were oc-
curring to the right of Donna’s circulation. BALL et al. (1967)
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Table 2. Time window of data used for each analysis in Donna (the day
of the month in September 1960 is shown in parentheses).

Analysis
time [UTC]

Data time
window [UTC]

1800 (9)
0000 (10)
0600 (10)
1200 (10)
1800 (10)

1200–2100
2100 (9)–0100 (10)

0100–0700
0700–1200
1200–2000

Figure 5. ‘‘Snapshot’’ of Hurricane Donna’s VM10 field on 10 September 1960 displayed over water as streamlines (solid lines with arrows) and isotachs
(dashed lines; units � m s�1) at a) 0000 UTC (the storm center is just outside of the domain at this time), b) 0600 UTC, and c) 1200 UTC.

also indicated that channels between the keys connecting the
Atlantic Ocean to Florida Bay were flooded and contained
high-velocity currents flowing primarily toward the bay to
the right of Donna. After Donna’s eye passed north of the

keys and Cape Sable, southerly (and later southwesterly)
VM10 in excess of 30 m s�1 covered most of northern Florida
Bay (Figure 5c). These southerly and southwesterly VM10

winds over the bay were slightly weaker for most areas than
the northeasterly winds which preceded the storm’s eye pas-
sage a few hours earlier. The storm tide on the southeast
facing portion of the keys began to subside, while a rapid
increase in water-levels over Florida Bay occurred. BALL et
al. (1967) noted that data from a U.S. Geological Survey tide
gage in western Florida Bay measured a tide of 0.5 m below
mean low water (MLW) at 0545 UTC 10 September, while a
peak high tide of 3.7 m above MLW was measured at 1200
UTC 10 September. As the winds over Florida Bay shifted to
a more westerly direction, the storm tide continued to in-
crease over the eastern portion of the bay, while it continued
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Figure 6. ‘‘Snapshot’’ of the Labor Day Hurricane (1935) VM10 field dis-
played over water as streamlines (solid lines with arrows) and isotachs
(dashed lines; units � m s�1) at 0300 UTC 3 September.

to decrease on the southeastern side of the keys. The differ-
ence in water levels between the bay and the Atlantic Ocean,
was compounded by the wind forcing, which pushed ‘‘rivers
of mud-charged water’’ through channels between the keys
(BALL et al., 1967). These ‘‘muddy waters’’ would have flowed
out over the reef tract, resulting in considerable sediment
deposition. Wind damage to the flora and fauna of the south-
ern and southwestern Everglades would likely have been the
most severe between 0600 UTC and 1800 UTC on 10 Septem-
ber. BALL et al. (1967) also indicated that there was likely a
significant mortality rate for marine life exposed to strong
offshore winds when water in Florida Bay was nearly emp-
tied along the shoreline of the mainland prior to 0600 UTC.
By 1800 UTC (not shown), the winds over Florida Bay had
decreased significantly and many of the most severe direct
effects of Donna’s winds likely began to diminish.

Labor Day Hurricane (1935)

The Labor Day Hurricane was of category 5 intensity when
it made landfall in the central keys at 0300 UTC 3 September
1935. The minimum pressure of 89.2 kPa was the lowest ever
observed in a landfalling hurricane in the United States
(MCDONALD, 1935b; HEBERT et al., 1993). The winds asso-
ciated with this hurricane resulted in ‘‘phenomenal violence’’
according to MCDONALD (1935a). Extreme winds were re-
ported nearly three hours prior to the arrival of the eye, and
some observers indicated that the winds may have been even
stronger after the eye passed. The lenses and 0.9 cm (3/8�)
thick protective glass of Alligator Reef Lighthouse, located at
41 m height, were reported by MCDONALD (1935a) to have
been completely destroyed by the storm. At this altitude, and
with winds blowing over the open ocean, it is unlikely that
flying debris caused these damages. Over a distance of 48 km,
from Tavernier to Vaca Keys, the destruction of buildings,
roads, viaducts, and bridges was nearly complete. This dam-
age was primarily the result of storm surges and wind driven
waves. An 11 car rescue train was washed completely off its
tracks on Lower Matecumbe Key, killing many World War I
veterans who were working on roadway projects in the area
(U.S. HOUSE OF REPRESENTATIVES, 1936). Only the loco-
motive remained on the tracks after the hurricane’s winds
and flooding subsided. MCDONALD (1935a) also indicates
that the ‘‘disposition of the debris and nature of the erosion
of railroad embankments clearly indicate that the destructive
tide flowed from southeast to northwest, in the direction of
advance of the storm center’’. A section of railroad tracks and
cross-ties over 9 m above sea-level were washed off of a via-
duct.

A few valuable observations were provided by MCDONALD

(1935a). J. E. Duane, a cooperative observer for the U.S.
Weather Bureau (predecessor organization of today’s Nation-
al Weather Service), was located at a fishing camp on Long
Key near mile marker 68. Duane’s observations, though un-
derstandably cryptic in some cases, provide the best clues for
the wind profile and timing of the eye crossing in the central
Florida Keys. This information was invaluable for determin-
ing the approximate time and location of landfall. The param-
eters provided in the ‘‘best track’’ data set (JARVINEN et al.,

1988) indicated that landfall was 3 h later and slightly to the
right of the location based on Duane’s observations. There-
fore, a landfall time near 0300 UTC was used for the model
run to compute the Labor Day Hurricane’s wind field over
the keys and Florida Bay. Based on the size of the eye re-
ported by MCDONALD (1935a), it was assumed that the
storm’s forward translation speed was 5 m s�1. The direction
of motion was toward 305� based on ‘‘best track.’’ The Rmax

used in the model was 11 km following HO et al. (1987).
Using the minimum central pressure and the available

wind observations to determine the model parameters, the
VM10 field (Figure 6) was computed using the model based on
SHAPIRO (1983) and VICKERY and TWISDALE (1995). The
highest computed VM10 winds were slightly over 64 m s�1

across a portion of the central Florida Keys to the right of
the hurricane’s landfall.

ECOLOGICAL IMPACTS OF THESE
TWO HURRICANES

Literature regarding the ecological impact of the Labor Day
(1935) Hurricane on Florida Bay was sparse, but several re-
searchers included references to the damage in their findings
concerning damage from Hurricane Donna to the bay and
surrounding areas. For example, CRAIGHEAD and GILBERT

(1962) and CRAIGHEAD (1971) reported on a study of the im-
pact of Donna on the Everglades National Park. Their re-
search indicated that in some cases the damage produced in
1935 was still evident after Donna. In other cases, Donna
destroyed flora which had survived the 1935 catastrophe. In
other areas, which had been severely damaged by the 1935
hurricane, Donna adversely impacted the growth of the new
vegetation.
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The ‘‘mangrove belt’’ surrounding Florida Bay was severely
impacted by the Labor Day Hurricane according to CRAIG-
HEAD and GILBERT (1962). Trunks of many of the trees killed
by the 1935 hurricane were still standing in a forest near
Flamingo when Donna struck the same area in 1960. Some
trees that had survived the 1935 event rose conspicuously
above the recovering forest in September 1960. Donna killed
most of these survivors of the earlier hurricane, since nearly
all trees with trunks larger than 5 cm in diameter were
sheared 2–3 m above the ground in many areas between Fla-
mingo and West Lake. The most severe damage observed by
CRAIGHEAD and GILBERT (1962) in Donna was from Madeira
Bay west to the Shark River. North of the Shark River to
Lostman’s River, 50 to 75% of the mature mangroves (up to
24 m high and 0.6 m in diameter) were killed. Between Lost-
man’s River and Everglades City, the losses were generally
10 to 25%.

CRAIGHEAD and GILBERT (1962) also described losses of
palm trees in some of the Florida Bay Keys. For example, on
Palm Key there were fifty large cabbage palms that had sur-
vived the 1935 hurricane that were estimated to be over 100
years old. All but three of these trees were destroyed by Don-
na 25 years later. On Clive Key, many thatch palms in the
vicinity of Fan Palm Hammock were destroyed by the 1935
hurricane, though a number survived. On the same island,
only seven of twenty coconut palms survived Donna. Other
observations by CRAIGHEAD and GILBERT (1962) indicated
that the mangrove fringes on many of the keys were com-
pletely destroyed by the 1935 hurricane. Donna also severely
damaged these mangrove rims, especially on the south and
east sides of the keys. The broken trees were generally trans-
ported to the opposite sides of the islands by wind and wave
action, and ended up in piles there. All remaining trees were
defoliated, except low shrubs and occasional clumps of man-
groves.

Cape Sable was severely affected by the storm surge that
was over 2 m, based on the observed debris lines (CRAIGHEAD

and GILBERT, 1962). Damage in the 10,000 Islands was much
less than in the vicinity of Flamingo. Most of the damage was
on the west side facing the Gulf of Mexico, where the stron-
gest winds and storm surge from Donna would have likely
occurred at this location after the eye moved north of the
area.

One method for comparing the surface winds and the dam-
age in a hurricane was to produce swaths of maximum val-
ues, the duration of greater than 50 m s�1, and steadiness2

of the VM10 (POWELL et al., 1995; POWELL and HOUSTON,
1996, 1998). Figure 7a shows the swath of peak VM10 winds
across the Florida Keys for the Labor Day Hurricane of 1935
assuming a forward storm motion of 5 m s�1 based on
MCDONALD’s (1935a) account. The zone of nearly complete
destruction of buildings, roads, viaducts, and bridges is
roughly bound by the 50 m s�1 contours. This wind speed

2 Steadiness is defined for some time period as the ratio of the mag-
nitude of the mean wind vector to the average speed of the wind
without regard to direction (HUSCHKE, 1959). Therefore, in a trans-
lating hurricane, steadiness is usually a minimum along the track
of the circulation center.

contour generally delineated the greatest damage in Hurri-
cane Andrew (POWELL et al., 1995). In addition, very low val-
ues of steadiness in the vicinity of Andrew’s track were also
found to accompany severe destruction. Figure 7b shows the
duration of 50 m s�1 winds was over 2.5 h in the hardest hit
areas and was at least 0.5 h over most of the severely dam-
aged keys. The contours of steadiness across the keys and
Florida Bay (Figure 7c) were in a very narrow band (4.5 km
width) of values � 0.1 along the track. The steadiness con-
tours of 0.3 encompassed much of the central Florida Keys.

Figure 8a shows duration of greater than 50 m s�1 VM10

winds over portions of the keys and Florida Bay was � 2 h.
The swath of steadiness values � 0.1 for Donna (Figure 8b)
was along a 8.5 km band surrounding the track, which was
almost twice the size found in the 1935 hurricane.

The strongest VM10 winds (� 57 m s�1) were in a narrow
band centered �30 km to the right of Donna’s track. This
band of intense winds extended over the north central keys,
Florida Bay, and into the southwest Everglades (Figure 9).
The maximum VM10 swath in Donna is shown overlaying
some of the damage described by CRAIGHEAD and GILBERT

in Figure 9. The region with wind speeds greater than 50 m
s�1 corresponds closely to locations with severe damage to
vegetation. The swath of highest VM10 was slightly east of
Flamingo where some of the greatest disruption of the main-
land ecosystems occurred. It is plausible that the Rmax here
was slightly larger than observed. However, damage to veg-
etation and structures also depends on other features of a
hurricane’s wind field. For example, the duration of high
winds and changes in wind direction (i.e., steadiness) are oth-
er important factors that could account for some of the most
severe damage occurring within the Rmax (POWELL et al.,
1995). The variation in steadiness values for the 1935 hur-
ricane and Donna may have been responsible for cases where
surviving trees of the former storm were felled by slightly
weaker winds in the later storm. This was especially true on
Clive and Palm Keys where the steadiness was larger in the
1935 case (�0.3) in Figure 7c, than in 1960 (�0.3) in Figure
8b.

Another important element in the variation of damage, es-
pecially for the Florida Bay Keys and the coastline north of
Florida Bay, would have been the storm surge. A deposit of
silt varying from a trace to 13 cm in depth was carried over
many areas by the storm surge in Donna according to CRAIG-
HEAD and GILBERT (1962). Sediment transport by storms,
including hurricanes, affecting southwest Florida was de-
scribed by PERLMUTTER (1982). He indicated that hurricanes
approaching this area normally produce strong offshore
winds during the initial stages (e.g., Figures 5a and b). The
decrease in water levels associated with these winds can ex-
pose sediments which are normally submerged in the near-
shore region. Strong onshore winds, which would be expected
subsequent to the passage of the eye (e.g., Figure 5c), cause
the water to rush in and resubmerge the nearshore region,
and a portion of the coastal area with water at depths of up
to several meters above MLW. This storm surge ebbs slowly
as the onshore winds subside. The rapid rise of the storm
surge is accompanied by strong, turbulent currents (BALL et
al., 1967). PERLMUTTER’s (1982) calculations indicated a hur-
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Figure 7. Swath of the 1935 Labor Day hurricane’s a) 50 and 60 m s�1 VM10 and b) duration (h) of VM10 winds over 50 m s�1, and c) steadiness (0.1, 0.3, and
0.5) across the Florida Keys (solid) and extrapolated across Florida Bay (dashed). The area of nearly complete destruction of manmade structures is shown
as rectangular sections between the two gray filled circles. The location of the 11 car rescue train that was washed off of its tracks at Lower Matecumbe Key
(shown as an open black circle). In c) the approximate locations of Clive and Palm Keys are represented by a diamond and a square, respectively.

ricane may produce seven times the suspended sediment load
than might be experienced in a winter storm affecting south-
west Florida. He found that the coarsest sediments were de-
posited in inlets opening into lagoons. In Florida Bay, lime
mud deposits in lagoonal basins due to Donna were described
by BALL et al. (1967). PERLMUTTER (1982) concluded that
background processes and winter storms primarily rework
existing sediment in southwest Florida and Florida Bay, but
hurricanes are responsible for the introduction and removal
of significant quantities of sediment.

For comparison purposes, the swath of maximum 1 min
sustained winds for Hurricane Andrew from POWELL and
HOUSTON’s (1996) research is shown in Figure 10a. The wind
swath is superimposed on some examples of damaged areas
in the region. For example, SMITH et al. (1994) found the most
severe damage to mangroves was on Elliott and Old Rhodes
Keys and along the western shore of Biscayne Bay from Ma-

theson Hammock to Mangrove Point. On the southwest coast
of Florida, damaged mangroves were found from the Chat-
ham River to the Shark River according to SMITH et al.
(1994). They also found the remains of some mangrove tree
trunks killed by Donna (Figure 9) during their surveys im-
mediately after Andrew.

The approximate area of major damage to buildings and veg-
etation in the suburban areas of southeast Florida is also shown
in Figure 10. An example of Andrew’s impact on some of the
‘‘uplands’’ in the Florida Everglades was at Long Pine Key
(LOOPE et al., 1994) shown in Figure 10. Here the storm’s wind
downed nearly one-third of the trees in the pine forest. The trees
that snapped did so at heights of 1–6 m and approximately 2–
3 times as many were snapped as were uprooted. LOOPE et al.
(1994) also noted that the wind appeared to have had little im-
pact on the pineland understory at this location, since most of
the leaves were undamaged on shrubs here.
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Figure 8. Swath of Hurricane Donna’s a) duration (h) of VM10 winds over
50 m s�1 shown as contours and b) steadiness (0.1, 0.3, and 0.5) with the
approximate locations of Clive and Palm Keys represented by a diamond
and square, respectively.

Figure 9. Swath of Hurricane Donna’s 50 and 57 m s�1 VM10 drawn as
contours and peak storm surge (m) shown in boxes. These values are
superimposed on the environmental damage to the areas surrounding
Florida Bay (CRAIGHEAD and GILBERT, 1962); areas of damaged vegeta-
tion are shaded.

These damaged areas were mostly within the 50 m s�1 re-
gion of the Andrew wind swath, but some were in the � 40
m s�1 winds, especially south of Andrew’s track on the Florida
west coast. During Andrew’s transit across the area, strong
onshore winds on the west coast enhanced storm surge flood-
ing from the Gulf of Mexico.

The contours of steadiness for Andrew as it crossed south
Florida are shown in Figure 10b. As was shown for the 1935
hurricane (Figure 7c) and in Donna (Figure 8b), the lowest
values of steadiness were associated with most of the wind
damage caused by Andrew. The area with values below 0.5
and 0.3 are coincident with damage to buildings on the urban
east coast and mangroves on both coasts. It is evident from
Figures 10a and b that Florida Bay was not exposed to the
damaging eyewall core of Andrew as it passed north of the
area. In fact, Andrew’s wind field appears to be similar to the
small, but intense 1935 Labor Day Hurricane in that both

storms confined their damage streaks to relatively narrow
areas under their respective eyewalls.

CONCLUSIONS

Surface wind (maximum 10 min sustained values valid for
marine exposure or VM10) fields were reconstructed for sev-
eral hurricanes that affected Florida Bay. The wind fields
and some impacts on the bay were shown for two of the most
intense hurricanes to impact Florida Bay during the twenti-
eth century: The Labor Day Hurricane of 1935 and Hurricane
Donna of 1960. The structure and surface wind fields of each
hurricane were very different. However, based on some of the
evidence from damage to vegetation, these hurricanes pro-
duced similar swaths of damage. There were some instances
however, where Donna destroyed trees which had survived
the more intense 1935 hurricane (e.g., on Clive and Palm
Keys). This appears to be a function of the smaller size of the
Labor Day Hurricane’s core, in much the same way that the
slightly less intense Hurricane Andrew destroyed vegetation
in a very narrow band across the extreme south Florida pen-
insula and left the Florida Keys nearly unscathed. This var-
iation in size of the hurricane’s core region appears to be most
important in differences in wind direction changes or steadi-
ness between storms. Variations in the storm surges across
the keys and the coastlines of northern Florida Bay may have
also contributed to differences in the extent of damage here.

Hydrographic modeling of these two vastly different sce-
narios for Florida Bay might provide some very interesting
results. For example, current and sediment transport models
might be developed for near real-time impacts on the bay and
surrounding areas for future tropical cyclone events in this
region. These and other modeling efforts could be extremely
useful for studies of where to focus post-storm recovery ob-
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Figure 10. Swath of Hurricane Andrew’s maximum 1-min sustained
wind speeds (m s�1) drawn as contours based on POWELL and HOUSTON

(1996). Wind speeds over water are for marine exposure and those over
water are for open terrain, over land exposure. These values are super-
imposed on some examples of damage to the environment and urban ar-
eas of south Florida. b) Swath of Hurricane Andrew’s steadiness (0.1, 0.3,
and 0.5). Note that in most cases, the damage to areas immediately ad-
jacent to Florida Bay was not very severe.

servation efforts that might be launched as part of the res-
toration efforts currently being funded for Florida Bay.

Recently, VALIELA et al. (1998) described the recovery that
had taken place in the natural system in New England after
the landfall of Hurricane Bob (1991). They found that al-
though this hurricane caused intense changes to the environ-
ment, the thorough hydrographic initial mixing largely dis-
appeared within two days. Extreme effects on phytoplankton
and macroalgae were no longer evident after a few days.
However, some effects were observed over much longer time-
scales (from one to several years). One important difference
they found in recovery times for terrestrial and aquatic com-

ponents of the environment was in the observed recovery
time. For aquatic systems, the recovery times were mostly
hours to days, while recovery from disturbances to the ter-
restrial regions was from months to decades long. These dif-
ferences in recovery time may also be important in regions
such as Florida Bay where tropical cyclones may provide di-
rect long-term benefits to the bay itself. However, the sur-
rounding land areas might have longer recovery times, which
could adversely affect the health of the bay for several years.
For example, the availability of organic material and storm
damaged flora and fauna entering the bay from the surround-
ing Florida Everglades or Keys may be enhanced.

Florida Bay tropical cyclone surface wind field images are
now archived on HRD’s Web site (www.aoml.noaa.gov/hrd).
Work continues to make gridded surface wind fields available
for import to models and geographical information systems
(GIS) to be used in correlation studies with other geo-refer-
enced fields, such as mangroves, reefs, and turbidity plumes.
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