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ABSTRACT

Two meteorologically-instrumented towers were placed in the paths of Hurricanes Frances and Ivan
(2004) by a faculty member and a group of undergraduate students as part of a pilot project at the
University of Louisiana at Monroe (ULM). The students who participated were able to gain valuable
hands-on research experience. The towers are both 2 m in height, and are compact enough to be
transferred to the coastline in an automobile. Each tower is equipped with meteorological instrumentation
and a datalogger. In a cooperative effort with other universities such as Texas Tech University (TTU) and
Jackson State University, sites were selected with the aim of studying the coastal wind transition zone that
exists landward near the coastline within the onshore flow of landfalling tropical cyclones [1]. All tower
locations were within or in the vicinity of the eyewall at landfall, and turbulence parameters (turbulence
intensities, roughness lengths, and gust factors) were determined in post-storm analysis. Wind speed at
10 m AGL was estimated using roughness lengths in combination with Wieringa’s [2, 3] exposure
adjustment technique. The estimates during Ivan reveal a threshold roughness where the adjustment
technique breaks down. Roughness was also observed to decrease in both storms with progression closer
to the center of circulation. It is hypothesized that the decrease occurs due to changes in atmospheric
stability, rather than a true decrease in roughness. Some visual observations of the destruction associated
with Hurricane Frances are also presented.
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INTRODUCTION

Coastal transition in the boundary layer of landfalling hurricanes is becoming increasingly better
understood as technology advances and mobile field apparatus are being deployed more frequently at
landfall. In order to contribute to these research efforts, a team from The University of Louisiana at
Monroe set up two portable meteorological masts approximately 2 m in height in the paths of Hurricane
Frances and Ivan (2004) as they approached the Florida and Alabama coasts, respectively. Observations
of sustained (1-minute) wind speed and direction, 3 s gust speed, wind speed standard deviation,
barometric pressure, temperature, relative humidity, and rainfall were collected using instruments
sampled at .33 Hz.

* Corresponding Author Address: J. Robert Howard, University of Louisiana at Monroe, Monroe, LA 71209; Tel.:
318-342-1822; e-mail: howard@ulm.edu



Two types of instruments were used in the collection of the wind data: an RM-Young Wind Monitor
brand propeller-vane anemometer and a Met-One Wind Sentry brand 3-cup anemometer and vane. The
data were ingested and stored using a Campbell Scientific CR-10X datalogger. Owing to the projected
course of the storm, sites were scouted out in advance of the hurricane, permission to deploy was obtained
from the owners, and the towers were set up by crews of undergraduates at their respective locations.

DEPLOYMENT AND METHODOLOGY

Exhaustive efforts were made to scout out sites suitable to the research effort. In Frances, the team
coordinated with other groups including research faculty at Jackson State University in Jackson,
Mississippi, faculty and students from Texas Tech University, and the Calhoun County, Mississippi,
Office of Emergency Preparedness. Coordination included exchange of information on the storm as well
as assistance in determining available locations where equipment could be placed. The goal was to
distribute the towers at varying distances from the coastline to assess the magnitude of changes that occur
in both the mean wind and turbulent structure.

Table 1 gives information on the locations of each of the towers in the two storms. For Frances, sites
were selected on September 3 and the towers were deployed on September 4 as Frances slowly advanced
toward the east coast of Florida. Tower 1 was set up on a barrier island between Melbourne Shores and
Floridana Beach across the Indian River from Valkaria, Florida. A significant portion of the coastline
near the tower eroded away due to the wave action associated with Frances. Tower 2 was placed at the
St. Lucie International Airport in Fort Pierce, Florida, in an open area on the west side of the airport. This
location was about 7 km inland from the Atlantic Ocean.

Table 1. Relevant station information

Parameter Tower 1 Tower 2 Tower 1 Tower 2
Town Floridana Beach, FL Ft. Pierce, FL Dauphin Island, AL Mon Louis, AL
Location Public Wildlife St. Lucie Int’l Airport Public Beach Private Land
Refuge
Amount of Data ~72 Hrs, ~55 Hrs. ~38 Hrs. ~28 Hrs.
Quadrants of | Right-Front and Rear | Right-Front and Rear | Left-Front and Rear | Left-Front and Rear
Storm Sampled And Eyewall And Eyewall And Eyewall

As Ivan traversed the central Gulf of Mexico on September 14, locations along the Mississippi and
Alabama coastlines were contacted to gain access to potential sites. The towers were deployed early on
September 15 while Ivan was still well offshore of the Alabama coast. Tower 1 was set up on the
southeast side of Dauphin Island less than 200 m from the Gulf of Mexico. Tower 2 was placed on
private land on the west side of Mobile Bay, near the community of Mon Louis. Ivan made landfall
between Palmetto Beach and Gulf Shores on September 16 as a Category 3 hurricane with maximum
sustained winds estimated at 58 m/s.

Post-storm site characterizations were conducted by the teams to visually document the terrain
immediately surrounding each of the sites. Crude maps were drawn on site and GPS coordinates were
taken at the location of each station. Digital Orthophoto Quarter Quadrangles (DOQQ’s) were also
acquired and serve as an aid in locating variations of terrain upwind of the towers. These aerial
photographs are provided by the US Geological Survey and have 1 m horizontal resolution. Most of the
DOQQ’s used in preparation of this manuscript were taken in 1998. Examples of their usage are
illustrated in Figure 1, where the terrain surrounding the Floridana Beach site is clearly shown.



Figure 1. Aerial photographs of Floridana Beach, FL tower location. Range rings are 0.2m,
0.5 km, 1 km, 2 km, and 5 km, respectively.

The turbulent characteristics associated with each location within each of the storms were developed
from the datasets. The wind speed data were averaged to 10 minutes to provide a suitable averaging time
about which to consider the deviation. The total turbulence intensity (TI) was derived by taking the ratio
of the 3-second standard deviation (c,) about the mean 10-minute averages. From this, roughness length
(zo) was determined using turbulence intensity, assuming the logarithmic wind profile under neutral
stability conditions applies to the data. This technique also assumes that the ratio of o, to the friction

velocity U,is a constant ¢ = 2.5. Previous studies indicate that this may only be true for areas well

downstream of surface roughness changes where equilibrium with a new underlying surface has been
firmly established. In reality, full equilibrium is rarely, if ever, established. The roughness lengths
determined were then used to adjust the wind data to open exposure (z, = 0.03 m) and 10 m height above
the surface. A technique described by Wieringa was employed in the adjustment [2, 3].

The application of the TI method of determining z, may lead to errors in wind speed of as much as
15% when used in conjunction with the Wieringa technique [1]. However, the joint application of the
two techniques on data from Hurricanes Frances and Ivan appears to yield reasonable values in the
majority of cases. Gust factors (the ratio of the peak 3-second gust to the 10-minute mean wind) were
also determined for both storms and results will be presented at the conference.

HURRICANE FRANCES, FLORIDANA BEACH SITE AND RESULTS

Figure 2 gives raw and averaged wind observations taken from the tower near Floridana Beach. A
peak wind gust of 37 m/s was observed during the brunt of the storm. The wind shifted direction
approximately 180° over the course of Frances’ passage, blowing onshore from the northeast on the front
side of the storm and then veering to offshore flow from the south and southwest on the back side. Winds
slackened significantly on the back side of Frances and turbulence increased by up to 500% of its onshore
values (Figure 3). The slower winds were the result of increased roughness of the land surface, which
increased by almost four orders of magnitude with the shift from onshore to parallel-shore and offshore



flow (Figure 4). The coastline is oriented roughly 20° to the right of due north (Figure 1), so effects of
parallel-shore or offshore wind are seen for wind directions greater than 160°, in agreement with Figure 5.
A significant portion of the increased roughness can be attributed to sea grape and mangrove bushes
located upwind of the tower by only a few meters within the offshore flow (Figure 1). This exposure
approaches a closed regime [4]. On the other hand, there appears to be a downward trend in z, with
approach of the height of the storm. Since the tower was located less than 9 m from the shoreline, with
open grassland and a 1.5 m high escarpment above the beach going towards the shore, it is possible that
this decreased roughness emanates from changes in wave structure. Another possibility is that radial
changes in stability or buoyancy from the inner-core produce this effect. This explanation appears more
plausible as the decreased roughness lengths in the inner-core were also noted at the other locations in
both storms.

The results of the adjustment of the Floridana Beach data to standard elevation and exposure are given
in Figure 6. The adjustment resolves peaks in the 2 m wind speed well and yields 10-minute winds
approaching hurricane force (30.5 m/s at 11:10 UTC, 5 September). An adjusted peak wind of 39 m/s
occurs on the back side of the storm at 19:30 UTC with a localized peak in z, of 0.59 m. These and other
localized peaks in roughness lengths may be the result of artificial peaks in turbulence intensity resulting
from abruptly shifting wind directions. This same phenomenon was noted by Schroeder in discussing the
landfall of Hurricane Bonnie [S]. The localized peaks could also be the result of peaks in convective
activity, and future work with this dataset should answer this question.
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Figure 2. Time series of wind information from Floridana Beach, FL for Hurricane Frances.

o

‘7\)i'ind Direction at 2m —— 10-minute Turbulence Imensny‘ ‘7 10-min Wind Speed (m/s) ¢ 10-min Turbulence Intcnsiry‘
270 0.45 30 0.44
240 1 .. Lo .
. B .
25 ﬂ A ot 0.38
210 A t 035 'VVV VLM
2 V“M ooy
2 150 Loz &) | = H\ | ‘ LY =
5 32 @ 20 4 Ww \‘ L. A + 0.32 z
< gl E i .. . g
= 150 025 8 - ’W V Lo K|
2 8 g 15 M‘ . I 026 3
2120 02 § ] UJ“W { B4 3
£ o - A 5
5 I I/ Iy E
R 015 2 z 10 vl S 02 5
= . . . /\q
60 0.1 . . LRI AN i
d 5 e T A""W\M«M»\M 0.14
e PR c s A
i e M e i ne D W
30 t 005 \5-.?"—\."- Wy M’“""ﬁ"-‘-\ﬁ;‘i{ V
o 0 0 T T T T T T T T T T T T 0.08
1800 0:00 6:00 1200 1800 0:00 G600 12:00 1800 0:00 600 12:00 1800 0:00
1800 0:00 600 1200 1800 0:00 600 1200 1800 0:00 600 1200 1800 0:00
Time (UTC) 9 < ; .
Time (UTC) 9/4/04-9/06/04, Floridana Beach, FL Time (UTC) 9/4/04-9/06/04, Floridana Beach, FL.

Figure 3. Time series of Tl and wind information from Floridana Beach, FL in Frances.
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Figure 4. Time series of z, (m) and wind information from Floridana Beach, FL in Frances.
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Figure 5. Roughness length (m) versus wind direction for Floridana Beach, FL in Frances.

Wind Speed Adjustment

— 2 m Wind Speed — 10 m Wind Speed — Roughness Length (m) ‘

40 .
_0 01 @
- &
3 [T il 3
2 20 i JW Xﬁ i ,WW 0.01 é
L L T Lo 2
g Y £
) : Jk;fr W i ‘W'LV Y Looot g

0 0.0001

0:00  6:00 12:00 18:00 0:00 6:00 12:00 1800 0:00 6:00 12:00 18:00 0:00
Time (UTC), 9/4/04-9/06/04, Floridana Beach, FL

Figure 6. Measured (2 m) and exposure and height adjusted (10 m) wind speed and z, (m) time histories
Floridana Beach, FL in Frances.

HURRICANE FRANCES, FORT PIERCE SITE AND RESULTS

Figure 7 shows the area surrounding the Fort Pierce tower to be airport exposure for at least .25 km in
most directions. Since the time when the aerial photographs were taken, the large area of trees located .25
km to the north of the tower was cleared and an approximately 5 m high debris pile took its place. Figure
8 illustrates the passage of the eye and northern eyewall of Frances directly over the tower. A minimum



pressure of 966 mb was recorded at the site and is consistent with the estimated minimum central pressure
at landfall of 960 mb. A peak 2 m gust of 38.5 m/s was observed at 4:17 UTC, 5 September, with a peak
sustained wind of 28.8 m/s at 4:05 UTC in the right-front quadrant of the eyewall. Preliminary
observations of WSR-88D data from Miami, Florida, indicate that a mesovortex embedded in the eyewall
passed near the site. It should be noted that significant damage occurred to hangars and other structures
in the vicinity of the airport. This damage occurred with passage of the eyewall and it is possible that it
was caused by a mesovortex. No conclusive evidence in the tower data supports the passage of a
mesovortex, although it is possible that any signal was smoothed out of the data in the averaging process.
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Figure 7. Aerial photographs of Fort Pierce, FL tower location. Range rings are 0.25 km, 0.5
km, 1 km, 2 km, and 5 km, respectively.
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Figure 8. Gust, wind speed and direction, and barometric pressure time histories from Ft.
Pierce, FL during Frances.

Figure 9 shows the variation in turbulence with passage of the storm. The peak in TI near 8:40 UTC,
4 September, is associated with passage of a gust front on the front side of an outer rainband of Frances.
This TI peak occurred due to an abrupt shift in wind direction which affected the adjustment of winds to
10 m accordingly. A more detailed look at the passage of this intense rainband as well as several other
mesoscale features noted at Fort Pierce will be presented at the conference. Figure 10 shows the variation
in roughness with storm passage. The roughness lengths on average are near open airport exposure



throughout the entire record, with the exception of a few spikes which are likely attributed to shifting
wind directions creating artificial peaks in TI. The 0.25 m peak in z, occurring near 19:30 UTC, 5
September, may have been associated with a passage of the flow over a 4 m hill located at 140°, 67 m
from the tower. In the aerial photos in Figure 7, the hill appears as a small wooded area. There were no
trees or shrubs present on the hill during the time of Frances’ landfall. Given the azimuth of the hill with
respect to the tower, it is rather surprising to see a peak in roughness lengths occurring at 180° - 190° in
Figure 11. Open grassland is located to the south of the tower location by nearly 0.5 km (Figure 7). The
peak in z, around 30° is likely associated with artificially-peaked TI’s and also with a large hangar located
110 m upwind of the tower in that direction.
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Figure 11. Roughness length (m) versus wind direction for Fort Pierce, FL in Frances.



The 10-minute winds adjusted to 10 m and open exposure are presented in Figure 12. The adjustment
technique once again resolves the wind structure well, yielding a maximum 10 m wind in the right-front
quadrant of the eyewall of 33 m/s occurring at 4:00 UTC, 5 September. The large peak at 8:40 UTC,
September 5, occurs due to the use of TI in the adjustment technique.
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Figure 12. Measured (2 m) and exposure and height adjusted (10 m) wind speed time histories at Fort
Pierce, FL in Frances.

HURRICANE IVAN, DAUPHIN ISLAND SITE AND RESULTS

The tower placed on Dauphin Island was set up atop a 12 m high sand dune as Ivan was projected to
pass near or just to the west of the island and bring a storm surge that would over wash most areas. Ivan
made landfall to the east of Dauphin Island. Figure 13 illustrates nearly open shallow water exposure in
the southern semicircle surrounding the tower, and closed exposure associated with forested areas and the
town of Dauphin Island to the north and northeast. Throughout Ivan’s passage the equipment sampled
offshore and along-shore winds concomitant with the left side of the storm. The full wind and barometric
pressure histories are given in Figure 14, illustrating passage of the eye and extreme northwest eyewall.
Radar imagery showed that Ivan entrained dry air into its core prior to reaching the Alabama coast,
thereby weakening or nearly dissipating the western semicircle of the eyewall. The peak gust and
sustained associated with Ivan at Dauphin Island were 25.3 m/s and 19.2 m/s, respectively, both occurring
on the backside of the storm where the flow had shifted parallel to the shore. The minimum pressure
recorded was 953.9 hPa, consistent with the 943 hPa minimum central pressure estimate from the
National Hurricane Center at the time of landfall and the 952.7 hPa minimum reading from the Coastal
Marine Automated Network station DPIA1, located less than 4 km to the east.

The primary reason for lower wind speeds recorded at the Dauphin Island site was the pine forest
located 10 m to the north of the tower, with tree tops rising above the elevation of the anemometer on the
mast. A comparison of the 10-minute wind records from the ULM tower and the DPIA1 station, which
had anemometers approximately at the same elevation above sea level, indicates an over 20 m/s
difference between the traces on the front side of the eyewall and over a 25 m/s difference on the back
side (Figure 15). The large difference is entirely due to the differences in terrain upwind of each of the
towers. The C-MAN station is located on a pier on the east end of the island, and thus experienced flow
over shallow water throughout the passage of Ivan. Once the flow backed around to the west (Figure 14)
and became parallel-shore (9:00 UTC, 16 September), the records fall into excellent agreement.
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Figure 13. Aerial photographs of Dauphin Island, AL tower location (red) and DPIAL C-MAN (blue).
Range rings are 0.25 km, 0.5 km, 1 km, 2 km, and 5 km, respectively.
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Figure 16 illustrates the large range of TI values determined from the tower records over the course of
the storm. As expected, TI’s are rather large on the front side of the storm due to the close proximity of
the pine forest to the north. There is a fairly rapid decrease in TI and simultaneous increase in mean wind
speed as the wind shifts to westerly around 9:00 UTC, 16 September. Figure 17 shows the resulting z,
progression and a nearly two order-of-magnitude decrease in roughness lengths with the wind shift.
Roughness lengths fell to values indicative of open exposure with the shift to parallel-shore flow. Figures
18 and 13 illustrate that the derived z, values are well-correlated with terrain. Figure 19 gives a time
history of the 10-minute averaged raw and 10 m-adjusted wind speeds along with roughness lengths used
in the adjustment. The adjusted wind speeds on the rear side of the storm appear to be reasonable, while
those on the front side appear extreme in some instances (see 8:00 UTC, September 15, and 7:30 UTC,
September 16, for examples). Figure 20 illustrates that once TI-determined roughness lengths become
greater than ~1.6 m, the adjusted wind speeds rapidly increase to unrealistic values and the technique
breaks down. The high wind speed values are not a product of the particular location and this rule
appears to hold for any location where upwind terrain causes TI-derived roughness lengths to reach this
threshold. This conclusion is supported by the data collected from Mon Louis, Alabama, and is discussed
in the next section.
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Figure 16. Time series of Tl and wind information from Dauphin Island, AL in Ivan.
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Figure 17. Time series of z, (m) and wind information from Dauphin Island, AL in Ivan.
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Roughness Length (m) vs. Wind Direction, Dauphin Island, AL
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Figure 19. Measured (2 m) and exposure and height adjusted (10 m) wind speed and z, (m) time histories
for Dauphin Island, AL in lvan.
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Figure 20. Exposure and height adjusted (10 m) wind speed versus z, (m) for Dauphin Island, AL in Ivan.

HURRICANE IVAN, MON LOUIS SITE AND RESULTS

The terrain surrounding the Mon Louis site can be classed as closed exposure in the western semicircle
and open shallow-water exposure to the east from Mobile Bay (Figure 21). The tower was located in a
grassy area roughly 3 m from a 10 m high escarpment running roughly north to south, marking the edge
of the bay. There were houses within 30 m to the west and southwest (not shown in Figure 21) of the
tower and trees within 20 m between 270° and 360°. The gust and wind records from the site are given in
Figure 32, showing a peak gust of 32.9 m/s and a maximum sustained wind of 26.6 m/s, both occurring at



5:22 UTC, 16 September, in the weakened northwest eyewall. There is a dramatic decrease in mean and
gust speeds around 7:00 UTC, 16 September, as the wind shifts from directions over the bay to offshore
flow from Mon Louis Island. This decrease is accounted for when viewing the TI-derived roughness
lengths, and had little to do with differences in storm structure on the front and back sides of Ivan.

e 1.
0 4528225 5 Kilometers : 05 Kilometers

s | g -4 Fely il
[E = |

Figure 21. Aerial photographs of the Mon Louis, AL tower location. Range rings are 0.25 km, 0.5 km, 1
km, 2 km, and 5 km, respectively.

Hurricane Ivan
2 m Wind Information

Wind Speed (m/s)
=
SRR

I :i:':A:

. -4
e R
283535
rection (degr

: : : : : : : i dalc A
12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00
Time (UTC), 9/15/04-9/16/04, Mon Louis, AL

— 1-min Wind Speed (m/s) ~ — 10-min Wind Speed (m/s)
Peak 3-sec Wind Gust (m/s) + Wind Direction (degrees)

Figure 22. Time histories of wind information at Mon Louis, Alabama from Ivan.

Time series of TI are given with wind speed and direction in Figure 23, illustrating an almost 500%
increase in TI on the offshore flow side of the storm. These TI’s equated to over two order of magnitude
increases in roughness length after 6:00 UTC, 16 September (Figure 24). Roughness lengths gradually
decrease by nearly one order of magnitude as Ivan approaches from the south-southeast. This decrease
may be related once again to stability influences not accounted for by assuming neutral stratification to
determine roughness length. Figure 25 again shows dramatic differences in roughness length for over-
water flows versus over-land flows and the transition region in between the two regimes. The adjustment
technique to 10 m and open exposure is applied to the Mon Louis data in Figure 26. The technique works
well until 8:20 UTC, 16 September, when the adjusted wind speeds approach extreme values and



eventually become negative (not shown). As illustrated in Figure 27, this appears to be caused by the TI-
determined roughness length values exceeding the threshold value of 1.6 m. Preliminary work is
underway to determine why z, = 1.6 m is a critical value for the Wieringa adjustment technique using TI-

derived roughness lengths [2, 3].
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Figure 24. Time series of z, (m) and wind information from Mon Louis, AL in Ivan.

Figure 25. Roughness length (m) versus wind direction for Mon Louis, AL in Ivan.
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Figure 26. Measured (2 m) and exposure and height adjusted (10 m) wind speed and z, (m) time histories
for Mon Louis, AL in Ivan.
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Figure 27. Exposure and height adjusted (10 m) wind speed versus z, (m) for Mon Louis, AL in lvan.

VISUAL OBSERVATIONS

Visual observations were made prior to and during landfall to document and observe storm surge and
wind damage from the approaching hurricanes. At 18:00 UTC, September 5, several members of the
crew chose to first set up to investigate Frances along the barrier island east of Fort Pierce, FL. The group
transected along Seaway Drive, which provided direct access to the Fort Pierce Inlet and Atlantic Ocean.
By 19:00 UTC, significant waves and a gradual increase in water height were observed over the barrier
island. Power lines, road signs, and other elevated weak structures were beginning to fail. Between 20:00
— 22:00 UTC, structural damage was heightened. A mobile home park along the Fort Pierce Inlet
sustained the heaviest damage, with large structural debris airborne throughout the park (Figure 28). A
seafood restaurant along the inlet suffered intense damage from winds and gradual storm surge. The
structure eventually collapsed and was blown horizontally across Seaway Drive. A small park and other
residential buildings along South Ocean Drive next to the Atlantic Ocean suffered heavy wind and storm
surge damage near 22:00 UTC.

As storm surge and airborne debris threats continued to rise, the team opted for a more secure location
along the mainland next to the bay. The crew set up at the Indian River Memorial Park along the bay at
22:00 UTC (Figure 29). Less damage was noted compared to the previous location along the Atlantic
Ocean. Still, minor wind damage to signs, power lines, and shingles occurred. Wave action eventually
damaged some boats in the marina near the Park. With nightfall approaching, the group opted to move
inland to Sebring, Florida.



Figure 28. Significant damage to a mobile home park along the Fort Pierce Inlet at 21:00 UTC, 5
September.

©2004 Scor Blair

Figure 29. Hurricane force gusts batter the Indian River Memorial Park along the bay at 22:00 UTC.

A more limited amount of visual observations were available in Ivan since it made landfall at night.
Mon Louis, Alabama, experienced heavy wave action from Mobile Bay by 22:30 UTC, 15 September.
Land erosion was noted with minor vegetative damage during this period. With nightfall approaching, the
group shifted to Tillmans Corner, Alabama by 23:00 UTC. By 03:00 UTC, 16 September, power flashes
were common across the region. Winds were steady, but were low enough to result in only minor damage.
Power was eventually cut by midnight across a large portion of the region, further handicapping visual
observations.

CONCLUSIONS AND FUTURE WORK

Data collection in hurricanes using portable field equipment provides a good opportunity for students
to be introduced to all aspects of field research. For coastal locations just outside of the eyewall of
Frances, wind gusts approached values recorded at a station located several kilometers inland within the
eyewall. Using data from Hurricane Ivan, a threshold of maximum roughness length for which the TI
method applied to the Wieringa exposure and height adjustment technique is no longer valid was
established to be 1.6 m. This threshold appears to be independent of site so long as the location has
significantly rough terrain. In the future, it is hoped that the exact cause of the breakdown in the
technique can be ascertained.

Roughness lengths were shown to decrease radially inward toward the eyes of both Ivan and Frances.
It is thought that the decrease in roughness could be related to deviations of the wind profile from
logarithmic due to changes in stability or buoyancy from the outer to the inner parts of a hurricane. The
origins of this decrease will be the subject of future work.
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