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ABSTRACT

Hurricane Hugo struck Charleston, South Carolina, on 22 September 1989 as the most intense hurricane to
affect the United States since Camille in 1969. The northeastern eyewall, which contained the maximum winds
measured by reconnaissance aircraft shortly before landfall, moved inland over a relatively unpopulated area
and there were few fatalities. However, no observations were available to document the surface wind distribution
in this part of the storm as it continued inland.

To improve specification of surface winds in Hugo, empirically adjusted aircraft winds were combined with
coastal, offshore, and inland surface observations and were input to the Qoyama objective analysis algorithm.
The wind analysis at landfall was then compared with subsequent analyses at 3 and 6 h after landfall. Recon-
struction of the surface wind field at landfall suggests that the maximum ( ~ 13 min mean) surface wind at the
coast was 50 m s~! in the Bulls Bay region, ~40 km northeast of Charleston. Surface roughness over land
caused wind speeds to drop off rapidly just inland of the coast to only 50% of values measured by reconnaissance
aircraft at the same location relative to the storm over water. Despite relatively rapid increases in the central
sea-level pressure and decreases in the mean circulation as Hugo progressed inland, hurricane-force wind gusts
extended Hugo’s damage pattern well past Charlotte, North Carolina, ~330 km inland.

Accurate determination of surface wind distribution in land-falling hurricanes is dependent upon the spatial
density and quality of surface wind measurements and techniques to adjust reconnaissance flight-level winds
to the surface. Improvements should allow forecasters to prepare more-accurate warnings and advisories and
allow more-thorough documentation of poststorm effects. Empirical adjustments to reconnaissance aircraft
measurements may replace surface data voids if the vertical profile of the horizontal wind is known. Expanded
use of the airborne stepped-frequency microwave radiometer for remote sensing of ocean surface winds could
fill data voids without relying upon empirical methods or models. A larger network of offshore, coastal, and
inland surface platforms at standard (10-m) elevations with improved sampling strategies is envisioned for
better resolution of hurricane wind fields. A rapid-response automatic station network, deployed at prearranged
coastal locations by local universities with meteorology and/or wind engineering programs, could further sup-
plement the fixed platform network and avoid the logistical problems posed by sending outside teams into
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threatened areas.

1. Imtroduction

When a hurricane warning is issued, preparations
are initiated over an average of 550 km of coastline.
These preparations have been estimated (Sheets 1990)
to average $50 million per episode. The size of the
warning area is dictated by: 1) uncertainty in the track
and intensity forecast; 2) evacuation lead time for the
threatened area; and 3 ) uncertainty in the surface wind
distribution.

We do not know which factor is the most important
determinant of the size of the hurricane warning area.
Track forecast accuracy has gradually improved ~0.5%
per year over the past 35 years (Sheets 1990) and has
potential for more rapid improvements. Unfortunately,
environmentally fragile coastal areas continue to be
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overdeveloped and are very popular for recreation. As
a result, long evacuation lead times may be needed.
According to the National Plan for Tropical Cyclone
Research (OFCM 1990), the most pressing forecast
and warning problem after track prediction is the spec-
ification of the surface wind distribution. The maxi-
mum sustained surface wind speed and the extent of
hurricane- and tropical-storm-force winds at the surface
are based upon reconnaissance aircraft measurements,
rare surface observations from ships, or buoys and
pressure /wind relationships. The National Hurricane
Center (NHC) has only limited capability for incor-
porating the various available surface and flight-level
observations into an analysis with a scale suitable for
issuing advisories.

Recent improvements in objective analysis, airborne
remote sensing of surface winds, and future surface
observation networks have made it possible to devise
an analysis system capable of synthesizing surface data
from many types of platforms. This paper is a by-prod-
uct of initial efforts toward devising such a system.
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Hurricane Hugo, the most destructive storm to make
landfall since Camille in 1969, presented an opportu-
nity to incorporate the Ooyama (1987) objective anal-
ysis algorithm into a surface wind analysis system. As
analyses proceeded, we became aware of the potential
application of the technique to real-time monitoring
of the surface wind distribution for use in advisories
and for determination of warning areas.

By 1800 UTC on 19 September 1989, Hurricane
Hugo had weakened considerably from its passage over
northeast Puerto Rico to a minimum sea-level central
pressure (MSLP) of 966 mb and maximum sustained
(1-min average) surface winds ( Vuss) estimated at 46
m s~'. A gradual strengthening occurred as Hugo ap-
proached South Carolina over the next 48 h to MSLP
0f 944 mb and Vyss of ~54 m s™!. During this period,
Hugo’s motion was influenced by two major synoptic
flow features. As discussed by Case and Mayfield
(1990) and indicated in Fig. 1, a cutoff low over the
Florida Panhandle and the subtropical Atlantic ridge
. centered near Bermuda provided a deep layer of south-
easterly flow that influenced the motion of the storm.
An approaching midlatitude trough over the Rockies
(mlt in Fig. 1) affected the acceleration of Hugo 24 h
later. At 1800 UTC on 21 September, 10 h before
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landfall, Hugo began a period of rapid intensification
to an MSLP of 934 mb and Vs estimated at 60.5
m s~' by NHC. This intensification was consistent with
a weakened environmental wind shear (personal com-
munication, Mark DeMaria and Sim Aberson 1989)
and passage over the Gulf Stream (Powell and Black
1990a). The detailed track of Hurricane Hugo’s wind
center, based upon aircraft fixes before landfall and
surface wind observations after landfall, is shown in
Fig. 2.

2. The wind field at flight level before landfall

When a well-established hurricane such as Hugo ap-
proaches land, ship data are usually only available on
the storm periphery and, although helpful, the moored
buoy network is of insufficient density to resolve the
surface wind field. Often, the only direct measurements
of hurricane wind distribution come from reconnais-
sance aircraft operated by the U.S. Air Force or NOAA
at flight altitudes ranging from 500-3000 m, depending
upon storm intensity. Since most of our current
knowledge of hurricane wind fields is a result of analysis
of flight-level observations from research or recon-
naissance aircraft, we preface discussion of the surface
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F1G. 1. Deep-layer mean flow analysis for 0000 UTC on 21 September 1989 showing three major synoptic-scale features that influenced
Hugo’s storm track; the midlatitude trough (mlt), the cutoff low (low), and the subtropical ridge (str). (Courtesy of Sim Aberson and Mark

DeMaria, HRD.)
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FIG. 2. Detailed track of Hugo’s wind center. Surface observation sites are indicated by NWS, FAA, or NDBC call letters.
Airborne Doppler radar wind profile locations are indicated by A (0120 UTC), B (0110 UTC), and C (0330 UTC).

wind distribution at landfall with a description of the
wind field at flight level.

Before and during landfall, NHC relies on recon-
naissance aircraft to report observations of the location,
strength, and intensity of the storm. These data are
transmitted to NHC in real time in the form of “vortex
messages,” which also supply the maximum wind speed
observed during a particular transit through the storm.
These values, shown plotted in Fig. 3, influence the
estimated Vyss mentioned in the public advisories.

NOAA and most U.S. Air Force reconnaissance aircraft
are also capable of sending high-resolution wind and
thermodynamic data via aircraft-satellite data links
(ASDL). Thus, NHC is provided with high-quality data
at typical reconnaissance altitudes of 1.5-3 km. Because
of safety considerations, Hugo was monitored at the
3.6-km level by a NOAA P-3 research aircraft for 6 h
before landfall. The data collected by the aircraft consist
of 1-min means sampled at a 1-min rate and provide
the highest spatial and temporal resolution available
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FIG. 3. Time (UTC) series of minimum central sea-level pressure ( Pyn), maximum flight-level wind speeds reported by NOAA (N) or

U.S. Air Force (A) reconnaissance aircraft, maximum sustained surface wind estimates from the public advisories (solid line), and the
24-h forecast of this quantity (dashed line) verifying at the time labeled on the abscissa. Peak sustained (L) and gust (G) wind speeds

measured at landfall are also shown.
window of an analysis were transformed to a position

for determining the wind field. Since these data are

used to supplement the surface observations in data- relative to the storm center. The advantages of com-
poor regions, it is important to know the horizontal positing data in a storm-relative system are discussed
and vertical wind distribution at typical reconnaissance in Powell (1982, 1987). After transformation to the
flight levels, storm-relative coordinates, the input data were sup-
plemented by the addition of locations in a 12.5-km

: radial and 15° azimuthal grid. Data were interpolated

a. Method and analysis through a Barnes scan analysis. The basic wind analysis

In the storm-relative coordinate system chosen for method is a mechanical interpolation technique (Oo-

the analyses, all observation locations over the time yama 1987), which uses a two-dimensional (2D) least-
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squares fitting algorithm with a derivative constraint
term. This acts as a low-pass filter on the analyzed field.
Observational noise may be removed by the filter while
features of the scale resolved by the data are retained.
As implemented by Lord and Franklin (1987), the
wind field is represented continuously throughout the
analysis domain as a bilinear combination of basis
functions (local cubic splines). These functions are
twice-differentiable, allowing calculations of derived
quantities without finite differencing.

Both flight-level and surface winds were analyzed
on a 444-km X 444-km domain centered on the storm.
A filter wavelength of 40 km was chosen to allow res-
olution of mesoscale wind features (eyewall and rain-
band wind maxima). This filter choice removes ob-
servational noise associated with exposure and sam-
pling differences, including wind features that are too
small (e.g., turbulent and convective gusts and lulls)
to be adequately resolved by the observations. Analysis
quality is monitored through deviation plots (between
the input observations and the analysis) and divergence
analyses.

Analysis of the NOAA aircraft wind measurements
sent over the ASDL system from 2200-0400 UTC on
21-22 September in a storm-relative coordinate system
is shown in Fig. 4. The coastline has been superimposed
for the time of landfall. Note that the maximum winds
observed by the aircraft were above the Bulls Bay area,
~40 km northeast of Charleston. The reflectivity dis-
tribution (Fig. 5), as measured by the LF (lower fu-
selage) radar aboard the P-3 shortly before landfall,
indicates that the maximum winds were associated with
the eyewall. Within the 65-m s~ contour were the
maximum measured winds of 71.5 m s™!, which were
not quite resolved by the chosen filtering wavelength.
Strong winds > 35 m s ™! extend far to the north and
east of the center, but weakened rapidly with radial
distance on the south and west sides. This asymmetry
was consistent with the storm motion of 12 m s™! to-
ward the northwest and a southeasterly background
flow associated with the subtropical ridge (str in Fig.
1). These features would tend to reinforce flow on the
northeast side of the storm and weaken flow on the
southwest side.

b. Vertical profile of the horizontal wind

Accurate estimation of surface wind speeds from re-
connaissance flight-level wind measurements requires
assessment of the level of maximum wind speed. Very
little is known about the variability of the maximum
wind level in the vertical profile of horizontal winds in
hurricanes. Occasional rawindsonde information over
land, multiaircraft research experiments, and recent
airborne Doppler radar data collected over water by
HRD suggest that a hurricane’s maximum winds are
usually found between 500 and 2000 m. The profile
shape and height of the wind maximum may be de-
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FIG. 4. Streamline and isotach objective analysis of NOAA aircraft
winds measured at 3.6 km from 2200 UTC on 21 September to 0400
UTC on 22 September 1989 in a storm-relative coordinate system.
Geography is indicated corresponding to storm position at 0400 UTC
on 22 September 1989. Wind speeds are in m s~

pendent upon radius and quadrant and may also vary
with proximity to land and convective rainbands.
Examples of horizontal wind profiles over land and
water for Hurricane Hugo are shown in Fig. 6. The
0000 UTC rawinsonde launch from Charleston (CHS)
was made when Hugo was only 170 km offshore, about
4 h before landfall. In this case, land friction has de-
creased winds near the surface, producing very strong
wind shear from the surface to the maximum wind
level of 2 km. Additional profiles in Fig. 6 were con-
structed from airborne Doppler radar wind measure-
ments collected during near-orthogonal flight legs at
0120, 0110, and 0330 UTC for locations indicated as
A, B, and C, respectively, in Fig. 2. Doppler radial ve-
locity data were analyzed by the “pseudo dual-Dopp-
ler” technique (Jorgensen et al. 1983) over 10-km
X 10-km analysis boxes and mean winds were com-
puted for each horizontal level every 500 m in the ver-
tical from 0.5 to 12.5 km. Unfortunately, the relatively
high altitude of the aircraft (3.6 km) was such that the
sampling volume of the beam was rather broad (300-
600-m vertical depth of beam) at low levels, so detailed
boundary layer wind structure could not be resolved.
Profiles A and B were on each side of Charleston.
Profile A was ~28 km offshore from Edisto Beach at
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FI1G. 5. Storm-relative composite of NOAA P-3 lower fuselage radar reflectivity distribution from 0305-0340 UTC
for 22 September 1989. Geography is positioned for 0400 UTC according to wind center track from Fig. 1.

2 h 40 min before landfall, and B was ~35 km offshore
from Bulls Bay at 2 h 50 min before landfall. Both A
and B were in stratiform rain areas on the outer side
(side farthest from the eye) of the first prominent rain-
band outside the eyewall. Wind maxima for A and B
are at 1500 and 500 m, respectively. Because of broad
Doppler radar beam volumes, there is insufficient res-
olution to show the decrease in wind speed as the sur-
face is approached. Neither profile shows the strong
shear pattern indicated over land. The decrease of wind
speed with height above 1.5 km is consistent with
weakening of the horizontal pressure gradient with
height, typical of warm-core cyclones.

Profile C was measured in the southeast quadrant
of the eyewall shortly before landfall, while the north-
west quadrant of the eyewall was crossing the coast at
Folly Island. This profile indicates maximum winds at
1 km with very little shear through the 8-km level.
Multiple-level aircraft observations in other hurricanes
(e.g., Jorgensen 1984) have indicated considerable
shear with an outward tilt of the maximum eyewall

winds on the inner side of the eyewall radar reflectivity
maximum. Such a tilt could show a low-level maxi-
mum at an inner radius and an upper-level maximum
at a larger radius. Outward tilt was not obvious in the
Hugo Doppler analysis. The lack of shear in Hugo’s
eyewall may have been caused by the vertical transfer
of horizontal momentum by intense convection.
Hourly surface observations (0000-0300 UTC) at the
Folly Island Coastal Marine Automated Network
(CMAN) station (FBIS1 ) are included as filled triangles
in Fig. 8 for comparison. These observations were made
in partial over-water flow in a storm-relative location
between profiles A and B. The coastal boundary layer
vertical shear may be estimated by connecting profile
A with surface point O or 1 (3 X 1072s7!), connecting
B with 2 (4 X 1072 s7!), and connecting C with 3 (3
X 1072s71).

The above profiles illustrate a common data inter-
pretation problem facing hurricane forecasters in a po-
tential landfall situation; that is, the strongest winds in
the hurricane may not be sampled by the reconnais-
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Hugo Windspeed Profiles
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FIG. 6. Vertical profiles of the horizontal wind. The 0000 UTC on 22 September 1989 rawinsonde launch at Charleston, South Carolina,
is at far left. Airborne Doppler radar analysis box profiles are designated as: A at 0120 UTC; B at 0110 UTC; and C at 0330 UTC in locations
shown in Fig. 1. Triangles indicate surface wind measurements from FBISI at 0000 (0), 0100 (01), 0200 (02), and 0300 (03) UTC.

sance aircraft. Remote measurements by stepped fre-
quency microwave radiometer (SFMR) (Black and
Swift 1984) have a good chance of solving this problem,
but only one instrument is currently installed on a
NOAA aircraft. If the aircraft is near the maximum
wind level and at <1500 m, marine planetary boundary
layer (PBL) models may be used to determine a rea-
sonable estimate of the surface wind speed (Powell
1980). If the aircraft is above these levels, as it was in
Hugo, surface winds can be estimated from empirical
relationships (Powell and Black 1990b). Much further
analysis of wind profiles is required to determine how
the vertical profile of the horizontal wind varies with
radius, quadrant, and proximity to rainbands and land.

3. Comparisons of flight-level and surface wind mea-
suremernts

As shown in Fig. 2, there were no observing sites in
the region where the aircraft had measured maximum
winds between the North Charleston Navy Yard

(NYD) and Myrtle Beach Air Force Base (MYR).
Lack of surface data in this region prevented obser-
vation of maximum winds in the southwest end of Bulls
Bay. This area experienced the northeast eyewall of the
hurricane, as shown in the radar display in Fig. 5. Be-
low, we discuss how comparisons of aircraft and surface
measurements were used to adjust aircraft observations
to the surface and fill in data-sparse portions of the
landfall wind analysis.

Until surface wind speed can be measured remotely
by all reconnaissance aircraft, we must be able to es-
timate the Vyss from aircraft measurements above the
surface. Powell and Black (1990b) sought to estimate
Vuss from flight-level measurements by comparing
aircraft and surface winds to obtain empirical adjust-
ment ratios. They compared NOAA aircraft winds
(30 s mean), V4, with surface winds, Vg, measured
over water by moored NOAA data buoys in the Atlantic
and Gulf of Mexico for hurricanes from 1975-1987.
Characteristics of the buoy platforms are described by
Gilhousen (1987). Least-squares fits of Vy versus Vs
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TABLE 1. Comparisons of surface platform-measured and aircraft-measured wind speeds (m s™")
in Hurricane Hugo on 22 September 1989.
Aircraft Surface
time platform R Vs Va | 2%
(UTC) time (UTC) (km) ms! ms™! ms™! Vsl Va Veo/Va G At Ar
Overland comparisons
0019 FBIS1 0059 108 22.2 357 26.8 .62 5 1.21 —.67 6.2
0157 FBIS1 0159 57 27.6 48.5 35.2 .57 73 1.27 -.03 16.2
0018 NYD 0115 114 11.3 35.5 21.1 32 .59 1.87 -.95 1.5
0114 NYD 0145 92 13.5 39.1 234 34 .60 1.73 -.52 6.0
0113 NYD 0200 87 154 40.9 28.0 .38 .68 1.82 -.70 40
0156 NYD 0300 50 20.3 49.7 34.6 41 .70 1.70 -1.06 1.0
0157 NYD 0245 54 19.6 29.0 34.6 40 71 1.76 -.80 9.0
0329 NYD 0500 29 34.6 45.5 48.8 .76 1.07 1.41 —1.50 5.0
0330 NYD 0515 37 323 423 52.1 .76 1.23 1.61 —-1.75 2.0
0018 CUS 0040 121 15.1 36.5 19.1 41 .52 1.26 -.36 16.0
0019 CUS 0100 113 16.3 35.8 21.6 45 .60 1.33 -.70 3.0
0114 CUS 0140 88 19.4 39.2 24.7 .50 .63 1.27 -43 0.5
0157 CUS 0240 51 22.0 49.0 32.9 45 .67 1.49 =72 2.0
0330 CUS 0500 36 26.7 42.3 35.1 63 83 1.31 —1.50 0.5
0157 CHS 0315 48 20.2 49.0 27.8 .41 .57 1.37 -1.30 2.0
0327 CHS 0515 30 25.0 48.1 41.8 52 .87 1.67 —1.80 40
0331 CHS 0530 44 22.3 414 27.8 .54 67 1.25 -2.00 1.0
0004 MYR 0115 192 14.7 37.3 25.1 39 .67 1.71 -1.20 1.0
Comparisons with marine observations
0030 SVLS10059 138 21.7 22.0 274 99 1.25 1.26 —.48 2.3
0042 SVLS10159 116 21.8 18.0 26.5 1.21 1.47 1.22 —1.28 1.1
2357* FPSN72235 245 23.3 389 — .60 —_ — 1.36 1.0
2355* FPSN72245 244 23.1 39.0 — .59 — — 1.17 3.7
2354* FPSN72255 238 23.8 41.0 — .58 —_ — 98 1.8
2353* FPSN72305 230 234 335 — .70 — —_ .70 119
2356 FPSN72259 251 25.0 38.5 30.8 .65 .80 1.23 .65 4.6

R = radial distance from storm center, Vs = overland wind speed, V, = flight-level wind speed, Vs = surface wind gust, G = gust factor,

At = aircraft time — surface ob time, Ar = radial separation.
* From consecutive 10-min average.

showed high correlation with slopes (ratio Vg/Va)
varying from 0.6 in stable surface layer conditions to
0.8 in unstable conditions, with a 0.15 standard devia-
tion. Typical gusts (5-8 s average) measured by the
buoys were 30% higher than Vg. Hence, a Vg of 35 m
s~ would likely contain a peak gust of 45 ms™!,

In Hugo, the aircraft and surface platforms were
compared in a storm-relative coordinate system. Com-
parisons (Table 1) were made only when radial sepa-
rations were <15 km and time separations were <2 h.
Over land, there were 18 comparisons from 5 plat-
forms, which included 8 comparisons near the eyewall
(between 30 and 50 km from the center). Over water,
there were only six comparisons from two platforms.
Platform locations are indicated by a 3-letter code
(overland ) or a 4-5 letter code for coastal and offshore
stations in Fig. 2. Table 2 lists platform averaging times
and anemometer heights.

Overland comparison locations include the FBIS1
and the NWS anemometer at the Charleston Customs
House (CUS). Upwind fetches at these sites were par-
tially over water before landfall. Other sites included

NYD, CHS, and MYR, which are all assumed to have
open exposures. Overwater comparisons that fit the
time and space criteria could be made only for the

TABLE 2. Surface platform observation characteristics.

Anemometer  Averaging
Platform height (m)  period (min)  Exposures

Folly Island CMAN

(FBIS1) 10.0 2 Land, water
North Charleston

Navy Yard (NYD) 36.0 15 Land
Charleston Customs

House (CUS) 7.6 1 Land, water
Charleston NWS

Airport (CHS) 6.7 10 Open land
Myrtle Beach AFB

(MYR) 4.6 15 Open land
Savannah CMAN

(SVSL1) 32.6 2 Water
Frying Pan Shoals

CMAN (FPSN7) 43.5 2,10 Water
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Savannah (SVLS1) and Frying Pan Shoals (FPSN7)
CMAN stations.

All comparisons of overland surface observations
near the eyewall were <5 km from the aircraft in storm-
relative coordinates. The surface winds were 56% of
the mean flight-level wind on the average, and the peak
surface gusts averaged 82% of the mean flight-level
winds. Including noneyewall comparisons, the average
was 49%, with peak gusts averaging 72% of the flight-
level mean. The gust factor (ratio of the surface gust
to the mean wind over the sampling period) for the
overland sites in Table 1 averaged 1.5. Comparisons
during the landfalls of Hurricanes Frederic (1979) and
Alicia (1983) on the Gulf of Mexico coastline (Powell
1982, 1987) are summarized in Table 3. The ratio of
surface to aircraft mean winds (Vs/V,) in Frederic
and Alicia was about 60% as compared with 49% in
Hugo, and peak gusts in these storms were a larger
percentage of the mean flight-level winds. The com-
parison sets for Frederic and Alicia comprised a limited
amount of data that had less-stringent criteria than
those used above. However, a Student’s # test (Panofsky
and Brier 1965) of the null hypothesis that the Vs/ V,
ratio samples in Frederic or Alicia were from the same
population as the Hugo ratios was rejected at the 5%
significance level. The significantly smaller ratios in
Hugo are consistent with the influence of more dense-
terrain roughness features (large areas of forest) than
were evident in the other storms.

Over water, the comparisons with SVLS1 are very
unusual, showing surface measurements greater than
the aircraft despite offshore flow. A reason for high
ratios at SVLS1 might be mixing of stronger (than
flight-level ) winds from near the 500-1800-m height
because of unstable stratification (cool air over warm
water). At FPSN7, no sea surface temperatures were
available, but cooler temperatures were suggested by a
poststorm analysis (Powell and Black 1990a). The ra-
tios here, which were only 60%~-65% of flight-level val-
ues, are consistent with more-stable boundary layer
stratification.

4. Determination of the surface wind distribution at
landfall

The actual maximum sustained surface winds ex-
perienced at landfall are unknown, since no surface
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wind measurements were available in the part of the
storm where reconnaissance aircraft had measured
peak wind speeds just before landfall. Based upon the
information available from the reconnaissance aircraft
and other methods (Sheets 1990), advisories issued by
NHC estimated Vyss of 60.5 m s™! (85% of the max-
imum Vg ). The highest Vyss actually measured was
39 m s~! at the NWS automatic station at CUS. The
highest ( 1-s) gust in Hugo was 61.4 m s™', measured
at NYD.

Unfortunately, surface observing sites were not op-
timally positioned for recording the region of peak
winds in the northeast part of the eyewall. Hurricane
chase teams documented eyewall and rainband reflec-
tivity structure for several hours with portable radar
recorders that were operated at the NWS WSR-57 radar
sites at Charleston, South Carolina, and Wilmington,
North Carolina. The evolution of the precipitation field
during landfall is shown in the sequence of sweeps from
the Charleston radar in Fig. 7. Although there was some
ground clutter contamination in the Charleston radar
data, it is clear that the eyewall affected an area about
100 km wide, with some indication that the eye de-
creased in diameter from 55 km offshore to 45 km
after landfall. The eyewall appeared to thicken at land-
fall; this change was probably caused by enhanced fric-
tional inflow over land, which allowed precipitation
particles to be advected closer to the storm center.

a. Surface wind measurements in Hugo

At landfall, power outages, damaged sensors, com-
munication problems, and infrequent interrogation
methods usually prevent forecasters from assessing the
surface wind field in real time. With implementation
of an objective analysis technique and adoption of the
recommendations mentioned in the conclusions and
appendix, near-real-time analyses combining aircraft-
adjusted, land surface, and oceanic platforms could
become a standard product available to forecasters. If
observations are composited relative to the storm center
over a period of several hours when the intensity change
is minimal, data voids could be filled and surface
streamline /isotach analyses could be produced as dis-
cussed below.

Despite Hugo’s severity, enough anemometer rec-
ords survived to allow reconstruction of the surface

TABLE 3. Mean ratios of surface mean wind and gust to flight-level mean and mean surface gust factors from comparisons of surface and
aircraft data in landfalling hurricanes.

Number of
Storm Year comparisons Vs/Va (o) Vso/Va (o) G (0)
Frederic 1979 10 .58 (.10) .80 (11 1.39 (-15)
Alicia 1983 13 .59 (.14) 95 (.21) 1.64 (.27)
Hugo 1989 18 .49 (.13) .73 (.18) 1.50 (.23)
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FI1G. 7. Sequence of sweeps from digitized land-based radar observations recorded from the Charleston NWS WSR-57 radar
for (a) 0201, (b) 0300, (c) 0408, and (d) 0501. All times in UTC on 22 September 1989.

wind field. Ideally, analysis of surface data would re-
quire that these observations be collected in a standard,
consistent manner. The distribution of surface obser-
vation sites relative to the storm track is evident from
Fig. 2. Unfortunately, these sites comprise anemometer
heights ranging from 4-44 m, averaging times from 1-
15 min, different types of instruments with different
performance characteristics, and various upwind ter-
rain exposures. As discussed in the appendix, no stan-
dardization methods were used to resolve sampling
scale differences among observation platforms. Very
few surface observations adhere to the World Meteo-
rological Organization’s (WMO) recommendation of
a 10-m anemometer height; most NWS sites are at air-
ports and use heights of 6 m. Fortunately, mean winds
can be adjusted to 10 m, provided the terrain roughness
upwind of the anemometer can be estimated. Here, a
neutral stability log-law (Panofsky and Dutton 1984)
was used to adjust all land anemometers to 10 m. Over
water, we used an air-sea interaction boundary layer

model (Liu et al. 1979) to adjust CMAN stations to
10 m.

b. Adjustments based on comparisons of aircraft and
surface data

To fill in sparse areas of the storm-relative data dis-
tribution at landfall, the aircraft winds were adjusted
to the 10-m level. Over land, an empirical adjustment
of 60% was applied to the flight-level winds, since this
was the mean reduction observed near Hugo’s eyewall
and was also the mean ratio for all comparisons in
Frederic and Alicia (Table 3). Wind-direction backing
of 36° was used over land to allow for greater friction,
based upon comparisons of aircraft and surface wind
directions. Over water, aircraft flight level was too high
to properly apply a boundary-layer model adjustment
to the winds. An empirical value of 76% was used,
based upon buoy-aircraft comparisons (Powell and
Black 1990b). Backing of 25° was used to account.for
surface inflow over the water.
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¢. Surface wind field analysis at 0400 UTC

A 2200-0600 UTC time window, 6 h before landfall
to 2 h after landfall, was chosen for the landfall analysis.
As indicated in Figs. 2 and 3, this period corresponded
to a central pressure decrease from 940 (2200 UTC)
to 934 mb (0400 UTC) followed by an estimated in-
crease to 952 mb (0600 UTC). Although minimal
storm intensity changes desired for composite analyses
were not indicated by the pressure observations, the
wind observations collected over this period are con-
sidered to be representative of a landfalling hurricane.

One storm-relative analysis was made using all land
stations and land-adjusted aircraft winds during the
time window. Another analysis was made using only
oceanic platforms and ocean-adjusted aircraft data for
the same period. Geography corresponding to the storm
location at 0400 UTC was overlayed on each analysis
and portions over inappropriate exposure locations
were rejected (e.g., any part of the land station analysis
located over the water after overlaying geography was
removed ). The two analyses were then manually joined
at the coastline, resulting in a discontinuity where
overwater flow changed to overland and vice versa.
According to the sampling volumes for the range of
input data averaging times (see appendix; Fig. 15), the
spatial scales of wind features recorded by the obser-
vation platforms ranged from micro alpha scale (1 km)
to meso gamma scale (20 km). After application of
the 40-km filter wavelength, the resulting analyses were
considered to be mesobeta scale with wind features
comparable with what might be measured over a 13-
20-min averaging period in greater-than-hurricane-
force wind speeds. Because of computation platform
constraints, this filter wavelength was the smallest al-
lowed by the analysis algorithm for the domain of in-
terest.

The resulting streamline and isotach analysis in Fig.
8 shows a highly asymmetric wind field with strong
inflow on the southeast side of the storm and weaker
inflow on the northwest side. The strongest winds in
the analysis are found at the 50-m s™! isotach 40 km
northeast of Charleston at Bulls Bay. For the wind
analysis to be applied in real time, the forecaster must
be able to estimate the Vyss required for the advisory.
If we assume that the hurricane wind field is stationary
for 13-20 min at the location of the maximum speed,
and that the frequency distribution of wind speed is
approximately Gaussian, the method of Durst (1960)
(discussed in section 6) allows estimation of the highest
1-min mean speed over the period. Using the peak
isotach contour of 50 m s™!, with a filter wavelength
of 40 km, Fig. 15 yields a sampling time of 13 min.
Durst’s method suggests a Vuss 15% higher than the
mean over this period, or 57.5 m s~'. Powell and Black
(1990b) suggest estimating surface winds by a 76% ad-
Jjustment to the maximum flight-level winds, yielding
a maximum (8.5 min mean ) surface wind of 54 m s ™!
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FIG. 8. As in Fig. 4, but for surface winds measured by oceanic,
land-based, and adjusted aircraft platforms for 0400 UTC for 22
September 1989.

which converts to Viyss of 59.8 m s™'. These values

are consistent with the Vyss of 60.4 m s™! used by
NHC in the landfall advisories.

An important feature in the analysis is the discon-
tinuity at the coastline, where the analyses were merged.
Here, strong overwater winds abruptly weaken in on-
shore flow and frictionally reduced winds accelerate in
offshore flow. Actually, this discontinuity is a transition
zone where a new internal boundary layer forms as the
flow adjusts to a new underlying surface. The height
of the internal boundary layer (H;) is a function of the
aerodynamic roughness (Z,) of the new terrain and
fetch from the start of the roughness change. The length
of this transition zone may be estimated by calculating
the fetch required for the turbulent wind at anemom-
eter level (10 m) to reach equilibrium with the new
surface. If we use a fetch of 1 km and representative
roughness estimates of Zy = 1 m for the forested terrain
in the Bulls Bay area, and Z; = 1 cm over water to the
southwest of the center, the formulation for H; (Arya
1988) yields 95 m for Bulls Bay and 38 m for the region
to the southwest of the center over water. According
to Peterson (1969), however, in neutral stability con-
ditions only the lower 10% of the new internal bound-
ary layer is actually in equilibrium with the new surface.
Hence, for onshore flow, a fetch of ~1 km over rough






