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The Lahdfall .o_f _Hurricane Hugo 1n the Carolilias: Surface Wind Distribution
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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 evewall, 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 avaitable to document the surface wind distribution
in this part of the storm as it continued inland.

To improve specification of surface winds in Hugo, empmcally adjusted aircraft winds were combined with
coastal, offshiore, and inland surface observations and were input to the Ooyama objective analysis algorithm,
The wind analysis at landfall was then compared with subsequent.analyses at 3 and 6 h after landfall. Recon-
strction 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, Surfiice roughness over land
caused wind speeds to drop off rapidly just inland-of the coast to only 50% of values measured By réconnaissance
aircrafi at the sarhe location relative to the stormi over water. Desplte relatively rapid increases i the ‘central

sea-level pressuie and decreases in the mean circulation as Hugo pmgressed inland; humcane—force. wind gusts
extended Hugo's darage pattern well past Charlotte, North Carolina, ~330 km'iniand.

Accurate determination of surface wind distribution in- land-falhng hurricanes is dependent upon the spatiaf
density and quality of surface wind measurements and techmques to adjust reconnaissance flight-level winds
to the surface. fmprovements should aliow forecasters to prepare more-accurate warnings and advisories and
allow more-thorough documentation of poststorin effécts, Empirical adjustments to reconnaissance aircraft
measurements may replace surface data voids if the vertical profile of the honzontal wmd is known. Expanded
use of the aitborne stepped-frequency microwave, radiométer for remote sensing of ocean surface winds could
fill data voids without relying upon empirical méthods or models, A larger metwork of oﬁ"shore, coastal, and

~ inland surface platfqrms at standard {10-m) elevations. with :mproved samplmg strategies is envisioned for
better resolition of hurricane wind fields. A rapid-response abitomatic statioh netwoik, deployed at prearranged
coastal Jocations by local universities with meteorology and /or wind:engirigering programs, could further sup-

]

plement the fixed platform network and avoid the loglstlcal probiems posed by send:ng outside teams into

threatened areas.

"

i. Introduction

When a hurricane warning is issued, preparations -

are initiated over an average of 550 km of coastling.

These preparations have been estimated ( Sheets 1990)'. i aﬁ d w' rhiing problem after tra ok prediction is the spec-

“to average‘$50 million per episode. The size .of:the *
-warning area is dictated by: 1) uncertainty in the track.

and intensity foregast; 2} evacuation lead time for the;: hurncane- and trop cal-storm-foroe winds at the surface

- are based upon réconnaissance: -aircraft measurements,
- tare surface observatlons from ships, or buoys and

threatened area; and 3) uncertamty in the surface wmd
distribution,
We do not know which factor is the most 1mportant .
‘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,

Corresponding author address: Dr. Mark Powell, Environmental -
¢ 4 from many types of platforms ‘This paperisa by-prod-

" Research Division/AOML,+4310 Rickenbacker Causeway; Miami,
-FL. 33149,

,.o‘\;erdeveloped and ér:e‘ifery bobﬁlé.i"for recreation. As
- a résult, long:evacuation lead:

mes may be needed.
Accordmg to.the" Natlonal Plan for Tropxcal Cyclone
I OFCM 1990), the'most pressmg forecast

:ﬁcauon of the' surface wmd distribution: The maxi-
mum sustamed surface wind speed ‘and the extent of

pressure/mnd relatlonsh;ps The National Hurricane
Center, (NHC) has only limited capability for incor-
porating the various available surface and flight-level
observanons into an analysis wﬁh a scale smtable for

"1ssum “advisories.
- environmentally fragile coastal areas continue to be - £

" Recent 1mprovements in objectwe analysis, airborne

_- remote sensing of surface. winds, and future surface
: observatlon ‘networks have made.it possible to devise

an analysxs system capable of synthesmng surface data

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-
mty 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 1o real-time monitoring
of the surface wmd distribution for use in adwsones
and for determination of - warning areas. '

By 1800 UTC on 19 September 1989, Hurncane '

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 mm average) surface winds ( Vyss) estimated at 46
m 5~'. A gradual sténgthening occurred as Hugo ap-
proached South Carolina over the next 48 h'to MSLP.
of 944 mb and Viss 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 subtroplcal Atlanuc ridge
centered near Bermuda provided a deep layer of south-
easterly flow that influenced the motion of the storm.

An approachmg midlatitude trough over the Rockles_ .
(mlt in Fig. 1) affected the acceleration of Hugo. 24'h .
later. At 18(}0 UTC on 21 September, 10 h* beforeé -
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landfall,.Hugo began a period of rapid intensification
to-an MSLP of 934 mb and Fiss estimated at 60.5
ms™ by NHC. This intensification was consistent with
a weakened environmental wind shear (personal com-

. munication, Mark DeMaria and Sim Aberson 1939)

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-
sarce aircraft operated by the U.S. Air Force or NOAA

at flight altitudes ranging from 500-3000-m. depending -

upon storm mtensny Smce most. of our current
knowledge of hurricane wind fields is a result of analysis
of flight-level: observatlons from research or recon-

nalssance alrcraft we preface ohscussmn of the surface

FiG. 1, Deep-layer mean ﬂow analysis for 0000 UTC on 21 September 1989 showing three major-synoptic-scale features that mflucnced
Hugo's storm track; the¢' midlatitude trough (mlt), the cutoﬂ‘iow (low), and the subtropical ridge (str). (Courtesy of Sim Aberson and Mark

DeMaria, HRD.)
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wind distribution at landfall with a descnpuon of the
: wmd 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 duringa particular transit through the storm.

est:lmated Vuss: menﬁoned m the public advmones

These values, shown: plotted in Fig: 3, influence the .
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FG, 2. Degnled track of Hugo 8 wmd oenter Surfacc observahon SltES are md:cated by NWS FAA or NDBC call letters.
Airborne Dopplcr radar wind profile locations are mdlcated by A (0120 UTC), B (01 10 UTC), and C (0330 UTC).

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 [.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 a1rcraft consist
. of:1-min-means sampled -rate and prowde
' the hlghest Spatlal and temp, ral resolutlon avallabIe
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Fig. 3. Time (UTC) series of minimum central sea-levcl pressure (PM‘N), maximum ﬁ:ght-level wind speeds reported by NOAA (N} or
U.S. Air Force (A) feconnaissance aircraft, maximum sustained surface wind estimates from the public advisores (solid line}, and the
24-h forecast -of this'quantity (dashed hne) venfymg at the t1me Iabeled on the absc1ssa Peak sustained (L) and gust {G) wind speeds

measured at landfall are also shown.

for determining the wind ﬁeld Since these data are '

used to supplement the surface’ observations in’data-

poor regions, it is important to know the horizontal

and vertical wind distribution at typical reconna,lssance
flight levels.

a Method and analyszs

In the storm—relatlve coordmate system chose, 1 for -
the analyses all observation’ locations’ over ‘the time

s

window of an analysis were transformed to a positio'n .
relative to the storm center. The advantages of com-..

posmng data in a storm-relative system are discussed
in " Powell {1982; 1987). After transformation to the
storm-relative coordinates, the input data were sup-
plemented by the addition of locations in a 12.5-km

radial-and | 5° azimuthal grid, Data were interpolated.

through a Barnes scari analysis. T'he basic wind analysi
-méthodiisa: :mechanical’ interpolation techmque {Oo

yama: 1987); whlch se;s a two-dlmensmnal (2D) le
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© UGB '(1989) - STM-RELATIVE COARDS 700 B
squares ﬁttmg algorithm w1th a derivative constraint DTREAMLINGS FRD TagT AL A (H Swm-1)

term. This acts as alow-pass filter on the analyzed field. 09721783 22 UTc - 09/22/88 8 UTC
Observational noise maybe removed by the filter while = -

. features of the scale fesolved. by the data are- retamed N
As implemented by iLord ‘and Franklin (1987), the- e
wind field is’ represented contmuously throughout: the
analysm domam as a bﬂmear comblnatlon 0 5

thce—dlﬂ"erentlable, 'allowmg calculatlons of de
quantmes w1thout ﬁnlte dlﬁ'erencmg

on a 444-km X 444-km’ domam oentered ofi the
A filter wave]ength of 40 km was chosen to allo
olutioh of mesoscale wind features (eyewall an
band wind max1ma) ~This: filter choice removi
- servational noise assoeiated with exposure and
pling differences, incliding wind features’ that
small {e.g.. turbulen gnd'convecnve gusts'and: Tulls
to be adequately resolved by the observations. Analysis " 32
quality is monitored through deviation plots (between
the input observations and the analysis) and chvergence
analyses. .
Analysis of the NOAA aircraft wind measurements
‘senit over the ASDL system from 2200-0400 UTC: on
21-22 Septemiber in a storm-relative coordinate’ system” 7Y
is shown in Fig. 4. The coastline has been superimposed
for the time of 1 n'dfall ‘Note that the maximum wmds-‘ ; ‘ ,
observed by the airctaft were above the Bulls Bay area, FIG 4, Sireamline and isofach ObjCChVC analysis of NOAA aircraft
~40 km northeast of Charleston. The reflectivity drs~- ' winds measured at 3.6 km from 2200 UTC on 21 Seplember to 0400
tribution  (Fig. 5), as measured by the LF:(lower fu- = UTC on 22 September1989 in‘a stormi‘relative coordinate system.
selage) radar aboard the P-3 shortly before landfall, Geogmphy is indicated correspondmg £7) storm posmon at 0400 UTC
indicates that the maximum winds were associated with en 22 September ;939 Wind speeds arg id m 7 o
the eyewall. Within the: 65-m ‘s~ contour’ were’ the, R
‘maximum measured wmds of 71:5:m s™%; which were .i.pendent upon d1us and quadrant
not quite resolved:by the chosen filtering’ waveléngth . t
Strong winds> 35.m s ™! extend far to the north- and np
east of the,cente'r,-: but weakened rapidly with radizi}.' “iwat oy ] Fig. 6. The
distance on the south-and west sides. This. asymmetry:- ) raw delaunch ; on (CHS)
was consistent with: the storm: motioniof 12, m-s™ to< ' ugo ; h
ward the northwest:and: a southeasteﬂy background-
‘flow associated- w1th the ‘subtropical ridge. (5tr.in:Fig;
1}. These featuresiw uld tend to remforce flow; ,on the'

d'may also valfy

rborne Doppler radar data collected over: water by
RD suggest: that.a -hurricane’s: maximum' winds'are
ially: found -between »500 and. 2000 m:The proﬁle
dpe and height of the witid maximum- may be dex
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f Ep
“isat far leﬁ A;rbome Doppler radar analysxs box proﬁles arée demgnatod asiAat 0120 UTC B at 0110 UTC; and C: at 0330 UTCin ‘6cations

1

' shown in Fig. I. Tnang,les indicate surface wind measurements from’ FBIS! at 0000 (0) 0100 (01}, 0200 (02), and (300 (03) UTC.

‘Comparisons of Ihght-level and surface ‘wind 'nlea- -.

- surements -

As shown in Fig. 2, there were no observing sites’ in
::the region where the airgraft had measured maximum

winds between the North Charleston - Navy: Yard -

'ment ratlo ; _\They"compared NOAA aircraft winds

(30 3 mean), Vi, with surface ,wmds Vs, measured
over water by moored NOAA data buoys in the Atlantic
and Gulf of Mexico for hurricanes from: 1975-1987.

_Charactenstlcs of the buoy, platforms are described by

Gllhousen 1987 ) Least-squares ﬂts of Vg -versus VA
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SUre and am:raft—measumd- wmd specds (m 5 )
ugo ont -2 ‘September 1989. RS

ﬁ..:_[/s.j';/xf G VealVee - G At Ar

—.67 6.2 _
-.03 16.2 B
—.95 L5 -
—.52 6.0 1
—.78 4.0 ;
—1.06 1.0
—.80 9.0
—1.50 5.0
=175 2.0
—.36 16.0
-.70 30
—.43 0.5
-2 20
~1.50 0.5
=130 2.0
-1.80 4.0
~2.00 1.0
-1.20 1.0

. SVLS1 0059,
SVLS10159

dista o ce from storm center Vs =QVE
urface ob time, Ar = radlal

showed hlgh correlation thh slopes (ratlo Vel Va). NYD, CHS anci'MYR whlch are all assumed to have

rom.O 6 1n stabie surface 1ayer oonditlons o open‘ xposures Overwater compamSOns ‘that’ fit’the
space Criteria® could be made only for the

tion ..Typlcal ‘gusts (5-8: 's-average) ‘mheastiré
buoy ”re‘30%'h1gher than Vg ‘Hence,

would likely contain‘a peak gustiof «
the airoraft: and:surfaé
' 'compared in a storm-relatwe co0;
‘ ‘madc 311}
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Savannah (SVLSi) 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 ﬁxght—level wmd on the' avcrage, and the peak- .
surface gusts. averaged 82% of the: mean - fligh evcl -

winds. Incliding noneyewall compansons the a
was 49%, with peak gusts averaging 72% of the fli
level mean. The gust factor (ratio of the surfac gust

during the landfalls of Hurricanes Frederic ( 1979) and
Alicia ( 1983) on the Guif of Mexico coastline (Powell
1982, 1987) are summarized in Table 3. The ratio of

surface to-aircraft méan winds (Vs/ V) in Frederic.
and Alicia was aboit 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 Vg/ 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 SVLS] are very.
unusual, showing surface measurements. greater than-

the aircraft despltc offshore flow. A. reason for- high

ratios at SVLS! might be mixing of stronger (than -
 flight-level ) winds from near the 500-1800-m height -
because of unstable stratlﬁcatlon (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
landfalt

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
stormy where reconnaissance aircraft had measured
peak wind speeds just before landfall. Based upon the
information available from the reconnaissance aircraft

~and other methods (Sheets 19900}, advisories issued by

NHC estimated Vyss.of 60.5 m s ' (85% of the max-
imum Ve): The. hlghest Vmss actuaily measured was
391 s~} at the NWS: automatic station at CUS. The
highest (1-s) gust in . Hugo was 61.4 ms™!, measured

: “at NYD.
to the mean wind over the sampling perlod)'for the-‘..: ’
overland sites in-Table 1 averaged 1.5. Compansons.

_Ur__rfortunately, surface‘ observmg sites were not op-

‘timally positioned, for récording 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 -

_.recorde:rs 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 Jandfall. 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.

'jd.' Swface wind measurements in Hugo

At landfall, power outages, damaged sensors, com-
mumcauon problems, and . infrequent mterrogatlon

" methods usually prevent forecas_ters from assessing the

surface wind field in real time. With implementation
of an objective analysis fechnique and adoption of the
recommendations mentioned in-the' conclusions and
appendix, near-real-time analyses combmmg aircraft-
adjusted, land surface and -oceanic platforms could
become a standard product -available to forecasters. If
observatxons are composited relative to the storm center
overa period of several hours when the intensity change
is mlnlmal data voxds could be filled and surface
streamline /isotach anaiyses could be produced as dis-
cussed below. _

Desprte Hugo’s seventy, enough anemometer rec-
ords survived to allow reconstructron of the surface

" TABLE 3. Mean ratios of surface mean wind and gust to ﬂxght-lcvei mean and mean surface gust factors fmm comparisons of surface and

aircraft data in landfalling hurricanes.

Number of ' I '
" Storm Year comparisons VsiVa = Ao} R -7 O (o) G {0}
Frederic 1979 10 SO0 80 Gl 139 (15)

13 59
18 49 -

14y s 2y 164 (27)
O (18 150 (23)
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El: .5

300 x 288 km

Radar: Charlestan
Hugo
Sep. 22, i88t
2:81 — 5. UTC

NOAR ~ AOML
HRD

FiG. 7. Sequence of sweeps from digitizéd land-based radar ohserviitions recorded from the Charleston NWS WSR-57 radar
for (a) 0201, (b) G300, (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 10 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 aircrafi 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 fiiction,
based upon comparisons of aircraft and surface wind
directions. Qver 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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c. Surface wind field an&!y,s’i.‘si 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 pressute 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 duting 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 mlght 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 algonthm for the domain of in-
terest.

The resulting streamline and isotach analysxs m F1g
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 Vg 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
l-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 Fyss 15% higher than the
mean over this period, or 57.5 m 57", Powel} and Black
(1990b) suggest estimating surface winds by a 76% ad-
justment to the maximum flight-level winds, vielding

a maximum (8.5 min mean ) surface wind of 54 ms™',
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" HUG@ (19891 STM-RELATIVE CBARO0S SURFACE
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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 Vyss of 59.8 m s~'. These values

are con813tent with the Fysq 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 { If;) 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 caleculating
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 { km and representative
roughness estimates of Z, == | m for the forested terrain
in the Bulls Bay area, and Z, = | cm over water to the
southwest of the center, the formulation for H; {(Arva
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 equilibrivm with the new surface.
Hence, for onshore flow, a fetch of ~ | km over rough
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FIG. 9. As in Fig. 7, but for 0700 UTCon 22 September 1989 when Hugo was in the vicinity of Shaw Air Force Base.

terrain would be required for the 10-m level to be in
equilibrium, while offshore flow to the southwest of
the center would require a fetch of ~3.5. km. If con-
ditions were more stable over rain-cooléd land, a longer
onshore fetch would be probable, while more unstable
conditions over warm water might produce a shorter
offshore fetch.

Similar coastal wind discontinuities were observed
in Hurricanes Frederic and Alicia. An extreme example
is given by SethuRaman (1979) for the fandfall of
Hurricane Belle (1976) on the south shore of Long
Island. In this study, SethuRaman examined meastire-
ments from three anemomnieters that were. oriented
along a line perpendicular to the coast, at 10-km sep-
aration. During onshore flow over a 4-h period before
landfall, the coastal winds were a factor of 2 greater
than those 10 km inland and a factor of 4 greater than
those measured 20 km inland.

~

d. Validation of public advisories

The onset of tropical-storm-force winds is a deter-
mining factor for the completion of emergency-pre-
paredness activities, Based upon hourly surface reports,
tropical-storm-force winds (>17,7 m s™') were first
observed by the CMAN stations (2-min average at or
adjusted to 10-m level), beginning at 1910 UTC on
21 September, for FPSN7 (311 km north-northeast of
the center), at 2300 UTC for SVLSI (255 km north-
west of the center), and at 0000 UTC on 22 September
at FBIS1. (178 km northwest of the center). At Char-
leston (CUS}, tropical-storm-force winds were not ex-
perienced until 2 h 40 min before landfalf at 0120 UTC,
when the storm was 122 km offshore. Both SVLSI and
FPSN7 are well-exposed offshore sites, while FBISI is
a well-exposed beach site with partial overwater ex-
posure. CUS is a riverside site with good partial over-
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water exposure before center passage and poor exposure
after. The distances for onset of tropical-storm-force
winds at FPSN7 and SVLS! are 20%-35% less than
the radius of tropical-storm-force winds given in the

“marine ddvisories issued at' 2200 UTC (403 km).

Based upon the analysis and inland surfice mea-
surements, sustained hurricane-force winds over land
were not evident radially odtward from the left side of
the eyewall, but were found outside the front, rear, and
right sides to a maximum distance of 73 km from the
center. At the coast and over water, Fig. 8 and CMAN
observations indicate hurricane-force winds 135 km to
the right and rear, but not to the left of the center.
Public advisories at this time warned that hurricane-
force winds extended 225 km east of the center and-up
to 80 km to the west,

The lack of agreement on the extent of trop1cal—storm
and hurricane-force winds between. advisories and
poststorm analyses is indicative of the uncertainties in
the wind distribution, forecast track, and forecast.in-
tensity. Note that much of the input data for the anal-

-yses were unavailable to NHC in real time. Reports

forwarded to NHC in real time over the amateur radio
network were often unconfirmed and some proved to
be inaccurate, based upon observed damage. For ex-
ample, the vessel “Snowgoose,” located 25 km uptiver
from Georgetown, about 80 km northeast of Charles-
ton, reported sustained 54-m s~ winds (Case and
Mayfield 1990), which did not correlate with analysis
winds of 20-25 m s~! or with minimal damage to trees
in the vicinity {personal communications: Marilyn
Buford, Research Forester; Peter Sparks, Clemson
University).

While near-real-time surface wind observations have
little influence on forecasts, they are a very useful com-
ponent in the preparation of warning and watch areas
and as a nowcasting tool to keep the public informed
in advisories. Therefore, it is important that the latest
observations be available to the forecaster in a timely
manner, Unfortunately, standard hourly observations,
even when plotted in a storm-relative framework, do
not have adequate time resolution to resolve the most
important details of the wind field of a fast-moving
hurricane. One contribution to more-accurate surface
wind field specification would be the ability to call up

. more frequent or continuocus observations. Such ability

is a very desirable feature for automatic weather sta-
tions.

5. Surface wind fields as Hugo progressed inland

Hugo maintained enough of its cifculation to do
considerable wind damage well inland. The following
analyses depict the wind fields associated with Hugo’s
passage (Fig. 2) through Columbia, South Carolina
(CAE}, at 0700 UTC and Charlotte, North Carolina
{(CLT), at 1000 UTC.

POWELL, DODGE AND BLACK ' 391

a. Surface wind analysis at 0700 UTC

As shown (Fig. 9) in the 0700 UTC sweep from the
Charleston radar, Hugo's center was between CAE and
Shaw Air Force Base (SSC), with SSC in the region of

~ intense reflectivity on the northeast side of the eyewall.

Surface observations for the 0700 UTC analysis were
collected from 0500-0900 UTC. During this period,
Hugo’s MSLP was rapidly filling from near 940 mb at
0500 UTC to 961 mb at 0900 UTC. The resulting sur-
face:analysis (Fig. 10) is representative of a decaying
hurricane and indicates that Hugo was just below hur-
ricane strength, with mean winds near 30 m s~' in the
northern part of the cyewall An outer secondary wind
maxima > 20 m s~ and 145 Xm to the northeast was
associated with peak wind reports from Myrile Beach
{MYR) and Florence (FLO) in the early part of the
analysis time window, Compared with the 0400 UTC
analysis (Fig. 8), surface inflow increased in all but
the-Southwest quadrants as the MSLP increased.

© At 0800 UTC, advisories indicated Viss of 36 m s~
with tropical-storm-force winds extending 160 km from
the center. The extent of tropical-storm-force winds
depicted by the analysis was 150 km and the Ve from
the advisory was reasonable, considering the possibility

-HUGﬂ (19891 STH-RELATIVE CBARDS SURFRCE
STREAML.INES AND [S@TACHS

(M Sax-1)

82 81 80 T

F1G. 10. As in Fig. 8, but for 0700 UTC on 22 September 1939,
Data colfection input is 0500-0900 UTC.
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strongest part of the eyewall passed pver SSC.

A time series of radar reflectivity, 15-min mean
winds, and peak gusts within each [3=min period for
SSC(Fig. 11) illustrate the effect of convective rainband
features on the wind. Wind maxima appear in the
‘northeast eyewall at 0630, in the southeast eyewall at
0720, and in several outer rainbands afterwards in ac.
cordance with. Fig. 10. The high’ correlation between
gusts and reflectivity maxima is consistent with obser-
vations by Parrish et al. (1982), suggesting that peak
Busts are caused by downdrafts in intense rainfall areas,

b. Surface wing analysis at 1000 UT !

By 1000 UTC, Hugo had conti'ﬁyi_eéi on 2 north-
northwest track to near CLT. By this time, the remnants

0800-1 200 UTC period was:c_h(‘):s'enw for the 1000 UTC
surface wind analysis. During this period, the MSLP
i?creased from near 957 mp 1o 975 ‘mb, Hugo was

"peak wind of 27 m
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downgraded to 4 tropical storm in the 1600 UTC ad-
visory, which mentioned Puss of 31 m s™'. The 1000
UTC analysis (Fig. 12) indicates that maximum winds
were reduced to 20-25 m s~ on the north side of the
storm: center, with a secondary wind maximum of [ 5-
20 m s~ Jocated 170 km to the southeast. Although
the Chariotte anemometer showed an isolated 1-min
™ that was simultaneous with the
peak gust of 39 m 5! at 0920'UTC, the trace {not

in Hugo’s forward motion,

In the aftermath, the public had a genera] impression
that Hugo weakened very little between Charleston and
Charlotte, Actually, based upon central pressure in-

* Creases and mean wind s$peeds, Hugo weakened rapidly

over that 6-h period, Hugo’s MSLP increased from 934
mb with maximum mean winds of ~50 m s~ at {he

- Coast near Bulls Bay to 970 mb and maximum mean
‘winds of 20-25 m s~ i only 6 h. This rate of decay,
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FI1G. 12. As in Fig, 10, but for 1000 UTE on 22 September 1989
when Hugo was in the vicinity of Charlotte, North Carclina. Data
cotlectioninput is 0800-1200 UTC.

~6 mb h™’, is less than that for Hurricanes Hazel
(1954, 11 mb h ') and Camille (1969, 8 mbh "), but
larger than the average filling rate (~2 mbh ™) of 11
hurricanes described by Malkin (1959). -

6. Gust envelope and gust factors

Based upon péstanalyses of the available mean wind
observations, the NHC public advisories provided an

accurate portrayal of Hugo’s sustained winds after .

landfall. What the public may not have been prepared
for, however, was the threat of wind gusts above hur-
ricane force in northwest South Carolina and western
North Carolina. Before 0400 UTC, wind gusts above
hurricane force were forecast for a storm track through
eastern South Carolina and North Carolina. At 0400
UTC, it became apparent that Hugo would track fur-
ther to the west, and the advisory forecast was shified,
6 h before Hugo reached Charlotte. The envelope of
maximum gusts experienced by the observing- sites
during Hugo (Fig. 13) shows the dropoff with distance
inland from 65 m s at the southwest end of Bulls
Bay to 36 m s™! at Hickory, North Carolina (HKY in

~
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Fig, 1). Although mean winds subsided to below hur-
ricane farce by 0700 U'TC, maximum gust speeds were
above hurricane force as far north as HKY through
1046 UTC.

Gust speeds may be estimated by applying a gust
factor to the mean wind of a given averaging period.

" The mean gust factor for offshore moored buoys from

the comparison dataset of Powell and Black {1990b)
indicates a ratio of 5-8-s gusts to §.5-min mean winds
of 1.3. Gust. factors determined [rom digitized wind
traces of land-based anemometers in Hurricanes Fred-
eric, Alicia, Elena, and Hugo have recently been studied
by Krayer and Marshall (1991). Based upon 265 seg-
ments of >18 m s™' (10-min) mean winds and 2-s
gusts adjusted to standard exposure (10-m height,
roughness length of 0.03), Krayer and Marshall deter-
mined a mean gust factor of 1.5, consistent with values
from overland sites (with 10-15-min mean winds) in
Table 3. In locations that experienced extremely con-
vective rainband features during eyewall passage in
Hurricane Hugo, such as SSC, anemometer traces in-
dicated that the 10-min gust factor could approach a
value of 2.0. Very few buoy data show this tendency,

37 r//, VA
HUGO
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FiG. 13, Envelope of peak gusts relative to the track of Hugo's
wind center. Superimposed are (first) damage vector directions as
determined by aerial surveys supplied by Ted Fujita of the University
of Chicago.
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as evidenced by only 6 of 83 gust factors > 1.5 from a
1975-1990 set of aircraft-moored buoy comparisons.
These results give us a good idea of how to estimate
gusts from 8.5~10-min mean winds overland and off-
shore. For advisories however, the hurricane forecaster
must estimate gusts from the Vyss, a parameter that
is not measured directly but is estimated from othier
measurements and the forecaster’s experience.

The results above may be extended to estimate gust

factors for the yss by using wind statistics of Durst

(1960) to relate extreme winds of various averaging
periods. This method examines the relationship of the
maximum 2-s, I-min, and 10-min mean values mea-
sured over an hour to the hourly mean. Provided the
Durst relationships are appropriate for hurricane con-
ditions inland or offshore, over a period of an hour,
the peak 1-min mean ( Fuss) is 15% larger than the
peak 10-min mean and 11% larger than the peak 8.5-
min mean measured by a buoy.

The method outlined by Krayer and Marshall (1991)
converts gust factors to an hour reference period, after
which the relationships of Durst may again be used to
relate gusts to a Vusg reference measurement. Krayer
and Marshall’s mean hurricane gust factor of 1.5 con-
verts to a ratio of the peak 2-s gust to the Vyuss over
an hour of 1.3. Based upon the mean offshore moored
buoy gust factor, the ratio of the peak 5-8-5 gust to the
Fuss offshore would be .15, In extreme convective
conditions over land, a gust factor of 2.0 would convert
to a ratio of the peak 2-s gust to the Fuysg of 1.65.
Hence, offshore, the peak 2-s gust would be estimated
at 15% larger than the Vyss, and inland, the peak 2-s
gust would generally be 30% larger than the Vysg in
all but the most extreme convective conditions, where
it would be 65% larger, These ratios are summarized
in Table 4 and imply that the Fygs and peak gust oceur
over the same 60-min period.

We compared these values with ratios that were
computed from the highest peak gusts and maximum
sustained winds over the period of the storm; these
were available from selected surface stations with con-
tinuous records and are presented in Table 5. The mean
gust factor for the 12 stations was 1,52. Of the six sta-
tions affected by the eyewall {CHS, CUS, SSC, CAE,
CLT, and HKY), only HKY and SSC show values
>1.6. Of the next highest gust factors, NBC and SAVY

TABLE 4. Gust factors to be used with maximum sustained surface
winds {Vyss)-

Over-ocean and on-coast
(oceanic exposure);

1.15 (use with over-water Fiss)

Cverland and inland

1.30 (use with Fygs adjusted for
(airport exposure); :

decaying storm)

Extreme convection and complex  [.65 {use with Vygss adjusted for
terrain turbulence (eyewall, decaying storm)
rainbands,*hills):
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TABLE 3. Ratios of storm-maximum peak gusts to the maximum
surface sustained (!-min average) winds measured during Hugo at
selected stations.

Time (UTC) Peak gust Gust/

Station ID {ms™) ms™")  Puss  Muss
Customs House (CUS) 0340 48.5 35.0 1.38
Charleston (CHS) 0503 43.8 39.1 112
Florence (FLOY) 0547 27.8 20.1 1.38
Savannah (SAY) 0553 242 15.5 1.56
Myrtle Beach (MYB) 0555 34.0 23.2 1.46
Columbia (CAE) 0609 3.4 23.7 1.32
Shaw AFB (SSC} 0655 49.0 29.8 1.64
Beaufort (NBC) 0700 C 226 13.9 1.63
Charlotte {CLT) 1003 39.1 30.9 1.26
Hickory (HKY) 1046 36.1 15.5 2.37
Raleigh (RDU} 1050 237 128 1.85
Greensbora (GSO) 1108 24.2 19.1 1.27
Mean 1.52

o *+0.33

were associated with an outer rainband, but 1t 18 not
known whether the large value at RDU was associated
with an outer rainband or turbulence associated with
complex topography.

Note that the relationships between the I-h mean
and the maximum 10-min and 1-min winds over that
hour are based upon Durst’s results from a few episodes
of several hours of data coilected over land in non-
tropical cyclone conditions. A similar study was un-
dertaken by Bell {1961) for Hong Kong typhoons, but
the results may have been affected by the proximity of
island topography upwind of the anemometer. Dea-
con’s { 1965) results for overland flow over level terrain
in Victoria, Australia, were very similar to Durst’s, but
mean winds were <19 m s~ !, Clearly, many additional
time series type data are needed to validate these con-
version methods for both overland and marine expo-
sures in hurricane conditions. Once the forecaster is
confident of the Vyss value determined for his advisory,
offshore and coastal gusts can be estimated as 15%
higher, For stations inland from the coast, frictional
effects decrease the ¥uss that a particular station might
measure, but increase the gust factor. Advisories issued
subsequent to landfall should address this fact by ad-
justing the Vyss downward and by estimating peak
gusts as 30% higher than this value, except in extreme
convection in the eyewall and rainbands where gusts
would be 65% higher. More detailed examination of
moored buoy data in hurricanes is necessary to deter-
mine the magnitude of gust factors related to extreme
convection in the eyewall offshore.

7. Fujita’s damage direction analysis

Included in Fig. 13 are directions of “first” damage
(the debris ¢losest to the surface) determined by Pro-
fessor T. Fujita (personal communication, 1990} in an
extensive aerial survey of damage patterns. These pat-
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terns indicate areas where swaths of extreme winds

contributed substantial damage in small areas aligned
with the wind. These swaths are probably associated
with the extreme-type gust factors mentioned above.

Fujita has extensively analyzed these regions in Hugo _

and earlier hurricanés: He believes that they were due
to “downbursts™ that were caused by strong downdrafts
spreading out at the ground From convective cells in

rainbands. Fujita found no clear evidence of tornadoes

in his anatysis. We overlayed wind analyses on the track
at various times and noted locations where damage
and wind directions coincided to discern the time pe-
riod of the damage. Damage directions were ther com-
pared with radar reflectivity analyses during these pe-
riods, which suggested that nearly all the damage di-
rections were associated thh the evewall wind
maximum,

8. Conclusions and recommendations

Unecertainty in the distribution of the surface wind
field, and in forecast track, storm intensity, and evac-
uation lead time, contribute to large hurricane warning
areas and high preparedness costs. A real-time surface
wind analysis system capable of using high-resolution
aircraft in situ and remotely sensed measurements, with
conventional observations from offshore and coastal

platforms, has the potential to reduce uncertainty in’

the surface wind field. The analysis method for this
system (Qoyama 1987) was applied to a landfalling
hurricane for the first time to help document the surface
wind distribution of Hurricane Hugo. Advantages of
the method include a user-selectable scale control,
which allows filtering of observational noise on scales
unresolved by the data. The result is an analysis that
is representative of the scales of interest. In analysis of
surface wind fields, this degree of accuracy is especially
important because of large variability in sampling
methods, instrument heights, exposure, and fetch, and
the presence of smali-scale circulations and turbulence
that cannot be fully resolved by the data.

Hurricane wind strengths are defined on the ba51s
of the Vss, & parameter that is not routinely measured,
with a spatial scale on the order of convective fluctu-
ations that cannot be resolved by the observations. The
goal of the analysis system is to provide the forecaster
with sufficient high-quality mesoscale information to
accurately estimate the Vyss and extent of the wind
field. The analysis wind fields are roughly equivalent
to 13-20-min averages and resolve the important me-
soscale features of the hurricane circulation: the eyewall
and rainband wind maxima. High-resolution time se-
ries data in hurricanes will be required to determine
the relationship of longer-time-period average winds
o the VMss.

Analyses of Hugo’s wind field were performed in a
storm-relative system over three time windows of sev-
eral hours; they are rfepresentative of the mean con-
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dition of the decaying storm over cach period. At land-
fall, Hurricane Hugo's maximum surface winds werg
confined to a small region in the north to northeast
portion of the eyewall. These winds reached 50 m s~
in the coastal area of Bulls Bay in South Carolina, with
gusts to 66 m s~'. Just inland, winds decreased con-
siderably because of frictional effects within a few ki-
lometers of the coast. Wind profiles from airborne
Doppler radar over water and a rawinsonde over land
indicate maximum wind levels between (.5- and 2-km
heights and very strong wind shear over land.

By 0700 UTC, 3 h after landfall, Hugo’s maximum
surface winds decreased to just below hurricane force
(30 m s7!) in the vicinity of Columbia and Sumter,
South Carolina, Despite the decay of Hugo's mean cir-
culation to below hurricane force by 0700 UTC, surface
wind gusts exceeded hurricane force in locations near
the eyewall until 1000 UTC. Six hours after landfall,
Hugoreached the Charlotte, North Carolina, area with
tropical-storm-force winds (19 m s ') and gusts to 39
m s”!, In an effort to improve estimation of surface

‘gusts for use in advisories, mean hurricane gust factors

for moored buoys (8.5-min average) and overland an-

- emometers ( 10-min average) were converted to {-min

gust factors following the methods of Krayer and Mar-
shall (1991) and Durst (1960). These factors may be
added to the Vs to estimate wind gusts; 15% offshore
and at the coast, 30% inland (with reduced Vyss), and
65% inland (also with reduced Vuss) in extremely con-
vective portions of the eyewall and major rainbands.
At present, it does not appear that extreme gust factors
{=2.0) are prevalent in eyewall passages over moored
buoys. Improved warnings of the potentiai for gust
damage could be achieved by incorporating these es-
timates in the marine advisories before landfall and in
the public advisories subsequent to landfall,
Determination of the surface wind field in Hugo at
landfall was hampered by a lack of data in the part of
the storm where aircraft had measured maximum
flight-level wind speeds. Fortunately, there were enough
surface observations in other portions of the storm 1o
allow empirical adjustmient of the aircraft measure-
ments. Empirical adjustment of flight-level winds as-
sumes that the level of maximum wind speed coincides
with the aircraft altitude; an assumption that may be
valid only in an upright eyewall. This approach will be
unnecessary if remote sensing of surface wind speeds
becomes a feature on reconnaissance aircraft. The
stepped frequency microwave radiometer (SFMR)
{Black and Swift 1984; Tanner et dl. 1987 has shown
great promise. The prototype SFMR has performed
well in extensive tests by HRD over the past several
hurricane seasons on the NOAA aircraft. In 1991, the
SFMR measurements will be sent to NHC in real time
via. ASDL. The 44th Interdepartmental Hurricane
Conference {Carnahan 1990) recommended that

NOAA and the U.S. Air Force procure SFMRs for all
_ reconnaissance aircraft, .
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To improve specification of the surface wind field
in hurricanes, expansion of the CMAN, moored-buoy,
and automatic surface observation network is desired.
CMAN and moored-buoy observationis have been in-
valuable for marine forecasting and for studying
oceanic wind fields in hurricanes. The 45th Interde-
partmental Hurricane Conference {Carnahan 1991)
recently endorsed a sampling strategy for automatic
surface stations (Appendix) that should greatly im-
prove surface wind field specification. Additional ob-
servations could be gathered through support of a pro-
gram ( Appendix ) through which universities could re-
ceive support to site one or more automatic wind
stations in: advance of a landfalling hurricane, This
would avoid logistical problems involved with sending
outside investigation teams into unfamiliar areas. In-
stallation of well-exposed wind sensors at amateur radio
network locations (Appendix) would greatly assist
documentation of hurricane landfalls in remote areas
of developing countries.
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APPENDIX

Surface Wind Sampling Considerations
and Analyses in Hurricanes

a. Observation averaging time

A “serious problem affecting surface wind analysis
concerns lack of standardization of averaging times.
In the United States, the NWS standard for averaging
time of sutface wind observations is to report the 1-
min average wind (also known as the sustained wind ).
NOAA Data Buoy Center marine cbservations consist
of a 2-min average for CMAN stations and an 8.5-min
average for moored buoys. The stagjdard wind speed
averaging time recommended by the WMO of the
United Nations is 10 min. The 10-min observation has
been shown (Pierson 1983) to give a much better es3-
timate of the mesoscale wind features that must be
resolved for forecast improvements. In hurricane con-
ditions, as shown by the anemometer trace from
Charleston (Fig. 14), a 1-min observation does not
give a stable estimate of the wind speed compared with
a 10-min value. o

The nonrepresentativeness of short-period means
depends upon the spatial scales of the wind features
measured. Representative sampling volumes measured
by various anemometer platforms used in this study
were estimated by computing the length of an air vol-
ume sampled by a platform over the averaging time
period., These lengths ate plotted against averaging time
on logarithmic scales as a function of wind speed in
Fig. 15. According to Fig. 15, stationary platform av-
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erages of 1 min are associated with microscale and
convective-scale wind features that are highly variable
and cannot be resolved or predicted, while 10-min
means correspond to the mesoscale features that we
wish to resolve and forecast.

b. Conversion of mesoscale analyses 10 Vs

Unfortunately, it is impossible to correct or convert
averaging times to a particular sampling period. Meth-
ods (e.g., Durst 1960) are available for estimating the
peak short-period wind speed within a ignger-period
wind average. For example, from a I-h average, it
would be possible to estimate the peak I-min or peak
{0-min wind within the 60-min period. However, there
is no method for converting a 10-min mean wind ob-
servation taken on the hour to a 1-min mean or vice
versa. Rather than trying to convert all analysis input
data to a common averaging time, a more feasible ap-
proach for surface analyses would be to assimilate all
the types of surface data into the objective analysis

scheme with a user-selected scale control (such as |
Ooyama 1987) and with observations weighted ac- ¢

cording to relative accuracy. The analysis wind speed
and filter scale could then be used to estimate a time
scale for the analysis wind, based upon Fig. 15. Finally,
the peak 1-min wind that could be expected to ocour
over that time scale could be computed using Durst’s
methods, assuming a stationary wind field with a nor-
mal distribution. The resulting analysis would stiil re-

solve important mesoscale details of the wind field (the §
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FiG. 14, Reconstructed anemorneter trace from the Charleston NWS office indicating difference between
{-min averages and relative stability of 10-min average. Speeds are in knots.

eyewall and major rainbands) while providing fére-
casters with an estimate of the maximum sustained
surface wind speed at any location within the analysis
domain.

¢. Automatic weather stations

As automatic surface weather observation stations
begin to supplant manual sites, it is important to at-
tempt to standardize surface observations to a common
level and sampling strategy. With this in mind, the
45th Interdepartmental Hurricane Conference en-
dorsed the following sampling strategy for automatic
observing stations to serve the interests of the hurficane
operations and research community:

1} Adopt WMO 10-min average at 10-m level for

~

2} Record consecutive 1-min means from 5-s block
averages and permanently archive those data with the
National Climatic Data Center,

3) Send peak [-min and peak 5-s averages during
the past hour with hourly observation,

4) Have the ability to interrogate a 10-min mean,
peak l-min average, and peak 5-s average, every 10
min under specified criteria.

d.- Solutions for the problem of sparse wind observaiions

Clearly, higher-resolution measurements are re-
quired to correctly resolve the wind field of a hurricane,
particularly in rural areas such as Bulls Bay. Apart from
an expanded CMAN and automatic station network,
there have been suggestions to set up an array of quickly
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Since the mean landfall point error at 24 h is near
90 km, a portion of the coast twice this distance would
have to be instrumented at a spacing of [5-20 km to
resolve the region of maximum winds. Hence, 12 sites
and several installation teams would be required. The
equipment would have to be centrally sited and trucked
into the investigation area. Trained installation teams,
flown in from outside, would have to rendezvous with
the equipment and deploy it. Access to coastal locations
in a timely fashion would have to be gained when ad-
vance evacuations have already begun and when NWS
and other public officials are concerned with making
emergency preparations. These concerns would make
it highly unlikely that any local individuals with public
service responsibilities would be able to assist in siting
the instruments, Such a program could probably suc-
ceed, but would require several years and great expense
for the proper documentation of orie severe hurricane,

A better alternative would be to support selected
universities along the coast with meteorology and/or
civil engineering programs to develop plans to site one
or more self-built instruments in a local hurricane ep-
isode. Local universities familiar with the area could
preselect sites and acquire advance permission and
clearances to deploy equipment, thereby avoiding
many of the logistical problems and costs involved in

using outside teams. This plan was successfully imple- .

mented by the Coastal Engineering Department of the
University of Florida in Hurricanes Frederic and David
in 1979,

An alernative that would especially benefit devel-
oping nations would be to instrument selected sites
that participate in emergency communication opera-
tions as a part of the United Nations Amateur Radio
Readiness Group (personal communication, David
Rosen, associate director). Many of these sites already
have guyed towers of 10-m height or more, with backup
power, Anemometers could be installed at these sites,
with proper site documentation and interfaced with a
PC for archival.
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