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High-resolution observations obtained with the Doppler On Wheels (DOW) mobile weath- 
er radar near the point of landfall of hurricane Fran (1996) revealed the existence of 
intense, sub-kilometer-scale, boundary layer rolls that strongly modulated the near- 
surface wind speed. It is proposed that these structures are one cause of geographically 
varying surface damage patterns that have been observed after some landfalling hur- 
ricanes and that they cause much of the observed gustiness, bringing high-velocity air 
from aloft to the lowest observable levels. High-resolution DOW radar observations are 
contrasted with lower-resolution observations obtained with an operational weather 
radar, which underestimated peak low-level wind speeds. 

Small-scale variations in damage Datterns - .  
have been observed in surveys after hurri- 
cane landfalls in the United States and in 
Japan (1, 2). Human-made structures and 
trees in damage swaths may experience ma- 
jor damage or total destruction, whereas 
those outside are only lightly affected. 
These damage patterns can exhibit strong 
periodicity with scales near 500 m and may 
contain scales as small as 10 to 200 m. It is 
unlikely that these sub-kilometer-scale fea- 
tures are caused by typical thunderstorm- 
like structures, because the latter are typi- 
cally >5 km in scale in landfalling hurri- 
canes (3, 4). It has been speculated that 
convective elements in hurricane rain 
bands and in the eye wall intensify, possibly 
as a consequence of increased surface fric- 
tion and convergence, causing localized re- 
gions of more damaging winds. Small-scale 
damage may occur as a result of microbursts, 
mesoscale vortices, or tornadoes spawned by 
these intensified elements (1, 2 ,  5-7). 
However, direct observational evidence of 
the cause of these small-scale damage pat- 
terns has been scarce. Here, we present 
high-resolution (20 to 200 m) Doppler 
weather radar observations of the rain 

Airport in Wilmington (ILM) on an air- 
craft taxiway closed for this purpose (12). 
The airport is -10 km from the coastline 
and 50 km from the National Weather 
Service radar southeast of Wilmington (call 
letters, KLTX) (Fig. 1) and was directly in 
the path of the eye of Fran as it crossed the 
North Carolina coastline. The large eye of 
the hurricane, moving almost due north 
along longitude 78"W, crossed the coastline 
of North Carolina during the period 0000 
to 0200 UTC, with the center of the eye 
making landfall at -0030 UTC. Airborne 
radar observations indicated winds of 55 to 
58 m s-' at altitudes above 3000 m before 
and at landfall. Surface observations indi- 
cated peak winds of more than 55 m s-' at 
the coast near the point of landfall. Winds 
at the airport gusted to near 40 m s-' at the 
National Weather Service station and to 
-45 m s-' on an uncalibrated anemometer 
mounted on the DOW radar truck (1 3, 14). 
Radar reflectivity data from the KLTX radar 
near the time of landfall (Fig. 2) show the 
large eye surrounded by an eye wall and 
intense rain bands. Convective elements 

bands and eye wall of hurricane Fran as it 
made landfall near Wilmington, North 
Carolina, during the evening of 5 Septem- 
ber 1996 [near midnight 05/06 September 
1996 UTC (Coordinated Universal Time)]. 
The data were obtained with a mobile 
pulsed Doppler weather radar, the DOW 
(8-1 0). 

The DOW radar was driven from Nor- 
man, Oklahoma to the South Carolina 
coast in anticipation of the landfall of hur- 
ricane Fran (I  l ). After adjusting for chang- 
es in the storm's forecast path, the radar was 
deployed at New Hanover International 
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-10 km in scale .(3, 4)  are visible to the 
north of the radar. As the storm neared 
landfall, the eye structure disintegrated so 
that the rear of the eye became indistinct. 
Data were collected by the DOW from 
2030 UTC 05 September 1997 until 0210 
UTC 06 September 1997, covering the pe- 
riod leading up to and immediately after 
landfall. 

Before landfall, the large-scale flow pat- 
tern well above the ground exhibited the 
expected intense, 50 to 60 m s-', onshore 
flow (Fig. 3) (15), veering -40" between 
0 m and 1000 m agl (above ground level); 
however, below 500 m agl, the wind field 
contained striking small-scale spatial varia- 
tions (Fig. 4). These variations were in the 
form of bands of intense winds (40 to 60 m 
s-') alternating with much weaker flow (15 
to 35 m s-'). The bands were oriented 
approximately parallel to the larger scale 
flow, with a cross-wind wavelength (peak to 
peak) of -600 m (highly variable), and 
were aligned approximately parallel to the 0 
to 1000 m agl wind shear vector, crossing 
the 100 to 1000 m agl shear vector at -30". 

We propose that the bands of alternating 
high and low wind speeds were the signature 
of axially horizontal rolls superimposed on 
the larger scale flow pattern (Fig. 5). Air 
moving at -60 m s-' at 1000 m agl was 
transported toward the surface in the down- 
ward legs of the rolls, while air slowed by 
frictional and turbulent drag at and near the 
ground was transported aloft in the upward 
legs. Thus, the horizontal velocity of air in 

Fig. 1. Radar locations and approximate hurri- 
cane Fran eye path near Wilmington, North Caro- 
lina, from 01 00 to 0300 UTC 06 September 1996. 

Fig. 2. Large-scale radar reflectivity (dBZ) struc- 
ture of the eye and surrounding rain bands in hur- 
ricane Fran as it made landfall on the North Caro- 
lina coast at 2327 UTC 05 September 1996, as 
measured by the KLTX National Weather Service 
WSR-88D radar. Rain bands surrounding the 
large eye and structures within the rain bands, 
particularly to the north and northwest of the eye, 
contain features with -10-km scale. Scan is at 
0.5" elevation (1 7). 
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the downdrafts approached the 55 to 60 m 
s-' values typical of 1000 to 1300 m agl, 
whereas air in the updrafts originated near 
the ground, where wind speeds had been 
reduced to -20 to 30 m s-'. The efficiency 
of the rolls in transporting potentially dam- 
aging horizontal momentum to the ground is 
illustrated in Fig. 6, where DOW-measured 
peak horizontal wind speeds are shown to be 
homogenized throughout the lowest 2000 m 
agl. DOW-measured peak wind speeds of 
55 m s-' near the coastline at 50 to 100 m 
agl, and 40 to 45 m s-' below 50 m agl near 

the airport, were very close to those observed 
bv surface instrumentation. The roll Dertur- 

mation of roll propagation velocity or of the 
scan-to-scan evolution of stronger wind field 

bations resulted in horizontal wind shear as 
high as 30 m s-' over 300 m, corresponding 
to a vertical component of shear vorticity of 
up to 0.1 s-'. These values are as high as 
those observed at similar resolution in weak 
tornadoes, but not in strong ones (8). The 
velocitv associated with the cross-roll flow 

perturbation features embeddevd within the 
rolls (Fig. 4). Time scales associated with 
these smaller perturbations might be as short 
as the size of the perturbations (100 to 
300 m) divided by the average wind speed 
(40 m s-'), or 2.5 to 8 s. However, the 
spatial scale and magnitude of the features 
suggest that they are associated with much of 
the gustiness observed in hurricanes at land- 
fall. Close to the radar, below 50 m agl and 
at the finest resolution, DOW-observed per- 
turbations (-20 m s-') from the mean flow 
(35 to 40 m s-') correspond to gust factors of 
-1.5, close to those observed by anemome- 
ters in hurricanes (1 6). Small-scale boundary 
layer rolls, providing efficient and focused 

(perpendicular to the large-scale horizontal 
flow) was estimated to be 3 to 5 m s-' bv 
measuring the Doppler velocity in regions 
where the radar beams were oriented perpen- 
dicular to the rolls. 

Radar volumes were updated every 300 s; 
these intervals were too long to permit esti- 

transport of horizontal momentum from 
1000 m agl to the surface, may be the cause 
of some small-scale variations in damage. 
However, some damage surveys (1, 2) have 
documented damage swaths much smaller 
than the wavelength of the rolls. These dam- 
age swaths may be attributable to sub-roll- 
scale maxima suggested by the DOW data. 

Boundary layer rolls have long been ob- 
served in convectively unstable environ- 
ments in the Dresence of vertical shear of 
the horizontal wind, and have been de- 
scribed theoretically, computationally, and 
in the laboratory (17-27). Because rolls 
parallel to the wind shear vector are only 
expected in environments that are convec- 
tively unstable, the orientation of the ob- 
served rolls implies that the lowest 1000 m 
of the hurricane was at least slightly con- 
vectively unstable in the landfall region 
despite nighttime conditions, heavy pre- 
landfall rainfall, and persistent cloudiness 
during the day before landfall. Direct obser- 
vation of the thermal structure of the over- 

Fig. 3. Large-scale Doppler velocity structure at 
23:30:19 UTC, as measured by the DOW radar. 
Strong easterly flow peaking at -60 m s-' is 
evident both off- and onshore. The eye of the 
hurricane is at the edge of radar visibility to the 
south. Visibility was severely limited by attenua- 
tion. Pink curved arrows illustrate average wind 
flow. Scan is at 5" elevation. 

Fig. 5. Schematic representation of observed 
shear- and wind-parallel boundary layer rolls. 
High-momentum air (red) is brought to the surface 
in the downward legs of the rolls, while air slowed 
near the surface is brought aloft in the upward 
legs. 

land hurricane boundary layer with conven- 
tional balloon measurements is, of course, 
problematic. An alternate possibility is that 
the banded structure is the result of hairpin 
vortices observed in the laboratory and de- 
scribed theoretically (28, 29). Extremely 
long hairpin vortices might be observation- 
ally indistinguishable from horizontal rolls 
because radar beams mav miss the sham- 

- 0003 UTC DOW - 0028 UTC DOW - 0039 UTC DOW 
2330 UTC KLTX 

turning sections of the hairpins. 
Horizontal winds were observed to 

weaken after the hurricane eye passed over 
the radar site after 0100 UTC. The rolls 
were absent in the region of weaker flow in big. 4. Hi91 I-~esolution image of Doppler velocity 

field to the east of Wilmington at 23:58:17 UTC. 
Sub-kilometer-scale streaks caused by boundary 
layer rolls modulate the mean easterly flow. Near 
the radar (left) at altitudes of -1 00 m agl, peakand 
trough wind speed values are -40 m s-I and 
-10 m s-', respectively. Further from the radar 
(right), peak and trough wind speed values alter- 
nate from -25 to -55 m s-'. Azimuthal shear 
values are (-30 m s-'/-300 m) - 0.1 s-' across 
many of the rolls. Scan is at 2" elevation. 

Altitude (m agl) 
the disintegrating hurricane eye, but they 
~ersisted inland. where winds of 50 m s-' Fig. 6. Altitude dependence of peak wind speeds 

as observed by DOW and National Weather Ser- 
vice KLTX radars. DOW-measured peak speeds 
at 100 m agl are nearly as high as those at 1000 m 
agl as a result of momentum transport in the rolls 
and agree closely with surface peak wind obser- 
vations. KLTX-measured peak speeds are smaller 
at low altitude because of poorer resolution and 
possibly because of longer overland trajectories. 

continued at 1000 m agl, suggesting that a 
threshold wind s~eed  mav have been nec- 
essary for the observed roll instability to be 
manifested or that the environment may 
have become more convectively stable 
within the eye. 

Data from the nearby KLTX radar were 
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reported at coarser range resolution than 
the DOW data: 75 m for the DOW, 250 m 
for KLTX. Furthermore, the DOW over- 
sampled azimutl~ally, calculating four beams 
per degree, whereas KLTX collected only 
one beam per degree. KLTX resolution \\?as 
thus coarser than that of the DOW by a 
factor of 3.5 to 7 .  Because the roll \\lave- 
length \\?as -600 m with sub-roll peak wind 
speed regions with scales of -100 m (Fig. 
4) ,  the rolls were less accurately character- 
ized by KLTX and the peak wind intensity 
was underestimated. Peak-to-trough differ- 
ences in \vind speeds were near 10 m s-', 
onlv 30% of that observed bv the DOW and 
low& than typical hurricaile gust factors 
(16). An important consequence was that 
the KLTX data ilnolied less severe neak 
low-level wind speeds than \\?ere observed 
at the ground or by the DOW (Fig. 6). 
Because the wind field sampled near KLTX 
had passed over -40 km of land, some of 
the observed differences likely resulted from 
evolution of the near-surface wind field. 
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Switching Supramolecular Polymeric Materials 
with Multiple Length Scales 

J. Ruokolainen, R. Makinen, M. Torkkeli, T. Makela, R. Serimaa, 
G. ten Brinkel* 0. Ikkala* 

It was demonstrated that polymeric supramolecular nanostructures with several length 
scales allow straightforward tailoring of hierarchical order-disorder and order-order 
transitions and the concurrent switching of functional properties. Poly(4-vinyl pyridine) 
(P4VP) was stoichiometrically protonated with methane sulfonic acid (MSA) to form 
P4VP(MSA),,,, which was then hydrogen-bonded to pentadecylphenol. Microphase 
separation, re-entrant closed-loop macrophase separation, and high-temperature mac- 
rophase separation were observed. When MSA and pentadecylphenol were complexed 
to the P4VP block of a microphase-separated diblock copolymer poly[styrene-block- 
(4-vinyl pyridine)], self-organized structures-in-structures were obtained whose hierar- 
chical phase transitions can be controlled systematically. This microstructural control on 
two different length scales (in the present case, at 48 and 350 angstroms) was then used 
to introduce temperature-dependent transitions in electrical conductivity. 

During the past decade, methods to pre- 
pare nanosized structures have progressed 
greatly, stimulated by the continuing de- 
mand for miniaturization of devices and 
electronic components. Polymers offer a 
means to construct ordered nanoscale do- 
rnallls throueh self-oreanization, on the ba- " " 
sis of competing interactions (1-7). Perhaps 
the most studied examole is nrovided bv 
block copolymers, where the repulsion be- 
tween the chemically connected blocks 
leads to self-oreanization into lamellar, cv- u , , 

lindrical, spher~cal, and other structures 
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with lgngth scales on the order of 100 to 
1000 A ( 1 ) .  Even more comnlicated struc- 
tures have been created with'block copoly- 
mers containing rigid moieties (4, 8). Re- 
cently. another concent to achieve meso- , , 
morphic structures at much smaller length 
scales (typically 30 to 40 A) has been pre- 
sented in \vhich nonmesogenic amphiphilic 
olieomers are noncovalentlv bonded to ho- 
moiolymers (5, 6, 9). In thk case of hydro- 
gen bonding bet~veen amphiphilic oli- 
gomers such as pentadecylphenol (PDP) 
and homopolymers such as P4VP, the com- 
petition bet\veen attraction and repulsion 
leads to a microphase-separated (often la- 
mellar) morphology at low temperatures (6 ,  
10, 1 1 ) . Heating yields an order-disorder 
transition to a disordered phase (10, 11). 

Here, \ve sho\v that the two above-men- 
tioned ordering principles can be combined 
with the use of diblock copolymers consist- 
ine of a coil-like block and a block consist- " 
ing of a supramolecular polymer-amphi- 
phile complex, allowing microstructural 
control on two length scales. The hierarchi- 
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