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ABSTRACT

Doppler velocity data from Weather Surveillance Radar-1988 Doppler (WSR-88D) radars during four
hurricane landfalls are analyzed to investigate the presence of organized vortices in the hurricane boundary
layer (HBL). The wavelength, depth, magnitude, and track of velocity anomalies were compiled through
analysis of Doppler velocity data. The analysis reveals alternating bands of enhanced and reduced azimuthal
winds closely aligned with the mean wind direction. Resulting statistics provide compelling evidence for the
presence of organized secondary circulations or boundary layer rolls across significant areas during four
hurricane landfalls. The results confirm previous observations of the presence of rolls in the HBL. A
potential limitation of the study presented here is the resolution of the WSR-88D data. In particular,
analysis of higher-resolution data (e.g., from the Doppler on Wheels) is needed to confirm that data aliasing
has not unduly impacted the statistics reported here. Momentum fluxes associated with the secondary
circulations are estimated using the covariance between the horizontal and vertical components of the wind
fluctuations in rolls, with resulting fluxes 2-3 times greater than estimated by parameterizations in numeri-
cal weather prediction models. The observational analysis presented here, showing a prevalence of roll
vortices in the HBL, has significant implications for the vertical transport of energy in hurricanes, for the

VOLUME 62

An Observational Case for the Prevalence of Roll Vortices in the Hurricane

character of wind damage, and for improvements in numerical simulations of hurricanes.

1. Introduction

Boundary layer roll vortices are known to be a com-
mon feature of the convective atmospheric boundary
layer (ABL) and have been extensively studied obser-
vationally, analytically, and numerically (Kuettner
1971; LeMone 1973; Etling and Brown 1993; Mourad
and Walter 1996; Weckwerth et al. 1997). High-
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resolution observations provided by radar (Wurman
and Winslow 1998, hereafter WW98) and synthetic ap-
erture radar (SAR; Katsaros et al. 2000) supply evi-
dence of similar circulations in the boundary layers of
tropical cyclones (Fig. 1). The fine linear features seen
across much of the SAR image in Fig. 1 have a wave-
length of 2-4 km and are observed between convective
bands in Typhoon Fengshen. Although the origin of the
features observed by SAR has not been confirmed, it is
reasonable to assume that they are the product of varia-
tions in surface wind speed and roughness associated
with the vertical transport of momentum by boundary
layer roll vortices. Damage swaths extending several
hundred meters in the direction of the mean wind have
been observed in the wake of hurricanes and midlati-
tude cyclones and attributed to wind gusts of extended
duration (20 s) (Wakimoto and Black 1994; Mass et al.
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FiG. 1. RADARSAT-1 synthetic aperture radar (ScanSAR Wide B) image of Typhoon
Fengshen showing evidence of finescale roll circulations across much of the image (e.g., black
arrow). The image was taken at 0832:28 UTC 24 Jul 2002 (copyright Canadian Space Agency).
The center of the typhoon is just to the southwest of the image at ~28.3°N, 140.7°E, with the
signature of eyewall convection visible in the lower left of the image (white arrow). The image

pixel resolution is ~150 m.

1995). It has been suggested that these damage patterns
are consistent with downward momentum transport by
helical roll circulations in the ABL (Fujita 1992;
WWOg).

In this paper we document the occurrence and the
structural characteristics of organized roll vortices in
the boundary layer of hurricanes through analysis of
Weather Surveillance Radar-1988 Doppler (WSR-88D)
data in four hurricane landfalls. For the purpose of this
study the hurricane boundary layer (HBL) is defined as
the region of the lower atmosphere that is directly af-
fected by friction against the ocean surface and the
transport of sensible and latent heat across the ocean
surface. The extent of the hurricane boundary layer has
been variously estimated as the depth of the inflow
layer (Wroe and Barnes 2003) or the height of the in-
flection in the radial component of the wind profile
(Brown 1980). If the extent of turbulent mixing in the
HBL is taken as the top of the roll circulations, then a
practical estimate for the extent of the HBL can be
determined through the method of radar data analysis

described in section 2 of this paper. The principal goal
of this work is to improve our understanding of the
vertical transport of energy across the HBL, which
should lead to improvements in our ability to simulate
intensity changes in these destructive storms, an ability
that is remarkably lacking in current numerical weather
prediction (NWP) models (Emanuel 1999).

Secondary circulations in the ABL have been previ-
ously documented through Doppler radar analysis.
Kelly (1982), using data from a single-Doppler radar,
found an alternating pattern of diffluence and conflu-
ence in the Doppler velocity fields associated with ABL
rolls. Christian and Wakimoto (1989) related ABL rolls
to cloud street location in light wind conditions in a
lake-effect snowstorm using single-Doppler radar data.
They found that ABL roll convergence areas produced
radar echoes aligned with the cloud streets. Weckwerth
et al. (1997) developed an objective method for deter-
mining roll characteristics in radar data and related
wavelength and aspect ratio of observed rolls to con-
vective instability and ABL depth. WWO98 analyzed
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Doppler on Wheels (DOW) data gathered during Hur-
ricane Fran (1996). They showed that the retrieved
wind field in the lowest 200 m included features that
resemble HBL rolls aligned along the mean wind vector.
These features were small, narrow regions of enhanced
flow flanked by large horizontal gradients (10~! s~ ).
Glendening (1996) utilized a large eddy simulation
(LES) model to simulate ABL rolls under conditions of
strong shear and low buoyancy conditions. The LES
produced ABL rolls that transported significant
amounts of momentum, moisture, and heat vertically.
Brown and Zeng (2001) compared a two-layer similar-
ity HBL model to GPS dropsonde observations in a
hurricane environment. Their HBL model includes a
parameterization of the HBL roll effects on wind pro-
file, momentum, and heat fluxes. Their results show
that the HBL model matches the GPS dropsonde ob-
servations well, and this favorable comparison is due to
the inclusion of the nonlinear HBL roll effects. Cur-
rently, most numerical weather prediction (NWP) mod-
els do not employ ABL roll effects in the transport of
momentum, heat, and moisture in the ABL. Instead,
they use an eddy-viscosity model that parameterizes the
turbulent transport homogeneously throughout the
ABL. The first attempt to provide an analytical descrip-
tion of roll vortices in hurricanes was undertaken by
Foster (2005), in collaboration with this observationally
based paper. Foster concludes that the HBL is ideally
suited for roll formation because of an instability asso-
ciated with an inflection point that is characteristically
present in the radial component of HBL wind profiles.
His predictions regarding the characteristics of the rolls
agree with the observational results presented in this

paper.

2. Methods

The WSR-88D radar completes a volume scan in 6
min when scanning in precipitation mode. The volume
scan is composed of 14 conical scans at elevation angles
ranging from 0.5° to 19.5° over a domain within 125 km
of the radar with a radial resolution of 250 m. Crum and
Alberty (1993) provide additional technical and perfor-
mance specification for the WSR-88D radar. A Fourier
analysis of the velocity—azimuth display (VAD) is used
to estimate profiles of mean wind speed and direction
for each elevation and radius in a volume scan (Brown-
ing and Wexler 1968). At a given scan elevation and
radius, mean radial velocity (first harmonic) is a sinu-
soidal function of azimuth angle, with the amplitude
and phase of the sine curve providing the mean wind
speed and direction (Fig. 2).

To maximize the vertical resolution and minimize
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F1G. 2. The gray line is the radial velocity at 5-km distance from
the radar. The black line is the sinusoidal component of the radial
velocity (first harmonic). Data shown are from the Puerto Rico
WSR-88D at 2203 UTC 21 Sep 1998, taken in Hurricane Georges.

ground clutter contamination, horizontal wind speed
and direction estimates were computed for the 20 radial
bands at 250-m resolution between 5.0 and 9.75 km at
each elevation angle (Marks et al. 1999). This approach
yields horizontal wind estimates starting 62 m above the
radar (so typically 100 m above the ground) and ex-
tending to 3.4 km with estimates every ~25 m on av-
erage. The angular beamwidth of the WSR-88D is
~0.95°; therefore, at a range of 9.8 km the beamwidth
is ~162 m, which represents a limit to the horizontal
and vertical resolution of the radar data at the maxi-
mum range used in this study. This resolution is com-
parable to the resolution of 160 m at 10 km reported by
WWOS, though their gate-to-gate range resolution of 75
m is significantly better than the range resolution of
~200 m of the WSR-88D.

Velocity estimates in each radial band fluctuate
about a mean profile with an rms of 2-3 m's ~'. Smooth
profiles were constructed using a Gaussian-weighted
filter with an e-folding distance of ~75 m. Tangential
(V,) and radial (V,) wind components were derived us-
ing the storm track and radar position (Fig. 3a). Here V,
is the component of the wind oriented perpendicular, in
a counterclockwise direction, to a radial line extending
from the storm center determined from the track data,
and V, is the component of the wind oriented parallel to
a radial line extending from the storm center.

VAD wind profiles were compared to available ra-
diosonde balloon profiles released by the National
Weather Service in close proximity to the radar site.
The tangential and radial wind profiles from the VAD
method were in reasonable agreement with those of the



AuacusT 2005

2000 |
(a)
1600}
1600 4
1400k s, o WY s s J
£ 1200}
%1000 ; /
s fr?f/ Distanca from Eya
8O0 F .
green:122 to 85 km
/S oyan: 95 to 82 km
BRI Ve blue: 76 to 60 km 1
dan | / :.frlll rad: 58 o 29 km
(|
200 | ""['I'. '.\ ..... |
\; W
0 1 1 1 1
-10 0 10 20 30 40
Wy Wind Speed (m s 1) Vt
1000 — — T
900 - (6) - : 1
VAD wind profile e
800
700
£ .
= 600 :
=2 '
a 1
T 500 | :
L]
400 | Height of maximum :
residual velocty :
300 - e v |
]
200 - ' T 1
| Negative | Positive | Bottom
! Residual | Residual |
14 : AL

IO SRR [N | [N i ) MUC W7 T NN ISR Y. 'CHNNS (LS v TEE L " 1 [P Xi——

0 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Wind Speed (m s-1)

F1G. 3. (a) VAD tangential (V,) and radial (V,) wind profiles in
Hurricane Bonnie at color-coded distances from 29 to 122 km
from the eye. The heavy black line is the mean of the component
VAD wind profiles taken in Bonnie. (b) Illustration of the
method used to estimate the HBL roll depth from the VAD pro-
file and the characteristics of the HBL roll. The data shown are for
a HBL roll observed in Hurricane Bonnie at 0534 UTC 27 Aug
1998.

radiosonde (rms difference ~1 and 3 ms™ ', respec-
tively). Slightly larger differences in the radial compo-
nent can be explained in part by noting that the radial
velocity varies substantially with radial distance to the
eye. As an areal average, the VAD-derived radial ve-
locity is sensitive to the proximity of the hurricane eye.

To isolate velocity anomalies associated with orga-
nized HBL rolls from the mean background flow, the
Doppler radial velocity is subtracted from the first har-
monic of the VAD-derived velocity in each radial band
to produce a residual velocity field for each elevation

MORRISON ET AL.

2665

angle scan from 0.5° to 5.5° (Fig. 2). The lowest six
scans are used to ensure the data being processed are
within the boundary layer and not the free atmosphere.
A threshold of =3 ms™! is applied to the residual ve-
locity field to emphasize the structure in the field (Fig.
4). Doppler radars can only observe the component of
the wind along radar beam. Therefore, the velocity re-
siduals tend to be most pronounced within 15° of the
mean HBL wind direction, with alternating bands of
enhanced and reduced azimuthal velocities visible
(Figs. 2 and 4). Pairs of adjacent positive and negative
velocities were noted on each residual velocity scan,
with the scans slicing at a low elevation angle through
the features. When such pairs were observed in succes-
sive scans, their signatures were analyzed to accumulate
evidence of coherent structures, or roll vortices, in the
HBL (Fig. 4). Observations of wavelength are made
when the radar beam is directed parallel to the long axis
of the rolls; therefore it is suggested that the relevant
limitation on resolution is that of radar beamwidth at
maximum range (~160 m), rather than the range gate
spacing. It is acknowledged that features with a wave-
length less that ~320 m are not resolved in the WSR-
88D radar data at the maximum range of 10 km, and the
amplitudes of features with wavelengths in the 400-600
m range are not fully resolved (Carbone et al. 1985).

HBL roll motion is estimated using the center of the
anomaly pairs for successive scans. The low elevation
angle of radar beam tilts and short range (<10 km)
ensure the sampling stays within the HBL and also pre-
vent the beam tilt from significantly affecting the HBL
motion calculation. To exclude the possibility that some
of the motion could be attributed to tilting of the phe-
nomena in the vertical, comparisons were made of es-
timated motion for HBL rolls moving toward the radar
and away from the radar and these showed no signifi-
cant difference in speed.

The depth of the roll circulations can be estimated
with reference to the VAD wind profiles, assuming ver-
tical transport associated with the rolls is responsible
for the residual velocity signatures. The average height
of velocity residual pairs taken from successive residual
velocity scans was plotted onto the VAD wind profile
for the same time period (Fig. 3b). The levels above and
below this height, where the mean wind profile matches
the positive and negative wind residuals, provide an
estimate of the depth of the roll circulation (shading in
Fig. 3b).

3. Results

Three storms are examined, Fran (1996), Bonnie
(1998), and Georges (1998), using WSR-88D data from
Wilmington, North Carolina; Morehead City, North
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FIG. 4. Track of residual velocity pair (dots) in a sequence of radar scans taken every 25 s. Thin black rings show
constant radial distance from the radar (every 2 km) and heavy black lines indicate approximate orientation of local
isobars. The eye of Hurricane Fran is 87 km south-southeast of the radar location at the time of the first scan, 2233 UTC

5 Sep 1996.

Carolina; Puerto Rico; and Key West, Florida.
Georges’ path crossed Puerto Rico and Key West. Ra-
dar data were analyzed from the time of the first iden-
tified HBL roll circulation through hurricane landfall.
Following the methodology described in section 2, 149
HBL rolls were documented during the four hurricane
landfalls with 56, 44, 24, and 25 HBL rolls identified in
Fran, Bonnie, Georges (Key West), and Georges
(Puerto Rico), respectively (Fig. 5).

Fran was a category 3 hurricane on the Saffir—
Simpson intensity scale while it was approaching North
Carolina and dropped to category 2 near landfall. Fran
passed within 28 km of Wilmington and the radius of
maximum winds crossed the radar (Fig. 5). The first
HBL rolls were identified 105 km from the eye.

Bonnie was a category 2 hurricane during the sam-
pling period and passed within 30 km of Morehead
City. The radar remained outside the radius of maxi-
mum winds for Bonnie. The first HBL rolls were iden-
tified in Bonnie <120 km from Morehead City.

Georges passed directly over Puerto Rico as a cat-
egory 3 storm and 25 km from Key West as a category
2 storm. HBL rolls were identified out to distances of
135 and 80 km from Puerto Rico and Key West, respec-
tively. After the first roll was identified in each of the
four hurricane landfalls, a large fraction of the subse-
quent scans (35% to 69% ) showed evidence of roll vor-
tices (Fig. 5). Evidence for rolls (adjacent pairs of posi-
tive and negative residual velocities) consistently van-
ished in the radar scans whenever convective rainfall
crossed the radar scan. This observation is in conflict
with WWO98 who report roll signatures in the eyewall of
Hurricane Fran at landfall over North Carolina; discus-
sion of these differences is deferred to section 4.

Histograms for wavelength, depth, aspect ratio, and
the positive residual velocity (Fig. 6) each display a
lognormal distribution, with mean values of ~1450 m,
660 m, 2.4, and 7 ms ™', respectively. The geometric

standard deviation, s, for the lognormal distribution fit
to the data usually ranges from 0.2 to 1.0, which sug-
gests that the presented data are lognormal. The HBL
rolls create adjacent positive and negative residual ve-
locities that result in substantial vertical vorticity
(~0.011 s~ ! over horizontal scales of 1.5 km). The posi-
tive residual velocities, associated with downward leg of
the transverse roll circulation, are shown in Fig. 6¢ be-
cause they have been implicated as the source of dam-
age swaths in the wake of hurricanes (WWO98).

The aspect ratio, defined as the wavelength divided
by depth, ranges from 1 to 4.5 for all cases with a mean
of 2.4. WWOS reported aspect ratios averaging 1.7 for
HBL rolls identified in Hurricane Fran (1996), and
Etling and Brown (1993) reported aspect ratios ranging
from 2 to 15 in their literature review. The aspect ratio
increases with increasing shear in the BL. Analytical
results show that the aspect ratio is sensitive to the
mean shear profile as well as the height of the inflection
point (Foster 2005). In addition, the aspect ratio data
show a general increase in variability with distance
away from the eyewall.

The inflection point in the radial wind (V,) profiles,
where the curvature goes from positive to negative,
provides a depth estimate of the HBL (Fig. 3a) (Brown
1980). For Hurricane Bonnie the HBL depth varies
from ~800 to 1200 m, whereas estimates of the depth of
the HBL roll circulations average 660 m. The depth of
the hurricane inflow layer can be determined by exam-
ining profiles of the mean radial wind component (V).
For Hurricane Bonnie the depth of the inflow layer
ranges from ~200 to ~1100 m, with a mean inflow
depth of ~450 m. These data suggest that the depth of
the rolls is slightly greater than the inflow layer depth
and slightly less than the depth of the HBL estimated
from the height of the inflection point in the radial wind
profiles. The inflow layer depth and height of the in-
flection point increase with distance away from the eye
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FIG. 5. Maps showing hurricane tracks for (a) Bonnie, (b)
Georges (Puerto Rico), (c) Georges (Key West), and (d) Fran,
and radar scan areas (large gray circles with radius ~10 km). Red
track circles indicate the presence of roll vortices within the gray
area of the radar scans at the time when the center of the hurri-
cane was located at the track circle. White track circles indicate no
roll vortices were observed in the associated radar scans.

(Fig. 3), as do depth and aspect ratio of the rolls (not
shown).

Analysis of HBL roll motion suggests that the tracks
curve with the gradient wind, moving roughly parallel
to inferred isobars and the mean wind (Fig. 4). When
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the HBL roll motion is compared to that of the mean
HBL wind direction, it is found that on average the
HBL rolls are oriented ~4° to the left of the mean wind
(Fig. 6¢e), in agreement with theory (Foster 2005). In
contrast to the other histograms shown in Fig. 6, the fit
of the HBL wind direction minus roll orientations is
Gaussian rather than lognormal. The implication is that
orientation of the rolls relative to the mean wind direc-
tion in the layer is normally distributed.

Estimation of roll momentum flux

VAD profiles are used in conjunction with the ob-
served characteristics of HBL rolls to estimate the mo-
mentum flux associated with the HBL roll circulations.
The momentum flux (F,,) is equal to the covariance
between the horizontal (x) and vertical (w) velocity
fluctuations, F,, = uw. Averaging can be performed in
time or in space to obtain the mean and fluctuating
components of the wind (Fleagle and Businger 1980).
In this analysis the VAD provides an areal average, and
the residual velocity fluctuations produced by the rolls
can be taken as the fluctuating component (u) of the
wind in the direction of the mean wind (e.g., Fig. 2).

The vertical velocity fluctuations (w) associated with
the HBL rolls are estimated using two approaches. First
a mixing-length approach is taken (Stull 1988) in which
the variance of w, o,, = kz'(dU/dz), where k is the von
Karman constant (0.4), dU/dz is the magnitude of the
shear over the depth of the roll, and z’ is the depth of
the HBL roll circulation (e.g., Fig. 3b). Using mean
values for the roll circulation (Fig. 6), the mean vertical
velocity fluctuation, o,, = (W?)"?, is ~3 ms™ ..

A second approach for estimating the vertical veloc-
ity fluctuations is to approximate the HBL rolls as two-
dimensional circulations (Lemone 1973). Continuity
can then be applied to derive an estimate of the vertical
velocity: (dv/dy + dw/dz) = 0, assuming uniformity in
the x direction, the direction of the mean flow, and that
the magnitude of the convergence in v is proportional
to the convergence seen in the radial component of the
radar data. Again, taking typical observations for the
rolls (Fig. 6), the mean o, is ~3 m s~ '. This estimate is
consistent with the result using the mixing length ap-
proach above. A comparison of results of the two meth-
ods for each roll observation shows reasonable agree-
ment between these approaches, lending credence to
the suggestion that an estimate of the momentum flux
associated with the roll circulations can be obtained
from the radar observations.

The momentum flux associated with each roll circu-
lation (uw) is calculated using the estimate for u from
the residual velocity field and w from the mixing-length
approach. An areal average of the momentum flux



2668

(a)
25} Mean = 1450
Median = 1350

~20} ]
S . s=0.3
Q15
(@]

10}

51

0

0 500 1000 1500 2000 2500 3000 3500
Wavelength (m)

(c)
Mean = 2.4

Median = 2.3 |
s=0.3 1

JOURNAL OF THE ATMOSPHERIC

3 4
Aspect Ratio
35— . —_—
30] (€) Mean=-39 |
25] Median =-4.0 |
c s =0.05
20 é’

-50-40-30-20-10 O
VAD wind direction - Roll orientation (°)

10 20 30 40 50

SCIENCES VOLUME 62

b
»( ) Mean = 660

Median = 618
s= 04

0 500 1000

Depth (m)

1500

- (d)

Mean =7
Median = 6.8
s=0.2

10 15

u(msT

40t
351
30 ¢
251
20t
15}
101

Mean = 8.0
Median =7.7
s=04

0 2 4 6 8

10 12 14 16 18 20
Areal-Average Momentum Flux (m? s2)
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across the HBL rolls can be obtained by assuming that
the momentum flux varies with the vertical velocity
component across the roll and thus is roughly sinusoi-
dal, with maxima in the updraft and downdraft portions
of the roll and tending to zero in between. The resulting
areal-average momentum flux is ~8 m? s~ 2 for all of the
rolls analyzed. Again the areal-mean flux exhibits a
nearly lognormal distribution (Fig. 6f).

The areal-average momentum flux determined from
the rolls is an appropriate estimate to compare with
fluxes predicted by current NWP model parameteriza-
tions. To do this we need radar measurements over the
sea. Air parcels in Fran had a long trajectory over land
in approach to the radar, while air parcels over Puerto
Rico in Georges experienced the impact of complex
terrain. Therefore, data from Fran and Georges in
Puerto Rico were eliminated to reduce the influence of
the variability of friction and terrain on the momentum-

flux results. The areal-average momentum flux in this
reduced dataset varies from ~5 to 25 m?s~? (Fig. 7).
For comparison, an estimate of the momentum flux,
based on HBL parameterizations used in current NWP
models of homogeneous turbulent diffusion, was calcu-
lated using 100-m VAD winds, assuming neutral con-
ditions and a logarithmic profile in the surface layer.
The results show the average momentum flux associ-
ated with the HBL rolls is 2-3 times greater than esti-
mates from model parameterization of homogeneous
turbulent diffusion (Fig. 7).

Estimates of roll-induced momentum fluxes, prior to
application of areal averaging, ranged from 7 to nearly
50 m?s~ 2 and averaged ~19 m?s™ 2, significantly
greater than the areal-average momentum flux shown
in Fig. 7. These larger values may be appropriate to
reference when considering the variability of the sur-
face winds, their damage potential, and the impact of
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F1G. 7. Scatterplot of the areal-average momentum flux associ-
ated with the HBL rolls vs the HBL shear for Hurricanes Bonnie
and Georges (Key West) (gray dots). For comparison, the black
dots show the momentum flux calculated from 100-m wind from
the VAD wind profiles alone, assuming neutral stability in the
surface layer and a roughness length of 0.3 m.

heating associated with the dissipation of turbulence
kinetic energy at the air-sea surface (Bister and Eman-
uel 1998; Businger and Businger 2001).

4. Conclusions and discussion

a. Summary of conclusions

Doppler velocity data from WSR-88D radars during
hurricane landfall are analyzed to investigate the pres-
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ence of organized eddies in the hurricane boundary
layer (HBL). The analysis and resulting statistics pro-
vide compelling evidence for the presence of organized
secondary circulations or boundary layer rolls in hurri-
canes. A large fraction of radar scans (35% to 69%)
showed evidence of roll vortices, following identifica-
tion of the first roll in each of the four hurricane land-
falls. A schematic that summarizes the results of the
analysis, with reference to the nonlinear theory, is pre-
sented in Fig. 8.

Histograms for wavelength, depth, aspect ratio, and
residual velocity each display a lognormal distribution,
with mean values of ~1450 m, 660 m, 2.4, and 7 m's™ !,
respectively. The mean gradient between adjacent posi-
tive and negative velocity residuals corresponds to a
horizontal wind shear of ~14 ms~' over ~725 m
(wavelength ~1450 m) and a shear component of ver-
tical vorticity of 1.1 X 1072 s~!. The mean momentum
flux averaged over the rolls is ~8 m* s~ for all the rolls
analyzed and also exhibits a nearly lognormal distribu-
tion.

b. Discussion

J. Wurman (2004, personal communication) notes
the appearance of linear features with wavelengths as
short as 200 m in the lowest part of the HBL near the
radar in DOW scans. Farther from the DOW radar
(5-10-km range) the wavelength and depth of the dom-
inant features increase. These observations are not in-
consistent with those documented with the WSR-88D.
For a feature to be included in the statistics compiled in

~¢— Mean Wavelength 1450 M ——p-

~+— Mean Depth 620 m —

Mean Momentum Flux = 8 m2 s™2
Mean Aspect Ratio = 2.4
Mean |u| =7 m s1

F1G. 8. Schematic depicting hurricane boundary layer rolls observed during four hurricane landfalls. Streamline arrows indicate
transverse flow, with high (low) momentum air being transported downward (upward). Shaded arrows and bold contours indicate the
positive (red) and negative (blue) residual velocities [R. Foster 2004, personal communication; after Brown (1974) and WW98].
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the present study, it had to exhibit temporal continuity
in consecutive scans. Smaller-scale features in the
WSR-88D data were generally less traceable in subse-
quent scans. However, analysis of higher-resolution
data is needed to confirm the potential impact of data
aliasing on the statistics reported here.

The features documented in this research exhibit a
linear structure nearly aligned with the mean wind in
the HBL. Observations of wavelength are made when
the radar beam is directed parallel to the long axis of
the rolls; therefore it is suggested that the relevant limi-
tation on resolution is that of radar beamwidth at maxi-
mum range (~160 m). Features with a wavelength less
that ~320 m are not resolved in the WSR-88D data at
the maximum of 10 km, and the amplitudes of features
with wavelengths in the 400-600-m range are not fully
resolved (Carbone et al. 1985). Nearest the radar,
where a narrower radar beam is observing lower in the
HBL, the horizontal scale of the velocity anomalies ap-
pears to diminish. It was noted that smaller-scale, shal-
lower features generally lack temporal coherence in the
WSR-88D data. This finding may be sensitive to data
resolution, and it is suggested that these smaller fea-
tures deserve attention in future research. Recent im-
provements in the resolution of the DOW, through
oversampling and a finer gate-to-gate range resolution
(25 to 37 m), make these data a promising choice to
address the question of whether data aliasing to larger
scales impacts the results of the research presented
here.

Young et al. (2002) cite five mechanisms that can
result in quasi-two-dimensional structures observed in
the ABL: (i) shear-driven surface-layer turbulence, (ii)
buoyancy-driven turbulence in a sheared surface layer,
(iii) and (iv) two environmentally determined modes of
boundary layer rolls with vertical scales comparable to
the depth of the mixed layer, and (v) elongated features
forced by gravity waves.

The characteristics of the observed HBL roll vortices
(e.g., orientation relative to mean flow, occurrence un-
der neutral or unstable conditions) cannot be explained
by gravity waves. Results of an analytic model of co-
herent structures in surface layers under constant shear
conditions show that hairpin vortices result as one
moves away from the surface boundary (Bakas et al.
2001). Hairpin vortices, also know as streaks, undergo a
continuous cycle of generation, strengthening, decay,
and reformation, and their characteristic lifetimes (up
to 20 min) decrease with distance away from the surface
(Bakas et al. 2001; Young et al. 2002). It is suggested
that surface-layer shear mechanisms do not adequately
explain the temporal and spatial characteristics associ-
ated with the HBL roll features observed in radar and
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SAR data (Fig. 1). However, hairpin vortices may
play an important organizing role by forcing roll insta-
bilities that are near the most rapidly growing normal
mode. The interaction between hairpin vortices and
HBL rolls may help explain the observed variability
and lognormal distribution seen in the wavelength,
depth, and residual velocity statistics presented in this
paper (Fig. 6).

The lognormal distribution evident in the results im-
plies that the variable is exponentially dependent on
another variable that is normally distributed and that
the probable magnitude of any incremental change in
this second variable is proportional to its instantaneous
value. For example, the stress in the surface layer is
nearly lognormally distributed (Powell et al. 2003) and
the stress is related to the vertical shear of the horizon-
tal wind, whose magnitude is a function of the height
above the surface. The height of the inflection point,
which determines the depth of the roll circulation, in
turn is related to the distribution of wind shear in the
HBL. Therefore, the distribution of the depth, wave-
length, and residual velocities may be expected to dis-
play a lognormal character.

The HBL rolls in this study are identified in a highly
sheared environment in which the HBL is capped by
subsiding air between spiral bands of organized deep
convection outside the eyewall. It is suggested that me-
chanical mixing as a result of the shear will tend to
produce near neutral or slightly unstable thermody-
namic conditions. The strong shear in the HBL under
these circumstances is observed to result in an inflec-
tion point in the radial wind profile (Fig. 3a). Theoret-
ical results suggest that this circumstance is conducive
to the development of the HBL rolls (Lilly 1966; Brown
1980; Foster 2005).

Rolls with an average wavelength of ~600 m and
residual velocity of ~15 ms~' were documented by
WWO8 in the eyewall of Hurricane Fran. Although
their average wavelength falls within the range ob-
served in this study it is more than a factor of 2 smaller
than the average (Fig. 6a). Since both radars (WSR-
88D and DOW) have a similar beamwidth (~160 m at
10-km maximum range), data aliasing is not likely to
fully account for the difference. Previous observational
results show a relationship between the wavelength of
rolls and ABL depth, with shorter wavelengths associ-
ated with shallower mixed-layer depth (Weckwerth et
al. 1997; Young et al. 2002). Analytical results indicate
that the wavelength and depth of the HBL rolls are
sensitive to the distribution of the mean wind shear
profile and the inflection-point height (Foster 2005).
The shorter wavelengths and larger residual velocities
reported in WWOS are consistent with the high-shear
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environment of the eyewall region of Hurricane Fran
where wind speeds approached 60 m s~ ' in a very shal-
low inflow layer. As wind speeds increase near the eye-
wall of hurricanes, the depth of the surface layer can
grow to O(100 m), whereas the depth of the mixed layer
or HBL tends to decrease approaching the eyewall.
Therefore, vortices originating in the surface layer may
have increasing influence on the characteristics of the
observed HBL rolls as one nears the radius of maxi-
mum winds and the eyewall.

In this study HBL roll signatures were generally ab-
sent in areas characterized by heavy convective rain-
bands outside the eyewall. It is suggested that within
rainbands convectively unstable profiles dominate, with
larger-scale overturning and downdrafts (Powell
1990a,b) that preclude inflection-point instability.

Wurman and Winslow find evidence of rolls in a re-
gion of heavy precipitation associated with the eyewall
of Hurricane Fran. Static instability tends to be less in
the eyewall than in surrounding spiral rainbands
(Emanuel 1986), whereas shear and shear-induced tur-
bulence are significantly greater in the eyewall HBL.
Additionally, helical roll vortices that form just outside
the eyewall may be advected into the eyewall region.
Researchers have observed evidence of roll-like circu-
lations embedded in the eyewall of some storms as seen
and photographed from research aircraft flying inside
the eye (P. Black 2004, personal communication).
These considerations may help explain the presence of
roll signatures in the heavy-rain region of the eyewall in
Hurricane Fran. The radar data used in the research
presented here were collected in regions outside the
eyewalls of the hurricanes observed, with the exception
of Georges’ landfall in Puerto Rico (Fig. 5). Orographic
influences associated with Puerto Rico’s complex ter-
rain may have disturbed roll structures during eyewall
passage there, as clear roll signatures were not ob-
served at that time.

Observational evidence presented here (Fig. 7) and
theoretical results (Foster 2005) suggest that HBL rolls
transport high-momentum air from the upper HBL
downward, in agreement with past work (e.g., Lemone
1973; Glendening 1996; WW98). Over the ocean locally
enhanced winds produced by the rolls result in anoma-
lous dissipative heating, increased wave breaking, and
an increased evaporation of sea spray (Businger and
Businger 2001; Kepert 1996; Makin 1998). In combina-
tion these circumstances result in a locally enhanced
latent heat flux and increased buoyancy of air, which is
then entrained into the updraft region of the HBL roll.
This overall process enhances the energy transport in
the HBL and increases the efficiency of the ocean—
atmosphere energy flux. Over land, roll-enhanced wind
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gusts or streaks may be responsible for well-defined
swaths of enhanced damage visible in forested areas
following hurricane passage (Fujita 1992; Wakimoto
and Black 1994).

Current HBL parameterizations using downgradient
diffusion methods do not capture the nongradient mix-
ing created by the HBL rolls. Estimates of the areal-
mean vertical momentum fluxes produced by the roll
circulations (normalized by wavelength) are 2-3 times
greater than the fluxes predicted by operational NWP
model parameterizations of homogeneous turbulent
diffusion.! The mean height valid for the estimation of
the roll-induced fluxes (~350 m) is greater than that
used in calculation of the flux due to homogeneous
turbulent diffusion (~100 m). It is suggested that the
momentum flux will increase downward between 350-
and 100-m elevation. The reason is that the cross-isobar
component of the flow toward lower pressure typically
increases downward, due to the increasing impact of
friction near the surface. Since cross-isobar flow repre-
sents a source of kinetic energy, in regions where the
Lagrangian air parcel trajectories have a cross-isobar
component, the momentum will increase downward. In
this case, the roll-induced fluxes shown in Fig. 7 may
underestimate the value valid at 100 m.

The estimates for momentum fluxes presented in this
paper were averaged over the rolls for comparison pur-
poses. However, linear averaging is not appropriate
when discussing nonlinear effects such as damage from
wind gusts or dissipation of turbulence kinetic energy at
the surface. The momentum flux associated with the
velocity residuals, prior to calculation of an areal aver-
age, ranged from 7 to nearly 50 m?s 2 and averaged
~19 m? s~ 2, significantly greater than the areal-average
momentum flux shown in Fig. 7. These larger estimates
may be appropriate to reference when considering the
variability of the surface winds, their damage potential
over land, and the impact of heating associated with the
dissipation of turbulence kinetic energy at the air-sea
surface (Businger and Businger 2001).

The drag coefficient over the ocean increases with
wind speed for near-surface winds ranging from 5 to 30
m s~ '. For near-surface winds =40 ms™' the drag co-
efficient becomes constant, or even decreases slightly
(Powell et al. 2003). It has been suggested that the drag
coefficient may approach its limit as the fraction of the

! Models referred to here include the National Centers for En-
vironmental Prediction (NCEP) Global Forecast System, Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF)
model, Geophysical Fluid Dynamics Laboratory (GFDL) Hurri-
cane Model, and the Naval Research Laboratory (NRL) Nested
Grid Operation Global Prediction System.
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ocean surface that is covered by breaking waves ap-
proaches 100%. Downgradient diffusion holds that the
magnitude of vertical fluxes depends on the magnitude
of the drag coefficient; therefore compensating mecha-
nisms must exist at high wind speeds to maintain the
storm strength against increased dissipation. Persing
and Montgomery (2003) suggest that heating in the eye
may be important in this regard. HBL vortices may also
play a key role in maintaining the high enthalpy fluxes
necessary in the hurricane environment by transporting
high enthalpy air upward into the HBL on the ascend-
ing side of the HBL rolls and lower enthalpy air down-
ward on the descending side of the rolls. Assessment of
the roll’s impact on the ratio of the enthalpy and mo-
mentum exchange coefficients is a topic for future re-
search.

It is the hope of the authors that the results presented
in this paper, along with the questions and uncertainties
raised, will promote interest in this area of research and
provide motivation for further observational, theoreti-
cal, and modeling work in the HBL.
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