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ABSTRACT

Results of hurricane boundary layer experiments conducted in outer rainbands of Hurricanes Josephine
(1984) and Earl (1986) are presented. Comparisons of precipitation and kinematic structures in these storms
and in Hurricane Floyd (1981) indicate that principal rainbands have common characteristic mesoscale and
convective-scale features in the boundary layer. The two-dimensional mesoscale structure suggests that these
rainbands are made up of a linear aggregate of cellular reflectivity elements (on the inner, upshear side of the
band) and stratiform rain (on the outer downshear side). The bands are oriented perpendicular to the shear
above the boundary layer and cells move downband at about 85% of the density-weighted mean wind speed of
the 0.2-6 km layer. The boundary-layer wind field is strongly influenced by the rainband with alongband and
crossband wind maxima located on the outer side of the band axis, and minima 4-8 km to the inner side.
Maximum crossband convergence and cyclonic shear vorticity are also found to the inner side of the rainband
axis. Updrafts and downdrafts are preferentially located on the inner side of the band axis, with some downdrafts
spreading out at the surface. The band-relative positions of the updraft and perturbation pressure minimum
suggest that the minimum may be produced by interaction of the wind shear and the updraft. Outer hurricane
rainbands show many similarities to tropical squall lines, major differences are associated with propagation and
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the structure of the leading and trailing edges.

1. Introduction
a. Background and objectives

The hurricane planetary boundary layer (HPBL) is
of major importance in the development and mainte-
nance of the storm. The frictional coupling of the
hurricane vortex to its underlying surface produces
shear- and buoyancy-induced turbulence that supplies
moisture and heat to the storm and provides a sink of
momentum, resulting in inflow and upward motion
due to convergence. The HPBL is defined by nearly
continuous turbulence that is initially produced by
shear at the underlying surface. It is bounded above
by the area where convective turbulence becomes im-
portant, i.e., the cloud base or a region where surface-
induced turbulence no longer exists, such as an inver-
sion.

In addition to its importance as an energy source,
the HPBL. has impact on the life forms within it,
through destructive storm surge, wind gusts, and severe
weather episodes. There is little information on the
three-dimensional structure of the HPBL. Research
aircraft measurements have been possible only at flight
levels, which are usually above 1500 m and rarely as
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low as 500 m. Therefore, there is frequently only one
level of data in the HPBL, except for occasional mul-
tiple-level HPBL experiments (e.g., Moss and Merceret
1976; Moss 1978), rainband experiments by Barnes et
al. (1983, hereafter referred to as BZIM) and Barnes
and Stossmeister (1986); and a rainband-HPBL in-
vestigation by Powell and Black (1984).

The objective of this study is to improve our knowl-
edge of the structure of the HPBL and its interaction
with rainband convection to determine: 1) a conceptual
model of the three-dimensional wind, temperature and
humidity structure of the HPBL in the vicinity of well-
organized, convective rainbands; 2) mesoscale- and
convective-scale influences, which can act to modify
the HPBL structure, thereby affecting turbulent fluxes
of heat, moisture and momentum at the surface and
above; 3) the extent to which HPBL modification af-
fects the coupling of the subcloud region with the con-
vective regime above; and 4) the role of the boundary
layer in the dynamics of the storm, including its im-
portance in the development and maintenance of rain-
bands and storm intensification.

b. Historical development

Observational details of the structure of rainbands
began to emerge upon the advent of radar as a peace-
time tool for weather detection. These studies include
land-based radar and surface data analyses by Wexler
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opment is reflected in the results obtained by BZIM
from Hurricane Floyd (1981) data, but they found the
barrier was only prominent in the convective portions
of the band. The barrier effect may be important in
controlling the inflow of unstable air and forcing the
innercore and eyewall regions of the storm to use re-
cycled, more stable air to support convection.

Ishihara et al. (1986) studied an outer stratiform
typhoon rainband that contained convective cells. They
collected dual-Doppler observations, from land-based
radars, that suggested that not all rainbands are main-
tained by frictional inflow from the outer side. The
typhoon band was maintained by inflow from the inner
side near and above cloud base and inflow from the
outer side of the band below cloud base, which formed
a maximum convergence zone and mesoscale updraft
on the inner side of the rainband.

Organized rainband convection occurs frequently in
tropical regions and has many characteristics in com-
mon with hurricanes. The radar depiction of tropical
squall lines as observed during GATE (e.g., Houze
1977) typically shows the leading edge made up of cel-
lular reflectivity elements followed by an extensive
stratiform anvil-rain region. Similar cellular and strat-
iform reflectivity structures are seen in hurricane rain-
bands, which are either storm-stationary or spirally
propagating at much lower speeds than squall lines.
GATE tropical squall line studies (and many other
tropical and midlatitude squall line cases, e.g., Rotunno
et al. 1988) usually indicate an updraft lifting over a
density current or gust front downdraft at the leading
edge, followed by an extensive trailing wake region
topped by a mesoscale downdraft.

An important result of GATE was the discovery that
these rainbands contained convective and mesoscale
downdrafts that were capable of producing large wake
areas of modified air that would take hours to recover
to an undisturbed state. In their analysis of the Hur-
ricane Floyd rainband, BZIM found evidence of mod-
ified air and speculated whether such areas in the vi-
cinity of hurricane rainbands might effect eyewall con-
vection.

In this paper and its companion, Powell (1990), I
present the results of two detailed boundary layer ex-
periments conducted in well-organized outer convec-
tive rainbands in Hurricanes Josephine (1984 ) and Earl
(1986). Based upon these results, those from Debby
(1982) (described in Powell and Black 1984}, and with
comparisons to Floyd (1981) and Irene (1981) (as
covered by BZJM and Barnes and Stossmeister 1986,
respectively), this paper contends that: 1) the similar-
ities of principal rainband reflectivity features in several
storms indicate that hurricane rainbands have distinct
mesoscale and convective-scale kinematic and ther-
modynamic structures and governing dynamics, 2) re-
gions of downdraft-modified boundary layer air may
also be a common feature of convective hurricane
rainbands, and 3) the rainbands may have additional
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features in common with tropical rainbands and squall
lines.

2. Instrumentation, sampling, and study areas
a. Aircraft instrumentation

The NOAA aircraft in situ and remote sensing in-
strumentation, accuracy, and problems are described
by Merceret and Davis (1981 ), Merceret (1983), and
Powell (1988). The heart of the aircraft data system is
the inertial navigation equipment (INE), which pro-
vides the attitude, position, and acceleration infor-
mation necessary for navigating the aircraft and deriv-
ing the wind velocity.

The rainband precipitation structure was observed
by lower fuselage (LF) and tail-mounted radars. The
characteristics of these radars were summarized by
Jorgensen (1984a). Aircraft size and weight limitations
require small radar antennas with relatively large beam
widths, which can suffer from attenuation and incom-
plete beam filling effects, as described by Marks (1985).
The LF is a C-band (5.5 ¢cm) radar with an antenna
that rotates about a vertical axis and is most useful in
conducting horizontal plan view analyses of precipi-
tation structure. The tail radar is an X-band (3.2 cm)
with an antenna that rotates about a horizontal axis.
The narrow (2°) vertical beam and mode of rotation
make the TA radar most useful for studying vertical
cross sections and high resolution plan views of pre-
cipitation intensity for cell tracking. Due to attenuation
and lack of beam filling, the maximum useful range
of these radars is 60-90 km, but compositing tech-
niques (Marks 1985) allow analysis of larger regions.

The NOAA airborne Doppler radar, (details given
by see Jorgensen et al. 1983), was first used for hur-
ricane studies in 1982 (Marks and Houze 1984). Al-
though full analysis of the rainband wind field is in
progress, small analysis regions (20 km X 20 km) using
data collected over a 10 min period were available to
determine wind velocity hodographs within the rain-
bands. The Doppler radial velocity is also examined
in vertical incidence (VI) to determine vertical-motion
cross sections through convection along the flight track
and in an individual sweep mode to study high-reso-
lution features of the inflow layer and convective fea-
tures.

Sources of error include improper unfolding during
editing of the data, high noise levels in regions of intense
reflectivity gradients (usually on the edges of the de-
tectable precipitation), lack of stationarity caused by
continued evolution of the wind field during the time
it takes to complete data collection for an analysis re-
gion, slight misalignments in antenna positioning, and
side-lobe contamination near the sea surface. Despite
these problems, area mean Doppler-derived wind ve-
locities are consistently within 2 m s~ (Powell and
Black 1984) of mean aircraft winds bordering the anal-
ysis region at the same level.
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b. Sampling strategy and flight patterns

High-resolution HPBL measurements in hurricanes
are scarce primarily because of the difficulty of safely
executing low-level flight legs in high wind shear and
heavy rain conditions. - To achieve the required sam-
pling at low levels, three aircraft flight patterns were
designed: '

1) Stepped descents (Fig. 2a) were flown parallel to
the rainband and were comprised of 1 min (downwind )
or 1.5 min (upwind) sections of level flight separated
by descent intervals. This pattern commenced with
Omega dropwindsonde (ODW ) launches at the 1500
m level and included air-expendable bathythermograph
(AXBT) drops from 500 m.

2) Crossband profiles (Fig. 2b) determined HPBL
profiles within, and immediately adjacent to, the rain-
band. When possible, these patterns were adjusted by
on-board scientists to maintain sampling of a particular
cellular precipitation element identified by the radar
system display. In the two-aircraft HPBL experiment
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conducted in Hurricane Earl, to account for alongband
or cellular variability (three dimensionality) of the
band, pilots executed the pattern simuitaneously at a
70 km separation along the rainband. At the comple-
tion of the lowest levels of the profile patterns, a fixed-
bank climb was made to collect a thermodynamic
sounding from the lowest level up to 1500 m.

3) Doppler patterns (Fig. 2¢) acquired wind data
through use of the pseudo-duai-Doppler technique,
which requires two orthogonal flight legs, during which
stationarity is assumed. To maximize the resolution of
the airborne Dopplerradar, short (~25 km) L-shaped
patterns were flown with outside turns at the corner of
each L. Analysis of data collected in the L pattern is
part of an ongoing study and only a portion of the data
(hodographs and vertical incidence cross sections) are
presented here.

¢. Synoptic situations and experiment chronology

Hurricane Josephine formed from a frontal trough
disturbance just east of the Bahama Islands on 10 Oc-
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FIG. 2. Aircraft flight patterns: (a) Stepped-descent profile pattern. (b) Crossband profile pattern. (¢) Airborne Doppler
radar pattern and relative position of the outer stepped descents.
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of the rainband.

band were not determined because of radar range lim-
itations.

b. Mesoscale precipitation structure and cell movement

The detailed mesoscale and convective-scale struc-
ture of hurricane rainbands can be described by small-
scale, short-period LF radar composites, such as Fig.
6a for Josephine, or by an individual sweep of the LF
radar as shown in Fig. 6b. These figures indicate that
the bands were made up of cellular reflectivity elements
surrounded by and connected with stratiform rainfall.
In Josephine (Fig. 6a), the stratiform precipitation was
generally elongated outward from the cells, while in
Earl (Fig. 6b), the stratiform rain could be found on
either side of the band. Cellular features of >30 dBZ
were nearly continuous along the Josephine band axis,
with few breaks. Cellular elements in Earl were much
more discrete and showed low reflectivity gaps, as long
as 12 km, separating cells. Smaller scale (40 X 40 km)
tail radar composites and individual sweeps of the LF
radar permitted identification and tracking of the cel-
lular features. It was readily apparent that these features
underwent considerable changes over the 10 min be-
tween radar measurements from each pass. Some of
the changes can be attributed to different beam volumes
when the aircraft descended to a lower pass level, but
changes were also noticeable for consecutive passes at
a constant altitude.

Mean cell motion was determined by tracking iden-
tifiable features from tail radar composites that were

mapped into a storm-relative coordinate system during
two consecutive flight legs of the Doppler pattern (at
1500 m level). The time period between consecutive
“looks” at a particular cell was 2—10 min. In Josephine,
11 cell motion estimates revealed a mean of 19 m s ™!
(—1.6 m s™! crossband component and 18.9 m s!
alongband component). Earl provided 37 cell motion
estimates with a mean of 17.6 m s™! (0.2 and 17.6 m
s~! for the crossband and alongband components, re-
spectively).

Band-relative hodographs constructed from analyses
of the airborne Doppler radar wind fields within rain-
bands in Hurricanes Josephine and Earl are displayed
in Fig. 7. Wind profiles representative of the environ-
ment adjacent to the bands were not available due to
a lack of scatterers. Inflow is restricted to the lower 2
km in Josephine (Fig. 7a) and the lower 3 km in Earl
(Fig. 7b). Significant outflow is present above 3 km in
Earl and may be associated with the position of the
storm southeast of a synoptic scale upper level trough.
The band-relative 0.5-5 km shear vector is directed
from the inner to the outer side of the band in both
cases with 4.7 X 10~3s ~! for Josephine and 3.1 X 1073
s~! for Earl. The rainbands were both oriented along
the density-weighted mean wind for the 0.2-6 km layer.
Cell motions were primarily down the band at 80%
(Josephine) to 90% (Earl) of the lower tropospheric
mean wind. This agrees with the results of cell tracking
from landbased radar observations in hurricane Fred-
eric by Parrish et al. (1984).
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the hurricane eyewall by Marks (1985), and in outer
rainbands by BZJM. They are also similar to the dis-
crete cores of convection or squall-line elements doc-
umented by Houze (1977) in his GATE study.

The vertical structure of the Josephine and Earl
rainbands, as measured by the tail radar, is presented
in Figs. 8a and 8b, which show typical acrossband ver-
tical cross sections. The Josephine section in Fig. 8a is
from the flight leg parallel to the band about 8 km on
the inner side. The inner edge of the rainband appears
as a 6 km high tower. Another cellular reflectivity fea-
ture extended outward and up to 8.5 km. Reflectivity
gradients were very sharp and maxima were <40 dBZ.
A stratiform region of weak horizontal reflectivity gra-
dient was observed at upper levels on the outer side.
Occasionally, a poorly defined bright band could be
identified near the 4.5 km level. The vertical cross sec-
tion from Earl in Fig. 8b shows characteristics similar
to Josephine, but with stratiform rain on both sides of
the axis above 3 km. Occasionally, mamatus were vis-
ible on the underside of the anvil above the aircraft.
In general, the more intense cellular reflectivity features
lie upshear on the inner edge of the bands, while the
stratiform rainfall at higher levels extends downshear
on the outer side of the bands.

A typical alongband cross section from the tail radar
in Earl near the band axis in Fig. 8¢ shows a predom-
inance of cellular reflectivity features towering as high
as 9 km, with some stratiform rainfall above the cells.
Alongband sections on the outer side of the bands dis-
played more stratiform characteristics with a better de-
fined bright-band structure. In some parts of the along-

band cross section, there were cellular features that ex-
hibited upband (or upwind) slope with increasing
height. This slope was caused by the movement, down-
band, of the lower part of the cell, with the mean lower
level wind (Fig. 7), faster than the upper part of the
cell, which had a much weaker alongband motion. A
different type of slope (more horizontal) has been
found in other hurricane rainbands by Atlas et al.
(1963) and Marks (1985). In this type, shafts of strat-
iform rainfall were generated in cells at higher levels
and advected downwind while falling. The BZJM study
also suggested that hurricane rainbands display a cel-
lular structure at their upband, or upwind, end and
progress to a more stratiform precipitation character
farther down the band. This structure was also observed
(over alongband distances > 300 km) in Josephine
and Earl, but was not evident within the individual
study areas.

4. Kinematic structure and dynamics

The organization and development of outer rain-
bands may be dependent upon larger scale convergence
patterns that are produced as a consequence of the mo-
tion of the hurricane vortex within its surrounding en-
vironment (Ooyama 1982; Shapiro 1983). This forcing
often has a preferred orientation relative to the storm
center and may be evident as a quasi-stationary, band-
shaped low-level convergence region (the SBC of Wil-
loughby et al. 1984). When the forcing is well-orga-
nized and a strong convective rainband results, the
band-scale updraft must use a portion of the storm
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inflow to sustain convection, and an exchange or re-
distribution of energy and momentum results between
the HPBL and the middle troposphere. On the con-
vection scale, this redistribution is evident as updrafts
and downdrafts within the individual cells that make
up the band. When well-organized within the band,
the vertical exchanges of momentum in these drafts
allows the rainband to exert a considerable mesoscale
influence on the HPBL flow field.

In this section, detailed analyses of reflectivity, flight-
level, and vertical incidence ( VI) Doppler radar data
demonstrate the influence of well-organized rainbands
on the two-and three-dimensional kinematic structure
and dynamics of the mesoscale flow field in the HPBL
for Josephine and Earl.

The rainband-relative wind components in the
alongband (V,,) and crossband (V) directions are:

Vao = Vy cos(¢) — V, sin(¢) (1)
V,cos(¢) + Vysin(¢), (2)

where ¢ is the band-crossing angle, as defined in Fig.
1. The storm motion (relative to the earth) and band
motion (relative to the storm) are subtracted from the
measured radial and tangential wind components to
give the band-relative tangential (V;) and radial (V)
wind components. All 1-s flight-level data were filtered
with a running, 45 s Bartlett filter having a half-power
frequency cutoff (frequency where the response func-
tion equals 0.5) corresponding to 5 km. This filter pre-
serves mesoscale and the larger convective-scale fea-
tures and effectively removes smaller scale convective
and turbuient fluctuations without changing the phase
of significant features. Use of this filter allows com-
parison with the mesoscale analyses of BZJM and
Barnes and Stossmeister ( 1986 ), who also used running
filter approaches. The Bartlett-filtered data for each
band were then sampled and composited with respect
to the rainband axis at 2 km intervals of crossband
distance, out to 16-24 km (depending upon the length
of the leg) on either side of the band axis.

An ideal representation of the rainband would be
gained by having several aircraft (one at each level) fly
repeated passes across the band while following a par-
ticular precipitation element. Compositing these data
would tend to smooth out the effects of cells within the
element and display mesoscale characteristics. Pre-
senting them as a function of time would provide valu-
able information on the evolution of the elements and
the band. With only one aircraft in Josephine and two
aircraft in Earl such a pattern was not feasible. The
Hurricane Josephine analyses concentrate on two sec-
tions of the band at 500 m while the Earl analyses
highlight the HPBL structure of two separate elements
within the band at several altitudes. The HPBL exper-
iments were designed to sample individual precipita-
tion elements making up the band without expending

VCI‘O =
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too much time, hence some of the convective influences
of cells within the elements are present in the mesoscale
analyses that follow.

a. Hurricane Josephine

Crossband distance versus height cross sections of
the kinematic structure from the first two passes of the
Hurricane Josephine rainband are displayed in Figs.
9b-h. The LF radar composite and flight track are
shown in Fig. 9a. The plotted reflectivity features in
Fig. 9a were composited relative to the moving cell
centers over the period of the two transits, 1120-1135
UTC. The cross sections of Fig. 9 are presented in a
perspective view as representative of the rainband in
the x—z plane (dashed lines) based on one pass at 500
m and one at 1500 m altitude.

The total and alongband winds in Figs. 9b and 9¢
show strong cyclonic shear across the band, especially
at 1500 m, which was caused by a wind minimum just
inside the axis and a maximum just outside the axis.
The crossband wind component in Fig. 9d shows the
most marked inflow (negative values) relative to the
storm and rainband at 500 m and extending from the
outer side to about 6 km on the inner side of the axis.
Since the Josephine rainband was storm stationary, the
band and storm relative winds are identical. Maximum
convergence (Fig. 9e) is just outside the position of
zero inflow, with a divergent region just outside the
outer edge of the band at 1500 m. Divergence is com-
puted by assuming a two-dimensional flow structure
with no alongband variation of the wind,

div =~ (0Vero/0x) + (Fro/ R), (3)

where x is the crossband distance (km) and R is the
radial distance from the storm center. We have ne-
glected the second term, which is over an order of mag-
nitude smaller than the first and changes little across
the band. The Bartlett-filtered vertical wind component
(Fig. 9f) shows maximum upward motion of 2-3 m
s”! at the position of maximum crossband conver-
gence. Downward motion is just inside the zero inflow
line on the inner side of the band and 14 km outside
the band axis. It is coincident with the area of positive
crossband divergence. The cyclonic shear across the
band results in maximum relative vorticity (Fig. 9g)
on the band axis at the 1500 m level. Relative vorticity
was computed by assuming two-dimensionality with
no alongband variation of the crossband wind com-
ponent,

g‘ =~ (aValo/aX) + (Valo/R)~ (4)

The second term is an order of magnitude less than
the first, varies little across the band and is neglected.
In hurricane studies, the storm-scale radial pressure
profile is often shown as a profile of the D-value, which
typically exhibits an increase with distance from the
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storm center. Rainband influences often show up in
the storm-scale D-value profile as a flattening and/or
dip in the profile of a few meters (see Powell 1987 and
Barnes and Stossmeister 1986 for examples). The
rainband-scale pressure perturbation was estimated by
computing the deviation of the actual D-value profile
from a linear least-squares fit of the profile taken from
equal distances (~20 km) on either side of the rain-
band. This rainband-scale effect on the pressure field
is presented as the perturbation D-value field, D', in
Fig. 9h. The pressure minimum associated with the
band is about 4 m (~0.4 mb), which is about the
same order as the pressure departure of a line of tropical
cumulonimbus (from 500 m to 3 km altitudes) doc-
umented by LeMone (1983). LeMone found that the
mesoscale pressure perturbation minimum was pro-
duced hydrostatically by condensation heating, but felt
that dynamic pressure effects (interaction of the updraft
with the wind shear as described by Rotunno and
Klemp (1982) were important on the convective-core
scale. More recently, LeMone et al. (1987) found sim-
ilar pressure perturbations in midlatitude convection.

Two crossband transits, made 80 km farther down
the band at the 500 m level, are presented in Figs. 10a-
h. The rainband relative wind analyses in Figs. 10b-d
are similar to those that would be expected from Figs.
9b-d, except that the horizontal shears are stronger.
Maximum total and alongband winds are on the outer
side of the rainband axis; there is a pronounced wind
minimum 6-8 km on the inner side. The crossband
winds in Fig. 10d show the low-level flow converging
toward the inner edge of the band from both sides. The
crossband component of the divergence (Fig. 10e)
again shows a strong convergence maximum of —4
X 1073 s ~! between the band axis and the zero line of
the crossband wind component. The vertical wind
component in Fig. 10f shows upward motion of 1-3
m s~! on the inner side of the rainband axis with
downward motion of up to 2 m s~ associated with a
divergence maximum on the band’s inner reflectivity
edge. The D' field in Fig. 10g shows a minimum at, or
slightly inside of, the axis of ~0.8 mb. The relative
vorticity maximum (Fig. 10h) in this case is coincident
with the convergence maximum that is 4-6 km to the
inside of the rainband axis. Although Fig. 10 shows
some alongband variability of the kinematic quantities,
there is a strong two-dimensional signal across the
rainband similar to that displayed in Fig. 9.

As shown in Fig. 11, the inner edge of the band is
the preferred side for convective-scale drafts. Drafts
are defined as vertical motion with a magnitude > 1 -
m s~ for a flight track distance of >1 km as deduced
from the time series of unfiltered 1 s data from all the
crossband transits. The four transits of the Josephine
band measured 19 drafts that comprised 13 updrafts
(68%) and 6 downdrafts (32%). The peak updraft fre-
quency was at the band axis, while the peak downdraft
frequency was 10 km on the inner side of the axis.
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Despite the sampling of some strong downdrafts (—7
m s~ !) during the profiles across the band, no evidence
of larger scale (10 km) downdraft spreading was found.
Hence, as developed in Part II, no low equivalent po-
tential temperature (6z) air was found of the type ob-
served in Floyd by BZIJM. This is probably a sampling
problem rather than a lack of spreading downdrafts.
The aircraft never flew below 500 m during the cross-
band profiles or below 140 m during the stepped-de-
scent profiles adjacent to the inner side of the rainband.
Stepped-descent profiles (not shown) indicated con-
stant vertical wind shear of 0.01 s™! from 140-1500
m in the crossband component and strong shear (0.025
s—!) below 500 m in the alongband component due
to the strong stability caused by cool sea surface tem-
peratures of 24°-24.5°C. Cold-spreading downdrafts,
especially in stably stratified conditions, are probably
very shallow and may have been present below flight
level. This possibility caused the experiment to be
redesigned for Hurricane Earl to allow simultaneous
crossband profiles by two aircraft at levels as low as
150 m and stepped-descent profiles down to 80 m.

The analyses of Fig. 9 highlight the quasi-two-di-
mensional structure of the Josephine rainband. A
comparison with Fig. 10 shows that the 500 m level
flow may vary considerably in the alongband direction.
Although few observations were available far enough
on the outer side of the band to be considered the typ-
ical or “undisturbed” HPBL, these analyses indicate
that the Josephine rainband produced a considerable
perturbation in the HPBL flow field. The rainband en-
hanced the cyclonic shear across the band. A wind ve-
locity minimum and maxima of convergence, vertical
motion, and relative vorticity were a few kilometers to
the inner side of the rainband reflectivity axis, and a
D-value (pressure ) minimum at the axis and the wind
maximum were just outside the axis.

b. Hurricane Earl

More detailed measurements of the two-dimensional
structure of the HPBL were gathered in Hurricane Earl.
These measurements were gathered in simultancous
crossband profile patterns, which were 70 km apart
along the rainband, and in airborne Doppler-radar
flight patterns, all of which attempted to follow partic-
ular cellular reflectivity elements. The prominent
characteristics of this structure were most evident dur-
ing the crossband profiles conducted at the northern
end of the rainband. Complete details on the profiles
from the southern end of the rainband and the Doppler
patterns are available in Powell 1988.

1) REFLECTIVITY CROSS SECTIONS AND CELL EVO-
LUTION

The tail radar horizontal reflectivity composites for
the 1500 m level and vertical incidence ( V1) cross sec-
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FIG. 11. Histogram of drafts with magnitude > 1 m s~ for 1 km
or more of crossband flight track for Hurricane Josephine. Frequency
is total number of drafts per 5 km interval of crossband distance.

sampling volume as the aircraft transected at different
levels. Although the general (Y pattern) shape of the
element was maintained throughout the ~45 min re-
quired for the profiles, the individual cellular reflectivity
maxima within it were rarely identifiable for more than
15 min.

These time scales compare with results of land-based
radar cell tracking performed by Parrish et al. (1983)
for Hurricane Frederic (1979) and recent land-based
radar movies produced by scientists at the Hurricane
Research Division in 1988. In general, they found a
hierarchy of rain areas with small cells having 6-10
min time scales with areas of 10-100 km?, and me-
soscale bands or elements with lifetimes of 45~90 min
and areas of ~100-1000 km 2. Land-based radar anal-
yses and movies indicate that new cells tend to form
on the upband or upwind end of the band and then
grow in area and intensity while moving down the
band. The radar data analyzed here do not indicate
any preference for cell formation on a particular side
or end of the rainband.

The Y-shaped precipitation element consists of sev-
eral individual cells, ~10 km in diameter, extending
7-10 km in height and having some indication of out-
ward tilt and stratiform extension of reflectivity toward
the outer (east) side. Some indication of stratiform rain
is shown in Fig. 12b on the outer side of the band
where observers noted a well-defined anvil cloud (with
mamatus underlying) farther down the band (eastern
extension of the Y). This stratiform region was also
observed following the final transit of the crossband
pattern shown in Fig. 12e,f. Three of the five VI re-
flectivity cross sections (e.g., Figs. 12b,d) show cellular
reflectivity maxima of >35 dBZ on the inner side of
the band axis and two (e.g., Fig. 12f) display maxima
that are closer to the axis. The wind barbs (earth-rel-
ative) plotted on the flight tracks across the band often
show generally alongband flow with significant conflu-
ence wind shifts near cellular reflectivity features (Figs.
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12a,e). At the 150 m level (Fig. 12e), a large-scale (20
km) diffluent wind pattern is evident on the inner side
of the band.

2) KINEMATIC STRUCTURE

The composite kinematic structure of this precipi-
tation element throughout the 43 min of the crossband
profiles (Fig. 2b) is shown in Figs. 13a-f. The rainband-
relative winds in Figs. 13a,b show wind maxima of 8-
10 km on the outer side of the band axis for the three
wind components. Wind minima occur 6-8 km on the
inner side of the band axis for V,, (Fig. 13a) and at
20 km for V, (Fig. 13b). Double wind maxima are
present at the 1350 and 450 m levels at locations cor-
responding to double reflectivity maxima (e.g., Fig.
12b). The lack of double maxima on other passes of
the same element is associated with the time dependent
and three-dimensional characteristics of the reflectivity
and flow fields as individual cells evolve within the
element. These analyses show strong cyclonic shear
across the band, with the highest winds at the 500-
1000 m level. Negative values of V., throughout the
band show that the inflow continues across the rain-
band axis from outside to inside.

Maximum convergence of —10 X 10™*s~! (Fig. 13c)
occurs 2-10 km on the inner side of the axis. At low
levels (<260 m), on the inner side of the band axis, a
large-scale divergence maximum is found in the region
of diffluent flow, which is shown in Fig. 12e. The ver-
tical velocity (W), maxima (Fig. 13d) are well corre-
lated with the maxima in the convergence field. Max-
imum upward motion is >4 m s~! at the 1350 m level,
and significant downward motion is 8 km from the
axis on both sides of the band, especially below 450 m
on the inner side. Double maxima of W are seen at
the 1350 m level, near the double reflectivity maximum
(Fig. 12b). Vertical velocity maxima are slightly inward
of the rainband axis, except for the 260 m level transit,
which is dominated by downward motion, and the 150
m level transit, which shows maximum upward motion
on the outer side of the band axis.

The lower two levels of the northern crossband pro-
files show evidence of a downdraft centered about 12
km to the inner side of the band axis. At 260 m, down-
ward motion occuired in a region of crossband con-
vergence indicating that the alongband (unmeasured)
component of the divergence was important. The large
positive divergence and diffluent flow at 150 m indicate
that the downdraft is spreading out at this level. The
time and space scales of the 260 m level downward
motion and 150 m level diffluence suggest a band-scale
(20 km) downdraft on the inner side of the rainband.
This downdraft region is the subject of further exam-
ination in Part II.

The D’ field (Fig. 13e) shows negative values
throughout the area within 10 km on either side of the






