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ABSTRACT

Airborne Doppler radar measurements are used to determine the horizontal winds, vertical air motions, radar
reflectivity and hydrometeor failspeeds over much of the inner-core region (within 40 km of the eye) of Hurricane
Alicia (1983). The reconstructed flow field is more complete and detailed than any obtained previously. The
data show both the primary (azimuthal) and secondary (radial-height) circulations. The primary circulation was
characterized by an outward sloping maximum of tangential wind. The secondary circulation was characterized
by a deep layer of radial inflow in the lower troposphere and a layer of intense outflow above 10 km altitude.
The rising branch of the secondary circulation was located in the eyewall and sloped radially outward. Discrete
convective-scale bubbles of more intense upward motion were superimposed on this mean rising current, and
convective-scale downdrafts were located throughout and below the core of maximum precipitation in the
eyewall.

Precipitation particles in the eyewall rainshaft circulated 18-20 km downwind as they fell, consistent with
the typical upwind slope with increasing altitude of eyewall precipitation cores. Qutside the eyewall, the precip-
itation was predominantly stratiform. A radar bright band was evident at the melting level. Above the melting
leve}, ice particles were advected into the stratiform region from the upper levels of the eyewall and drifted
downward through a mesoscale region of ascent. Hypothetical precipitation particle trajectories showed that as
these particles fell slowly through the mesoscale updraft toward the melting tevel, they were carried azimuthally
as many as {': times around the storm. During this spiraling descent, the particles evidently grew vigorously.
The amount of water condensed by the ambient mesoscale ascent exceeded that transported into the stratiform
region by the eyewall outflow by a factor of 3. As the particles fell into the lower troposphere, they entered a
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mesoscale region of subsidence, the top of which coincided with the radar bright band.

1. Introduction

In a study of the structure of the developing eyewall
of Hurricane Debby (1982), Marks and Houze (1984)
demonstrated the ability of the National Oceanic and
Atmospheric Administration’s (NOAA) airborne
Doppler radar to provide detailed mapping of the hor-
izontal wind in tropical cyclones. In the present paper,
we extend this work by considering a mature hurricane,
as compared to the developing storm Debby, and by
including analysis of the vertical wind as well as the
horizontal wind. Our study focuses on the inner-core
structure of Hurricane Alicia, which formed in the
central Gulf of Mexico on 16 August 1983 and caused
considerable damage in the cities of Galveston and
Houston, Texas, when it moved onto land. [See Case
and Gerrish (1984) for details of Alicia's track and de-
velopment.] The domain of the analysis lies within 40
km of the storm center, while it was still offshore, and
includes the eyewall and the immediately surrounding
region of stratiform precipitation.

The present study utilizes the remote sensing ca-
pability of the airborne Doppler radar to determine the
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three-dimensional wind field throughout the volume
of space containing the hurricane’s inner core. Previ-
ously, hurricane inner-core structure has been pieced
together from in situ flight-level data obtained in many
storms (Shea and Gray, 1973; Gray and Shea, 1973;
Willoughby et al., 1982; Jorgensen, 1984a,b). The pur-
pose of the present study is to construct as completely
as possible the structure of the inner-core region of a
single storm by examining the Doppler-derived three
dimensional wind field together with the observed radar
reflectivity pattern. By reconstructing the inner-core
circulation from the Doppler radar data, we achieve
the following major results.

(i) Inner-core structural features expected from pre-
vious compilations of flight-level data from many cases
are confirmed to be present in a single, well-formed
mature hurricane.

(ii) Features of the inner-core circulation that have
been difficult or impossible to infer from traditional
flight-level data—especially upper-level outflow from
the eyewall and the lower-level convective down-
drafts—are documented. ,
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(iii) Recent theoretical studies of the dynamics of
the inner-core region are confirmed.

(iv) Precipitation growth processes are revealed and
components of the water budget of the inner-core re-
gion are determined.

2. Overall storm structure

Our study covers the period 0108-0200 UCT 18
August 1983. At this time, Hurricane Alicia was located
near 28.5°N, 94.8°W (approximately 90 km south of
Galveston, Texas) and was moving slowly (<2 m s7})
toward the west-northwest. Maximum winds at flight
level (1500 m) were 50-53 m s™! and the minimum
central pressure was 967 mb.

Figure la shows the aircraft flight track (relative to
the storm center) and the radar structure as viewed
from the National Weather Service WSR-57 radar at
" Galveston. The aircraft track was obtained by plotting
the aircraft position in a rectangular Cartesian grid with
X positive to the east, Y positive to the north, and the
origin (0, 0) located at the storm center. The storm
track was determined objectively from the aircraft
flight-level winds using the technique described by
Willoughby and Chelmow (1982). The radar data from
each sweep of the antenna were mapped into the
Cartesian grid. Figure 1b is a schematic of the reflec-
tivity pattern labeled using terminology developed by
Willoughby et al. (1984b).

A well-developed eyewall was present during the time
period under consideration. The strongest reflectivity
in the eyewall was 40-42 dBZ along the northern
semicircle at a radius of 12-15 km from the storm
center. This region of strong reflectivity remained rel-
atively fixed north of the storm center through the 52
min period of the analysis. Surrounding the eyewall,
at a radius of 50-70 km from the storm center, was a
large spiral-shaped “principal band” [Willoughby et
al. (1984b)]. North and southwest of the eyewall, along
the inside edge of the principal band were small, weaker
rainbands connecting the principal band to the eyewall
(Figure 1b). Willoughby et al. (1984b) hypothesized
that these “connecting bands” contained mainly non-
convective or stratiform precipitation.

Our study is confined to the boxes labeled 1 and 2
in Fig. la. Therefore, the eyewall and immediate sur-
rounding region of lighter precipitation, including por-
tions of the connecting bands, are examined. We do
not consider the principal band in this study.

3. Data and methods of analysis
a. The airborne Doppler radar

The Doppler radar used in this study was installed
on one of NOAA’s two WP-3D research aircraft. The
radar had a wavelength of 3.2 cm, peak power of 70
kw, a vertical beamwidth of 1.9° and a horizontal
beamwidth of 1.35°. The antenna, located in the tail

FRANK D. MARKS, JR. AND ROBERT A. HOUZE, JR.

1297

of the aircraft (referred to as the “tail” radar), pointed
at right angles to the aircraft’s ground track while
sweeping through elevation angles of 0°-360°. Thus,
the Doppler radar, which responded to target velocity
along the beam of the radar, measured the horizontal
component of precipitation particle motion (or hori-
zontal wind component) perpendicular to the flight
track. When the antenna was not pointing horizontally,
the vertical motions of precipitation particles also af-
fected the measured velocity along the beam of the
radar. When the antenna was pointing either directly
upward or downward (vertical incidence), the vertical
motion of particles was the only contribution to the
measured velocity along the beam. The antenna rotated
at a rate of one revolution per 7.5 s which provided
data at all elevation angles once every 0.8 km of flight
track.

The WP-3D aircraft also carried two non-Doppler,
5 cm wavelength, digital radars, one in the nose and
one in the lower fuselage of the aircraft; however, data
from these other two radars are not used in this study.
More details of the characteristics of the radars aboard
the aircraft are given by Jorgensen (1984a).

b. General procedures

The data obtained with the Doppler radar while the
aircraft flew along legs 1-3 were used to determine the
horizontal and vertical components of the wind in the
inner core of the storm. The vector horizontal wind
was reconstructed from theé wind components mea-
sured along the beam of the radar while the aircraft
was traversing two different flight legs. The vector wind
in box 1 (cf. Figs. 1a and 2) was determined from the
measured wind components perpendicular to legs 1
and 2 while the vector wind in box 2 was determined
from components normal to legs 1 and 3. The vertical
wind component along the flight track was determined
from the data obtained while the antenna was at vertical
incidence. A correction was made to the vertical-in-
cidence data to remove the contribution of the particles’
terminal fallspeeds. The remaining component was as-
sumed to be the contribution of vertical air motion.
The vertical wind component could not successfully
be obtained by mass continuity from the horizontal
wind field through boxes 1 and 2; this was probably
due to errors introduced by the nonsimultaneity of
measurement of the horizontal wind components from
two different flight legs. The following subsections in-
dicate more specifically how the radar data were ana-
lyzed to obtain the vertical velocity and the horizontal
winds.

¢. Analysis of vertical-incidence radar data obtained
along flight legs 1-3 ‘

Vertical-incidence measurements along legs 1-3 of
the flight track were used to construct radius-height
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FIG. 1. (a) Horizontal distribution of reflectivity in Hurricane Alicia from the National
Weather Service WSR-57 (10 cm) radar at Galveston, Texas, at 0128 UTC, 18 August
1983. Reflectivity contours are for 20, 25, 30, 35, and 40 dBZ. The aircraft flight track
from 0100~0200 UTC is indicated by the solid line, and the analysis boxes, denoted -
by the thick solid line, are labeled 1 and 2. (b) Schematic of the precipitation features
depicted in (a) showing the components of the stationary band complex as defined by
Willoughby et al. (1984b). The contours are at 25 and 40 dBZ. The tick marks in (a)
are 24 km apart. The Texas coastline is depicted by the solid line and the radar position
at Galveston is labeled.
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FIG. 2. Doppler-derived winds for boxes 1 and 2 at 1.2 km level and 1.5 level aircraft winds. The latter
are plotted along flight tracks labeled in time (UTC). The wind plotting convention is flag, 25 m s™'; barb,
S m s~'; and half-barb, 2.5 m s™*. The hurricane symbol denotes the wind center derived from the flight-
level data. The tick marks for the Doppler boxes are 1 km apart.

cross sections of reflectivity and vertical velocity (Figs.
3-6). The reflectivity cross sections were constructed
by mapping all the reflectivity measurements into a
radius-height grid with a vertical resolution of 300 m
and a radial resolution of 1 km (Fig. 3). Radial distance
from the storm center was determined by the objective
technique of Willoughby and Chelmow (1982). When
more than one reflectivity estimate was mapped to a
particular grid element, the average reflectivity (Z in
mm® m~?) was computed.

Vertical velocity cross sections were constructed by
mapping the vertical-incidence Doppler velocities into
a radius-height grid as previously discussed (Fig. 4).
The vertical air velocity (w) was determined as a dif-
ference between the measured Doppler vertical velocity
(W) and a bulk-estimate of the precipitation particle
fallspeed, V;:

(Rogers, 1964). The mean terminal fallspeed of the
precipitation particles was assumed to be a function of
reflectivity and height; V, (m s™!) was estimated from
Z (mm® m™3) as follows:

{2.6Z°'107 for altitudes < 5.1 km] )
= .

0.817Z°%93 for altitudes > 7.5km
For altitudes between 5.1 and 7.5 km the two relations

were combined linearly over the depth that melting
occurred. This depth was determined from the vertical

gradient of Doppler vertical velocities in the altitude
range 5.1-7.5 km. Lhermitte and Atlas (1963) were
among the first to observe a sharp gradient in particle
fallspeed at the altitude of the 0°C isotherm as ice par-
ticles melted. As can be seen in Fig. 4, there was a
sharp decrease in W at 5.4 km, the approximate altitude
of the 0°C isotherm. In the stratiform areas (radii 23~
40 km) this jump occurred over a few hundred meters,
whereas in the convective regions (radii 12~23 km) it
occurred over a depth of 1.0-2.4 km. Hence, a mini-
mum depth of 600 m was used to calculate particle
fall-speeds in the stratiform regions, and in the con-
vective regions the depth varied from 600 m to 2.4 km,
depending on the strength of the velocity gradient ob-
served.

The first of these empirical relationships is from Joss
and Waldvogel (1970) and is for rain. The second for-
mula was derived by Atlas et al. (1973) from the snow
measurements of Gunn and Marshall (1958). These
relationships are applicable at ground level. To apply
these equations at other altitudes, they are multiplied
by the density-height correction factor [po/p(2)]°*
suggested by Beard (1985) where po = 1.1904 kg m™3,
p(2) = po exp[—z/9.58], and z is altitude in km. The
density-height relationship was taken from Nufiez and
Gray’s (1977) composite Atlantic hurricane thermo-
dynamic structure within 2° radius of the center.

The accuracy of the vertical velocities derived from
this procedure is dependent on the accuracy of the
Doppler radial velocities and the particle fallspeed
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FIG. 3. Radius-height cross sections of reflectivity {dB(Z)] from the tail radar for (a) leg 1, (b) leg 2 and (c)
leg 3. The aircraft flight level is depicted by the horizontal dotted line. The regions used to compute mean
vertical velocities above and below the bright band are delineated in (a) and (b) by dashed lines.
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computed. The accuracy of the Doppler radial veloc-
ities is 1.0-1.5 m s™' (Jorgensen, et al., 1983; Marks
and Houze, 1984). The particle fallspeeds vary very
little in the ice ranging from 1.0-1.5 m s™! for reflec-
tivities of 5-20 dBZ (p. 377-346, Pruppacher and Klett,
1978). In rain, and in the convective regions in the
vicinity of the melting layer, the particle fallspeeds vary
the most: 1-3 m s! for low density graupel with re-
flectivities of 25-40 dBZ, and 3-10 m s™! for raindrops
with reflectivities ranging from 20-45 dBZ (p. 322-
328, Pruppacher and Klett, 1978). The desired accuracy
of the vertical air velocity (w) is most critical in the
stratiform regions where w is smaller than the particle
fallspeed and the uncertainty in the Doppler radial ve-
locity. Hence, w’s in the stratiform areas have been
averaged in time (radius) to diminish the uncertainty
in estimating the weaker mesoscale motions. In the
convective regions, the magnitude of the vertical mo-
tions is typically larger than the uncertainties in the
velocity estimates.

d. Analysis of horizontal winds and reflectivity in boxes
1and?2

Dual-Doppler synthesis of the horizontal winds in
the regions within the boxes labeled 1 and 2 in Fig. 1
was carried out following, generally, the procedure

outlined by Marks and Houze (1984) and Jorgensen
et al. (1983). In these studies, w and V, were assumed
to be zero and the horizontal wind components (# and
v) were directly determined from the Doppler velocity
estimates along the beam. Here, however, the technique
has been modified to include the effect of w and V; in
the solution for the horizontal wind components; V,
was estimated from the instantaneous reflectivity es-
timates (as described in Sec. 3¢) and w was determined
from (1). The Doppler velocity estimates along the
beam, corrected for fallspeed,were then used to estimate
u and v following Jorgensen et al. (1983).

In principle, a further refinement could be achieved
by integrating the continuity equation to obtain w from
the estimated u and v fields. The measured velocity
components along the radar beam could then also be
corrected for w and new w, v field computed. This pro-
cedure could be repeated until the », v and w values
converged. However, we found that the separation in
time of the Doppler velocity estimates from the three
flight legs was too great to obtain divergence fields that
were accurate enough to calculate w reliably at all points
in the analysis domain.

As noted in section 3a, horizontal wind fields for
the two boxes were constructed from the Doppler radar
data obtained on the southwest-northeast flight path
(0108-0115 UTC leg 1) and the northwest-southeast
leg (0148-0200 UTC, legs 2 and 3). The grid elements
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used in the two analyses were 1 km X 1 km in the
horizontal and 0.7 km in the vertical starting at 0.5
km altitude. These flight legs had ideal viewing angles
for dual-Doppler synthesis of winds in boxes 1 and 2,
since the legs were nearly perpendicular.

The quality of the Doppler-derived horizontal winds
was examined by comparing the Doppler-derived
winds at the 1.2 km level with the aircraft winds mea-
sured along the flight tracks at an altitude of 1.5 km.
Doppler-derived horizontal wind fields for boxes 1 and
2 at 1.2 km altitude are shown with the 1.5 km flight
level winds in Fig. 2. The box 1 and 2 winds are in
very close agreement with the flight-level aircraft winds
(directions * 3-4° and speeds + 1-2 m s™!), and give
a clear representation of the wind circulation around
the vortex core.

Within the analysis boxes, three-dimensional, time-
composite reflectivity patterns were also constructed
from the tail radar reflectivity data in the manner de-
scribed by Marks and Houze (1984). The grid elements
used were identical to those used in the wind analysis.

4. Observed inner-core structure

a. Results of analysis of vertical-incidence radar data

Figures 3, 5, and 6 show the radius-height cross sec-
tions of reflectivity, mean particle fallspeed and vertical

velocity, respectively, along legs 1-3 of the flight track
shown in Fig. 1a. The cross sections clearly delineate
the two types of precipitation regimes discussed by Jor-
gensen (1984a,b) and Marks (1985) in studies of Hur-
ricane Allen and other storms: 1) a convective regime
in the eyewall; and 2) a nonconvective or stratiform
regime farther from the storm center outside the eye-
wall.

The eyewall was identified in vertical cross sections
as a lower-tropospheric column of high reflectivity. The
reflectivity contours making the inner edge of the eye-
wall sloped radially outward with height (Figs. 3a—c).
This inclined structure has been observed in other hur-
ricanes (Jorgensen, 1984a,b; Marks, 1985). Peak values
of 30-38 dBZ lay 2-4 km above the sea surface. The
column of high reflectivity (20 dBZ) generally did
not extend much above 6-7 km. The estimated ter-
minal fallspeeds of precipitation particles in the region
of the low-tropospheric peak of reflectivity were 6-7
m s~'. These high values are characteristic of heavy
rain. Above 5.1 km, the values of V, in the eyewall
dropped off abruptly to values of 1.0-1.5 m s™'. This
transition occurred at the heights where the reflectivity
(from which V, was calculated) decreased abruptly to
lower values and where the fall-velocity relationship
for ice in (2) was combined linearly with that for rain,
thus yielding a lower fallspeed for any given reflectivity.
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The maximum updraft velocities in the eyewall were
" located in a pattern of bubbles along the sloping border
of the echo pattern which were strongest above 8 km
altitude in the ice region. Maximum values were >5
m s~!. If the w pattern consisting of discrete cores was
smoothed, mean slantwise ascent would be seen to fol-
low the inner border of the echo. This core of mean
ascent would lie inside and just above the eyewall re-
flectivity maximum apparent in Figs. 3a-c. Similar
juxtapositions of updraft and reflectivity maximum
were described by Jorgensen (1984a,b) and Marks
(1985). This observation suggests a general picture in
which precipitation particles forming in a continual
series of convective bubbles successively rising in a
general slantwise flow fell out into a precipitation shaft
that produced the eyewall reflectivity maximum situ-
ated outward at and just below the sloping time-mean
-updraft. This interpretation is discussed further in sec-
tion 5b. _

Convective-scale downdrafts were also associated
with the eyewall reflectivity pattern. These features had
peak absolute values of 3-4 m s™! near the ocean sur-
face and were located throughout the region within
and below the eyewall rainfall maximum,

The nonconvective region, outside the eyewall, was
more homogenous horizontally and had stratified
structure (Figs. 3 and 5). The reflectivity pattern was
characterized by a bright band at the melting level (4.8
km). Both reflectivity and particle falispeed decreased
sharply above that altitude, where the precipitation was
predominantly ice. The magnitude of the reflectivity
in the bright band was 25-30 dBZ.

The vertical air motions in the nonconvective region
were weaker than those in the eyewall (Fig. 6). The
vertical velocity pattern was stratified with generally
weak downward motion (peaks of 2-3 m s™!) below
the bright band, and weak ascent (peaks of 2-3 m s™')
above the bright band. As in the eyewall, the peak
downdrafts were correlated with the local reflectivity
maxima. ‘

Above 6 km in the nonconvective region, there is
one region of downdraft associated with a weak reflec-
tivity maximum seen along leg 1 at 10 km altitude and
36 km radius. This downdraft may be an artifact that
results from an underestimation of ¥ in the reflectivity
maximum. The hydrometeors may have been small
graupel, that were advected out of the eyewall some-
where upwind, and have a slightly different V~Z re-
lationship from that used in (2). Another type of fall-
speed estimation problem may have affected the w cal-
culations at low levels in the nonconvective region,
especially in the lowest levels near the sea surface. At
these levels, Figs. 6a—c show 1-4 m s™! downdrafts ex-
tending out to 30-40 km radius. The reflectivity in this
area (Fig. 3a) was lower than in the region just above,
resulting in a drop in V,. The dropsize distribution at
flight level (1.5 km) in this region (not shown) indicated
that while the number of hydrometeors decreased in

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 44, No. 9

this region, their median diameters stayed the same.
Radar reflectivity (Z) is a function of both the number
of hydrometeors in a volume and their diameter, while
the actual V; of precipitation particles is a function of
particle diameter only. Therefore, when the number
of hydrometeors decreased, the reflectivity decreased,
leading to a decrease in calculated V,. However, the
diameters of the hydrometeors stayed the same, indi-
cating the actual V; remained more nearly constant.
Thus, the downdraft strength was overestimated.  ~

Average vertical velocities were calculated from the
first two cross sections in Fig. 6 for regions above and
below the bright band (delineated in Fig. 3) to deter-
mine the magnitude of the mesoscale mean up-and
down-motions. Average vertical velocities were not
computed for leg 3 because the data did not extend far
enough in range. In the cross section shown in Fig. 6a,
the mesoscale average downward velocity was —0.1 m
s~ ! (standard deviation of 1.1 m s™") and the mesoscale
average upward motion was 0.8 m s~! (standard de-
viation of 1.9 m s™*). In the cross section shown in Fig.
6b, the average mesoscale up- and downdraft were a
little stronger than those in Fig. 6a: ~0.3 m s~! (stan-
dard deviation 0.9 m s™') below the bright band and
1.3 m s™! (standard deviation 1.6 m s~!) above. The
sign and magnitude of the vertical motions above and
below the bright band in leg 3 were consistent with
those in the other two legs. The values of mesoscale
ascent and descent in the cross sections appear to be
larger than those deduced for the stratiform rain areas
associated with tropical squall lines (e.g., Leary and
Houze, 1979; Gemache and Houze, 1983; Houze and
Rappaport, 1984).

The greatest uncertainty in the determination of the
w fields (Fig.6) is in the calculation of V, (discussed in
sec. 3¢). The values of V; in Fig. 5 seem entirely con-
sistent with the fall velocity data described by Prup-
pacher and Klett (1978). However, if, for example, the
values of V; computed by (2) had a bias of 25 or 30%,
then the results just described might be altered. A bias
of this magnitude would not affect the result that a
mesoscale updraft exists above the melting layer, since
at those levels the values of ¥V, are generally small.
However, at lower levels, a 25-30% bias in values of
¥, for rain could lead to 1-2 m s™! uncertainty in the
vertical air velocity w. Thus, the mesoscale downdraft
inferred to exist below the melting layer in the strati-
form region could be weaker than indicated. None-
theless, our best estimate remains that a mesoscale
downdraft was present below the melting layer.

The radius-height cross sections also indicate several
asymmetric features of the eyewall and its surrounding
stratiform region. In the eyewall, legs 1 and 2 (Figs.
3a-b and 6a-b), in the front quadrant of the storm,
had larger reflectivity and stronger velocity peaks than
did leg 3 (Figs. 3¢ and 6¢), which was in the rear quad-
rant of the storm. The strongest reflectivity peaks in
the stratiform region below the bright band were in
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legs 1 and 3, counterclockwise or upwind of the peak
reflectivity in the eyewall (Figs. 3a and 3c). The strat-
iform portion of leg 2 (Fig. 3b), just downwind and
radially outward of the largest reflectivity in the eyewall
(Fig. 1), had smaller reflectivity than that in the legs
on the side of the storm with the smaller eyewall re-
“flectivity. The downward vertical velocity below the
bright band was strongest in legs 2 and 3, downwind
of the portion of the eyewall with larger reflectivity and
stronger vertical velocity. The downward vertical ve-
locity below the bright band was weakest in leg 1, up-
wind of the strongest portion of the eyewall. These
asymmetric features of the storm are discussed further
in Sec. 5d.

b. Tangential and radial wind structure in boxes 1 and 2

Figures 7 and 8 show the radius-height cross sections
of the tangential and radial components of the hori-
zontal wind field (V; and V) derived from the three-
dimensional wind analysis within the regions of boxes
1 and 2 (Fig. 1). To obtain these cross sections, the
Doppler-derived vector horizontal winds at each grid
point were resolved into V, and V, components and
mapped into 2 km wide radial bins. The data mapped
into each radial bin were then averaged.

The resulting mean tangential wind field (Fig. 7) ex-
hibited a radially outward sloping region of maximum
values, with strongest winds at low levels (1.5-2.5 km
in both boxes) and stronger flow on the northwest side
of the storm (box 1). The tangential wind maximum
was located radially just outside the radar reflectivity
maximum and its outward slope with height was larger
than that of the reflectivity or vertical velocity maxima
(cf. Figs. 3, 6 and 7). The slope of the tangential wind
maximum and its general location relative to the re-
flectivity and vertical velocity maxima are consistent
with numerical model results (Willoughby et al., 1984a,
see especially their Fig. 8) and composites of flight-
track wind data (Willoughby et al., 1982; Jorgensen,
1984b). Shea and Gray’s (1973) results, however, sug-
gest that the radius of maximum wind does not slope
outward in more intense storms. Their study is the
only one for which even a small amount of high-level
(typically 240 mb or 11-12 km) flight-track data were
available. Their results may be suspect, however, be-
cause of problems with the navigation systems used.
Future Doppler-radar flights can perhaps determine
whether the sloping tangential wind maximum seen in
Alicia is characteristic only of less intense storms, as
suggested by Shea and Gray, or is a more general trait
of hurricanes.

The most prominent features of the radial wind in -

Alicia (Fig. 8) were inflow into the eyewall in the lower
troposphere (strongest at heights of 2.0~4.5 km) and a
concentrated layer of intense radial outflow (8-9 m
s~") from the eyewall at 10-14 km height. These fea-
tures are also consistent with the numerical modeling
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results of Willoughby et al. (1984a, their Fig. 8) and
the flight-track data composites of Shea and Gray
(1973), Willoughby et al. (1983), and Jorgensen
(1984b). However, the limited amount of jet aircraft
data included in Shea and Gray’s study did not yield
radial wind information at upper levels and, as noted
above, the other studies were confined to the lower
troposphere. Hence, the Doppler radar data in Fig. 8
provide the first observational confirmation of the ra-
dial outflow layer concentrated at upper levels in the
hurricane inner core by aircraft.

The radial wind field seen in Fig. 8 exhibited an
asymmetry in the low-level inflow not evident in Jor-
gensen’s (1984b) study of Hurricane Allen. In box 1,
it extended outward from the eyewall only to 18 km
from the storm center where radial outflow extended
through the 1.5-5.0 km layer, while in box 2, radial
inflow was present inside 40 km up to 3.3 km altitude.
This structure is, however, consistent with observations
of asymmetry in other hurricanes. Willoughby et al.
(1984b) noted that in tropical cyclones embedded in
an environmental current characterized by westerly
shear the west sides of hurricanes frequently are char-
acterized by outflow at low levels (1500 m).

5. Inner-core dynamics implied by observed structure

In this section, we summarize the storm circulation
that can be inferred from the foregoing airborne Dopp-
ler radar analyses and compare it to other recent work
on hurricane inner-core dynamics. Figure 9 is a sche-
matic summary gleaned from Figs. 3-8. The Appendix
explains in more detail how the diagram was con-
structed. The vertical cross section (Fig. 9a) resembles
the schematic model of Jorgensen (1984b; see his Fig.
19) and may be regarded as a confirmation, refinement
and extension of his work. The following subsections
describe the important components of the inner-core
air motions indicated in Fig. 9a. The precipitation tra-
jectories in Fig. 9a, b will be discussed in section 6.

a. Secondary circulation

Ooyama (1982) has pointed out that the essential
ingredients of a fully developed hurricane eyewall cir-
culation are a primary (azimuthal) circulation extend-
ing throughout the depth of the troposphere and a sec-
ondary (radial-vertical) circulation consisting of “per-
sistent updraft and precipitation in the eyewall clouds,
the inward spiraling airflow in a relatively thin layer

“above the ocean surface, and the radial outflow in an

upper layer of the vortex.” He contends that the sec-
ondary circulation is essential to the formation and
maintenance of the primary circulation and of the
tropical cyclone as a whole.

In Fig. 9a the primary circulation is indicated by the
dashed isotachs. The Doppler radar data also show the
secondary circulation clearly (wide, hatched, stream-
lines), except where it is disrupted by convective
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1

downdrafts in the region of heavy eyewall rainfall (wide,
black streamlines). The Doppler observed secondary
circulation resembles those derived theoretically by
Shapiro and Willoughby (1982), especially with respect
to the radially outward sloping ascending branch of the
circulation. They found that similar structures were
formed by a heat (or momentum) source near the ra-
dius of maximum wind in a hurricane-like primary
vortex.

As pointed out in section 1, composites of flight-
track wind data have shown certain features of the sec-
ondary circulation in hurricanes below 6 km. The
Doppler radar data now, for the first time, provide ob-
servations of the whole secondary circulation, including
its upper-level portion, in a single storm. The data sup-
port the studies of Shapiro and Willoughby (1982) and
Willoughby et al. (1984) and the upper-level part of
the schematic model hypothesized by Jorgensen
(1984b) from midtropospheric, flight-level data.

b. Convective updrafis and downdrafis

Ooyama (1982) argued that convectively unstable
motions must be superimposed on the upward branch
of the secondary circulation. Positive buoyancy is re-
quired to produce entrainment of inward flowing air
above the boundary layer. In Fig. 8, we saw that radial
flow toward the eyewall existed through a deep lower
tropospheric layer with maximum inflow at 2.0-4.5
km. Ooyama points out that in addition to the sec-
ondary circulation, inflow into the eyewall must occur
above the boundary layer in order for the hurricane to
intensify. This-air must be entrained into the upward
branch of the secondary circulation and transported
up to outflow levels to maintain the primary circula-
tion. Evidence that small-scale convective updrafts were
indeed superimposed on the secondary circulation, de-
picted in Fig. 9a, is clearly seen in the vertical-incidence
Doppler data (Fig. 6). The rising branch of the sec-
ondary circulation contained discrete bubbles of con-
centrated rising motion. Convective cloud forms seen
along the inside edge of the eyewall (e.g., Fig. 20 in
Jorgensen, 1984b) are a further indication of cellular
structure superimposed on the secondary circulation.

The magnitudes of the updraft maxima seen in Fig.
6 are consistent with those reported by Jorgensen et
al. (1985). Their data were obtained along flight tracks
located at altitudes less than 6 km. At these levels, the
Doppler data in Fig. 6 show peak updraft magnitudes
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of 3-6 m s”!, which are similar to the values of the
strongest 10% of the updrafts discussed by Jorgensen
et al. (1985).

Our results provide the first observational indication
of the magnitudes of the updraft peaks at altitudes
above 6 km. The model results of Lord et al. (1984)
suggest that peak updraft intensities should be found
at heights of 6-14 km. The Doppler data in Fig. 6, as
well as in vertical cross sections obtained at times other
than those shown, indicate that the most intense up-
draft peaks were indeed at these levels in Alicia.

Convective downdrafts were also superimposed on
the secondary circulation. As indicated by the vertical
incidence Doppler radar data in Fig. 6 and by the sche-
matic diagram (Fig. 9a), convective-scale downdrafts
dominated the region of high radar reflectivity at low
levels underneath the sloping updraft. The location of
convective downdrafts throughout the region of max-
imum reflectivity was suggested by Jorgensen (1984b)
in his schematic model (Fig. 19 of his paper) but was
not clearly shown by the data available to him except
in the form of a statistical correlation of flight-level
downdraft velocity and reflectivity. The location of the
downdraft motion throughout the region of maximum
reflectivity is indicative of precipitation drag playing a
role in the downdraft generation. Evaporation as a re-
sult of entrainment of dry air from the eye of the storm
into the precipitation core could also have been in-
volved in the downdraft dynamics.

Although the downdraft motions interrupt the flow
of the secondary circulation at low levels in the vicinity
of the eyewall rain maximum, the peak downdraft ve-
locities were rather weak, typically 2-3 m s™!. These
downdrafts probably did not have a strong feedback
to the larger circulation. Ooyama (1982) and Wil-
loughby et al. (1984a) suggest that in the mature eye-
wall, the upward motion is associated more with the
frictional convergence of the inwardly spiraling low-
level branch of the secondary circulation than with
downdraft-induced convergence:

¢. Mesoscale up- and downdrafts

The large block arrows in Fig. 9a indicate the loca-
tions of the mesoscale up- and downdrafts described
in section 4. These drafts resemble those observed in
tropical squall lines both in magnitude (~ tens of cen-
timeter per second on average) and in that they ema-
nate from near the 0°C level (Leary and Houze, 1979;

FIG. 9. (a) Schematic of the radius-height circulation of the inner core of Hurricane Alicia. Shading depicts
the reflectivity field, with contours at 5, 30 and 35 dBZ. The primary circulation (¥;, m s') is depicted by
dashed lines and the secondary circulation by the wide hatched streamlines. The convective downdrafts are
denoted by the thick solid arrows, while the mesoscale up- and downdrafts are shown by the broad arrows. The
level of the 0°C isotherm is labeled. (b) A schematic plan view of the low-level reflectivity field in the inner
core of Hurricane Alicia superimposed with the middle of the three hydrometeor trajectories shown in (a). The
reflectivity contours in (b) are 20 and 35 dBZ. Note that the storm center and direction are also shown. In (a)
and (b) the hydrometeor trajectories are denoted by dashed and solid lines labelled 0-1-2-3-4 and 0-1'-2". (See
the Appendix for the details of the construction of the circulation schematic for the precipitation trajectories).



1312

Gamache and Houze, 1982; Houze and Rappaport,
1984). Lord et al. (1984) have indicated by model cal-
culations that the mesoscale downdraft in a hurricane
is probably initiated by the melting of hydrometeors.
[This mechanism was suggested for tropical squall lines
by Leary and Houze (1979)]. Our results provide the
first direct observational evidence that the top of the
mesoscale downdraft in a hurricane is located near the
melting level.

" d. Asymmetric structure

The asymmetric character of the hurricane circu-
lation has been noted by a number of authors (e.g.,
Black and Anthes, 1971; Shea and Gray, 1973; Frank,
1977; Frank, 1984). It appears to be related to the
movement of the storm through its environment and
over the earth’s surface.

Shapiro’s (1983) theoretical study of the effects of
storm motion on the boundary-layer flow of a hurri-
cane over open ocean found that the storm motion
produces enhanced convergence in the boundary layer,
in the front of the traveling storm. In his example of
a slow-moving storm (velocity < 5 m s™!), the maxi-
mum horizontal winds, convergence, and the peak
vertical velocity at the top of the boundary layer oc-
curred within the eyewall region ahead of the storm.

Willoughby et al. (1984b) described the asymmetric
nature of the hurricane circulation above the boundary
layer, in which there is a mean transport of air across
the vortex, induced by the motion of the storm through
a vertically sheared environment. They found that for
a hurricane moving with the wind at an intermediate
steering level in an environment that has westerly shear
(i.e., the relative environmental flow is easterly at low
levels and westerly aloft), there is an east-west flow
across the vortex at low levels and an eastward stream-
ing of the cirrus clouds in the outflow layer near the
tropopause.

The observed asymmetries in the circulation of
Hurricane Alicia, as shown in Figs. 6-8, are consistent
with the results of both Shapiro (1983) and Willoughby
et al. (1984b). As found by Shapiro (1983), the eyewall
updrafts in.the front of the storm (legs 1 and 2, Fig.
6a-b) are much stronger than those behind the storm
(leg 3, Fig. 6¢). The Doppler observations indicate,
moreover, that this is not only true at the top of the
boundary layer, as discussed by Shapiro, but also
throughout the depth of the eyewall.

This front-back asymmetry in the eyewall updraft

“apparently resulted in a front~back asymmetry in the
altitude of the outflow layer. The altitude of the outflow
layer at the top of the eyewall, as depicted in Fig. 8,
was lower on the east wide of the storm where the ver-
tical velocities throughout the depth of the eyewall were
the weakest. The altitude of the outflow layer on the
west side of the storm was higher by 1.5-2.0 km.

The Doppler analysis also showed an east-west
asymmetry in the inflow layer (altitudes from 1.5-5.0
km) outside of the eyewall, similar to that described
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by Willoughby et al. (1984b). The radial flow in Fig. 8
shows inward radial motion on the east side of the
storm outside the eyewall (box 2, Fig. 8b) and outward
radial motion on the west side (box 1, Fig. 8a). These
Doppler observations are consistent with an analysis
of the 1.5 km flight-level winds in Alicia (Willoughby,
personal communication).

6. Precipitation trajectories

As discussed by Houghton (1968) and Houze (1981),
precipitation mechanisms in clouds can be divided into
convective processes in which particles form at low
levels and are carried upward by strong drafts until
they grow to sufficient size to fall out, and stratiform
processes in which vertical air motions are weak and
precipitation particles drift down from the upper
reaches of the cloud toward the earth’s surface while
they grow. Houze (1981) pointed out that most pre-
cipitating cloud systems contain both convective and
stratiform processes, typically working in concert.
Hurricanes are no exception. In the inner core, the
ascending branch of the secondary circulation, with its
superimposed small-scale updraft cores, provided an
environment conducive to the convective precipitation
formation. The magnitude of the upward velocity (6-
10 m s™') was great enough to carry hydrometeors ini-
tiated at low to mid-levels upward (dashed particle tra-
jectories in Fig. 9a). When these particles fell out below
the sloping updraft (see solid particle trajectories 12—
15 km from the eye in Fig. 9a), they evidently produce
the convective downdraft (wide, heavy streamlines)
through precipitation drag and possibly through evap-
orative cooling as well. Ice particles reaching the out-
flow layer of the secondary circulation (e.g., along path
0-1 in Fig. 9a) were advected outward into the strati-
form region. Once in the stratiform region, they fell
slowly. They continued to be advected horizontally
until they reached the base of the outflow layer (25-
35 km from the eye). Then they fell almost vertically
through the mesoscale updraft, where they undoubtedly
continued to grow by acquisition of excess vapor gen-
erated by the mesoscale ascent (further discussion in
section 7). The particles probably also underwent con-
siderable aggregation above the melting level at which
level they produced the bright band. While the particles
continued to fall as raindrops below the melting level,
they may have undergone evaporation if they encoun-
tered unsaturated air. :

The horizontal projections of the middle two trajec-
tories in Fig. 9a are shown in Fig. 9b. The basis for
these trajectories is given in the Appendix. The trajec-
tory labelled 0-1'-2' is the path of the-precipitation
particle that fell to the surface in the eyewall convective
rainband. The trajectory labelled 0-1-2-3-4 represents
the path of the particle that fell in the surrounding
region of stratiform precipitation. As the particle in the
eyewall fell from 1'-2/, it traversed a horizontal path
down the center of the eyewall rainband 18-20 km, or
one quarter of the way around the storm. The particle
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following this trajectory required ~10 min to reach
the ground. This path is consistent with the upwind-
sloping precipitation cores seen in the eyewalls of other
hurricanes (e.g., Marks, 1985). The precipitation par-
ticle carried by the upper-level outflow into the strat-
iform region surrounding the eyewall made more than
one complete circuit around the storm before it reached
the surface in the “connecting band” (cf. Fig. 1b). The
path 1-2-3-4 took 1-2 h.

These long horizontal paths emphasize the impor-
tance of the strong tangential winds in distributing pre-
cipitation in a hurricane. Precipitation is swirled
around the storm, and particles at a given point in the
stratiform region surrounding the eyewall typically will
have come from a variety of locations within the eye-
wall. The occasional observation of stratiform rain-
bands outside the eyewall region of a hurricane far from
any active convection (e.g., the connecting band or
bands) may be explained by the arrival of particles from
a distant location upwind.

7. Water budget and inner-core region

The water budget of the hurricane inner-core region
was examined by subdividing it into the eyewall (or
convective) region, dominated by the upward branch
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of the secondary circulation, and the stratiform region,
where the mesoscale updraft and downdrafts prevailed
(Fig. 10). A similar partitioning of the water budget
into convective and stratiform regions has been applied
to both tropical squall lines and nonsquall cloud clus-
ters (Houze, 1977; Gamache and Houze, 1983; Chur-
chill and Houze, 1984; Houze and Rappaport, 1984;
Leary, 1984). These studies showed that in nonhurri-
cane mesoscale systems, typically 30-50% of the total
precipitation falls as stratiform rain. Marks (1985)
found that in Hurricane Allen, 60% of the total pre-
cipitation of the inner-core region (within a radius of
110 km) fell in the stratiform region (referred to by
him as the “rainband” zone). Using the same criterion
to partition the precipitation as that in Marks (1985),
the results for this period in Alicia indicate that 62%
of the total precipitation within a radius of 40 km fell
in the stratiform region surrounding the eyewall. The
predominance of stratiform precipitation, if typical,
requires understanding and explanation.

To investigate the source of the stratiform conden-
sate, we have adopted the notation of Gamache and
Houze (1983). In Fig. 10, the terms C,, and C, are
sources of condensate in the stratiform region; Cp,
represents water condensed in the mesoscale updrafts,
while C, represents hydrometeor mass condensed in
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F1G. 10. Schematic of the radius-height structure of the inner core of Hurricane Alicia depending the portions
of the storm discussed in the water budget computations. Shading depicts the reflectivity field, with contours
at 5, 30, and 35 dBZ. The boxes superimposed over the reflectivity delineate the convective region from the
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of the water budget terms.)
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updrafts in the convective region and subsequently
transported into the stratiform region. Gamache and
Houze (1983) found that Cp,,, =~ 0.35C, for a tropical
squall line; i.e., convectively generated condensate ap-
peared to be a somewhat larger source of condensate
for the stratiform region than was water condensed in
situ. They computed Cp, by inferring the mean vertical
velocity in the mesoscale updraft from divergence cal-
culated from composite rawinsonde data, while C, was
determined as a residual of other terms in the water
budget. However, this calculation involves many as-
sumptlons and uncertalntles s0 that one can only con-
clude that both C,,,, and C, contribute substantially to
the mass of the stratiform cloud in the squall line case.

In the present study, the Doppler data allow us to cal-
culate Cy,, and C, more directly for Hurricane Alicia,
thereby obviating some assumptions of Gamache and
Houze.

To estimate Cp,, we assume the mean vertical ve-
locity in the mesoscale updraft to be w = 0.4 m s™,
the approximate value determined from the vertical-
incidence Doppler data in Fig. 6a. The air density is
assumed to be 0.4 kg m™> (corresponding to the density
at an altitude of 10.5 km using the density relationship
described in section 3) in the mesoscale updraft, and
the water vapor mixing ratio is assumed to be 0.0063
at the base of the updraft (corresponding to 85% relative
humidity at 540 mb) and 0.0003 at the base of the
outflow level (corresponding to 75% relative humidity
at 250 mb). The stratiform region is assumed to cover
an annular area of 3.64 X 10° m? located between 21
and 40 km from the eye of the storm. The condensation
rate in the mesoscale updraft is thus estimated to be
04 m s )04 kg m>)(3.64 X 10° m?)0.0063
~0.0003) = 3.49 X 10% kg s™! = Cpu/7, where 7 is the
time period during which the mass of water Cp, is
condensed. ’

To estimate C,, we refer to the radial velocity shown
in Fig. 8. From this figure, we infer that the radial out-
flow at a distance of 21 km from the eye of the storm
(the outer edge of the eyewall) occurs primarily in a
layer 3000 m deep (between 10 and 13 km) and has a
typical speed ¥, = 6 m s™'. The difference in hydro-
meteor mixing ratios across the outer edge of the eye-
wall in this layer is assumed to be 0.5 g m™3, This value
is based on the model simulation of Lord et al. (1984;
see their Figs. 5 and 6) which showed regions of snow
mixing ratio > 0.8 g m™~> surrounded by areas < 0.4 g
m 3. The flux of condensate across the boundary be-
tween the convective (eyewall) and stratiform regions
is then estimated to be (6 m s'}0.5 g m~3)(3000
m)(27)(21 X 10° m) = 1.19 X 10° kg s™' = C./7.

Thus, the Doppler data suggest that Cy,, = 2.94 Ca.
The in situ production of condensate appears to have
dominated—just opposite from the squall line case, in
which Gamache and Houze (1983) found Cy,,, and Ca
to both be important, but with C, dominating. It should
be noted that these results are sensitive to the size of
the area encompassing the mesoscale updraft and the
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depth and altitude of the outflow layer. As pointed out
in Sec. 5, these features may be asymmetrically ar-
ranged around the storm, thus altering our results.

Although these results must be regarded cautiously
at this juncture, it is tempting to conclude that in the
case of the hurricane, the mesoscale updraft has a
stronger effect on the growth of hydrometeors than in
the squall line because it is associated with the second-
ary circulation driven by vortex-scale dynamics. The
squall line is not embedded in any equivalent dynamic
feature.

8. Conclusions

On 17-18 August 1983, Hurricane Alicia was mov-
ing northwestward toward the Texas coast. Continuous
quantitative ground-based radar observations from the
National Weather Service WSR-57 radar at Galveston,
Texas, showed a closed eyewall surrounded by outer
rainbands. At 0108-0200 UTC on 18 August, an in-
tense outer band was just reaching the coastline, while

.the eyewall was still over water. During this time, the

NOAA WP-3D aircraft equipped with Doppler radar
flew radial passes across the eyewall making Doppler
measurements in two quadrants of the storm. An anal-
ysis of the three-dimensional wind field in the eyewall

~ region was derived from the airborne Doppler data.

The vertical velocity was derived from vertical inci-
dence Doppler data and reflectivity collected along
three legs of the flight track, and the horizontal com-
ponents of the wind were derived in two regions of the
storm by pseudo-dual-Doppler synthesis of the wind
components along the radar beam for two pairs of flight
legs. Because of the time elapsed between flight legs
used in the dual-Doppler synthesis (47-52 min), only
the azimuthally averaged tangential and radial com-
ponents of the circulation could be resolved for each
analysis region. However, this information combined
with the vertical incidence data nonetheless prowded
an unprecedented comprehensive view of the primary,
secondary and superimposed convective circulation
features in a single storm.
The following specific results were obtained:

1) The primary (azimuthal) circulation was char-
acterized by a core of maximum tangential wind that
sloped radially outward with height. The Doppler radar
data for this single case thus confirms the slope of the
tangential wind maximum seen both in composites of
flight-level data (Willoughby et al., 1982; Jorgensen
(1984a,b) and in model simulations (Willoughby et al.,
1984a). Peak winds were at low levels (1.5-2.5 km)
and on the northwest (leading side) of the storm.

2) The secondary (radial-height) circulation was
characterized by a lower tropospheric layer of inward
directed flow that extended well above the boundary
layer, with maximum inflow at 2.0-4.5 km altitude,
and a layer of intense radial outflow from the eyewall
concentrated at upper levels (10~14 km). The rising



I May 1987

branch of the secondary circulation in the eyewall re-
gion sloped out from the center in agreement with
theoretical studies (Shapiro and Willoughby, 1982).
The airborne Doppler radar data provide observational
confirmation of the upper tropospheric portion of the
secondary circulation predicted by numerical model
simulations (Willoughby et al., 1984a) but which could
not be shown by previous flight-level datasets.

3) Convective-scale updrafts and downdrafts were
superimposed on the secondary circulation in the eye-
wall region in a pattern which confirms theoretical ar-
guments given by Ooyama (1982). Discrete cores or
bubbles of more intense upward motion were located
along the axis of the outwardly sloping rising branch
of the secondary circulation. These updraft cores ap-
peared to become stronger above 6 km altitude (the
height of the 0°C isotherm in the eyewall). In the region
of concentrated heavy rains at low levels in the eyewall,
the secondary circulation was interrupted by convective
downdrafts, which coincided with vertical cores of high
reflectivity and spread out at low levels. Prior to this
study, these convective downdrafts have not been con-
vincingly shown because of the difficulties of obtaining
flight-level data at low altitudes.

4) The stratiform precipitation region located just
outside the eyewall appeared to be characterized by
general ascent (averaging 0.3-1.3 m s™!) above the
melting layer and descent of slightly smaller magnitude
below. Uncertainty in estimating the fall velocities of
rain make the inference of the downdraft somewhat
uncertain. However, the mesoscale updraft above the
melting layer and downdraft are also seen in tropical
squall lines and other mesoscale convective systems.
The ascent aloft in this case was apparently part of the
secondary circulation associated with condensational
heating in the eyewall region (Shapiro and Willoughby,
1982), while the descent below was.probably driven by
melting (Lord et al., 1984). The Doppler radar data
provide the first direct observational confirmation of
descent occurring at and below the melting level in a
hurricane.

5) The Doppler-derived wind field analyses enabled
the construction of hydrometeor trajectories in the in-
ner core of the storm. Particles that formed in the up-
ward branch of the secondary circulation evidently fol-
lowed two basic paths: 1) large hydrometeors, with fall-
speeds greater than updraft velocity, fell out of the
updraft and formed the eyewall reflectivity maximum;
2) smaller hydrometeors, with fallspeeds less than the
updraft velocity, were swept up to the outflow layer at
the top of the eyewall and carried outward, where they
seeded the region containing the mesoscale updraft.
The particles falling in the eyewall reached the sea sur-
face within 10 min and traveled 18-20 km downwind,
consistent with the upwind slope with increasing alti-
tude of reflectivity cores in the eyewall. The hydro-
meteors that seeded the mesoscale updraft region fell
so slowly before they reached the melting level that
they took 1-2 h to reach the surface. These trajectories
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suggest that the precipitation falling at any location in
the stratiform region typically contained particles ar-
riving from a variety of locations in the eyewall after
they had circulated as many as 1%z times around the
storm.

6) The Doppler radar data allow the hurricane water
budget to be examined quantitatively for the first time.
Calculations based on the Doppler wind synthesis sug-
gest that, while the eyewall outflow layer was a major
source of hydrometeors to seed the stratiform region,
condensation owing to mesoscale ascent within the
stratiform region itself provided an environment con-
ducive to vigorous growth of hydrometeors. The mass
of water condensed by the mesoscale lifting exceeded
that transported into the siratiform region in the upper-
level eyewall outflow by a factor of 3.

The results of this study clearly demonstrate the use-
fulness of airborne Doppler radar for determining the
detailed circulation patterns in a hurricane. With this
remote-sensing technique we have been able to carry
observational work on hurricanes farther than has been
possible with flight-level data. Many features of inner-
core storm structure have now been observed in a single
case, and features that have been difficult or impossible
to infer from traditional in situ data have been observed
successfully. Theoretical results have been confirmed,
and the three-dimensional Doppler-derived wind field
combined with the observed reflectivity field has al-
lowed the beginnings of quantitative studies of precip-
itation growth patterns and the storm water budget.

In the future, we intend to improve the airborne
Doppler reconstruction of the storm air motions by
reducing the time between flight legs so that w may be
computed by mass continuity and thus obtained over
a larger volume of the storm. We also hope to sample
the inner core of mature storm more intensively by
using more than one aircraft equipped with Doppler
radar. In this way, we expect to achieve a still greater
understanding of the precipitation mechanisms, dy-
namics, and water budget of a mature hurricane.
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! APPENDIX

Construction of Schematic Diagram

The schematic representation of the inner-core
structure presented in Fig. 9 was based objectively on
the airborne radar observations. The following discus-
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sion indicates how each of the items in the figure were
derived from the data.

a. Radar reflectivity

The reflectivity field was constructed by averaging
the reflectivity fields observed on legs 1 and 2 of the
flight track. These legs represent the region of the eye-
wall that contained the most intense reflectivity.

b. Air motions

The primary (tangential) circulation shown in Fig.
9a is the average of the V) fields in boxes 1 and 2. The
secondary circulation, shown by the wide hatched ar-
rows in Fig. 9a, as well as the convective downdrafts,
shown by wide black arrows, were obtained by fitting
streamlines to mean motion vectors in a radial-height
plane (Fig. A1). The vectors were obtained by addition
of the mean vertical velocity field from legs 1 and 2
and the mean radial wind field from boxes 1 and 2.
Both w and V fields were computed on a grid 3 X 1.5
km in the radial and vertical direction, respectively.
Streamlines drawn to fit the vectors in Fig. A1 were
transferred directly to Fig. 9a. The large black arrows
in Fig. 9a were drawn to indicate a mesoscale updraft
above and downdraft below the melting layer. These
‘mean vertical motions, computed from the Doppler
radar data collected on legs 1 and 2, were discussed in
section 4a.
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¢. Particle trajectories

Hypothetical precipitation particle trajectories were
constructed using the radius~height airflow shown in
Fig. 9a and particle fallspeeds consistent with those in
Fig. 5.

The upward hydrometeor trajectory labeled 0-1 in
Fig. 9 was computed assuming a particle ascent rate
(w+ V) of 5m s™! from an altitude of 6-12 km. This
ascent rate is in good agreement with Figs. 5 and 6.
The horizontal displacement of this trajectory in Fig.
9b was computed using a ¥, of 10 m s™! and a V, of
1-2 m's™! throughout the altitude range 6-12 km. For
the upward trajectory labeled 0-1’ in Fig. 9, ¥, and V,
were identical to that of trajectory 0-1, but this particle
was assumed to have grown more vigorously during
its ascent so that it quickly fell out of the updraft.

The middle convective downdraft trajectory labeled
1'-2" in Fig. 9 was calculated assuming that w + ¥V,
= —7 m s”! in the altitude interval from 5.5 km to the
surface, again in good agreement with Figs. 5 and 6.
The horizontal displacement of trajectory 1'-2' in Fig.
9b was derived using V;0f 40 ms™'anda V,of =3 m
s~ ! in this altitude interval. These values are consistent
with Figs. 7 and 8.

The outflow-layer particle trajectories labeled 1-2-
3-4 in Fig. 9 were determined using a range of V,, Vj,
and w + V, values consistent with Figs. 5-8. The three
trajectories represent those of particles with initial w
+ ¥V, values at point 1 of —0.5 (rightmost), —0.75 (cen-
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FIG. A1, Radius-height cross section of the ¥V, and w fields used to construct Fig. 9a. Arrows
indicate the magnitude and orientation of the ¥, and w values. Solid circles denote zero radial
velocity and open circles denote zero vertical velocity (see text for details). The ¥V, and w pairs
are drawn at a number of locations to indicate the resultant vectors used in the construction of

Fig. 9a.
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ter), and —1.5 m s™! (leftmost), respectively. From 1-
2 the particles are within the outflow layer at altitudes
of 10-12 km, with ¥, =4.5 m s™! and V, having a
range of values: 1) from 18-21 km radius, ¥, = 20 m
s7; 2) from 21-24 km radius, ¥; = 23 m s7'; 3) from
24-27 km radius, ¥; = 27 m s”!; and 4) from 27-30
km radius, ¥, = 35 m s™'. As shown in Fig. 9a, b, at
point 2 the hydrometeors reach a radial distance of
25-35 km from the center and travel almost half way
around the storm. At this point they have fallen out
of the outflow layer. .

From 2-3, the hydrometeors were falling through
the mesoscale updraft (5-10 km in altitude). In this
layer, we have assumed w + V, has doubled due to
particle growth. In this region V3 = 35 m s™! and V,
was essentially zero. The possible particle trajectories
diverge greatly in this region. Slightly increased particle
growth by aggregation or riming could have caused
some hydrometeors to fall even faster than we have
hypothesized. Also small asymmetries in the radial
wind direction and the mesoscale updraft strength
would have resulted in different horizontal trajectories.
Trajectory 2-3 is considered to be a good approxi-
mation to the trajectories of typical particles in this
region.

After these particles melted they followed trajectory
3-4 (5 km to surface in altitude) where w + V, decreases
dramatically to —5 m s~! (consistent with Fig. 5). The
V, stays near 35 m s~' and V, is near zero until the
lowest layers where the particles entered the inflow
layer.

The horizontal displacement of the particles in tra-
jectory 1-2-3-4, as depicted in Fig. 9b, show that these
particles completed 1-1.5 circuits around the storm
during the 1-2 h it takes a particle to fall from the
outflow layer.
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