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1. INTRODUCTION
Until recently detailed wind patterns Figure 1 shows a time-composite-
in hurricave eyewalls and rainbands could be low-level reflectivity pattern detected by the
obtained only by conmstructing composites based WP~3D's lower fuselage radar. This radar is a
on measurements made along .aircraft flight Tc-band, 1.1 deg horizontal beamwidth radar,
tracks (Shea and Gray, 1973; Barnes et al., which scans horizontally. | See llouze et
1953; Jorgensen, 1983a,b). These composites al. (1981) for other characteristics of this
have provided a good first approximation to radar.] The flight track in Fig. 1 was obtained
eyewall and rainband circulations; however, by  plotting the aircraft position in a
they yield limited information on spatial and rectangular Cartesian grid whose origin [point
temporal variability. Generally, they show (0,0) in Fig. 1) was always located at the
structures in two-dimensional, radial-height center of the storm. The storm track was
cross sections. With the advent of the NOAA determined objectively wusing a procedurs
airborne pulse-Loppler radar (Trotter et al., described by Willoughby and Chelmow (1982}, The
198t; Jorgensen et al., 1983), it has become time-composite reflectivity pattern was
feagible to measure nearly simultaneously the constructed by mapping each ray of data
horizontal wind field throughout a  large collected with the lower fuselage radar into the
three—dinensional volume of space surrounding rectangular grid attached to the storm center.
the aircralft. Whenr more than one reflectivity measurement was
mapped into a particular grid square, the
This technique is based on largest value was taken to be the best estimate
reasurenents of the mean Doppler radial velocity, of the reflectivity in that grid square. This
covponents of echoes detected with an X-band procedure, used previously by Marks (1981),
radar located in the tail of a Hatfonal Oceanic minimizes the effects of attenuation and beam
and Atmospheric Administration WP~3D research geowetry in producing underestimates of tte
aircraft. The antenna of this radar points reflectivity,
norral to the fuselage and sweeps circularly
through elevation angles of 0 to 360 deg.* Figure 1 shows that a symmetric
‘eyewall was not present during the time period
under consideration. However, a prominent
rainband curved around the north side of the
2. LARCE=SCALE STORM STRUCTURE AND FLIGHT storm. Peak reflectivities in this band were
PATTERN 40-44  dBZ near the end of the band,
west-northwest of the storm center. Later in
lluring the period of our analysis the day, a portion of this rainband wrapped
(1952345 14 September 1982), Debby was located around the center of the storm and took on the
near 25 deg K, 69 deg W and was moving toward appearance of a mature eyewall. Hence, we refer
the north- northeast at 4-5 m/s. The storm was to the strong curved rainband seen at the time
increasing in intensity (it actually did not of Fig, 1 as a "developing eyewall."” An area of
reach lurricane status until 0000 GMT 15 weak stratiform precipitation (with reflectivity
Scptember), and an eyewall was forming. While below the lowest threshold shown in Fig. 1)
the aircraft was in the atorm, the central existed to the west of the storm center, just
surface pressure was 995 mb, and the peak wind ocutside the developing eyewall, A stratiform
speed encountered by the aircraft (flying at 450 rainband was located still farther west,
m altitude} was 30-35 m/s. centered along the east-west coordinate =70 kf.

The highest reflectivities in this stratiform.
) band were only 23-25 dBZ.
*Other characteristics of the tail radar are given

by Jorgensen {(1983a).
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Figure 1. Time composite of the horizontal distribution of
reflectivity in Hurricane Debby for 1950-2045 GMT 14 Septem-

ber,

The reflectivity contours ave for 20, 30 and 40 dBZ.

The aireraft Flight track is indicated by the thin solid
line, and the three-dimemsional analysie Bowes 1 and 2 are

denoted by the thick solid lines.

The origin of the coordi-

nate system is located at the storm center, and the airoraft
poaitiohs have been plotted in relation to the storm center.

3. HETHOL OF ANALYSIS

The three-dimensional patterns of
reflectivity, horizontal wind and divergence
were determined from the tall radar for two
analysis boxes, labelled 1 and 2 in Fig. 1.
Esch oox was 40 km x 40 km in the horizontal and
15 kn inh vertical extent. Box 1 was chosen to
cover an intense portion of the developing
eyewall, while HBox 2 enclosed the area of
lighter preclpitation  just outaide the
developing eyewall and a8 portion of the weak
stratifory ralnband in the western part of the
echo pattern in Fig. 1.

The reflectivity and wind analyses for
Box | were constructed using the tail radar data
ocltained on the north-scuth flight leg from
1555-2004 GMT and the northeast-southwest leg
from 2005-2014 GMT (Fig. 1). Analyses for Box 2
were constructed using the tail-radar obtained

on  the northeast-soutlwest flight leg from
20052014 GHT and the east-west leg from
2026-2035 GMT.,

Three-dimensicnal time-composite

reflecrivity patterns were constructed for each
box by a method analogous to that used to obtain
the two—dimensional time—composite reflectivity
map in Fig. 1. E£ach box was subdivided into
grid elements 1 km x 1 km in the horizontal and
G.5 km in wvertical dimension. Each ray of
reflectivity data obtained with the tail
while flying along the flight legs contributing

to each box, wasg mapped into the
three-dimengional Cartesian grid contained in
the box. Each datum taken from a ray was

positioned at the center of the grid element

radar,’
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grid contained within

into which it was mapped. When more than one
reflectivity measurement was mapped into a
particular grid element, the largest value was
teken to be the best estimate of the
reflectivity in that element.

Three dimensional fields of horizontal
wind were constructed from the rays of radial
velocity data obtained with the tail radar while
the aircraft was flying along the two flight
legs contributing to each analysia box. First,
the radial velocities in each ray were examined
and accepted only if the reflectivity was above
a ppecified noise level (typically 6~10 dBZ).
Then the accepted radial velocities in each ray
were unfolded automatically using the method of
Bargen and Brown (1980). The unfolde¢ radial

velocities were converted trigonometrically to
horizontal wind components norwal to the
fuselage of the aircraft. The horizontal wind

‘components thus obtained for one flight leg wete

then mapped into the three-dimensional Cartesian
the analysis box under
consideration in the same manner 45 that used to
map reflectivities into the three-dimensiocnal
grid. When more than one horizontal velocity
component was nmapped into a particular grid
element, the average component was computed and
used as the best estimate for that grid element.
This procedure was repeated for the second
flight leg contributing to the analysis box.
Each grid wvolume then could contaln averaged
horizontal velocity components cbserved from 0,
1l or 2 wviewing angles. For all grid volumes
containing two components, the hoerizontal wind
vector was computed. Thus, the
three~dimensional field of horizontal wind was
determined within Boxes 1 and 2. Further



details of this so-called “pseudo-dual Doppler"
analysis method have been given by Jorgenmsen et
al. (1983},

The fields of horizontal wind produced
automatically by tnis method were inspected for
spurlous values generated by incorrect unfolding
or other problens. The data were manually
edited to remove these bad points.

The edited winds were smoothed by an
overlapping filter applied at every grid point,
with weightings of 0,123, 0.25, 0.5, 0.25 and
0,125 applied to adjacent points in beth x and
¥+ This process removes variability on scales
less than 2 km in wavelength.

Three~dimensional fields of horizontal
divergence were computed from the final edited
and smoothed winds. The grid spacing in % and y
used to compute the divergence was 2 km,

4. REFLECTIVITY AND WIND STRUCTURE INBK 1

The tail-radar reflectivity, wind and
divergence analyses for Box | are shown in
Fig. 2 for the 1, 3 and 5 km levels. These
patterns depict the internal structure of the
western portion of the developing eyewall
rainband seen in Fig. 1. The reflectivity
patterns in Fig. 2 show that at 1 km this region
of the developing eyewall contained Jtwo i
saub-bands, an inner sub-band, intersecting the
southern boundary of the box between -15 and -25
km, and an outer sub-band, dintersecting the
southern boundary between =30 and ~40 km. The
outer sub~band was generally more intense and
extended upward through the 3 and 5 km levels.
The inner sub-band sloped outward (from the
storm center) and was very weak at 3 km and not
apparent at 5 km, at which level it may have
been rerged with the outer sub=band.

In the wind patterns 1in Fig. 2, the
wind speed can be seen generally to have
decreased with increasing height, with zones of
viaximum  speed at each height {enclosed by
isotachs) corresponding closely to the sub-bands
seen in the reflectivity data. At 1 km, the
zone of peak wind speeds coincided with the
inner sub-bhand. At 3 km, the southern core of
maxinmure wind corresponded to the immer sub-band,
while the northern wind maximum lay along the
outer sub—band, just inside the axis of maximum
reflectivity. At 5 km, a belt of maximum wind
extended along the entire length of the outer
sub~band of reflectivity.

Previous two-dimensional analyses
based on flight-level wind data in hurricanes
(Shea and Gray, 1973; Barnes et al., 1983;
Jorgensen 1983a,b) have shown that wind speed
maxima tend to occur within or just 1inside
eyewalls and rainbands. Jorgensen's (1983a,b)
studies indicate that the tangential wind maxium
tends to lie inside the reflectivity maximum at
low levels and coincide with it at about the 5
km level. If the outer sub-band in Box 1 {s
taken to be the major reflectivity feature,
since it is stronger, has greater length and
exhibits vertical« continuity through all three
levels in Fig. 2, then the wind maxima in our
‘three-dimensional analysis exhibit the behavior
expected from previous two-dimensional studies
by lying well inside the outer sub-band at 1 kum,
land thence sloping upward to concide with the’
major sub-band at 5 km,

The divergence patterns derived from
the winds at 1, 3 and 5 km are also shown in
Fig. 2. These patterns were characterized by =a
curved band of convergence paralleling the
sub-bands in the reflectivity field. At 1 km,
‘the convergence band 1lay between the inner and
‘outer sub-bands. At 3 km, the convergence banid
‘was more intense. Its axis lay a few kilometers
‘to the inside of the line of maximum cores in
the outer sub-band of reflectivity. At 5 Kkn,
. the convergence: band was as intense but not gquite
as widespread as at 3 km. The axis of the
convergence band at 5 km coincided with the
outer sub-band of reflectivity,

{ The two—dimensional analyses of
Jorgensen  (1983b) and Barnes et al. (1983)
‘constructed from flight-level data indicate that
the convergence zones associated with eyewalls
;and rainbands tend to slope radially outward
'‘with increasing height. Jorgensen's  {1983b)
"study indicates that the eyewall convergence
lies radially inside the maximum reflectivity at
low Jevels and coincides with it at about the 35
‘km level, If the outer sub~band is considered
to be the major feature in Box 1, then, again,
;the structure anticipated from these previous
two-dimensional studies is seen in our data.

=N REFLECTIVITY AND WIND STRUCTURE IN BOX 2

It has long been recognized that
hurricanes have extensive regiong of stratiform
precipitation (e.g., Atlas et al., 1963; Black
et al., 1972; Hawkinse and Imbembo, 1976).
Jorgensen (1983a,b) has shown that stratiform
precipitation is typically found in the region

Figure 2. Horiaontal distribution of rveflectivity (dBZ), wind (m/s) and divergence (107%571) at

1 (bottom), 3 (middle) and & km (tep) for Box 1.

The east-west and north-south distances are

tn km from the storm center. The reflectivity is contoured at 0, 20, 30 and 40 dBZ. Streamlines
(dark lines with arrowheads) and isotachs are shown in the wind andlyses. At 1 km the isotach
shown s for 31 m/s, at & km the isotach is for 24 m/e and at 5 km the isotach is for 14 m/s.

The wind barb convention is: a flag represents 25 m/s; a full barb 5 m/s; and a half barb 2.5
m/s. Regions where divergence or wind estimates could not be obtained were left blank. The
aivergft flight track is denoted on the wind maps as a thin continucus line with small arrowheads

pointing in the direction of the flight.
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Jjust outside the eyewalls of mature hurricanes.
atlas et al. (1963} and Barmes et al. (1983)
have found rainbands tending to be couvective on
their upwind ends and stratiform on their
aownwind ends. The existence of extensive
stratiform precipitation in the vicinity of deep
convection is also characteristie of tropical
cloud clusters (llouze and Betts, 1981; Houze
and llobbs, 1982).

Box 2 (Fig. 1) was chosen for detalled
analysis because it encloses a region of

stratiform precipitation just outside the
developing eyewall, This stratiform
precipitation was found both in the weak

rainband eccupying the western part of Box 2 and
throughout the intervening region of light rain
between the weak rainband and the developing
eyewall. The tail-radar analyses of the
reflectivity, wind and divergence at the 1, 3
and 5 km levels in dox 2 are shown in Fig. 3.
The patterns of these quantities in this
stratiform region contrast sharply to the
patterns in the wmore convective, developing
eyewall reglion seen in Box 1 (Fig. 2).

The reflectivity patterns 1in Fig, 3
show the edge of the developing eyewall along
the eastern side of Box 2, a region of weak
stratiform echo in the center of the box and
somewhat higher reflectivity on the western
boundary, toward the center of the weak
stratiform rainband.

The winds in this stratiform region
are considerably wore uniform in both speed and
direction than in the developing eyewall region.

Table 1 compares the means and standard
deviations of the tangential and radial
components of the wind (in  a cylindrical
covrdinate system orviginating at the storm
center) in Boxes 1 and 2. The standard
deviations, particularly of the tangential

component, are significantly lower in Box 2, the
stratiform region. The magnitude of the
givergence shown in Fig. 3 is also generally low
throughout the stratiform region. In COUtfaEE
to Box 1, no values exceeding 3 x 10778~
occurred for either divergence or convergence at
any of the levels shown in Fig. 3.

In studies of the wind fields in the
stratiforn regions of tropical cloud clusters,
Gamache and Houze (1982), Johnson (1982), and
tiouze and Rappaport (1983) have shown that a
mesoscale dovndraft and horizontal divergence
predominate in the lower troposphere, while in
the vicinity of and just above the melting
level, mesoscale converpence predominates. The
wind and divergence patterns in the western part
of Box 2, occupled hy the weak stratiform
rainband, are consistent with this previously
observed structure. At 5 km (about the top of
the melting layer), the winde in the
southwestern portion of Box 2 are generally
confluent {except in the corner of the box) and
convergence is indicated over this part of the
box. At 3 km, diffluence and divergence are

Figure 3.
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Table 1. Mean and standard deviation of tangen—
tial and radial wind for Boxes 1 and 2.
Box 1
Altitude Tan. wind (s.d.) Rad. wind (s.d.)
(km) n s !
1 26.6 (3.6) -1.7 (4.5)
3 17.2 (3.1) 3.3 (3.4
5 16.5 (3.2) =1.7 (3.6)
Box 2
Altitude Tan. wind (s.d.) Rad. wind (s.d.)
(lm) ms 1
1 16.0 (1.4) 5.6 (2.3)
3 15.0 (0.6) -1.4 (2.2)
5 12.06 {0.6) =-7.2 (1.7)

‘indicated over the western part of Box 2.

This
change from mesoscale convergence to divergence
downward across the melting layer is consistent
with the structure of the stratiform regions of
cloud clusters and suggests that a megoscale
downdraft may have been present in the mid-low
troposphere of the stratiform rainband in the
western part of Box 2. TIf present, however, the
downdraft evidently did not penetrate into the
boundary layer, since confluence and convergence

occupied the western part of Box 2 at the 1 km
level.
6. CONCLUSIONS

Analyses of data obtained with the
X-band tail Doppler radar aboard a NOAA UP-3D
research. aircraft have provided

three-dimensional patterns of reflectivity, wind
and divergence in two contrasting regions of a

storm developing to hurricane intensity. One
region examined was the developing eyewall,
while the other was a region of stratiform
precipitation lying outside the developing
eyewall. The three-dimensional patterns in
these regions were consistent with structures
anticipated from previcus two-dimensional

analyses of flight-level data obtained in
hurricane eyewalls and rafnbands, and from
studies of wind data obtained in tropical cloud
clusters.

In the developins eyewall region, the
zones of maximum wind speed and convergence
sloped radially outward from positions radially

ingide the primary sub-band of reflectivity in
the developing eyewall at low levels to a
position coincident with the primary sub-band at
3 km altitude., The detalled radar pattern
showed further that the maximum wind at low
levels was aseociated with a secondary sub-band,
weaker and closer to the center of the storn
than the primary sub-band. The consisteney of
the structure cbserved in the developing eyewall
with eyewalls seen in previous studies of mature

Same as Fig. 2 for Box 2.
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storws indicates that aspects of mature eyewall
structure may already be pregent in storms stilil
in the process of developing to hurricane
intensity.

In the stratiform precipitation
region, the winds were more uniform, and the
intense zones of convergence seen in the
developing eyewall reglion were absent. However,
a broad region of confluence and couvergence was
seen at 5 km height, just above the melting

layer, with diffluence and divergence covering

.tlte same broad region at 3 km. This change in
sipn of the divergence acrogs the melting laver
suggests that a mesoscale downdraft gimllar to
those in the stratiform precipitation regions of
tropical cloud clusters may have been present in
this hurricane stratiform precipitation area.

The ability of the airborne Doppler
radar to portray three~dimensional fields of the
wind over large regions of a hurricane makes
possible a wide range of future studies. We
plan to continue to use the airborne Doppler
system to examine the reflectivity and wind
fields in eyewall and stratiform regions of
mature and developing hurvicanes to obtain a
better understanding of their mass, momentum and
wiater budpets.
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