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ABSTRACT
The Guam WSR-88D (Weather Surveillance Radar–1988 Doppler) Doppler radar collected reflectivity,
Doppler radial velocity, and other information for Supertyphoon Ed as it traversed the northern sections of Guam
as a minimal tropical storm on 30 September 1993. This was the first-ever recorded passage of a tropical cyclone
over a Next Generation Weather Radar WSR-88D Doppler radar site. Reflectivity data provided valuable information about the location of a precipitation-free ‘‘eye,’’ while radial velocity data provided useful information
about tropical cyclone wind center location and strength. The velocity data also provided a 3-h lead time to
upgrade the tropical cyclone to tropical storm intensity prior to landfall. Forecasters at Andersen Air Force Base
used this information to give what turned out to be a very accurate short-range forecast of a brief period of
gales with maximum gusts to 26 m s 01 . Land-based surface wind observations correlated extremely well with
75% – 80% of the 1500-m radial velocity estimates, which is similar to findings made by Powell and Tanner
et al. Additional radar signatures of interest include offsets between the reflectivity center and velocity circulation center, detection of tropical storm and typhoon / hurricane force winds, Doppler velocity maxima
within the convective rainbands, and mesocyclonic circulations detected by the WSR-88D’s mesocyclone
algorithm.
Concerning mesocyclones, one was detected very close to the location of the actual wind center when Ed was
developing an eye prior to landfall. Within approximately 1 h of initial mesocyclone occurrence, a cyclonic
divergent velocity-couplet pattern formed, possibly due to the development of low-level supergradient winds.
The observed Doppler velocity patterns were consistent with the lower-tropospheric horizontal wind and vertical
motion patterns in and around the eye as described by Malkus, Kuo, and Gray and Shea. After clearing the west
coast of Guam, two separate mesocyclones formed just inward of the eyewall and appeared to be ingested into
the main eye circulation. Similar findings were obtained from airborne Doppler radar analyses made by Marks
and Houze. Shortly thereafter, Ed underwent a period of rapid intensification. In both instances, the mesocyclones
appeared to have played a role in eye development and intensification.

1. Introduction
Supertyphoon Ed (storm number 25W) moved over
northern Guam as a minimal tropical storm near 1300
UTC on 30 September 1993. The United States Air
Force WSR-88D (Weather Surveillance Radar–1988
Doppler) (identified as KGUA) was instrumental in
monitoring wind strength in the tropical cyclone as it
moved toward Guam. Satellite imagery and interpretation from satellite signatures indicated a weak circulation 12 h prior to landfall; hence, the system was
being tracked as a tropical depression. As the circula-
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tion neared Guam, it moved within range of the WSR88D radar, which is located Ç24 km southwest of Andersen Air Force Base (AAFB) near the east-central
coast of the island (Fig. 1). Even as a weak system, a
reflectivity eyewall and inbound–outbound velocity
maxima associated with the ‘‘eye’’ were clearly evident. As the storm system approached Guam, low-level
Doppler radial velocities were measured in and around
the circulation and an average of the inbound and outbound velocity maxima indicated radial velocities of
20–25 m s 01 (40–49 kt) at a height of 500–1000 m
(1640–3280 ft MSL). Based on this information,
Tropical Depression 257W could have been upgraded
to Tropical Storm Ed prior to landfall. The official Joint
Typhoon Warning Center (JTWC) forecast called for
winds of 15 m s 01 (30 kt) with gusts to 20 m s 01 (40
kt). However, this was the first opportunity for JTWC
tropical cyclone forecasters (also referred to as ‘‘typhoon duty officers’’) to use Doppler radial velocity
data in an operational situation, and hence, they were
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FIG. 1. Map of Guam with storm total rainfall amounts (mm) associated with Tropical Cyclone Ed’s passage across the island from
30 September to 1 October 1993.

cautious in basing their analyses and forecast on a new
observing system.
Ed moved across the northern sections of Guam on
a west-northwest track between 1300 and 1400 UTC
and eventually became Typhoon Ed (sustained winds
§ 33 m s 01 or 65 kt) at 1200 UTC on 1 October 1993
and reached supertyphoon intensity (sustained winds
§ 67 m s 01 or 130 kt) at 0000 UTC on 4 October 1993.
Most of Ed’s intense, deep convection developed Ç6
h prior to landfall before weakening, with redevelopment occurring Ç2 h after the center cleared the west
coast of Guam. As a result, rainfall amounts were relatively light (Fig. 1) for such a slow-moving tropical
storm. A brief overview of the weather scenario, WSR88D system characteristics, and WSR-88D data output
that was important for short-term forecasts applicable
to tropical cyclone warnings are presented in this paper.
2. WSR-88D system and product characteristics
This section is intended to provide a brief overview of some of the important system design and
characteristics of the WSR-88D radar. For more indepth information on this system, refer to the 1991
Federal Meteorological Handbook, No. 11 ( FMH11 ) , Parts A – D.
The Guam WSR-88D system installation was completed on 5 February 1993, less than 6 months after
Supertyphoon Omar’s direct hit on the island destroyed
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the AAFB FPS-77 conventional weather radar. The
Guam WSR-88D radar is part of the United States government’s triagency (Departments of Commerce,
Transportation, and Defense) NEXRAD (Next Generation Weather Radar) system and is owned by the
Department of Defense. On the 0.57 elevation products,
beam blockage can be noted to the north-northeast between 207 and 357 and to the south between 1857 and
1907. Obstacles causing the blockage are Mt. Barrigada
(elevation 183 m) 2 km northeast and the 22-story Ladera Condominium 1.5 km to the south of the radar
site, respectively.
The WSR-88D is a pulsed radar system that uses
phase shift information, via a ‘‘pulse-pair’’ processing
technique, to extract Doppler radial velocity information and also uses several elevation slices to compose
one complete volume scan of operation. Concerning
Tropical Cyclone Ed (257W), the Guam WSR-88D
was operating in a volume scan mode such that data
were collected in 6-min intervals at elevation angles of
0.57, 1.57, 2.47, 3.47, 4.37, 6.07, 9.97, 14.57, and 19.57,
beginning with the lowest elevation angle first. The
wavelength is Ç11.1 cm and the pulse duration is 1.66
ms, resulting in a pulse length of Ç500 m (radial resolution Ç250 m). The 03-dB beamwidth is Ç0.957,
resulting in azimuthal and vertical resolutions of 0.83,
1.66, 2.49, 3.32, and 3.81 km at ranges of 50, 100, 150,
200, and 230 km, respectively. Peak power transmission is Ç750 kW, while pulse repetition frequencies
(PRF) of 1014 and 1181 s 01 are used for extracting
Doppler velocity information and PRFs of 322, 446,
644, and 1181 s 01 are used for collecting reflectivity
data (depending upon the elevation angle).
Concerning the products generated by the WSR88D, range and velocity information are displayed in
non–Système International (SI) units of nautical miles
(n mi) and knots (kt). The information discussed in
this paper will be presented in SI units with non-SI
units in parentheses. Reflectivity data are displayed at
resolutions of 1 km (0.54 n mi), and 2 km (1.1 n mi)
and 4 km (2.2 n mi) for ranges of 230 km (124 n mi)
and 460 km (248 n mi), respectively. Radial velocity
data are displayed at 0.25 km (0.13 n mi), 0.5 km (0.27
n mi), and 1 km (0.54 n mi) for ranges of 60 km (32
n mi), 115 km (62 n mi), and 230 km (124 n mi),
respectively. Inbound velocities (flow toward the radar) are indicated by negative values and green and
blue colors; outbound velocities (flow away from the
radar) are indicated by positive values and red and yellow colors; and range-obscured data are indicated by
purple and labeled RF (range folded).
3. Synoptic overview
The final best track for Supertyphoon Ed is shown
in Fig. 2. ‘‘The second tropical cyclone to threaten the
Mariana Islands within a week, Ed passed directly over
the WSR-88D radar on Guam. Initially forming in the
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The center of Ed’s eye passed slightly south of
AAFB at 1300 UTC, eye passage (or passage of a fractional edge of the eye) took approximately 15 min at
the base, during which time winds weakened to 8–10
m s 01 (15–19 kt) and veered from northeast around to
southeast (to approximately 1257 ). The circulation
moved steadily west-northwestward at about 4 m s 01 .
Winds remained southeasterly at 8–10 m s 01 (15–19
kt) during partial eye passage over AAFB, an indication that Ed’s circulation center did not pass directly
over the base but instead passed slightly south of it.
Winds increased once again after eye passage (Fig.
3), but speeds were generally weaker than before eye
passage (15–18 m s 01 or 29–35 kt with higher gusts).
Ed was eventually upgraded to typhoon intensity at
1200 UTC on 1 October and supertyphoon intensity
(sustained winds § 67 m s 01 or 130 kt) at 0000 UTC
on 4 October (Fig. 2). Estimated maximum sustained
wind speeds, based on satellite imagery and the Dvorak
analysis technique (Dvorak 1975, 1984), were 72
m s 01 (140 kt). On 5 October, Ed began recurvature
along 207N latitude still as a supertyphoon, accelerated
to the northeast, and was downgraded to typhoon at
1200 UTC. Slow, steady weakening continued after recurvature, and Ed was eventually downgraded to a
tropical storm at 1800 UTC on 7 October.

FIG. 2. (top) JTWC final best track of Supertyphoon Ed (from 1993
ATCR) (bottom) enlarged view of Ed’s track across Guam. Information displayed is date/time (UTC or ‘‘Z’’ time), 6-h speed of motion (kt), and intensity (kt).

Caroline Islands, Ed steadily developed from a tropical
depression to supertyphoon intensity within five days.
During its intensification from a typhoon to super typhoon, Ed possessed a small eye’’ (JTWC 1993). Even
before any eye became visible in satellite imagery, reflectivities indicated a well-defined ‘‘eye’’ throughout
Ed’s traverse of the WSR-88D radar range after 0754
UTC on 30 September.
Ed moved across northern Guam with tropical
storm–force winds between 1230 and 1400 UTC 30
September 1993. This is evident in Fig. 3, where surface wind speed and direction traces for AAFB are
shown. Winds increased steadily from 8–10 m s 01
(16–20 kt) to about 15–20 m s 01 (30–40 kt) just after
1200 UTC. Between 1230 and 1245 UTC, winds rose
abruptly from 15–18 m s 01 (30–36 kt) to 20–22
m s 01 (40–44 kt), with gusts above 26 m s 01 (50 kt).
The peak gust recorded at AAFB was 27.3 m s 01 (53
kt) at around 1245 UTC. During this time, Ed’s circulation center was southeast of AAFB, at which time
the northwest eyewall provided wind directions generally from the northeast (approximately 507 true).
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FIG. 3. Wind traces (speed and direction) from Andersen Air Force
Base during Ed’s passage across northern Guam on 30 September
1993. Top figure is wind speed (kt) and bottom figure is wind direction relative to true north. A maximum 1-min wind speed of 20–22
m s01 (40–44 kt) occurred at Ç1245 UTC, while a peak gust of 27.3
m s01 (53 kt) occurred at Ç1243 UTC. Eye passage can be noted
between 1300 and 1315 UTC associated with a lull in the wind speeds
and wind direction change from northeast (0307) to southeast (1207 –
1507).
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4. WSR-88D reflectivities and Doppler radial
velocities
WSR-88D radar reflectivities and Doppler radial velocity (hereafter referred to as velocity or velocity data)
measurements at 0945 UTC 30 September are shown
in Fig. 4 and 5, respectively. As mentioned previously,
Mt. Barrigada caused the beam blockage to the northnortheast, while a condominium (constructed after
WSR-88D implementation) caused the blockage to the
south. At this time, the eye reflectivity center was located approximately 56 km along the 957 radial [azimuth/range (AZRAN) 957 /56 km]. Recall that the radar site is Ç22 km SW of AAFB. Ed’s circulation center moved approximately between AAFB and the
WSR-88D site. Obvious in the reflectivity field is the
position of a well-defined, nearly circular eye that was
easily tracked as it moved over Guam. Moderate convection (25–35 dBZ ) was noted in the northern half
of the eyewall and weak convection (5–20 dBZ ) was
noted in the southern half; 25–30 km east of the eyewall, moderate deep convection (35–45 dBZ ) was occurring.
Located within the north side of the well-defined
eyewall is a region of 026 to 028 m s 01 ( 050 to 055
kt) inbound velocities. Unfortunately, maximum outbound velocities on the south side of the eyewall are
located in a region of range-obscured (i.e., range folded
or RF) velocity data. The time of this data was approximately 3 h prior to the occurrence of maximum
wind gusts at AAFB. Also note that maximum inbound
velocities are located within the eyewall convection (as
depicted in the reflectivity data) but not within the
strongest reflectivity cores. Rather, the maximum inbound velocities lie in the inner eyewall side closest to
the circulation center. This wind–reflectivity distribution is consistent with instrumented aircraft wind measurements as described by Shea and Gray (1973), Gray
and Shea (1973), and Jorgensen (1984a,b), and airborne Doppler velocity measurements as described by
Marks and Houze (1984).
It has been noted by JTWC forecasters that tropical
cyclone circulations with eyes seem to develop faster
and intensify more consistently into typhoons than
those without eyes, regardless of the intensity at the
time an eye signature becomes apparent. Consistent
with the generality described above, Ed displayed a
well-defined eye prior to becoming a typhoon (hurricane) and developed more rapidly than a ‘‘typical’’
tropical cyclone based on standard development rates.
Dvorak (1975) defined a typical rate of tropical cyclone development as being 10 m s 01 per day. After an
eye became apparent and shortly after the system center
cleared the west coast of Guam, Ed intensified at a
much faster rate of 23 m s 01 (45 kt) in 36 h or Ç15
m s 01 per day.
Of particular importance is that advanced warning of
potential maximum wind speeds in the circulation
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could be estimated from the WSR-88D velocity data.
Figure 6 is a time series plot of the 1500-m maximum
inbound radial velocities observed from the north side
of the eyewall between 0609 and 1131 UTC on 30
September. The velocity estimates were obtained by
using simple linear interpolation between the 0.57, 1.57,
2.47, and 3.47 velocity data once the storm circulation
center moved within range ( Ç115 km). Velocity data
were not available at 0615 and 0633 UTC due to equipment problems. The sharp velocity increase between
0638 and 0719 UTC was associated with a brief intensification period, during which time reflectivities also
increased sharply (55–57 dBZ ) and the WSR-88D mesocyclone algorithm was triggered. The mesocyclone
data will be discussed in more detail in section 5d.
Table 1 contains three statistical averages for 1500m velocity data during the periods 0731–1131, 0731–
0945, and 0806–0945 UTC. Data stratification was
chosen as follows: the first period includes all data from
the time that 1500-m velocities first became available;
the second period includes all data from the time that
1500-m velocities first became available through the
leveling off period after mesocyclone dissipation; the
third period includes data from the period immediately
following mesocyclone dissipation and spindown of
the 1500-m circulation up to the time the outer edge of
the eyewall began to make landfall on the northeast
coast of Guam.
The maximum sustained 1-min wind speed observed
by AAFB was 21.6 m s 01 and best fits 80% of the average 1500-m radial velocity observed from 0731 to
0945 UTC. However, AAFB’s maximum 1-min wind
speed also falls within one standard deviation of the
remaining 80% and 75% averages, which suggests that
the 1500-m level may be the best altitude to use for
extrapolating surface wind speeds. Airborne Doppler
radar analyses by Marks and Houze (1987) showed
maximum winds observed above the tropical cyclone
planetary boundary layer (TCPBL) were at an altitude
of 1500 m and composite flight data through typhoons
(Frank 1977a) also indicated maximum winds centered
around the 850-hPa level ( Ç1500 m). Therefore, the
75%–80% reduction factor noted with Tropical Storm
Ed is consistent with the 75%–80% reduction factor
obtained by Powell (1987) and the 75% reduction factor obtained by Tanner et al. (1987). It should be noted
that since AAFB is located Ç200 m above mean sea
level (MSL), using the lower end reduction of 75%
would likely yield a better sea level wind estimate.
Of equal importance is that 2–4-h time averaging
should be used to smooth out sharp increases in the
velocity data like the one at 0719 UTC shown in Fig.
6. From an operational standpoint, warnings are usually
issued in 3- or 6-h intervals at standard synoptic times.
Extrapolation of the 0719 UTC 1800-m velocity data
down to the 1500-m level would have yielded Ç33.5
m s 01 . Using the 75%–80% reduction factor would
have resulted in maximum winds of 25.1–26.8 m s 01 .
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FIG. 4. 0945 UTC 30 September 1993, 0.57 elevation, 1-km (0.54 n mi) resolution, base reflectivity data (dBZ). The center of the data is
located at AZRAN 0967/6 km at a height of Ç890 m ASL and has been magnified four times. Orientation is relative to true north, with north
being at the top of the figure. (Note: all WSR-88D figures are oriented in this manner.) The WSR-88D radar site is located in the left center
portion of the figure. An eye feature is depicted by the nearly circular echo-free region near the center of the figure. Reflectivity values õ 5
dBZ are not displayed.

Incorporating that information into the warning/forecast would have resulted in forecast winds 4–5 m s 01
higher than the winds observed almost 6 h later.
As Ed neared the coast of Guam (Figs. 7 and 8),
peak velocities had gradually lowered from an altitude
of 1500 m down to 400–500 m. In Fig. 6, a downward
trend in the velocities observed at 1500 m can be seen
after 1000 UTC and is especially apparent after 1100
UTC. Ed’s circulation was not actually weakening as
would be implied by the 1500-m velocity data but instead was remaining steady. The only kinematic change
that was occurring was a lowering in altitude of the
level of maximum horizontal winds once Ed’s eye had
stabilized at a diameter of 18–20 km after 0800 UTC.
Powell (1987b) noted that although the level of maximum horizontal wind speed is usually between 1000
and 1500 m, airborne Doppler radar data from Hurri-
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cane Debby (1982) indicated that the level of maximum wind associated with rainbands can occasionally
occur at altitudes of 300–500 m (Powell and Black
1984). It is uncertain concerning what actually caused
the lowering of the maximum winds, but it may have
been the result of vertical mixing of horizontal momentum by convective downdrafts.
It should be pointed out that there is no guarantee
that WSR-88D velocities correspond to maximum tangential winds within the circulation since 1) only the
radial component (relative to the radar) of the storm
flow is measured and 2) lack of complete beam filling
(most notably in the vertical) may be occurring, especially at distant ranges. However, velocities depicted
by the WSR-88D would provide at least a minimal indication of the strength of the circulation so that if one
sees typhoon- (hurricane) force winds on the velocity
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FIG. 5. 0945 UTC 30 September 1993, 0.57 elevation, 1-km (0.54 nmi) resolution, base velocity data (kt). Location information is the same
as in Fig. 4. An eye feature is depicted by the elongated, velocity-free region near the center of the figure. Maximum outbound velocities on
the south side of the eye are obscured by ‘‘purple’’ range folded (RF) data. The zero isodop is depicted by the boundary between the light
green and light brown colors. Maximum inbound velocities of 026 to 028 m s01 (050 to 055 kt) on the north side of the eye are depicted
by the light blue color. Notice that the size of the eye in the velocity data is smaller than the reflectivity eye due to power levels õ5 dBZ
used in velocity computations.

display, the storm is most assuredly a typhoon (hurricane).
5. Additional WSR-88D features of interest
a. Wind center versus radar center locations
During the time that both reflectivity and velocity
data were available, the geometric center of Ed’s reflectivity eye was not exactly collocated with the
wind circulation center. This can be seen in Figs. 7
and 8, in which the actual wind circulation center
( noted by an ‘‘A’’ ) can be inferred by the inbound
and outbound velocity maxima at 1240 UTC. The
Doppler velocity center appears to be located just
southeast of the northeast corner of Guam ( Fig. 8 ) .

/ams v5077

0199 Mp

120

Friday Feb 23 08:04 PM

However, upon examination of the concurrent reflectivity product ( Fig. 7 ) , one would likely infer that
the reflectivity center ( estimated to be the geometric
center of the reflectivity minimum or void ) was located Ç5 – 7 km southwest of the actual wind center.
Concerning Ed, at ranges §50 km, velocity / reflectivity (V / R ) center differences were not significant
( generally £2 km) , especially once near-typhoon intensity had been reached west of Guam. This was
mainly due to the system developing and maintaining
a very small diameter eye ( 8 – 20 km) during the time
period ( Ç27 h ) that data for both Doppler moments
were available. However, when Ed’s center passed
within 30 km of the radar site, V / R differences as
much as 8 km occurred. The differences were especially pronounced as Ed approached Guam from the
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FIG. 6. Time series plot of maximum inbound Doppler radial velocities between 0609 and 1131 UTC at 1500 (solid line) and 1800 m
(dashed line) as Ed was approaching Guam from the east. The velocities at 1800 m are included for trend comparison since data at 1500 m
were not available prior to 0731 UTC owing to overshooting of the radar beam centerline at ranges § 100 km.

east and may have been due to the system center undergoing reorganization.
Large V/R differences can be expected with weak or
developing tropical cyclones possessing large diameter
circulations. This is in contrast to well-organized,
strong tropical cyclones where the velocity and reflec-

TABLE 1. The 1500-m average maximum inbound radial velocities,
standard deviations, and 75% and 80% velocity values.
0731–1131
UTC

0731–0945
UTC

0806–0945
UTC

26.1
1.8
19.6
20.9

27.0
1.6
20.3
21.6

26.2
0.6
19.7
21.0

Avg
Std dev
75%
80%

Maximum observed 1-min wind speed at AAFB was 21.6 m s01
(42 kt) at Ç1245 UTC.
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tivity centers tend to be nearly in juxtaposition. One
other factor that would lead to large V/R differences is
eye asymmetries. Not all eyes are circular, especially
in developing systems, and any ellipticity in eye shape
would lead to V/R differences. Jarrell et al. (1978)
noted that poor initialization of the center position of
tropical cyclones, especially weak systems, is one of
two primary error sources that significantly affects
western North Pacific track forecasts. Their conclusions were consistent with findings by Neumann and
Hope (1972), Neumann (1975), and Sanders and Gordon (1976) concerning Atlantic hurricanes. Obviously,
if the track forecasts are poor, then the landfall wind
forecasts will also be significantly degraded.
When using conventional weather radars in the past,
center positioning was based only on reflectivity data.
For poorly developed systems that did not contain an
eye feature, spiral overlays and/or the extrapolation of
spiral rainbands were used to locate the center; for a
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FIG. 7. 1240 UTC 30 September 1993, 0.57 elevation, 1-km (0.54 n mi) resolution, base reflectivity data (dBZ). The center of the data is
located at AZRAN 1017/17 km at a height of Ç290 m MSL. The geometric center of the reflectivity eye is located in the middle of the
reflectivity void area situated near the center of the figure. The actual wind center location is denoted by the ‘‘A.’’ Values õ5 dBZ are not
displayed.

mature system with an eye, the geometric center of the
reflectivity minimum or reflectivity void was assumed
to be the tropical cyclone center. With Doppler velocity
data also available from WSR-88Ds, forecasters will
typically have two possible circulation centers from
which to choose: 1) a reflectivity center and 2) a velocity circulation center. Keep in mind that tropical cyclone center positions from aircraft reconnaissance are
fixed using flight level (approximately 500–3000 m
MSL) wind information. It appears that wind circulation centers are a more reliable and detailed indicator
of damaging wind potential for land-falling tropical cyclones. This is probably true, regardless of radar range,
for those tropical cyclone circulations that may tilt very
little, or none at all, with height.
It should also be pointed out that the WSR-88D can
display reflectivities as low as 5 dBZ when operating
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in the precipitation detection mode. In the past, conventional radar reflectivity data were usually displayed
only down to 15–18 dBZ. The lower reflectivity values
displayed by the WSR-88D may result in differences
when defining the diameter of the eye and percent of
eyewall convection for current and post-storm analyses, especially when comparing the data with older conventional radar data.
b. Apparent wind center versus actual wind center
As shown in Fig. 9, the apparent wind center for any
axisymmetric circulation can be easily determined from
Doppler velocity data by locating the centers of the
inbound and outbound velocity maxima (points I and
O) and connecting them with a line segment. Where
the line segment intersects the zero isodop (dotted line)
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FIG. 8. 1240 UTC 30 September 1993, 0.57 elevation, 1-km (0.54 n mi) resolution, base velocity data (kt). Location information is the
same as in Fig. 7. Maximum outbound velocities of 13 to 15 m s01 (26 to 29 kt) on the southeast side of the eye are depicted by the red
color. Maximum inbound velocities of 026 to 027 m s01 (050 to 052 kt) on the northwest side of the eye are depicted by the light blue
color. Zero isodop depiction is the same as in Fig. 5. The apparent wind center and actual wind center locations are denoted by the ‘‘X’’ and
‘‘A,’’ respectively.

is the location of the apparent wind center (location
X). However, since a Doppler radar can measure only
the component of the tangential wind that is directed
parallel to the radar beam (i.e., directly toward or away
from the radar), the velocity maxima are skewed inward closer to the radar. The actual location of the velocity maxima would be farther away (points I * and
O * ), thereby making the actual wind center (location
A) also farther from the radar.
The aforementioned situation is most pronounced in
Fig. 8 where the inbound/outbound velocity maxima
are located in the sectors closest to the radar similar to
that depicted in Fig. 9. At first glance, this might indicate that the wind circulation around the cyclone was
not symmetric. However, Wood and Brown (1992)
provide an excellent detailed explanation of this Doppler ‘‘parallax’’ error and show how apparent velocity
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asymmetries are associated with the core diameter and
radar range and how to operationally correct this range
error. Figure 10 shows the wind correction factor (F )
needed to be applied to the apparent range (Ra ) to obtain the true (actual) circulation range (R). Wood and
Brown (1992) point out that for an apparent 50-km
core diameter (Da ) at 50 km apparent range (Ra ), F is
1.15. Then for F Å 1.15 and Ra Å 50 km, the actual
range R is 57.5 km or about 8 km farther from the radar
than what is inferred from direct measurements. Obvious from Fig. 10 is that Doppler parallax errors become large as tropical cyclones with large-core diameters move closer to the radar that could adversely affect track forecasts as mentioned previously in section
5a. However, for tropical cyclones possessing small diameter eyes, especially at ranges §150 km, this error
is almost insignificant. In other words, when the ratio
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versal, then forecasters should always look within heavy
precipitation zones for the most representative measure
of maximum velocities around a tropical cyclone.
d. Mesocyclones
The WSR-88D mesocyclone algorithm is designed
primarily to detect convective-scale rotations associated with severe thunderstorms. For the algorithm
to be triggered, the following criteria must be met:
1) storm-scale rotational shear must be at least 2
1 10 03 s 01 , 2) the circulation must appear in the velocity data for two or more successive elevation angles,
and 3) the circulation must be symmetrical. A feature
is considered to be symmetrical if the ratio of the radial
length to the azimuthal length ranges from 0.5 to 2.0
for ranges £ 138 km and 1.6 to 4.0 for ranges of 139–
230 km. The algorithm-derived location of a mesocyclone is based on the strongest shear detected on the
lowest elevation slice. Concerning Tropical Cyclone
Ed, the mesocyclone algorithm was triggered several
times when the storm was both approaching and departing Guam, but for apparently different dynamic
reasons related to Ed’s developing structure.
When Tropical Cyclone Ed was located more than
130 km east of Guam as a tropical depression, maximum reflectivities within 15 km of the actual velocity
center (hereafter referred to as the system center) had
FIG. 9. Schematic depiction of relative locations of the apparent
wind center (X) and the actual wind center (A) for an axisymmetric
circulation depicting pure cyclonic rotation. Velocity maxima (couplets) are indicated by the stippled ovals.

Ra /Da ú 1, then the correction for parallax is insignificant (F is small).
c. Maximum velocities observed in convective
rainbands
Of equal interest is that maximum inbound and outbound Doppler velocities in and surrounding Ed’s circulation corresponded to areas with convection and/or
convective rainbands (compare Fig. 11 with Fig. 12).
For example, note the four bands or specific areas of
maximum inbound velocities south of the tropical cyclone (labeled a, b, c, and d) that correspond to a separate reflectivity maximum or rainband. Barnes et al.
(1983) obtained similar results from aircraft penetration data within a rainband in Hurricane Floyd (1981).
Namely, they measured composite tangential wind increases of Ç3 m s 01 in rainbands (but composite radial
wind decreases of Ç6 m s 01 ). Velocity banding features
collocated with heavy convection–spiral bands can also
be found in the outbound velocity regions (Fig. 12),
except the banding is less pronounced on the north sector
of the storm. Keep in mind that regardless of cause, if
this type of measurement behavior is common or uni-
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FIG. 10. Plot of range correction factor (F) as a function of apparent
core diameter (Da) and apparent radar range (Ra) to feature center for
the case of axisymmetric rotation only. The correction factor applies
to both actual and apparent values. The heavy dot indicates a correction factor of 1.15 for a tropical cyclone having an apparent core
diameter of 50 km at an apparent range of 50 km from a Doppler
radar. The true or actual range to the feature center would be 57.5
km (adapted from Wood and Brown 1992).
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FIG. 11. 2030 UTC 30 September 1993 0.57 elevation, 1-km (0.54 n mi) resolution, base reflectivity data (dBZ). The center of the data is
located at AZRAN 3037/105 km at a height of Ç1775 m MSL. The eye is located in the center of the figure just north of location ‘‘a.’’
Eyewall convection is located at ‘‘a’’ with other convective bands located at ‘‘b,’’ ‘‘c,’’ and ‘‘d.’’ Values õ 5 dBZ are not displayed.

generally remained around 35–40 dBZ. However, by
0609 UTC on 30 September, reflectivities 3–8 km east
of the system center had sharply increased in areal coverage and intensity (up to 45 dBZ ). This upward trend
in the reflectivities continued through 0730 UTC, with
a gradual downward trend in reflectivities after that.
Figure 13 is a time series plot of maximum reflectivity
and maximum inbound radial velocities for the 0.57,
1.57, and 2.47 elevation slices observed within 15 km
of the system center. The time period covered was 3 h
(0604–0904 UTC) with Ed covering a total distance
of Ç35 km (range 111–76 km). Radar beam centerline
heights ranged from 1813 to 1102 m, 3775 to 2443 m,
and 5496 to 3636 m MSL for the 0.57, 1.57, and 2.47
elevation slices, respectively. The 0.57 and 1.57 elevation data were not available at 0615 and 0633 UTC due
to brief communication outages; 2.47 elevation data
were not available prior to 0638 UTC for the same
reason. Radar echo tops (height of the 18 dBZ echo)
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increased from 12.2 to 14.5 km, and satellite cloud tops
also cooled during this time period (data not shown).
It is interesting to note the steady increase in the 0.57
elevation velocities between 0604 and 0644 UTC that
corresponded to the steady increase in reflectivity from
45 to 55 dBZ. A corresponding decrease in velocities
associated with the downward trend in reflectivities after 0730 UTC can also be seen. Between 0644 and 0730
UTC, the radial velocities for all three elevation angles
indicate a direct correlation to the reflectivity changes.
Assuming that increases in reflectivity are an indication
of an increase in latent heat release and updraft
strength, then relatively small changes in the amount
of deep convection associated with a storm’s system
center can significantly change the inner core wind field
in a very short time period.
At 0650 UTC, 6 min after peak reflectivities leveled
off at 55 dBZ, the mesocyclone algorithm criteria was
met and persisted for at least 30 min. A peak velocity
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FIG. 12. 2030 UTC 30 September 1993, 0.57 elevation, 1-km (0.54 n mi) resolution, base velocity data (kt). Location information is the
same as in Fig. 11. Maximum outbound velocities of 33 to 42 m s01 (64 to 82 kt) on the northeast side of the eye are depicted by the dark
brown color just north of location ‘‘a.’’ Maximum inbound velocities of 018 to 019 m s01 (036 to 038 kt) on the southwest side of the
eye are depicted by the dark green color immediately to the left of location ‘‘a.’’ Zero isodop depiction is the same as in Figs. 5 and 8.
Inbound wind maxima associated with convective bands are located just to the left of locations ‘‘a,’’ ‘‘b,’’ ‘‘c,’’ and ‘‘d.’’

of 32.5 m s 01 was obtained at the end of the mesocyclone period at 0719 UTC. Table 2 contains information about the four separate mesocyclonic circulations
detected by the Guam WSR-88D mesocyclone algorithm as Ed was approaching the island from the east.
However, our attention is going to be focused only on
the first mesocyclone (positions 1–6).
Figure 14 is a storm-relative plot of the locations of
the first mesocyclone associated with the spinup of the
low-level wind field that occurred between 0650 and
0719 UTC. From Table 2 it can be seen that the vertical
depths of the mesocyclone were quite significant and
closely resemble depths that are characteristic of a classic tornadic supercell thunderstorm (Burgess et al.
1993). As Ed’s circulation intensified and the low-level
wind field contracted, the smallest radius of maximum
wind (RMW) was reached at 0707 UTC in association
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with a slight decrease in reflectivity and velocity (Fig.
13). This happened 12 min prior to the occurrence of
the maximum velocity detected on the 0.57 elevation
slice. Figure 14 indicates that all six locations of the
mesocyclone occurred within Ç2 km of the actual wind
center. With the exception of position 4 (0707 UTC),
it would appear that the mesocyclone occurred on the
right (north) side of the wind center (relative to the
storm motion) where the strongest cyclonic shear was
located. However, there may have been a right-side
bias of the positions due to missing maximum outbound velocity data on the left (south) side of the storm
where considerable range-obscured (RF) data were
present. More than likely, the mesocyclone positions
were nearly coincident with the actual wind center location, indicating that the mesocyclone may have played
a role in and been a precursor to eye development.
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FIG. 13. Times series plots of maximum inbound velocities for the 0.57 (solid line), 1.57 (dotted line),
and 2.47 (dashed line) elevation slices from 0604 to 0904 UTC, along with maximum reflectivities
observed within 15 km of the wind center. The mesocyclone algorithm was triggered from 0650 to
0719 UTC 30 September 1993.

Within 1 h from the time the first mesocyclone was
detected, a well-defined eye developed and became apparent in both reflectivity and velocity data. Figures 15
and 16, 17 and 18, and 19 and 20 are black-and-white
image transfers of 0.57 elevation reflectivity and velocity
data at 0650, 0702, and 0754 UTC, respectively. The
data were plotted and analyzed using the midpoint of
each 1 km 1 17 wide bin. Given that the domain of each
50 1 50 km rectangular Cartesian grid is centered at

ranges between 87 and 101 km, any interpolation and/
or smoothing errors should be õ0.25 km. Each grid is
centered (location X Å 0, Y Å 0) on the position of the
actual wind center (letter X) and oriented relative to true
north. Mesocyclone locations are indicated by the letter
M. The arrows on the velocity products (Figs. 16, 18,
and 20) indicate the radial direction to the radar site.
At 0650 UTC (Fig. 15), the wind center (AZRAN
1007 /100.8 km) was embedded between the 25- and

TABLE 2. Mesocyclone algorithm output, actual wind center locations, and 0.57 elevation radius of maximum winds (RMW) for Tropical
Cyclone Ed during approach to Guam. Azimuth/range information is in degrees true/km and mesocyclone base/top information is in meters
referenced to sea level.
Mesocyclonic circulation
Position
number

Time
(UTC)

Wind center
(Az./Range)

Center
(Az./Range)

Base
(km)

Top
(km)

Depth
(km)

0.57 elev
RMW(km)*

1
2
3
4
5
6
7
8
9
10

0650
0656
0702
0707
0713
0719
0743
1113
1119
1142

100/100.8
100/101.8
100/100.8
100/99.9
100/98.9
100/97.1
101/91.6
092/37.0
092/35.1
088/27.8

099/101.9
099/100.8
099/99.9
100/100.8
099/98.9
099/98.0
103/105.5
077/38.9
081/35.2
079/29.6

1.64
1.64
1.61
1.70
1.67
1.67
5.36
4.20
2.37
0.45

7.07
7.07
7.04
7.07
7.16
7.16
7.46
7.22
6.91
1.95

5.43
5.43
5.43
5.37
5.49
5.49
2.10
3.02
4.54
1.50

6.5
6.4
5.7
4.6
6.3
6.4
i9.4
i10.1
i9.9
7.0

* i designates
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FIG. 14. Storm-relative plot of the algorithm-derived mesocyclone
locations during rapid spinup of Ed’s circulation center between 0650
and 0719 UTC 30 September 1993. Actual wind center is depicted
by the tropical storm symbol. Storm motion was toward 2807 at 04
m s01.

35-dBZ reflectivity contours with a 55-dBZ maximum
located 7 km to the northeast (location X Å 5, Y Å 5).
The increase in the deep convection from 40 to 55 dBZ
could have been caused by some external forcing
mechanism such as a low-level monsoon wind surge
entering the southeast side of the storm. In Fig. 16, the
inbound–outbound velocity couplet pattern is indicative of pure cyclonic rotation that is symmetrical (e.g.,
see Wood and Brown 1983; Brown and Wood 1987).
The RMW was 6.5 km and had already decreased from
a radius of 7.4 km at 0604 UTC in response to the Ç0.5
h of increased convection–latent heat release.
By 0702 UTC (Fig. 17), the 55-dBZ maximum had
shifted around clockwise to a position 8 km east-northeast (location X Å 7, Y Å 3) of the wind center
(AZRAN 1007 /100.8 km). There was also a corresponding decrease in the reflectivity gradient between
the locations of the wind center and the 55-dBZ maximum. In Fig. 18, the velocity couplet pattern indicates
that the rotational flow was still symmetrical. Although
dual-Doppler analysis is required to fully resolve the
two-dimensional horizontal flow field, a single-Doppler analysis, such as the one shown here, can still reveal
certain qualitative features about rotational wind flows.
When viewing along the arrow from the radar toward
the wind center in Fig. 18, one can immediately see
that the centers of the velocity maxima (black dots) are
not located directly across from each other by simply
drawing a line segment perpendicular to the zero isodop and through the wind center. The axis of the inbound (location X Å 02, Y Å 6)/outbound (location
X Å /2, Y Å 06) velocity maxima actually rotated
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Ç207 from its 0650 UTC orientation (i.e., the inbound/
outbound velocity maximum shifted closer / farther
away from the radar). This indicates that, along with
cyclonic rotation, there was an amount of divergence
also present. The flow pattern presented in Fig. 18 is
identical to the cyclonic divergent pattern described by
Wood and Brown (1983, 1992). Given that the horizontal flow pattern in the lower troposphere ( Ç1600 m
MSL) was divergent, according to mass continuity,
there must have been compensating subsidence aloft.
The weakening reflectivity gradient and outward shifting of the reflectivity maximum away from the wind
center may have been an indication of a reversal in the
vertical motion pattern already occurring within the
deep convection.
By 0754 UTC, a well-defined eye had become apparent in both the reflectivity and velocity fields (Figs.
19 and 20). The eyewall was 80%–85% closed off in
the reflectivity data and the reflectivities had decreased
to 45 dBZ, with the reflectivity maximum (location X
Å 18, Y Å 07) having shifted even farther away from
the wind center. If echo returns õ5 dBZ are considered,
then the velocity data indicate the eyewall was nearly
95% closed off. It is difficult to determine if the velocity couplet pattern depicted in Fig. 20 still contained
any component of divergence since most of the outbound velocities on the south side of the storm were
range-obscured (RF data). Even though the eyewall

FIG. 15. 0650 UTC 30 September 1993, 0.57 elevation, 1-km resolution, base reflectivity data. The center of the data is located at
AZRAN 1007/100.8 km at an altitude of Ç1500 m. The rectangular
grid is centered on the position (‘‘X’’) of the actual wind center
(location X Å 0, Y Å 0) and is oriented with Y positive to the north
and X positive to the east. (Note: Figs. 16–20 are oriented in the
same manner.) Contours are in 5-dBZ intervals beginning at 5 dBZ.
Mesocyclone algorithm location is at ‘‘M.’’
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FIG. 16. 0650 UTC 30 September 1993, 0.57 elevation, 1-km resolution, base velocity data (m s01). Location information is the same
as in Fig. 15. Isodop contours are labeled, with negative (positive)
values indicating inbound (outbound) motion. The zero isodop is
indicated by the dotted line, while areas of range-folded (i.e., range
obscured) data are indicated by the lighter stippling and bounded by
the dashed line. Large dots mark the center of velocity maxima. The
arrow is directed toward the radar site. (Note: denotation of velocity
data is also the same for Figs. 18 and 20.) The velocity couplet pattern
indicates pure cyclonic rotation.

was relatively narrow ( Ç5 km) and convection was
only weak to moderate (mainly 15–25 dBZ ), Ed’s eye
continued to develop and became better organized
(compare with Figs. 4 and 5) and persisted from that
point on until the storm dissipated several days later.
There has been much speculation about eye genesis
and maintenance. Malkus (1958) and Kuo (1959) were
the first to suggest that subsidence within the eye is
caused by a slow mean outward radial flow (relative to
the storm center) caused by supergradient tangential
winds inside the eyewall. Anthes (1982) stated that
‘‘according to Malkus and Kuo, a supergradient wind
is maintained by an inward horizontal transfer of angular momentum inside the eyewall by eddies; the result is a mean outward acceleration of air from the eye
into the eyewall and, from the requirement for the conservation of mass, subsidence within the eye.’’ Also,
tropical cyclone numerical model results by Emanuel
(1989) indicate that when turbulent diffusion was
turned off in the model, no eye feature developed and
the model storm remained weak and never achieved
hurricane intensity. However, no mention was made
concerning whether or not supergradient lower-tropospheric winds existed inside the model eye.
However, observational studies of research data
from Atlantic hurricanes by Gray and Shea (1973) did
indicate the existence of lower-tropospheric supergra-
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FIG. 17. 0702 UTC 30 September 1993, 0.57 elevation, 1-km resolution, base reflectivity data centered at an AZRAN of 1007 at 100.8
km at an altitude of Ç1500 m.

dient winds within the eye based on a composite analysis of many storms. The findings in this paper along
with those by Gray and Shea would seem to lend support to the Malkus–Kuo theory. As stated previously,
maintenance of supergradient winds is due to the horizontal transfer of angular momentum through turbu-

FIG. 18. 0702 UTC 30 September 1993, 0.57 elevation, 1-km resolution, base velocity data (m s01). Location information is the same
as in Fig. 17. The velocity couplet pattern indicates cyclonic divergence.
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FIG. 19. 0754 UTC 30 September 1993, 0.57 elevation, 1-km resolution, base reflectivity data. The center of the data is located at
AZRAN 1007/87.0 km at an altitude of Ç1220 m.

lent diffusion caused by an already strong horizontal
wind field. However, in Ed’s case, the wind field was
relatively weak (18–22 m s 01 ) just prior to the rapid
spinup of maximum inbound velocities and eye development. This leads one to ask the question, What

FIG. 20. 0754 UTC 30 September 1993, 0.57 elevation, 1-km resolution, base velocity data (m s01). Location information is the same
as in Fig. 19. Due to the extensive range folded data on the south
side of the eye, the wind center was based on extrapolation of the
zero isodop by using continuity from conservative features and animation of previous images.
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FIG. 21. Schematic diagrams depicting the vertical formation of
Tropical Cyclone Ed’s eye. (a) 0600 UTC—general upward vertical
motion (UVM) around the wind center that is embedded within the
deep convection; (b) 0650 UTC—burst in deep convection on right
side increases latent heat release and UVM causing vortex stretching;
(c) 0702 UTC—contraction and rapid increase of low-level wind
field causes flow to become supergradient and induces subsidence
aloft; and (d) 0754 UTC—divergent, supergradient low-level flow
produces strong subsidence aloft causing inner convection to dissipate. Divergent low-level flow moving out of the eye converges with
inward spiraling large-scale flow to produce a ring of convergence
and moderate convection (eyewall).

caused the supergradient winds and the eye to rapidly
develop?
Figures 21 and 22 are schematics of what is believed
to have occurred concerning the development of Ed’s
eye based on the reflectivity and velocity data presented
in this paper. In Fig. 21, the solid arrows indicate vertical motion inside the RMW, while the lighter arrows
represent vertical motion outside the RMW, along with
the horizontal flow in the lower and upper levels. In
Fig. 22, the dashed arrows represent the larger scale
environmental flow, while the small solid arrows represent the flow inside the RMW (solid circle). In Figs.
21a and 22a, a preexisting cyclonic circulation is present with general upward vertical motion occurring inside and outside the RMW due to low-level convergence of the large-scale flow. Concerning Ed, this
would correspond to a time around 0600 UTC. Shortly
thereafter (Figs. 21b and 22b), some external forcing
mechanism causes an increase in the deep convection
near the wind center. The increased latent heat released
and upward vertical velocities cause vertical stretching
of the vortex with an associated increase in the maxi-
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FIG. 22. Horizontal depiction of eye formation. Dotted. Circle indicates ring of convergence and weak eyewall convection.

mum winds and contraction of the RMW. By 0702
UTC (Figs. 21c and 22c), the vortex stretching has
caused such a rapid increase in the low-level winds that
the flow can no longer remain in gradient balance and
therefore becomes supergradient. The supergradient
winds become divergent and gradually induce subsidence aloft. By 0754 UTC (Figs. 21d and 22d), the
main deep convection has weakened and shifted well
away from the wind center, allowing the vortex to expand slightly. The divergent supergradient flow moving
out of the eye at low levels converges with the largescale flow still spiraling inward toward the system cen-

ter where the lowest pressure is located. This results in
the development of a ring of low-level convergence and
upward vertical motion at and just outside the RMW
and the generation of moderate eyewall convection.
However, the authors are not suggesting that the aforementioned processes depict the only way that an eye
can develop, they are suggesting that this appears to be
at least one way in which eye formation can occur.
As Ed’s circulation center passed over Guam between 1230 and 1400 UTC on 30 September, the eyewall convection and low-level wind field became disrupted and slightly disorganized. However, by 1600
UTC, Ed’s low-level circulation began to improve as
the eyewall convection increased (40–45 dBZ ). Between 1600 and 1817 UTC, Ed’s RMW decreased from
12.0 km to 9.7, and maximum outbound winds on the
north side of the eye increased from 25 to 28 m s 01 .
By 1835 UTC when Ed was about 75 km west of the
northwest tip of Guam, the WSR-88D mesocyclone algorithm was triggered, with continuous detection occurring through 1951 UTC. Table 3 contains information on the 14 mesocyclone alerts that were generated.
A close examination of velocity and reflectivity data
revealed that the alerts were associated with two separate mesocyclonic circulations, the first of which was
detected at 1835 UTC and the second at 1922 UTC.
Figure 23 is a storm-relative plot of the 14 algorithmderived positions of the mesocyclones listed in Table
3. Notice that the location of initial detection (position
1) of the first mesocyclone (positions 1–8) was along
the trailing edge of the eye (relative to the storm motion) and just inside the RMW. This is different from
those positions (Fig. 14) where the mesocyclone was
nearly coincident with the actual wind center location
when Ed’s eye was forming. Initial formation and detection of the first mesocyclone when Ed was west of

TABLE 3. Mesocyclone algorithm output, actual wind center locations, and 0.57 elevation radius of maximum winds (RMW) for Tropical
Cyclone Ed during departure from Guam. Positions 1–8 correspond to the first mesocyclone and positions 9–14 correspond to the second
mesocyclone.
Mesocyclonic circulation
Position
number

Time
(UTC)

Wind center
(Az./Range)

Center
(Az./Range)

Base
(km)

Top
(km)

Depth
(km)

0.57 elev
RMW (km)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

1835
1841
1847
1853
1858
1904
1910
1916
1922
1927
1933
1939
1945
1951

303/68.5
303/70.3
303/71.2
303/72.2
303/73.1
303/74.0
304/74.9
304/75.9
303/77.7
304/80.0
303/81.4
304/83.3
303/84.2
303/87.0

305/61.0
304/64.8
304/65.7
304/66.6
303/68.5
303/69.4
305/70.3
304/83.3
304/70.3
308/80.0
304/74.0
308/85.1
307/88.8
306/90.7

1.98
2.10
0.94
1.03
1.06
1.03
1.03
1.34
1.09
1.18
1.12
1.30
1.43
1.43

3.16
3.56
3.56
3.29
3.44
3.41
3.56
3.99
3.74
3.44
2.80
2.86
3.01
2.98

1.18
1.46
2.62
2.26
2.38
2.38
2.53
2.65
2.65
2.26
1.68
1.56
1.58
1.55

8.8
8.2
9.2
9.0
9.2
7.6
7.8
7.8
8.9
8.2
8.2
8.4
9.1
10.1
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FIG. 23. Storm-relative plot (with respect to the actual circulation
center) of the algorithm-derived locations of the two mesocyclones
between 1835 and 1951 UTC 30 September 1993. Actual wind center
is depicted by the tropical storm symbol. Storm motion was toward
3057 at 4 m s01.

Guam was coincident with a small 45–50-dBZ reflectivity maximum that developed in the eyewall convection (data not shown).
Positions 1–5 in Fig. 23 indicate mesocyclone 1
gradually pulled inward toward the center of the eye
until reaching a distance of Ç5 km from the eye center.
As the mesocyclone tracked inward, the 45–50-dBZ
maximum tracked cyclonically up the right (north) side
of the eyewall convection. Positions 6 and 7 were well
to the south of the reflectivity maximum and likely
were the result of the inability of the algorithm to distinguish between the smaller mesocyclonic circulation
and the slightly larger eye-scale circulation. Notice in
Table 3 that positions 6 and 7 corresponded with the
time that the RMW was the smallest. Using the reflectivity maximum as a conservative feature, mesocyclone
1 was actually located (relative to the storm center) at
1207 /6 km and 0757 /7 km at 1904 and 1910 UTC,
respectively. By 1916 UTC (position 8) the mesocyclone had tracked up the right side of the eye to a position just inward of the leading edge of the eye, along
the storm’s path of motion, ready to be ingested into
the main eye circulation. It is important to mention that
this type of development may have started before Ed
made landfall, as noted by mesocyclone positions 8–
10 in Table 2, but was interrupted by interaction with
the higher terrain of Guam.
By 1922 UTC the reflectivity maximum associated
with mesocyclone 1 had weakened to 35–40 dBZ and
had wrapped around into the left front quadrant of the
eyewall, while a new 45-dBZ reflectivity maximum had
redeveloped once again just inward of the trailing edge
of the eyewall (reflectivity data not shown). This was
coincident with the development of mesocyclone 2
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(position 9) when the RMW had increased to 8.9 km.
Once again, using the 45-dBZ reflectivity maximum as
a conservative feature, it appears that the mesocyclone
tracked along a cyclonic path up the right side of the
eye to position 10 (1927 UTC). As was the case with
mesocyclone 1, the algorithm appears to have had trouble distinguishing the small circulation associated with
mesocyclone 2 from the larger eye-scale circulation.
Position 11 was associated with a contraction of the
eyewall, as indicated by the decrease in the RMW (8.9
down to 8.2 km) between 1922 and 1933 UTC. Since
the same situation occurred with mesocyclone 1 at positions 6 and 7, the likely cause of the erratic locations
of positions 1, 6, and 9 may have been due to an insufficient number of pattern vectors (coarse resolution)
being employed by the algorithm (B. Lee, personal
communication).
Figure 24 is plot of the positions and the apparent
storm-relative paths taken by the two mesocyclones.
The times in parentheses indicate estimated positions
based on proximity of the two separate reflectivity
maxima in the eyewall that appeared to be conservative features. The paths taken by the two mesocyclones suggest that they were eventually ingested
into the main eye circulation. Similar situations involving mesocyclonic circulations detected by airborne Doppler radar are described by Marks and
Houze ( 1984 ) and Black and Marks ( 1991 ) concerning Hurricane Debby ( 1982 ) and Hugo ( 1989 ) , respectively.
Figure 25 is a dual-Doppler analysis of the horizontal
winds at 2.5 km MSL from 1950 to 2045 UTC 14 September 1982 (orientation is relative to true north). At

FIG. 24. Storm-relative plot of the locations of the two mesocyclones based on algorithm-derived locations and estimated positions from conservative eyewall convective features. Solid
(dashed) line indicates track of mesocyclone 1 (2), with times
labeling each position. Estimated positions are indicated with
time in parentheses.
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the time the data were collected, Debby was moving
north-northeast at 4–5 m s 01 as an intensifying tropical
storm that was developing an eyewall (hurricane intensity was reached Ç4 h later at 0000 UTC 15 September). Central pressure was 995 hPa, and maximum
winds at flight level (450 m) were 30–35 m s 01 . The
storm-scale vortex (developing eye) is located at X Å 0
km, Y Å 0 km. A mesocyclonic circulation is located
at X Å 020 km, Y Å 4 km, which places it along the
southern or trailing part of the ‘‘eyewall,’’ relative to
the storm motion. The relative location of the mesocyclone and Debby’s intensity are strikingly similar to
those associated with Ed after the system passed west
of Guam. During the time period 1835–1951 UTC 30
September 1993, satellite intensity estimates indicated
Ed had a minimum central pressure of 994 HPa along
with maximum outbound velocities of 29.5–30.3
m s 01 ; the mean height of the center of mesocyclones
1 and 2 was 2.3 km.
Concerning Hurricane Debby ( 1982 ) , Marks and
Houze went on further to state that 1 ) the mesocyclone
contained most of the positive vorticity of the flow in
the developing eyewall region at the 3-km level; 2 )
the positive vorticity in the mesocyclone at 3 km possibly was being advected toward the center of the
storm by the large-scale, inwardly spiralling winds of
the developing hurricane; and 3 ) such advection may
have influenced the evolution of the hurricane. Concerning the evolution of Tropical Cyclone Ed, Fig. 2
indicates that immediately following the detection of
the two mesocyclones, a period of rapid intensification
began and Ed went from minimal tropical storm to
minimal typhoon intensity in less than 18 h. Marks
and Houze ( 1984 ) also stated that the airborne Doppler radar data from Hurricane Debby ( 1982 ) provided
the first definitive documentation of a mesocyclonic
circulation or small-scale eddy embedded in the flow
around a tropical cyclone. To our knowledge, the
mesocyclone data associated with Tropical Cyclone
Ed is the first documented case observed by a landbased Doppler radar or at least by the new WSR-88D
radar system.
6. Summary and discussion
The case data presented in this paper indicates the
WSR-88D Doppler radar system is able to provide
quality, detailed information concerning the structure
and evolution of tropical cyclone rainbands and wind
patterns. The reflectivity and velocity structures associated with Supertyphoon Ed closely matched those observed by instrumented aircraft and airborne Doppler
radar. Using 75%–80% of the 1500-m velocity data
correlated well with the maximum sustained 1-min
wind speed observed at Andersen Air Force Base when
the system center passed over the island. The same correlations could be applied to define the outer extent of
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FIG. 25. Analysis of Doppler-derived winds at the 2.5-km level for
Hurricane Debby (1982). Grid orientation is the same as in Figs. 15–
20. The storm-scale vortex center (developing eye) is located at X
Å 0 km, Y Å 0 km, and a mesocyclone is located at X Å 020 km,
Y Å 4 km. The storm motion was toward the north-northeast at 4–5
m s01 (from Marks and Houze 1984).

significant wind speeds such as gale and typhoon/hurricane strength.
The WSR-88D mesocyclone algorithm, although
not intended for tropical cyclone analysis, detected
three separate mesocyclonic circulations, with each
one lasting Ç30 min. Prior to the rapid development
of Ed’s eye, a mesocyclone was detected, and within
1 h after initial mesocyclone detection, an eye appeared when the storm was about 87 km east of Guam.
The associated low-level velocity pattern during that
time was indicative of cyclonic divergence, which
suggests that supergradient winds could have developed that then induced strong subsidence aloft within
the eye.
Shortly after Ed cleared the west coast of Guam,
two more well-defined mesocyclones were detected.
Each mesocyclonic circulation was associated with a
localized reflectivity maximum in the eyewall convection that propagated cyclonically up the right
side of the eye. The track positions indicate that the
two mesocyclones were likely ingested into the
main eye circulation. Shortly after ingestion of the
mesocyclones, a period of rapid intensification ensued, suggesting that the inward advection of the
positive vorticity associated with the two meso-
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cyclones acted to increase the total vorticity of the
eye circulation.
Since the storm-relative location of each mesocyclone detected by the WSR-88D algorithm was not
coincident with the actual wind center location, it is
not recommended that the algorithm output be used
for storm positioning. Due to the very small diameters
of the mesocyclones that were detected, it is likely that
some mesocyclones went undetected. To prevent the
loss of mesocyclonic data, the number of pattern vectors ( i.e., a series of azimuthally adjacent range bins
of continually increasing Doppler velocity values )
used by the algorithm to define a shear region as a
mesocyclone will need to be reduced. ( See 1985 JSPO
report for details on the mesocyclone algorithm.)
However, forecasters should be aware that by decreasing the number of algorithm pattern vectors, an increase in the number of ‘‘false’’ mesocyclones can be
expected. Additional research by the authors concerning the role of convectively generated mesocyclones
and the evolution of Supertyphoon Ed’s eye is ongoing at this time.
Due to the availability of Doppler velocity data, forecasters now have to determine which storm center to
choose when locating a tropical cyclone—the reflectivity center or ‘‘eye,’’ or the wind center obtained
from velocity data. This choice can be very important
since the location of the geometric center of the reflectivity eye may not always coincide with the actual wind
center location determined from the velocity data. Velocity/reflectivity center differences of 5–7 km were
noted with Ed as the storm approached Guam from the
east.
If a choice is made to use the location of the wind
center for positioning, significant differences can occur
between the locations of the apparent wind center and
the actual wind center. Although errors of only 2 km
or less were associated with Ed’s very small eye feature, errors of 10 km or more can be associated with
systems possessing large eyes or broad circulations, especially at close range to the radar. However, these
differences can be avoided by applying a simple range
correction factor.
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