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ABSTRACT
The microphysical structure of high reflectivity cores and surrounding weaker echo regions in Hawaiian
rainbands is documented using aircraft data. These data show that high reflectivity cores are associated with
giant raindrops (D . 4 mm) present in narrow (;500 m wide) columns coincident with the core updraft. Updrafts
were found to be strong enough to suspend 1–2-mm raindrops near cloud top. As these raindrops subsequently
fall through the updraft core, they are exposed to high liquid water content, allowing them to grow to large
sizes, provided that updrafts are not significantly sheared. The data indicate that size sorting due to differential
terminal velocities of the larger and smaller raindrops occurs initially in the updraft. As a result, the larger
raindrops fall through an environment in which there is a low concentration of smaller raindrops, decreasing
the probability of breakup. Calculations of raindrop growth rates and breakup probabilities are used to demonstrate
that high reflectivity cores in the rainbands can result from simple accretional growth of 1–2-mm raindrops
falling from cloud top. In regions outside of the main updraft, drop size distributions were approximately
exponential, with higher concentrations of small raindrops and no giant raindrops. Consequently radar reflectivities and rainfall rates were lower. In these regions, collisional breakup played a more significant role in
eliminating the large size tail of the spectra.

1. Introduction
The warm rain process is responsible for much of the
rain in the Tropics and contributes to precipitation formation in many midlatitude convective clouds (Saunders 1965; Carbone and Nelson 1978; Johnson 1982;
Illingworth 1988; Beard and Ochs 1993). Despite numerous observational, laboratory, and modeling studies,
several aspects of warm rain formation are still subjects
of debate. It is unclear whether stochastic processes
(Telford 1955, 1975; Gillespie 1972; Berry and Reinhardt 1974) are necessary to initiate precipitation embryos, or as Ochs and Semonin (1979) and Johnson
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(1982) hypothesized, rain formation can begin directly
from condensation on ultragiant nuclei (Woodcock
1952, 1953; Johnson 1976; Ochs and Gatz 1980). Another open question is the role of small-scale cloud circulations in enhancing rapid development of precipitation within convective updrafts. Johnson (1982) used
three different Lagrangian parcel models to argue that
raindrops can grow large enough to produce reflectivity
factors greater than 40 dBZ in 15–30 min during a simple up–down trajectory through a cloud with a 2 m s21
updraft with adiabatic liquid water content. Beard et al.
(1986) and Johnson et al. (1986) subsequently demonstrated, using a Bowen (1950) model, that large raindrops could grow in shallow clouds in realistic time
frames from initial ultragiant nuclei. Alternatively,
Rauber et al. (1991), using aircraft data collected during
the Joint Hawaiian Warm Rain Project (Beard et al.
1986; Takahashi et al. 1989), suggested that a recirculation mechanism may occur near cloud-top regions that
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can accelerate raindrop growth by transporting drops
into favorable regions for accretional growth. Observations are required to examine hypotheses and validate
existing models of warm rain formation. Detailed studies that document the evolution of the reflectivity, kinematic, and microphysical structure of clouds that produce rain solely through warm processes have been unavailable in the literature.
The tropical, maritime environment off the windward
shore of the Big Island of Hawaii provides an ideal
natural laboratory to study warm rain processes. Shallow rainbands commonly form offshore of the island
(Austin et al. 1996) and are enhanced by convergence
associated with flow deformation (Smolarkiewicz et al.
1988; Carbone et al. 1996). Hawaiian rainbands, despite
their shallow depth, develop very heavy rainfall on short
timescales (Szumowski et al. 1997, hereafter Part I).
Raindrops with equivalent spherical diameters between
4 and 8 mm have been recorded in rain shafts of some
of the more vigorous cells (Beard et al. 1986). These
precipitation shafts produce very high radar reflectivity
factors (.50 dBZ). Convective updrafts as strong as 10
m s21 were found to precede the development of individual high reflectivity cores. Based on the temporal
evolution of the high reflectivity cores and the corresponding updrafts, and the vertical structure and spatial
relationships between maximum updrafts and peak reflectivity, it was inferred (Part I) that the most rapid
raindrop growth occurs near cloud tops where sharp
reflectivity gradients were observed. In some cases, persistent, strong (.7 m s21 ) updrafts led to formation of
very high (.60 dBZ) reflectivities near cloud top, indicating the presence of giant raindrops at the trade wind
inversion level.
This paper is the second in a series describing the
structure and evolution of high reflectivity cores observed by aircraft and radars in Hawaiian rainbands. In
this paper, we 1) present aircraft measurements to document the microphysical structure of high reflectivity
cores and surrounding regions of Hawaiian rainbands,
2) relate the microphysical structure of the clouds to the
radar measurements presented in Part I, and 3) present
calculations that demonstrate that high reflectivity cores
in the rainbands can result from simple accretional
growth of raindrops provided that vertical wind shear
is minimal and that size sorting due to differential fall
velocity occurs within the stronger updrafts.
2. Overview of aircraft data
Data presented in this paper were collected during
the Joint Hawaiian Warm Rain Project (JHWRP) in 1985
and the Hawaiian Rainband Project (HaRP) in 1990.
The University of Wyoming (UW) King Air was the
source of kinematic and microphysical data in rainbands
during JHWRP. HaRP used the 5-cm wavelength National Center for Atmospheric Research CP3 and CP4
Doppler radar systems as well as the NCAR Electra
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FIG. 1. Island of Hawaii showing the seaward 308 dual-Doppler
lobe, the radar analysis area, and the location of the CP3 and CP4
radars.

aircraft. A map of Hawaii including the locations of the
radars used in HaRP is shown in Fig. 1.
The aircraft used in JHWRP and HaRP carried similar
instrumentation. During JHWRP, the University of Wyoming King Air was equipped with a 100-mm resolution
two-dimensional precipitation (2D-P) optical array
probe (OAP), a 25-mm resolution two-dimensional
cloud (2D-C) OAP, a forward scattering spectrometer
probe (FSSP), and a 260X probe (Beard et al. 1986;
Rauber et al. 1991). During HaRP, the NCAR Electra
carried two out of three of the following OAPs on any
given flight: a 200-mm resolution 2D-P OAP, a 100-mm
resolution 2D-P OAP, and a 25-mm resolution 2D-C
OAP. An FSSP and a 260X probe were also flown. The
OAPs were located on the wing tips of the King Air,
but were mounted on the fuselage of the Electra. Flow
around the Electra fuselage distorted raindrop shapes
and caused breakup of all raindrops larger than about
3 mm (Rogers 1990). As a result, large raindrops, frequently sampled during JHWRP, were completely absent from the HaRP data.
In addition to the breakup problem caused by the
unfortunate OAP probe location on its fuselage, the
Electra had a broad range of missions during HaRP
leaving only part of the flight time for cloud microphysical studies. The location of cloud penetrations during HaRP was coordinated at CP4. A several minute
time lag typically occurred between the time that a high
reflectivity region was identified and the time that the
aircraft would arrive at the targeted position. The advection and rapid evolution of the high reflectivity
regions during the time required for the aircraft to arrive
at the target often caused the aircraft to miss the high
reflectivity region. Our survey of the complete HaRP
dataset showed that the Electra penetrated only one high
reflectivity (.50 dBZ) region of a rainband during the
entire project.
During JHWRP, the King Air, a smaller aircraft, was
primarily used for cloud microphysical studies. Selected
flights were targeted through high reflectivity regions
of rainbands using the onboard cockpit radar. Although
high reflectivity regions of rainbands were frequently
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sampled, only two cases, 23 July 1985 and 19 July 1985,
were available for which the entire life cycle of a high
reflectivity region was documented through the depth
of the rainband. With two exceptions, all of the other
17 cases we examined involved penetrations of high
reflectivity regions at or below cloud base. The two
cases that were exceptions during JHWRP involved
bands associated with synoptic-scale disturbances. The
first was a rainband that extended over a thousand miles
from the intertropical convergence zone into the midlatitudes (Takahashi et al. 1989). The second was a rainband that was influenced by Hurricane Ignatio. In both
of these cases the clouds extended above the freezing
level and contained ice, and therefore did not conform
to the summertime pattern of rainband development typically observed off the windward shore of Hawaii (Austin et al. 1996).
From the complete JHWRP and HaRP datasets, we
chose to present the 19 July 1985 and 23 July 1985 case
studies from JHWRP since these cases provide the most
comprehensive view of the microphysical structure of
high reflectivity cores in Hawaiian rainbands. We relate
JHWRP aircraft data for the 23 July 1985 and 19 July
1985 cases to HaRP dual-Doppler radar measurements.
Comparison of the 1985 aircraft with 1990 radar data
was necessitated by the problems with the Electra data,
but is justified since the structure of shallow summertime convection near the windward shore of the Big
Island of Hawaii does not vary significantly. Nevertheless, to ensure that cases from the two projects are indeed similar, the thermodynamic structure of the trade
wind layer and cloud characteristics will be compared
(section 3a). Methods for processing the radar equivalent reflectivity factor (hereafter called reflectivity) and
velocity fields were discussed in Part I. For convenience,
we use the terminology introduced in Part I: the term
‘‘rainband’’ will refer to either a continuous or broken
elongated region of precipitation (radar reflectivity); a
‘‘cell’’ will refer to a locally higher region of radar
reflectivity, either isolated, or embedded within a rainband; and a ‘‘high reflectivity core’’ will refer to a local
region of reflectivity exceeding 50 dBZ.
All OAP data presented in this paper were carefully
processed and hand edited to remove artifacts using the
image processing software discussed by Rauber et al.
(1995). Raindrop sizes are reported as equivalent spherical diameter (D). Liquid water contents were measured
by the Johnson–Williams (JW) hot wire device. Radar
reflectivity factors and rainfall rates were calculated
from the 2D-P OAP raindrop spectra (Rogers and Yau
1989, 182 and 190), with a correction applied to account
for the increase in reflectivity that occurs for horizontally polarized radars such as CP3 and CP4 due to the
oblate shape of large raindrops (Doviak and Zrnić 1993,
249). Calculated reflectivities and rainfall rates should
be considered qualitative because the small sample volume (;1 m 3 ) of the 2DP OAP leads to poor counting
statistics for the very large drops (Cornford 1967).
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FIG. 2. Thermodynamic diagrams showing soundings taken upstream of the island by (a) the UW King Air on 23 July 1985 at
approximately 1615 UTC; (b) the NCAR Electra on 10 August 1990
at approximately 1620 UTC. The shaded areas indicate the convective
available potential energy (CAPE). A barb and pennant, respectively,
represent wind speeds of 1 and 5 m s21 .

3. Observations
a. 23 July 1985
The time evolution, spatial dimensions, structure, and
calculated reflectivity within the rain shaft that developed in a cell on 23 July 1985 corresponded closely to
features observed with radar in the high reflectivity
cores discussed in Part I. The 23 July cell developed an
intense rain shaft containing very large raindrops and
an anvil-like overhang region of precipitation on the
flanks of the rain shaft as air diverged out of the updraft
region near the inversion.
The sounding from 23 July 1985 (Fig. 2a), taken just
upwind of the island, had a mixed layer extending from
the surface to approximately 500 m, a lifting condensation level (LCL) at 750 m, and a level of free convection (LFC) at 995 m. The trade wind layer was conditionally unstable with a convective available potential
energy (CAPE) of 52 J kg21 , corresponding to a maximum possible adiabatic updraft of 10.2 m s21 . A 3.88C
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FIG. 3. The UW King Air horizontal (top) and vertical (bottom)
flight track on 23 July 1985 between 1618 and 1637 UTC.

inversion, located between 2350 m and 2520 m, limited
the vertical development of the convection. The trade
winds below the inversion were about 4 m s21 from the
northeast.
Multilevel penetrations of a cell were made over a
20-min period during the early and mature stages of the
cell’s development. Each pass was targeted through the
region of highest reflectivity, as determined from the
onboard radar. Figure 3, the horizontal and vertical flight
track between 1618:00 and 1637:15 UTC shows the
locations and elevations of the cloud passes. The origin
of the coordinate system in Fig. 3 is the HaRP CP4
radar location. For convenience, this reference frame
was used for all our JHWRP and HaRP analyses, although the radars were only involved in the HaRP project (Fig. 1). Data collected during nine cloud passes
between 1618:50 and 1637:15 UTC are shown in Figs.
4a–c. Passes 10–13 (not shown) were similar to pass 9
and were made at the same level. Each panel displays
60 seconds of data, equivalent to a distance of approximately 6 km along the flight track. The data are presented so that the left side of each panel is at the southeast end of a pass. The data from each pass are displayed
in two panels, the first (following Johnson et al. 1986)
showing the size and time of each precipitation drop
measured by the 100-mm resolution 2D-P OAP, and the
second showing the vertical motion and the liquid water
content. Figures 4a and 4b also show cloud droplet spectra within the high liquid water content regions (denoted
i–v) averaged over about 1.0 km. Figures 4a–c also show
raindrop spectra averaged over 1 km for selected regions
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of the rainband (denoted I–XV). Reflectivity values and
rainfall rates appearing in individual panels were calculated from the raindrop spectra.
Passes 1–4 were flown at 1700 m, 600 m below the
base of the inversion. The updraft during each pass was
;2 km wide with a central core 0.6–0.9 km wide where
vertical velocities exceeded 4 m s21 . The peak vertical
velocities ranged from 7.5 to 9.5 m s21 . Comparison
with the maximum vertical velocity estimated from the
CAPE (Fig. 2a) suggests that the updraft core should
have been nearly adiabatic. However, the peak liquid
water content observed during each of the four passes
ranged from 1.0 to 1.2 g m23 , about half of the adiabatic
value at 1700 m. There was a direct correspondence
between the vertical motion and the liquid water content
fields during each pass. Cloud droplet concentrations
within regions i–iv ranged from 70 to 110 cm23 in the
updraft core but were lower (20–40 cm23 ) in the cloud
outside of the main updraft. The mode of the cloud
droplet spectra was ;25 mm in regions i–iv and cloud
droplets with diameters between 30 and 48 mm were
present within the updraft in concentrations up to 8
cm23 .
During the first pass, a few raindrops as large as 1
mm were observed, but most raindrops were smaller
than 0.5 mm. Raindrops were detected in two areas,
within the downdraft on the northeast side of the cell
and on the southwest side of the updraft. No raindrops
were detected within a region ;500 m wide on the
northwest side of the updraft. During passes 2–4, raindrops were observed over a wider region. Most raindrops were smaller than 1 mm, and the lowest raindrop
concentrations were coincident with the updraft core.
Raindrops with sizes exceeding 1 mm were generally
observed in regions of weaker updraft and in downdraft
areas. Small raindrops were notably absent in the high
liquid water content updraft core of pass 4. Also notable
are the large 4.9 and 3.4 mm drops within the main
updraft. Reflectivities calculated from the raindrop spectra in regions I–III in passes 2–3 were ,25 dBZ. By
the time of pass 4, the calculated reflectivity within the
updraft (region IV) had increased to 45 dBZ as larger
raindrops continued to form.
Passes 5–7 were at the nominal elevations of 1300,
900, and 400 m as the aircraft descended. Pass 7 was
below cloud base. The main updraft in pass 5 was 800
m wide and peaked at 6 m s21 . A smaller updraft was
located northwest of the main updraft. Updrafts measured during passes 6 and 7 were weak. No significant
downdrafts were measured on any of the three passes.
The measured peak liquid water content in pass 5 was
1 g m23 . Again, there was reasonably good correspondence between the shape and location of the vertical
motion and liquid water fields. Liquid water contents
measured during passes 6 and 7 were less than 0.4 g
m23 .
Raindrops with diameters .1 mm were present
throughout pass 5. Large (2–4 mm) and giant (.4 mm)
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FIG. 4a. Aircraft measurements of thermodynamic and microphysical parameters during cloud passes 1–3 on 23 July 1985. The top panel
for each pass illustrates the size of each drop measured by the 2D-P probe during the pass as a function of time (distance along the flight
path). The bottom panel shows the updraft velocity and JW measurement of cloud liquid water. FSSP cloud droplet spectra are shown to
the right of the panels, and 2D-P raindrop spectra are shown on the bottom of the figure. These spectra were averaged over regions indicated
by arrows on the top pass of each of the panels. Calculated reflectivities and rainfall rates are shown for each of the raindrop spectra.

raindrops, including a 6.4-mm drop, were found within
the strongest updraft. On pass 6, a region approximately
1.5 km wide contained raindrops larger than 3 mm.
Several raindrops with diameters as large as 5 mm were
observed on the northwest side of the updraft. Note that
small raindrops (D , 1 mm) were absent from the region
where the largest raindrops were observed and only a
few 1–2-mm raindrops were sampled. On pass 7, the
large raindrops (2–4 mm) were sampled over a 2.5-km
region, and the giant raindrops were confined to a 0.3km region. The largest raindrop observed was 8.2 mm.
The reflectivities calculated from the drop spectra averaged over a distance of approximately 1 km along the

flight track in the giant-raindrop regions (VII, VIII, and
X) of passes 5, 6, and 7 were 51, 54, and 58 dBZ, with
rainfall rates of 16, 40, 47 mm h21 , respectively. Calculated reflectivities in the large raindrop regions (VI,
IX, and XI), but outside the regions containing the giant
raindrops, ranged from 36 to 47 dBZ. These data show
the importance of giant raindrops to the development
of extremely high reflectivity in the Hawaiian rainband
clouds.
Passes 8 and 9 were made well below cloud base at
150 m. Vertical motions were weak at this level. Drops
with diameters up to 2 mm were common throughout
the pass. An ;1.4 km wide region on each pass con-
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FIG. 4b. Same as 4a except for passes 4–6 on 23 July 1985. The horizontal bars with vertical end caps denote the location of the 5-s
drop spectra used in the breakup calculations.

tained drops with diameters .2 mm. Very few drops
had diameters exceeding 3 mm.
For reasons discussed in section 2, we will relate these
data to the evolution of high reflectivity cores observed
with Doppler radars during HaRP. We chose 10 August
1990 because the thermodynamic sounding for that day
(Fig. 2b) was very similar to the 23 July 1985 sounding
(Fig. 2a), and the entire life cycles of two high reflec-

tivity cores were observed by the radars (Part I). Table
1 shows a detailed comparison of the offshore environment during the morning hours of 23 July 1985 and 10
August 1990. The clouds (Figs. 4 and 5) were sampled
at approximately the same time of day and the same
distance offshore. The LCL and the EL for air parcels
originating in the surface mixed layer were very similar,
and the clouds were of similar depth. Comparable CAPE
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FIG. 4c. Same as 4a except for passes 7–9 on 23 July 1985. The horizontal bars with vertical
end caps denote the location of the 5-s drop spectra used in the breakup calculations. FSSP data
are not included for low-level passes.

values suggest that the peak updrafts should have been
within 2 m s21 of each other. The vertical profiles of
adiabatic liquid water content, based on a simple 1D
parcel ascent model, were almost identical since the
cloud-base mixing ratios and temperatures were almost
the same. Northeasterly winds were between 2 and 5.5
m s21 in the trade wind layer, and no strong vertical
shear was present, suggesting that the updrafts in both

cases were nearly vertical, and that the general speed
and direction of the cells’ movement were the same.
Radar data indicate that the lifetimes of the high reflectivity cores on 10 August were about 10–15 min.
The aircraft observations on 23 July shown in Fig. 4
were obtained over an 18-min period. The data in passes
1–4 on 23 July appear to have been collected prior to
the development of a high reflectivity core. If one as-
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TABLE 1. Sounding comparison for 23 July 1985 (Fig. 2a) and 10 August 1990 (Fig. 2b).

Parameter

23 July 1985

10 August 1990

Inversion base height
Winds in the trade wind layer
LCL
LFC
EL
CAPE
Maximum updraft based on CAPE
Estimated cloud depth
Cloud-base temperature
Cloud-top temperature
Surface temperature and moisture
Surface mixed layer mixing ratio
Adiabatic cloud liquid water at EL

2350 m (765 mb)
NE at 2–5 m s21
750 m (925 mb)
995 m (900 mb)
2420 m (755 mb)
52 J kg21
10.2 m s21
2200 m
17.58C
10.58C
22.58C
12.8 g kg21
3.75 g kg21

2300 m (770 mb)
ENE at 3.5–5.5 m s21
630 m (940 mb)
720 m (940 mb)
2410 m (755 mb)
76 J kg21
12.3 m s21
2350 m
18.58C
9.58C
23.58C
14 g kg21
3.85 g kg21

sumes that the 23 July and 10 August clouds had similar
temporal evolution, the early radar structure on 23 July
should have corresponded to the 10 August radar structure shown in panels A1–C1 and A2–D2. The reflectivities calculated from the raindrop spectra during passes 5–7 suggest that the sampling during these passes
occurred during the most intense stage in the evolution
of the 23 July high reflectivity core. The highest calculated reflectivity (58 dBZ) occurred in region X of
pass 7 at 400 m. This stage of the 23 July core corresponds to the 10 August high reflectivity cores in panels
E1 and F2/G2 of Fig. 5. The calculated reflectivities
from the aircraft data are subject to uncertainty because
of poor sampling statistics associated with the giant raindrops. Nevertheless, the calculated reflectivities shown
in passes 5–7 agree very well with the peak reflectivity
values observed with the radars (e.g., Fig. 5). Passes 8
and 9 and subsequent passes on 23 July were during
the dissipation stage since calculated reflectivities were
slowly decreasing with time and were less than 50 dBZ.
These passes correspond to the 10 August cell shown
in panels F1 and G1.
The stronger updraft areas (.4 m s21 ) in passes 1–
4 were capable of supporting 1-mm raindrops. The peak
updraft speeds for this case were close to the maximum
possible value estimated from the CAPE, implying that
the core of the updraft was nearly adiabatic. The strongest updraft, which exceeded 9 m s21 (pass 3, Fig 4a),
was capable of supporting raindrops as large as 5 mm.
Although the structure of the liquid water content field
mirrored the structure of the vertical velocity, particularly in passes 2–4 of Figs. 4a and 4b, the maximum
measured liquid water contents were approximately half
of their adiabatic value. According to earlier studies, the
JW probe underestimates the mass of large (;D . 30
mm) cloud droplets (Owens 1957; Knollenberg 1972;
Baumgardner 1983). Personne et al. (1982) showed, in
some cases, that the underestimate of cloud liquid water
may be as large as 50% when significant concentrations
of large cloud droplets are present. Large cloud droplets
were common in the maritime clouds sampled in this
study (e.g., cloud droplet spectra in regions i–v). These

calibration studies, together with measurements of updraft speeds near the maximum value based on the
CAPE, suggest that the core of the updraft remained
nearly unmixed and that the true liquid water content
was close to adiabatic.
Raindrops were generally observed in low concentrations in the peak updraft regions during the early
passes. This absence of large raindrops in the peak updraft regions in passes 1–3, the first observation of two
large raindrops in pass 4, and subsequent appearance of
large raindrops at lower altitudes below the updraft core
in passes 5–7 together suggest that initially the larger
raindrops were suspended in the updraft above the flight
level. At the time of the later passes, raindrops originally
supported by the main updraft were large enough to fall
through the flight level against the weakening updraft.
During the descent they grew further by accretion of
cloud water within the updraft region. This explanation,
supported by calculations presented in section 4, is generally consistent with the evolution of the reflectivity
and vertical velocity fields associated with radar-observed high reflectivity cores reported in Part I.
An ‘‘anvil-like’’ overhang was commonly observed
on the flanks of updrafts in the HaRP data as the vertical
flow decelerated and diverged at the inversion (see Part
I). During this time, the reflectivity pattern indicated
that smaller precipitation drops were transported horizontally out of the updraft near cloud top. The radar
reflectivity pattern showed the overhang deepening
downward with time, indicating that raindrops within
the overhang were falling toward the surface. Weak
downdrafts were sometimes resolved in the upper part
of the overhang. The region of smaller raindrops on
both sides of the updraft in passes 1–5 shows the microphysical structure of the overhang region. The overhang region contained little cloud liquid water. The size
of the raindrops within the overhang region decreased
away from the main updraft, consistent with the reflectivity data in Fig. 5 and other cases presented in Part I.
The smaller raindrops, because of their low terminal
velocities, were carried farther away from the updraft
within the outflow near the inversion.
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FIG. 5. Evolution of two high reflectivity cores embedded in a rainband on 10 August 1990. (a1)–(g1) Vertical cross sections of the CP3
radar reflectivity field between 1731 and 1751 UTC through a life cycle of a rain shaft (core 1). (a2)–(g2) Same as (a1)–(g1) but for another
high reflectivity core approximately 1.5 km northwest of core 1.
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FIG. 6. Thermodynamic sounding on 19 July 1985 at approximately 1610 UTC. Conventions are the same as for Fig. 2a.

b. 19 July 1985
The 19 July 1985 rainband contained a vigorous cell
that extended into the inversion layer. Large raindrops
(.2 mm) were found suspended near the cell’s summit.
Giant raindrops eventually appeared in the lower part
of the cloud as drops initially suspended near the cloud
top grew and fell. Penetrations were made along the
rainband, so the reflectivity overhang, which is most
prominent in the cross-band direction, was not as apparent. This case, a second example of the development
of a high reflectivity core within a cell with a vigorous
updraft, provides insight into the variations in raindrop
size distribution that occur along the rainbands within
and outside high reflectivity cores.
The environment on 19 July 1985 (Fig. 6) was characterized by a mixed layer between the surface and 580
m, an LCL at 890 m, and an LFC at 1260 m. The trade
wind layer was conditionally unstable with a CAPE of
49 J kg21 , corresponding to a maximum possible adiabatic updraft of 9.9 m s21 . A 3.98C inversion was located between 2410 m and 2575 m. The trade winds
below the inversion in the cloud layer were generally
east-northeasterly with speeds ranging from 4 to 8 m
s21 .
The King Air flew along a rainband located over land
northwest of Cape Kumukahi. Figure 7, the horizontal
and vertical flight track between 1649:00 and 1707:30
UTC, shows the location and elevations of the cloud
passes. The King Air penetrated a cell containing a high
reflectivity core during an 18-min period of passes along
the rainband. Data collected in seven cloud passes between 1618:50 and 1637:15 UTC are shown in Figs. 8a
and 8b. The panels are aligned so that the cell containing
the largest raindrops is positioned near the center of the
pass, and the south end of the pass is on the left side
of each panel. Figure 8 also shows the cloud droplet
and raindrop spectra for selected cloud regions, denoted
by the horizontal arrows. The cloud droplet spectra were
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averaged over distances ranging from 0.5 to 1 km
(regions i–vi). The raindrop spectra were averaged over
1 km (regions I–XIII).
The King Air penetrated the top of a vigorous convective cell that extended into the inversion layer during
passes 1 and 2 at 2.9 km (Fig. 8a). Downdrafts on the
flanks of the narrow cloud turret in pass 1, and the low
observed liquid water content of 0.8 g m23 , indicate that
evaporative cooling and mixing occurred at the cloud
top as the cloud grew through the flight level. Drizzle
drops with diameters between 0.1 and 0.7 mm were
found at the top of the growing cloud turret. The cloud
droplet concentration was low in region i (107 cm23 )
relative to later cloud passes in regions ii–vi (150–250
cm23 ) with a modal diameter of 25 mm. Two minutes
later, during the second pass, large raindrops (2–2.5 mm)
were found near the cloud top. The peak updraft velocity
of 7 m s21 was capable of supporting a drop as large
as 2.2 mm. The larger raindrops (.1.5 mm) observed
in the cell were either suspended or rising near the updraft core but were falling on its flanks. The reflectivity,
calculated from the raindrop spectra (region I, Fig. 8a),
was 36 dBZ. Downdrafts of 1–2 m s21 were again present on the sides of the updraft, associated with evaporation on the flanks of the cell. The largest drops were
embedded in a cloud with an average measured liquid
water content of 1.5 g m23 and cloud droplet concentration of 156 cm23 (region ii).
A broader updraft was observed at 2500 m during
pass 3. Other weaker, narrow updrafts were present
along the rainband (Fig. 8a). Downdrafts with peak velocities between 4 and 6 m s21 and horizontal scales
smaller than the main updraft were present on the sides
of the updrafts. Large raindrops with diameters between
2.0 and 3.0 mm were found within a region approximately 2 km wide in the southern portion of the main
updraft. The calculated reflectivity in region II was 42
dBZ. The larger raindrops were located in a cloud that
had a measured liquid water content ranging from 0.6
to 1.2 g m23 . Smaller raindrops (,1 mm) were common
in other updraft regions, while in other parts of the band
raindrop diameters were typically ,0.5 mm.
The updraft on pass 4 at 2000 m was composed of
four turrets (Fig. 8a), three adjacent, and a fourth 700
m to the south of the three. The measured liquid water
content in the region across the four turrets ranged from
0.4 to 1.3 g m23 . Raindrops as large as 2 mm were
observed across the entire updraft region. The largest
raindrops (2–4 mm) were found on the northern edge
of the southernmost turret (region V) where the calculated reflectivity was 45 dBZ and the peak updraft
was 4 m s21 . The change in raindrop spectra between
the updraft and the surrounding rainband resulted in a
calculated horizontal reflectivity gradient of 26 dBZ
over ;2 km (regions III–V, Fig. 8a). The highest updraft
speed of 7 m s21 was recorded in the northernmost turret
where no drops larger than 2 mm were sampled; however, the measured cloud liquid water and cloud drop
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FIG. 7. UW King Air horizontal (top) and vertical (bottom) flight track on 19 July 1985
between 1649 and 1707 UTC.

concentration were highest at 1.3 g m23 and 247 cm23 .
Small raindrops (D , 1 mm) were present along the
entire rainband.
Pass 5 was made in the lower part of the cloud at 1.2
km. A region of very large raindrops (2–6.5 mm) was
encountered on both passes. On pass 5, the large drop
region was approximately 4 km wide, centered on the
main updraft core. The giant raindrops were embedded
in a narrow 200-m region of a 6 m s21 updraft. This
double-peak updraft, sampled only 300 m above the
LCL and near the LFC (based on the upstream
sounding), was exceptionally strong. The location of the
rainband is consistent with the position of the low-level
convergence associated with the island-induced flow reversal (Smolarkiewicz et al. 1988; Rasmussen et al.
1989) and the observed updraft was likely enhanced by
low-level convergence. The measured peak liquid water
content was approximately adiabatic, based on the 890m LCL estimated from the offshore sounding. The calculated reflectivity in region VII (Fig. 8b), which contained the largest raindrops, was 53 dBZ, while the 4km-wide large raindrop region outside of the high reflectivity core had a reflectivity of about 45 dBZ (regions
VI, VII, and IX).
Pass 6 was made just above cloud base. The cloud

droplet spectrum (region vi) had a mode of 10 mm, but
cloud droplets as large as 45 mm were sampled. Updrafts
at this level were weak, but the giant drop region sampled on the previous pass was still present approximately underneath the strong updraft core. Raindrops
in the surrounding 3–4 km were generally smaller than
2 mm. The calculated reflectivity within the large raindrop region (XI) was 54 dBZ, while 3 km south in region
X, the reflectivity was 28 dBZ. The corresponding rainfall rates were 37 and 2 mm h21 . The final pass, pass
7, was made below cloud base at 500 m. Giant raindrops
were not observed during this pass. The calculated reflectivity in the region of heaviest precipitation was approximately 44 dBZ (region XII).
The 19 July case was the only case where a strong
cell was penetrated very close to its top during its developing stage. The data from pass 2 not only demonstrates that large (.2 mm) raindrops can exist near
cloud top during the developing stage of a high reflectivity core but also that the magnitude of the updrafts
near cloud top are sufficient to either suspend these
drops or carry them upward.
The rapid growth of raindrops in the upper part of
the cloud is consistent with high values of reflectivity
observed during HaRP. Typically high reflectivity cores
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FIG. 8a. Same as Fig. 4a except for passes 1–4 on 19 July 1985. The horizontal bars with vertical end caps denote the location of the 5-s
drop spectra used in the breakup calculations.

first appeared in the middle part of cells (between the
levels of passes 4 and 5) as raindrops grew to large sizes
while falling through the updraft (e.g., Fig. 5). In some
cases, such as the 22 August 1990 cell shown in Fig.
9, the peak reflectivity (60.5 dBZ) formed within 600

m of the cloud top and the 50 dBZ contour extended to
near the cloud-top level. In cases such as 22 August,
the larger raindrops must have remained suspended near
cloud top within the updraft for most of their growth
(the updraft in the cloud-top region must have main-
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FIG. 8b. Same as Fig. 4a except for passes 5–7 on 19 July 1985. The horizontal bars with vertical end caps denote the location of the 5-s
drop spectra used in the breakup calculations. The gap in pass 5 is a region of missing data.

tained an intensity of 8–10 m s21 during the growth
period).
In the aircraft data, giant raindrops (D . 4 mm) typically occupied a narrow part of the cloud (;200 to 500
m wide) and were surrounded by regions of precipitation
characterized by smaller raindrops and lower calculated
reflectivities. The variations in the alongband structure
observed on 19 July can be interpreted in the context

of overall rainband structure by comparing the aircraft
data to alongband reflectivity and vertical velocity cross
sections from 22 July 1990 during HaRP (Fig. 10).
Three rain shafts, two mature and one developing, appear in Fig. 10. The dimensions and magnitude of the
high reflectivity cores are qualitatively consistent with
the reflectivity calculations based on the 19 July aircraft
data, if one accounts for the averaging associated with
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FIG. 9. Vertical cross section of radar reflectivity through a cell at 1848 UTC on 22 August 1990. Two estimates of
the trade wind inversion are shown, the first based on the sounding and the second based on the top of the weak echo
region outside the main reflectivity core. The extension of the echo to altitudes above 3.6 km over the high reflectivity
region in Fig. 8 is due to sidelobe contamination (see Part I).

the sampling and interpolation of the radar data. The
reflectivity gradients between the intense rain shaft and
the surrounding rainband are also consistent with the
calculated reflectivity gradients from the raindrop spectra. The maximum reflectivity was located in the middle
to upper part of the cloud in the developing rain shaft
on the left side of Fig. 10. As suggested by the aircraft
data from 19 July, this time period in the life cycle of
the rain shaft corresponds to the time when raindrops,
initially suspended near the top of the cloud, grow rapidly as they start falling through the updraft toward
cloud base.
4. Discussion
a. Microphysical structure and raindrop growth
within high reflectivity cores
The microphysical and kinematic measurements from
JHWRP were generally consistent with the radar anal-

yses of the structure of rainbands containing high reflectivity cores determined from the HaRP radar data.
Reflectivities calculated from drop size distributions in
the central rain shafts ranged from 52 to 58 dBZ, in
good agreement with values observed in the high reflectivity cores discussed in Part I. Calculated reflectivities in excess of ;50 dBZ and corresponding rainfall
rates as high as 47 mm h21 were always associated with
the presence of giant raindrops. In the radar analyses,
the highest reflectivities developed in the strongest updrafts, taking into account the time lag required for raindrop growth (see Part I). The aircraft analyses showed
that the giant raindrops formed in the regions of the
strongest updrafts. Calculated reflectivities in regions
adjacent to the main rain shafts, where giant raindrops
were not present, were generally in the range of 35–45
dBZ. Raindrops falling from the ‘‘anvil’’ outflow region
(23 July) and between strong rain shafts (19 July) had
calculated reflectivities in the range of 15–30 dBZ. Ra-

FIG. 10. Vertical cross section of radar reflectivity along a rainband at 0616 UTC 22 July 1990.
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dar analyses (e.g., Fig. 5) showed that after the initial
formation of the anvil, the reflectivity overhang descended to the surface leading to an overall widening
of the rainband. The absence of cloud water under the
anvil regions sampled by the aircraft during JHWRP
suggest that any growth of raindrops in these regions
would have been limited to self collection.
In both the radar and the aircraft data, downdrafts
.2.5 m s21 were only found in the upper parts of rainbands and were likely associated with evaporative cooling as the cloud tops penetrated into the very dry air
above the trade wind inversion. Downdrafts were not
observed (aircraft) nor synthesized (radar) in the lower
part of the clouds. The aircraft data indicated that the
updrafts and downdrafts in the upper parts of the cloud
had smaller scale structure (i.e., pass 3, Fig. 8a) than
could be resolved with the radar syntheses.
An important uncertainty related to the evolution of
precipitation in these clouds was the degree to which
the cloud liquid water content in the updraft was undiluted. The measured peak liquid water contents within
the main updrafts in the lower part of the clouds were
near adiabatic, but in the middle and upper parts of the
cloud the peak liquid water contents were half, or less,
of their adiabatic values. The incomplete response of
the JW instrument to larger cloud droplets may partially
account for this observation since the droplet spectra
are broader in the upper part of the clouds. The peak
updrafts were near the maximum value calculated from
offshore sounding CAPE. If buoyancy were the dominant forcing of the updraft, then this would imply that
the cores of the updrafts were nearly adiabatic. The
rainbands were sampled near the location of the flow
separation line discussed by Smolarkiewicz et al. (1988)
and Rasmussen et al. (1989). Although it is unclear how
much of the magnitude of the updrafts observed on the
two days was due to forcing from convergence along
this line, estimates from recent model simulations (Grubisic et al. 1996, personal communication) suggest that
the contribution is no more than 0.5 m s21 . The strength
of the updrafts, particularly near cloud top, together with
the known underestimate of liquid water content by the
JW probe in clouds containing large cloud droplets (e.g.,
Personne et al. 1982), suggest that the actual liquid water
content was much closer to the adiabatic value within
the cores of the updrafts than the liquid water content
measurements would indicate.
The close correspondence between the shape and location of high reflectivity cores and their parent updrafts
(Part I) led us to infer that raindrops first developed
within the strongest updrafts near cloud top several minutes prior to the observation of the highest reflectivities.
This finding is consistent with earlier observations of
shallow cumulus clouds over the Caribbean by Saunders
(1965). During this early period of raindrop growth,
cells must maintain updrafts with speeds greater than
the terminal velocities of the raindrops to suspend, or
carry them upward. The radar data implied that large
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raindrop formation continued throughout the middle and
upper part of the clouds for a period of several minutes
after updrafts reached their peak intensities. The data
further suggested that as the raindrops fall against the
weakening updrafts, they rapidly grow to sizes sufficient
to produce the high reflectivities in the middle part of
the cloud.
The 19 July case demonstrated that growing raindrops
with diameters of 1–2 mm were present near the top of
rising cloud turrets in updrafts that were strong enough
to suspend them. Calculations using a simple one-dimensional collection model (Rogers and Yau 1989, 131)
with updraft and cloud liquid water content values
changing with altitude according to the 19 July aircraft
observations indicate that the 1–2 mm drops observed
at cloud top would double their size during the nearsuspension period of 2–3 min. Our calculations showed
that these drops could grow to 4–6 mm through accretion of cloud water alone in less than 10 min during
their suspension and subsequent fall through the cloud,
provided they remained within the region of strongest
updraft and in high liquid water content during their
fall. Raindrops as large as 4–6 mm were sampled low
in the cloud during passes 5 and 6, approximately 8.5
min after the 1–2 mm drops were observed at cloud top.
The sensitivity of our calculations to the value of the
cloud liquid water content was tested by assuming that
the 2-mm raindrops observed on pass 2 at 2.85 km grew
while falling at a mean terminal velocity of ;8 m s21
through a mean ;5 m s21 updraft. Assuming a collection
efficiency of unity and half-adiabatic liquid water content, the drops arrived at 1.25 km (the elevation of pass
5) in about 8 minutes and grow to approximately 5.6
mm. When we prescribed an adiabatic liquid water content profile, the 2-mm drops originally suspended near
cloud top grew to sizes greater than 8 mm (the largest
drop sampled on 23 July was 8.3 mm) in less than 8.5
minutes. These simple calculations suggest that the high
reflectivity cores can develop as a result of simple accretional growth, provided that the raindrops remain in
the updraft. These findings support the earlier study of
Saunders (1965), who attributed rapid intensification of
radar reflectivity in shallow cumuli to growth by gravitational coalescence.
The absence of significant vertical wind shear is critical for growing raindrops to remain in the updrafts
during their full up–down trajectories. Shear produces
tilted updrafts so that raindrops falling from cloud top
cannot remain suspended in the updraft and are deprived
of the high liquid water content environment during a
large part of their fall. As demonstrated in the soundings
in Figs. 2 and 4 and in Part I, and in Doppler syntheses
of the kinematic structure of high reflectivity cores (Part
I), shear in the trade wind environment upwind of Hawaii is often weak through most of the depth of the
trade wind layer. As a result, updrafts in many cases are
nearly vertical, and growing raindrops within the updraft

Unauthenticated | Downloaded 12/06/22 01:56 AM UTC

15 JANUARY 1998

223

SZUMOWSKI ET AL.

core can remain in high liquid water regions throughout
their growth and fall to the surface.

TABLE 2. Survival probabilities for raindrops observed: (a) 23 July
1985 (10-s spectra), (b) 23 July 1985 (5-s spectra), (c) 19 July 1985
(10-s spectra).
Drop size (mm) and
survival probabilities P (%)

b. Importance of raindrop breakup
Raindrops undergo breakup by colliding with other
raindrops or by growing to such large sizes that they
become hydrodynamically unstable. In the case of hydrodynamic instability, the formula of Komabayasi et
al. (1964) predicts mean drop lifetimes of several minutes for D 5 5.5 mm to less than one minute for D .
7 mm. Pruppacher and Klett (1997, 413) give reasons
why Komabayasi’s results do not typically apply to atmospheric processes. Wind tunnel measurements by
Pruppacher and Pitter (1971) have shown that the largest
drops that are stable in quiescent air have equivalent
spherical diameters of approximately 9 mm. Since all
of the drops observed in the Hawaiian clouds were
smaller than this size, we limit our discussion to collisional breakup. Historically, model and laboratory results have supported the view that collisional breakup
should rapidly destroy larger drops in natural clouds
and limit drop diameters to a maximum of about 2–3
mm (List and Gillespie 1976; Gillespie and List 1978;
Takahashi 1978; Low and List 1982). An appropriate
estimate of collisional breakup (Beard et al. 1986) is
found by calculating the collision rate (Q) of a large
drop (D) with all smaller drops (d) using a measured
drop spectrum C(d):
Q(D, d, C ) 5

1 2 O [(D 1 d ) (V 2 y )C(d )],
p
4

df

2

T

T

d0

where V T and y T are the terminal velocities of the large
and small drops. The range of smaller drops (d 0 to d f )
that produce breakup is limited to inelastic (coalescing)
collisions where the excess kinetic energy exceeds onehalf the surface energy of the large drop (Beard et al.
1983). A further reduction of this collision rate by 80%
is needed to account for the laboratory observation that
only the most direct (20%) of collisions cause the large
drop to disintegrate (McTaggart-Cowan and List 1975).
Thus, the formula for calculating the breakup collision
rate is

O [(D 1 d ) (V 2 y )C(d )].
df

Q9(D, d, C ) 5 0.05p

2

T

T

d0

The inverse of this breakup collision rate is the mean
time between breakup events:
t b (D, d, C ) 5

1
.
Q9

Because of the random spatial distribution of the small
drops we use the Poisson distribution formula P(n, k)
5 n k e2n /k! (Feller 1957) to represent the probability of
a large drop encountering k drops (k breakup events)
over a fall interval where collisions with n drops (n

(a)
Layer 1 (1750–1350 m)
(spectrum from region IV)
Layer 2 (1350–800 m)
(spectrum from region VII)
Layer 3 (800–400 m)
(spectrum from region VIII)
Final drop size
P (joint)
P9 (joint)

3
84.2
4.2
37.5
4.6
52.5
4.6
16.7
40.8

4
83.5
5.1
31.0
5.5
47.8
5.6
12.4
35.2

5
81.0
6.1
30.1
6.5
50.7
6.6
12.4
35.2

6
91.4
7.1
29.6
7.5
51.5
7.6
12.8
35.5

(b)
Layer 1 (1750–1350 m)
(spectrum within region IV)
Layer 2 (1350–800 m)
(spectrum within region VII)
Layer 3 (800–400 m)
(spectrum within region VIII)
Final drop size
P (joint)
P9 (joint)

3
98.5
4.2
70.5
4.6
91.3
4.6
63.4
79.8

4
98.2
5.1
63.2
5.5
89.8
5.6
55.7
74.8

5
97.3
6.1
55.8
6.5
89.0
6.6
48.3
69.5

6
98.9
7.1
50.1
7.5
88.5
7.6
43.9
66.3

(c)
Layer 1 (2850–2400 m)
(spectrum from region I)
Layer 2 (2400–1800 m)
(spectrum from region II)
Layer 3 (1800–1250 m)
(spectrum from region V)
Layer 4 (1250–750 m)
(spectrum from region VII)
Final drop size
P (joint)
P9 (joint)

1.0
97.4
4.3
19.7
5.5
16.1
5.8
36.8
5.9
1.1
10.7

1.5
88.8
4.5
17.0
5.7
20.4
6.1
36.2
6.2
1.1
10.6

2.0
76.6
4.7
22.5
6.0
17.7
6.4
42.1
6.5
1.3
11.3

2.5
63.4
5.0
18.8
6.4
20.3
6.8
38.5
6.9
0.9
9.7

breakup events) are expected. The probability of no
breakup collisions (k 5 0) in the interval where n breakup events are expected is given by
P(n, 0) 5 e2n .
Since we are interested in the breakup probability of
the largest drops during the interval when they fall
through a rainshaft, we calculate the number of expected
breakup events given by the ratio of the fall time (t f )
to the mean time to breakup (t b ): n 5 t f /t b . For a fall
time much shorter than the expected time to breakup,
where n K 1, the probability that no breakup collisions
occur is P(n K 1, 0) 5 1 2 n. This ‘‘survival’’ probability approaches 1 as n approaches zero. For a fall
time much longer than the expected time to breakup (n
k 1), the probability that no breakup collisions occur
approaches zero exponentially as n increases linearly
(see previous equation).
Sections a–c of Table 2 show the calculated survival
probabilities (P 5 e2n ) of large drops encountering no
breakup events (k 5 0) during a fall time t f having n
expected breakup events, where n 5 t f /t b , calculated for
a selected range of initial raindrop sizes. The calcula-
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tions were done for raindrops falling through layers of
cloud bounded by the nominal elevation of each of the
cloud passes. The initial drop sizes at the top of the
uppermost layer were specified based on the range of
large drop sizes observed during the highest cloud passes on 19 and 23 July. Drop sizes at the top of subsequent
layers were determined from the accretional growth
model discussed in the following paragraph. The raindrop size spectrum C(d) was specified based on both
10- and 5-s raindrop spectra for 23 July (Fig. 4, Tables
2a and 2c) and 19 July (Fig. 8, Table 2c) measured
within the rainshaft and centered on the large drop
regions. The mean breakup time (t b ) for each drop size
and cloud pass spectrum was calculated from Q9.
A simple accretion model was used to estimate the
fall time (t f ) through a layer to account for the raindrop
growth and increasing fall speed. The vertical profile of
the cloud liquid water content used in the model in each
case was based on the peak measured values of the liquid
water content in the core of the observed updrafts. The
fall velocity of the drop V(t) 5 V T (D) 2 W(z) was
calculated using terminal velocities V T (D) determined
from the drop diameter (Beard 1976) and assuming an
updraft W(z) profile based on the peak vertical velocities
measured during the cloud passes. The measured raindrop spectrum at the level of each cloud pass was assumed to be representative of the layer immediately
below.
In addition to the calculated survival probabilities for
the drops falling through each layer, we calculated the
joint probability for survival of each of the drops after
passing through all of the layers (rows labeled P in Table
2). Because of the exponential change in P with n for
small probabilities, we also recalculated the survival
probabilities using the same drop spectra with one-half
the concentration (P9 5 e2n/2 5 P1/2 ). These joint probabilities appear in the rows labeled P9.
The survival times of the large and giant drops were
very sensitive to the concentrations of smaller raindrops
within the main updraft. Size sorting (due to the difference in terminal velocities of the large and small
raindrops) led to decreased concentration of small raindrops in the rainshaft containing the large and giant
drops on 23 July, dramatically increasing the survival
probabilities of the largest drops. Note further that on
23 July, the survival probabilities increased by a factor
of 4 when 5-s spectra (representing the ;500 m wide
region centered on the location of the largest observed
drops) were used instead of the 10-s spectra (;1000 m
wide region). The 19 July data showed no evidence of
size sorting, and the survival probabilities of the larger
raindrops were low (,2%). Because of high, uniform
concentrations of smaller raindrops along the rainband,
decreasing the averaging volume to 5-s spectra (not
shown in Table 2) had virtually no effect on the survival
probabilities of the large raindrops. The giant raindrops
sampled on 19 July were in the lower part of the cloud
(passes 5 and 6) and, just as in the 23 July case, occupied
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only a narrow (,500 m wide) region of the cloud. That
may imply that on 19 July either the aircraft missed the
center of the high reflectivity core (since, unlike on 23
July, the penetrations were along the rainband), or some
other process of selection that we do not understand
determined the location of the observed giant raindrops
in the cloud. Data from both cases clearly illustrate that
the concentrations of smaller raindrops in the middle
and lower part of the cloud determine the cumulative
survival probabilities of the large falling raindrops,
since near cloud top, the survival probabilities are generally high (e.g., section c of Table 2) because of both
the smaller size of the collector drop and the lower
concentrations of raindrops with diameters ;1 mm.
In summary, the data from 23 July and calculations
presented in Table 2 suggest that size sorting within the
updraft core, due to difference in fall speeds of large
and smaller drops, is an effective mechanism that decreases the concentrations of smaller raindrops, and the
probability of large drop breakup. Size sorting can effectively promote the growth of giant raindrops and the
development of high reflectivity cores. However, as the
19 July passes indicate, giant raindrops can exist in a
less favorable environment with no direct evidence of
size sorting. More data and better spatial and temporal
resolution within the convective updraft regions are required to further our understanding of the correlation
between collisional breakup and giant raindrop concentrations.
5. Conclusions
In this paper, we have documented the microphysical
structure of the high reflectivity cores observed with
radars offshore of Hawaii and have presented the results
of calculations of raindrop growth and breakup probabilities within the high reflectivity regions. The key findings of these analyses are presented below.
1) Raindrops with diameters between 1 and 2 mm exist
at cloud top during the developing stage of convective cells within Hawaiian rainbands.
2) Giant raindrops can grow from the 1–2-mm raindrops observed near cloud top by accretion of cloud
water alone provided (i) updrafts are strong enough
to suspend the 1–2-mm raindrops near cloud top
where the most rapid growth occurs and (ii) the updrafts are not sheared significantly, allowing drops
to remain in the updraft and high liquid water content
regions during their fall through the cloud. The observations show that the requirements (i) and (ii)
were met in narrow (;500 m wide) columns within
the rainband cells. In other regions outside of the
main updraft, drop size distributions were more exponential, with higher concentrations of small raindrops and no giant raindrops. Consequently, radar
reflectivities and rainfall rates were lower. These
regions of the rainbands, characterized by weak up-
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drafts and downdrafts, are closer to an equilibrium
state in which collisional breakup plays a more significant role in eliminating the large size tail of the
spectra.
3) Size sorting due to differential terminal velocities of
the larger and smaller raindrops that initially occurs
in the updraft allows larger raindrops to fall through
an environment in which there is a low concentration
of smaller raindrops, significantly decreasing the
probability of breakup.
4) High reflectivity cores in Hawaiian rainbands were
associated with the giant raindrops present in narrow
columns.
Although we have demonstrated that 1–2-mm drops
near cloud top can grow to produce high reflectivity
cores, the source of these raindrops could not be addressed with the aircraft data. We are currently addressing this issue by calculating raindrop growth along trajectories through both the three-dimensional Doppler
kinematic fields obtained from HaRP and the high-resolution kinematic and thermodynamic fields generated
by Clark’s anelastic cloud model (Clark 1977, 1979;
Clark and Farley 1984).
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