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ABSTRACT

A survey of reports of electrical activity in hurricanes and typhoons from flight notes and personal experience
(18 years, >230 eyewall penetrationsfor R. A. Black; ~20 yearsfor J. Hallett, plusthat of others at the Hurricane
Research Division), and perusal of flight notes dating from 1980, show that lightning in and within 100 km or
so of the eyewall is usually sparse. However, occasionally, significant electrical activity (>one flash per minute)
occurs in or near the eyewall. National Oceanic and Atmospheric Administration WP-3D aircraft penetrations
through a number of storms relate the lightning occurrence to strong vertical velocity (>10 m s*) and the
presence of supercooled liquid cloud droplets extending to temperatures below —20°C. Specific measurements
of cloud properties during eyewall penetrations show that the supercooled cloud water content increases with
upward velocities >~5.0 m s71, as does the presence of large (>2 mm) supercooled drops. Measurements at
temperatures >—13°C show that the transition of supercooled cloud water to ice along an outward radial in all
systems is associated with local electric fields (occasionally >20 kV m~*) and negative charge above positive
charge. In systems with stronger vertical velocity there is a larger region of supercooled cloud extending to
lower temperatures where charge separation may occur, as judged by the presence of regions containing graupel,
small ice, and cloud droplets. The ratio of ice to supercooled water increases radially outward from the eyewall
and depends upon altitude (temperature). The spatial distribution of charge is further influenced by the relation
of vertical velocity to the radial flow, with the upper charge regions tending to be advected outward. In sym-
metrical, mature hurricanes, supercooled water usually occurs only in regions at temperatures above about —5°C.

The upward transport of supercooled cloud water is limited by a balance between water condensed in the
eyewall updraft and its erosion by ice in downdrafts descending in the outward regions of the eyewall. Thisice
originates from both primary and secondary ice nucleation in the updraft. This is consistent with an exponential
increase in ice concentration, as the rate at which the ice particle concentrations increase depends on the
production of secondary particles by preexisting graupel, some of which ultimately grow into new graupel, and
its outward transport in the anvil flow aloft. Penetrations at temperatures as low as —15°C show the presence
of electric fields consistent with specific laboratory-derived criteria for charge separated during ice—graupel
collisions, given that a liquid water—dependent sign reversal temperature may occur. Such a reversal may result
from either a changing temperature in the vertical, a changing cloud liquid water content in the horizontal, or
a combination of the two.

Since cloud-to-ground (CG) lightning can be observed with remote detection networks that provide the polarity
and freguency of CG lightning, there is potential that hurricane evolution may be detected remotely and that
lightning may be usable as an indicator of a change in the storm intensity and/or track.

VOLUME 56

1. Introduction

Convective precipitation can be idealized in one ex-
treme as coalescence rain formed entirely at tempera-
tures above 0°C (asin Hawaii) and in a second extreme
as convection at temperatures well below 0°C with all
of the precipitation originating in the ice phase. In deep
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tropical convection, it is pertinent to inquire as to the
amount of precipitation that originates asice from high,
cold levels and the amount that forms by coalescence
in regions below and near the 0°C level. A parallel ques-
tion, the central theme of this research, is concerned
with the occurrence of electrification of such systems.
Laboratory experiments suggest that the onset of sig-
nificant electrification is associated with bouncing col-
lisions between small ice and graupel growing from
supercooled cloud droplets, followed by gravitational
separation of charged particles. Key to assessing dif-
ferent microphysical processes is a knowledge of ver-
tical velocities in these different situations. Vertica
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wind speeds <4-5 m s* will fail to carry raindrops
>1-mm diameter aloft, and precipitation will fall out
once formed, whereas vertical winds >8-10 m s~ will
carry al raindrops aloft, possibly reaching levels much
colder than 0°C.

The ice phase evolves as cloud temperatures reach
below 0°C to —20°C. The rate of transformation of su-
percooled water to ice depends on the details of the
microphysical processes, particularly the existence of
many supercooled raindrops and possible secondary ice
formation. The organization of the motions, whether as
individual convective clouds with varying shear or in a
cyclonically rotating system, with inflow below and out-
flow aloft, determines in a critical way whether ice par-
ticles formed in earlier convection will provide ice em-
bryos for newer convection.

Our work has a threefold purpose: first, to examine
the vertical velocity and microphysical structure ob-
served by aircraft penetration of several tropical cy-
clones; second, to relate this to the electrical state of
the clouds as determined by visual lightning observa-
tions and aircraft measurements of electric fields, and
third, to present our current state of knowledge on hur-
ricane precipitation processes and suggest future re-
search priorities for tropical rainfall studies.

2. Previous studies

Detailed electrical studies of hurricanes (here we use
the term to cover tropical cyclones in the South Pacific
Ocean and typhoons in the North Pacific Ocean) have
been sparse. Anecdotal stories of aircraft penetrations
of eyewalls *‘lit up like Chinese lanterns” exist, but the
vast mgjority of nighttime penetrations of hurricanes
with strong surface winds have had no visible lightning
reported during the flight. Standard works on hurricanes
(Simpson and Riehl 1981; Anthes 1982) scarcely men-
tion the topic. Ludlum (1963) quotes an archaic account
of a hurricane:

Never did the sky look more terrible! For one whole day
and night it blazed like afurnace, and the lightning broke
forth with such violence that each time | wondered if it
had carried off my spars and sails; the flashes came with
such fury and frightfulness that we all thought the ships
would be blasted.

More recently, lightning in hurricanes has occasion-
ally been detected with land-based lightning detection
networks (Black et al. 1986; Lyons and Keen 1994;
Molinari et al. 1994; Samsury and Orville 1994). In all
of the storms featured in these studies, the vast majority
of the cloud-to-ground (CG) lightning strokes occurred
in the outer rainbands, although as shown in Black et
al. (1986), Lyons and Keen (1994), and Williams
(1995), on occasion, lightning strokes delineate the eye-
wall. Lyons and Keen (1994) associated these events
with the appearance of intense tropical *‘ supercell” de-
velopment in the eyewall. One such occurrence was
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concurrent with the strengthening of Tropical Storm Di-
ana into a hurricane, and the other was observed just
before the South Florida landfall of Hurricane Andrew.
In the case of Hurricane Andrew, the storm was
strengthening in the hours before landfall. We note,
however, that few well-devel oped hurricanes have come
within range of the National Lightning Detection Net-
work (NLDN) sinceits deployment in the middle 1980s.

Of the storms featured in the literature, Hurricane
Hugo (1989), a large, well-formed hurricane with max-
imum sustained winds of about 60 m s-* (Samsury and
Orville 1994), produced only 33 CG lightning strokes
in the 18 h preceding and shortly after its landfall near
Charleston, South Carolina. Hurricane Andrew (1992)
was one of the strongest hurricanes to hit the United
States in 50 years, yet it produced relatively little light-
ning (Molinari et al. 1994) compared to continental sys-
tems. In contrast, Hurricane Jerry (1989), a weak storm
that barely reached hurricane strength, produced about
as much lightning in an outer rainband as Andrew (Sam-
sury and Orville 1994). These results show that the high
horizontal wind speeds that characterize the hurricane
are not a good predictor of electrical activity. We shall
show that the distinction between electrically weak and
active hurricanes is related to the presence of weak and
strong updraft. If we can understand the physical and
dynamical processes leading to the activity of individual
convective storms, we can suggest the differencesto be
sought in electrically active or inactive hurricanes. We
confine our studies to hurricanes over the ocean. Hur-
ricanes dissipate rapidly on passage over land, as the
source of energy of the storm (the transportation of heat
and moisture from the warm sea surface) is greatly di-
minished.

We first examine characteristics of individual con-
vective clouds over the tropical ocean (with sea surface
temperatures above about 28°C), in that such convection
produces cloud-base temperatures above about 20°C,
with the potential for coalescence rain formation. Stud-
ies of summer cumulus clouds over Floridaare included
for comparison, as they are also relevant to understand-
ing the electrical charge separation process and provide
examples of clouds with relatively strong updrafts. The
cloud condensation nuclei concentration of maritimeair
in which these clouds form is often low—Iess than 100
cm=3 at 0.5% supersaturation (Hudson and Frisbie
1991)—aresult caused in part by nuclei removal by the
precipitation process itself. It follows that some vari-
ability in precipitation from shallow, warm clouds may
depend on local (island) nuclei sources, local induced
convection, or interacting weak gust fronts produced by
precipitation elsewhere. With high cloud-base temper-
ature, coalescence precipitation is likely to occur at a
level somewhat above or below 0°C, depending upon
updraft vertical profiles (Lopez et al. 1985; Rutledge et
al. 1992). Updraft velocities determined from aircraft
penetrations in maritime convection during the Global
Atmospheric Research Program Atlantic Tropical Ex-
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periment (GATE) project (LeMone and Zipser 1980) are
typically low (<5 m s™t). Similar modest vertical ve-
locitieswerefound in hurricanes (Jorgensen et al. 1985),
in the Pacific near Taiwan (Jorgensen and LeMone
1989), and in the northern Australia summer monsoon
(Zipser and Lutz 1994).

However, in the absence of the ice phase, penetrations
above the 0°C level in convection over land have much
stronger vertical velocities, sometimes more than 25 m
s~1, which carry supercooled rain and cloud water to
atitudes where the temperature is at least as cold as
—15°C (Hallett et al. 1978; Willis et a. 1994). This
latter study showed that the advent of both ice particles
and a strong electric field is nearly simultaneous and
extremely rapid. In addition to this, there is reason to
expect an increasing vertical velocity with height, in
part supported by aircraft observations with vertically
pointing Doppler radar (Black et al. 1996).

The question of how the evolution of ice takes place
isimportant to cloud electrification. Two conceptual ap-
proaches are commonly used: a Lagrangian approach,
in which ice evolves in an ascending parcel (Willisand
Hallett 1991); or a steady-state process in the interface
between all supercooled water in the updrafts, with ice
evolving in a region of weaker updraft (or downdraft)
in aregion of vertical shear (Willis et al. 1994). It isin
this stage that charge separation and subsequent elec-
trical activity might be expected to occur, as growing
graupel particles and smaller ice particles interact.

Specifically, to separate charge on a microscopic
scale, laboratory results (Takahashi 1978; Jayaratne et
al. 1983; Saunders et al. 1991) show that it is necessary
to produce small ice particles of 10s to 100s of um in
diameter, together with millimeter diameter low-density
graupel particles that are growing in the presence of a
supercooled cloud. In these laboratory experiments, the
drop size distributions were not controlled and are prob-
ably different. From the above experiments, larger par-
ticles become positively charged for typical cloud liquid
water contents =1 g m~3 at temperatures above —10°C.
The drop size distribution changes graupel growth rate
through the variation of the droplet collection efficiency
with size (Brooks et al. 1997; Saunders and Peck 1998),
as well as the fall velocity through size and changing
density of accreted ice. In most of the experimentslisted
above, the rime was growing in the dry-surface mode.
When graupel are in the wet growth regime, Saunders
and Brooks (1992) show that little or no charge sepa-
ration occurs. Thus the changing droplet size distribu-
tion, as well as temperature and liquid water content
(LWC), need to be considered in the charge separation
process (see Fig. 16 for a conceptual view).

In an environment with adjacent up- and downdrafts,
a situation can be hypothesized where cloud properties
change at a given level from all supercooled water in
updraft, to all ice in downdraft, with varying concen-
trations of graupel, small ice, and cloud water between,
interacting to produce different sign and magnitude of
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charge separation. In situ processes involving vapor
growth on freshly rimed particles also produce posi-
tively charged particles at all temperatures; ice evapo-
ration in downdrafts give negatively charged graupel
(Dong and Hallett 1992). The former processes are more
likely in the case of cloud growth with LWC and rapid
ice growth by accretion and from vapor diffusion. On
the macroscopic scale of the cloud, separation of charge
results first from gravitational separation of particles
carrying different signs of charge, followed by differ-
ential advection of net charge regions; both mechanisms
are possible and necessary.

The criteria for an electrical discharge is related to
the total separated charge available to feed the dis-
charge. This process depends upon the separation of
like-polarity charge on similarly sized particles follow-
ing the changes in cloud water content and temperature.
Secondary ice production during graupel growth (Hal-
lett and Mossop 1974) is a probable source of ice par-
ticles at relatively high temperatures (—4° to —5°C),
bearing in mind that it may occur at lower temperatures
(=7° to —8°C) with increasing liquid water content
(Foster and Hallett 1982; Heymsfield and Mossop
1984). Such processes also depend on the drop size
distribution, particularly the presence of larger cloud
droplets with a diameter >23 wm and smaller droplets
with a diameter <12 um (Mossop 1985). The drop size
distribution at this level results from the initial cloud
droplet formation at cloud base modified by entrainment
and coalescence during its rise from below. Optimum
charge separation processes are therefore likely to occur
when the right proportion of graupel and ice particles
is present in a supercooled cloud with these character-
istics. This mix may occur in quite localized regionsin
the vertical shear zone between the LWC in the updraft
and the ice in the downdraft.

Both the laboratory and theoretical results predict
specific conditions for separation of charge. The un-
certainty in these results concerns how much super-
cooled LWC isrequired at various temperatures to sep-
arate a given sign of charge, and it might be that both
signs of charge are generated on larger particlesin rel-
atively close regions, depending on cloud liquid water
content, droplet size distribution, and temperature. In
this sense the hurricane provides a good place for such
astudy, as the demarcation between ice and supercooled
water is well defined along a radial flight track through
the eyewall or other strong convection. Thisideafocuses
the analysis in the following case studies.

3. Conceptual framework

From the above considerations, a likely scenario is
that ice particle collisions on actively growing graupel
at moderate to high (>0.5 g m=3) LWC and tempera-
tures >—10°C and vapor growth on recently or weakly
growing graupel are expected to produce positively
charged large particles and a negative (inverted) dipole:
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with a negatively charged cloud top and a positively
charged lower region. Ice particle collisions in low
(<0.5gm=3) LWCa T < —10°C, and ice evaporation
would be expected to give negatively charged large par-
ticles and negative lower cloud, with a positive cloud
top and dipole:

+

More important is that this sign of charge on larger
particles also occurs at lower temperatures between
—10° and —25°C and moderate LWC near 1 g m-2.
Note that in a deep (>~10 km, temperatures <—20°C,
with LWC) system, thisis consistent with atripole struc-
ture with the upper positive charge associated with small
particles, the middle negative region with small crystals
moving up and graupel falling out, and the lower pos-
itive zone associated with graupel:

_|_

+.

Under somewhat stable conditions, advection of charged
particles can result in layers of different polarity charge
at different altitudes. Such layered-charge structures
were observed in several midlatitude mesoscale con-
vective systems (MCSs) near Oklahoma by Rust and
Marshall (1996) and others. The variations of vertical
profiles of charge distribution were shown in the pio-
neering studies of Simpson and Scrase (1937) discussed
by Rust and Marshall (1996) and observed in aircraft
measurements by Dye et al. (1986). These studies show
that the dipole/tripole generalization is subject to wide
variability, which is related to spatial redistribution of
charged regions as a sloping dipole associated with the
vertical shear of the horizontal wind in the convective
regions.

The dynamical structure of the hurricane has been
described by Jorgensen (1984a,b) and the microphysics
by Black and Hallett (1986). These studiesillustrate the
existence of weak (<5 m s*) updrafts except in specific
regions of the eyewall, where updrafts between 5 and
10 m st are associated with LWC of 1-2 g m=3. Ice
particles occur primarily in association with strong
downdrafts immediately outward of the eyewall cloud
water containing updrafts. Occasionally, when the storm
is undergoing arapid intensification phase (Black et al.
1994), vertical wind speeds >20 m s~* and many light-
ning discharges are observed. In such cases, the mixed-
phase region extends to much higher altitudes than nor-
mal, large graupel >5 mm in diameter is observed in
the updraft just above the melting level, and downdrafts
are both dynamically and microphysically driven, ini-
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tiated at levels far above the melting level (Black et al.
1994).

Our observations create a conceptual model (see Fig.
16) of ice initiation in the updraft at levels at or above
6 km (—5°C), downdraft initiation on the inside of the
eyewall by mixing with dry air aloft, and electrical ac-
tivity associated with a narrow mixed-phase region be-
tween the updrafts and downdrafts. Black and Hallett
(1986) pointed out that the liquid water regions are often
completely absent from a mature hurricane and that
strong vertical velocities (as observed over land) are
rare. The orbital motion of the ice around the eye (typ-
ically with a period of 0.5-1.5 h; Marks and Houze
1987) distributesice around the eye rapidly and provides
anatural seeding of all clouds from the eyewall outward
for up to 100 km or more as it is carried in the anti-
cyclonic cirrus-type outflow aloft over any convection
below.

These considerations suggest that electrification re-
sulting in lightning in a hurricane will be unlikely for
storms with weak eyewall updrafts and sparse regions
of supercooled cloud and graupel growth. Electrical ac-
tivity will be more likely in eyewalls with substantial
updraft, extensive regions of supercooled cloud in the
temperature range —5 to —25°C, and regions of vertical
shear. In such eyewalls, mixed-phase regions occur with
graupel, supercooled cloud water, and vapor-grown ice
crystals coexisting between all water (eyeward) and all
ice (outward). Further, the existence of regions of su-
percooled cloud and rain aloft ismost likely with weakly
mixed strong updrafts and when any ice redistribution
process is inefficient, as when the upper-level shear car-
ries anvil ice away from a nearby developing cumulus.
In the aircraft studies herein described, eyewall pene-
trations were examined in detail to determine the spatial
distribution of the microphysical mix together with elec-
tric field deduced from airborne field mills for several
hurricanes. Observations are interpreted considering the
laboratory work and set into a wider context of tropical
convection processes.

4. Aircraft instrumentation

M easurements were carried out on the National Oce-
anic and Atmospheric Administration WP-3D aircraft
in association with the Hurricane Research Division,
Atlantic Oceanographic and Meteorological Laboratory.
Except for the airborne field mill system, al instruments
are as given in Jorgensen (1984a). Analysis procedures
for the 2D particle image data are as given in Black and
Hallett (1986) and Black (1990). Briefly, these include
removing defective images of all types, such as splashes,
broken images, multiple subimages within an image,
streaks, and images whose longest dimension is on the
edge of the array. Images are sized by area according
to their equivalent circle diameter. The time of occur-
rence of liquid drops and mixed-phase images were
identified by visual inspection of the raw image data.
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Fic. 1. Schematic of the field mill placement on the WP-3D.

Bulk ice particle density (required to compute ice water
content) was calibrated using a two-step procedure to
match the radar reflectivity computed from the size dis-
tributions with that at the aircraft position interpolated
from the tail Doppler radar.

Cloud LWC is one of the more important variables
to be measured. All of the devices available for this
purpose in 1991-92 suffered from serious problems.
The Johnson—Williams (JW) cloud liquid water meter
is subject to destruction by graupel, drift of the zero
LWC level (somewhat corrected in software), and oc-
casional saturation by imperfect (corroded) connections.
Overall, the W (when available) has a minimum de-
tectable signal of ~0.1 g m—2 (Jorgensen 1984a). Inice
cloud, the JW always responds as though 0.1-0.2 g m—2
of cloud LWC were present; this is also removed as a
DC offset. In aggregated ice, particularly at tempera-
tures >—5°C, the JW responds as though LWC were
present, even though there is no updraft or evidence of
LWC in the particle image data. These problems are
noted in the case studies. The Particle Measuring Sys-
tems (PM S)—King liquid water meter suffersfrom prob-
lems similar to those of the JW, and it proved to be too
fragile for use above the melting level in the hurricane.
The PM S forward scattering spectrometer probe (FSSP)
was useless for quantitative measurements because
housekeeping data required to correct the concentrations
for coincidence (multiple particlesin the sample volume
at once; Cooper 1988) and dead-time errors, which oc-
cur when particles enter the sample volume but are not
sized because the probe is busy with the preceding par-

ticle (Cerni 1983; Baumgardner et al. 1985), were not
recorded. Even if al possible corrections are made,
Baumgardner (1983) suggested that the FSSP LWC ac-
curacy was 54%—105% over the water content range of
0.02-5 g m—3. Further, Gardiner and Hallett (1985) show
that the FSSP cloud drop size distribution is completely
overwhelmed by relatively small number concentrations
of ice particles >100 um in size. Consequently, liquid
water contents computed from the FSSP are consider-
ably less than those measured by either the King or JW
probe, but the relative drop size spectraare occasionally
useful. Detailed analysis of FORMVAR replicator data
taken over Florida (Willis et al. 1994) suggests that on
occasion, low LWC of about 0.1 g m~2 does exist in
regions with substantial ice. Therefore, the low limit of
liquid water content for charge separation cannot be
ignored but may be difficult to measure. It is pointed
out that the FORMVAR replicator technique is the only
means whereby droplets and graupel particles can be
measured in the same air parcel using the same instru-
ment and a sample length of a few meters. Otherwise
combining data from two separate 2D probes must rely
on a statistical comparison over some kilometer path
length and may not distinguish whether the two samples
are interacting in a microphysical sense.

Electric fields (E) were measured at 1-Hz frequency
with a set of four conventional shutter-type mills. These
6-cm diameter field mills are mounted in orthogonal
pairs on the fuselage along or near lines of symmetry
(Fig. 1). This orientation is important since it allows us
to use the sums and differences of the mill outputs to
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derive the electric field components in the vertical (E,,
since 1987) and horizontal (E,, parallel to the wing axis,
since 1991), and aircraft charge. The component along
the flight track (E,) is not determined. Correlations of
electric field changes caused by lightning discharges
cannot be determined with the present low time reso-
lution system, as there is no means to detect and ac-
curately time the occurrence of discharges and lightning
flashes. Also, these storms were far out of range of the
shore-based lightning detection networks.

Aircraft charge is represented as an equivalent field
(A, and A)) and the ambient electric field components
are computed by summing or differencing the orthog-
onal field estimates, assumed to be symmetrical at the
0°, 90°, 180°, 270° position. These values provide an
estimate of the quality of the E measurements. For these
purposes, with the aircraft in level flight, a positive ver-
tical field E, implies negative charge above the airplane
and positive (or lesser negative charge) below. Simi-
larly, a positive horizontal field E, indicates negative
charge to the right of the heading and positive to the
left. To the extent that these estimates are consistent,
the values of E, and E, determine on which side of the
aircraft the effective charge center is located (Fig. 1).
Local electric field strength is increased in the vicinity
of the metal aircraft skin; errors in the ambient E es-
timates arise because of errors in the determination of
the enhancement coefficients at the mill-mounting lo-
cations. In addition, the aircraft does not necessarily
charge uniformly over its (painted) surface during flight
though ice particles. Our analysis ignores cross-terms
between E,, E,, and E,. The WP-3D field mill system
gives magnitudes for E that we believe are accurate to
within a factor of 2 for field components parallel to a
measurement direction; additional details are presented
in the appendix.

During passes through water cloud (T > 0°C), E is
measured within the limits of uncertainty discussed
above and in the appendix. During passes through
clouds containing ice particles, the aircraft is charged
to very high values, and a question arises in distin-
guishing between ambient field and aircraft self-charge.
Measuring E under these circumstancesis far from sat-
isfactory, and the measurements given are to be judged
considering the consistency between estimates of air-
craft charge made with the vertical mills with that ob-
tained from the horizontal mills. We did not try to es-
timate E,, the component of the electric field along the
flight track. The E, values are contaminated by plumes
of charge streaming off the aircraft in precipitation (Har-
rissHobbs et al. 1994; Jones et al. 1993). We point out
that our analysis ignores cross components, limiting ac-
curacy to some 10% under some conditions. Also, from
the viewpoint of data interpretation, E measured just
before entry into cloud and precipitationismorereliable
than that measured on cloud exit, asiced regions on the
aircraft evaporate and break up irregularly. The mini-
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mum detectable signal (MDS) for Eis1.5kV m~, about
15 times the fine weather field.

The 2D particle image data were analyzed with a
6-s averaging period. We inspected the images visually
to discriminate between images of ice particles and
supercooled water drops. Thisidentificationisaccurate
in the case of images where D > ~0.8 mm. Raindrop
images of this size and larger are deformed into a near-
ly elliptical shape (Black and Hallett 1986) by the air-
flow around the 2D probes, whereas graupel and other
ice particles show no such distortion. In the case where
all particles are smaller than this, graupel and other ice
particles have rough edges, whereas drops are smooth-
edged. Images were deemed to be all liquid if no ob-
viousice particleswere seen, and all ice if most images
were noncircular and the W LWC < 0.2 g m=2. In
case of doubt, images were defined as ‘‘ mixed,”” where
the smaller particles were assumed to be liquid and the
processing program attempted to pick out the ice based
upon the circularity of the image. Ice discrimination
becomes progressively more difficult as the maximum
image dimension drops below about 0.2 mm. If par-
ticles have maximum dimensions smaller than this, ice/
water discrimination becomesimpossiblewithout other
aid (such as a JW signal). Times on these data were
adjusted to correspond to the center of the averaging
period. The cloud probe (2D-C) records images from
0.05 to 1.6 mm in diameter, the precipitation probe
(2D-P) from 0.2 to 6.4 mm. In addition, since the oc-
casional 2D records with anomalously small sample
volumes (caused by a variety of electronic problems)
can produce unreasonable 6-s average concentrations,
all such occurrences were altered manually by recom-
puting the number concentrations and water contents
using the average sample volume from the two adjacent
6-s averages.

5. Hurricane flights

Data obtained near the melting level and higher in or
near the eyewall in two hurricanes form the bulk of the
data presented here. All of the significant electrification
was associated with convection. Thefirst of these storms
(Hurricane Claudette, 8 September 1991) contained
strong updrafts and strong E; the other one (Hurricane
Tina, 29 September 1992) had weaker updraftsand little
noticeable electrical activity. Unless otherwise noted,
all of the observations reported here occurred during
daylight. Another hurricane mentioned is Atlantic basin
Hurricane Emily (1987), a storm with exceptionally
strong vertical winds (Black et al. 1994). Storms with
weak updrafts and weak electric fields include Hugo on
21 September 1989 (all night passes) and Gustav (1991).
Table 1 lists hurricane penetrations through 1995 where
visual observations of lightning were made (by the ap-
propriate scientist, who also questioned crew members).
These observations are particularly interesting in case
of a lack of lightning observation during night flights
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TABLE 1. Summary of lightning/electric field dataset at the Hurricance Research Division. Flight date is in column 1, storm name isin
column 2, cloud LWC devices available are in column 3, column 4 is a judgment about the 2D probe data quality, column 5 indicates the
field mills used, and column 6 is for comments. In the storm name, “‘D"’ signifies a daylight flight and ““N’* a night flight. Some flights had
both daylight and night portions. A **??" in column 4 indicates that those data have not been examined. Field mill abbreviations are up (U),
down (D), right (R), and left (L). Aircraft designations are NOAA-42 (H) and NOAA-43 (1).

In-situ electric field/lightning data in hurricanes

Flight ID Storm name Cloud LWC 2D images Field mills Comments*

840909l TS Diana (N) JW, FSSP sparse — Electrified outer band

860921H Newton (D/N) JW, FSSP good D only Melting level

860930H Paine (D/N) JW, FSSP good D only

870922H Emily (D) JW, FSSP good C, P U, D Electrified eyewall, =20 m s~ vertica
wind, 5-6-km JW broke 2104:00

870929H Ocean Cu. (D) FSSP good U, D

870930H Ocean Cu. (D) FSSP good U, D

880914H Gilbert (N) JW none U, D 3-km LTM

880916H Gilbert (N) w none U, D 3-km LTM

890805I TS Dean (D) JW, FSSP sparse U, D

890903| Gabrielle (D/N) JW, FSSP sparse U, D

8909211 Hugo (N) JW none U, D 3 km

891014l Jerry (D) JW none U, D Landfall

900827I Gustav (D) JW, FSSP good U, D 3-km LTM

900828| Gustav (D) JW, FSSP good U, D 3-km LTM

9008291 Gustav (D) JW, FSSP good U, D 3-km LTM

900830I Gustav (D) JW, FSSP good U, D 3-km LTM

900831l Gustav (D) JW, FSSP good U, D 3-km LTM

900919 TD-11 (D) w none U, D 3-km LTM

900921l TD-11 (D) Jw none U, D 3-km LTM

900928l Ocean Cu. (D) JW, FSSP sparse U, D

9109071 Claudette (D) JW, FSSP good Ub,LR 3-km eyewall study

910908l Claudette (D) JW, FSSP spotty UDb,LR Electrification. Supercell numerous
strikes, JW broke ~1800:00

910923I Jimena (D/N) JW none UD,LR 3-km eyewall evolution

9109241 Jimena (D/N) JW, FSSP ” UD LR 3-km eyewall evolution

9209291 Tina (D) JW, FSSP good UD,LR Electrification weak convection

930827I Emily (D) Jw none ? UD LR ODW, 6 km

930828l Emily (D) w none UbD,L,R ODW, 6 km

9308291 Emily (D) JW none U DL, R ODW, 6 km

930928I Ocean Cu. (D) JW none ? UD,LR

9309301 Ocean Cu. (D) JW, FSSP good C, P Ub,LR Some good convection

940820I T.S. Chris (D) JW, FSSP ” UbD,L,R Cyclogenesis, 500 mb

940910l T.S. Debby (D/N) JW, FSSP ” UD LR Genesis, 500-mb *‘frequent lightning”

940911l Debby (D/N) JW, FSSP ” UbD,L,R Genesis, 500 mb

9409241 Olivia (D) JW, FSSP good C, med. P Ub,LR 4-5-km eyewall evolution (VME)

940925I Olivia (D) JW, FSSP good C, med. P UbD,L,R 4-5-km VME

941112] T.S. Gordon (D) JW, FSSP sparse Ub,LR NHC Reconnaissance

941113I Gordon (D) JW, FSSP sparse UD,LR NHC Reconnaissance

950801l Erin (D, N) JW, FSSP good C, med. P Unb LR 3-km NEXRAD radias

950815I Felix (D, N) JW, FSSP ” UbD,L,R ODW 4-500 mb

950816l Felix (D, N) JW, FSSP ” UD LR ODW, EFM calib. 2053 Z, Fig. 4 1940Z ff

950827I Iris (D/N) JW, FSSP ” UbD,L,R 4-km VME

950828| Iris (D/N) JW, FSSP 7 UnDb LR 4-km VME; lightning 2323 Z

950904l Luis (N) JW, FSSP ” UbD,L,R 500-mb VME; fix 0051 Z, 0259 Z

950907I Luis (D/N) JW, FSSP 7 UnDb LR 4-km vortex dynamics (XCDX)

9509291 S. Fla. (D) JW, FSSP 2 2D-P's UDb,LR Low-altitude clouds and climate

951094l Opal (D) JW, FSSP good C, P UnDb LR 5-km NEXRAD radials

* Abbreviations for hurricane field program activities:

EMF - Electric field mill

Genesis, Cyclogenesis - Tropical cyclogenesis experiment
LTM - Long-term monitoring

Landfall - Tropical cyclone windfields at landfall experiment

in Hugo. Of the storms listed in Table 1, our most com-
prehensive dataset is from Hurricane Tina. No 2D image
data are available from Hurricane Hugo; in Claudette,
2D data are unavailable from the start of the first pen-
etration at 1613:00 (all times are UTC) to about 1950:

ODW - Hurricane synoptic flow experiment

VME - Vortex evolution experiment

XCDX - Extended cyclone dynamics experiment
Electrification - Hurricane electrification experiment

00, and after 2324:53 because of equipment failures. No
cloud liquid water content data are available from Clau-
dette because the JW and King LWC sensors were both
damaged by graupel impacts on the first pass through
the eyewall.
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Fic. 2. Flight-level data from a left-front quadrant eyewall passin
Hurricane Emily, 22 September 1987. In this and all subsequent fig-
ures, the quadrant is referenced to the storm motion. (a) Vertical
electric field and aircraft field (k V m=1); (b) vertical velocity, (m
s71); (c) cloud liquid water content from the JW probe (g m=3); (d)
total water content (liquid plus ice) deduced from 2D particle image
data; (e) air temperature (°C) plus horizontal wind speed (m s7%). In
this and all subsequent flight-level data figures, the eye (and warmest
temperature) is on the left-hand side of the plot. A lightning flash
struck the aircraft at about 2105:40.

The first hurricane in which we measured E (E, only)
was a daylight flight into Hurricane Emily on 22 Sep-
tember 1987. This storm was a ‘“‘rapidly deepening”
storm, and it contained the strongest flight-level vertical
winds (updrafts and downdrafts in excess of 20 m s1)
ever observed in any tropical cyclone (Black et al.
1994). Eyewall penetrations were made in a symmetric
pattern about the eye to obtain the maximum areal cov-
erage for the radar. All portions of the eyewall were
sampled, but an unresolved calibration problem ren-
dered the exact magnitude of these fields (Fig. 2a) un-
certain. Lightning (a good indicator of local electrical
activity) apparently struck the aircraft at about 2105:50
during the pass shown. Like most of the passes through
Emily, this pass (outside the eyewall) was just above
the melting level at an atitude near 5.0 km. Threelight-
ning strikes on the WP-3D aircraft (out of a total of
nine flashes observed) were noted by the flight crew;
all three of these strikes occurred in the left-front quad-
rant of the storm. Here, strong (>10 m s-*) updrafts
containing cloud water and millimeter raindrops but no
graupel were adjacent (within a few hundred meters) to

BLACK AND HALLETT

2011

Gustav 900829H 3.0 km

S E - a 3
Lo 1z EE
k= E Az E =
I 0 - 20 E
T | = &
< o E P 210 =
A I e [l v IR
@ g0 8 = Jo0 3
E , . . 3 -10
15 . L
E b
£ -+
10 E 20 km
W s B
50 Bt M N M g
d E Ty L~ WAl et
s E
15 E
E <
e E
w U E
©
A
= 0.5 E
= E
16 E . . 4 60
15 - 350
© B
Tk w B
5 k £
12 = 30 §
£ o1 £ 120
3
E w0 E 0 =
9 -

22:12:00 22:14:00 22:16:00

Time, UTC

Fic. 3. Flight-level data from Hurricane Gustav, 29 August 1990.
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velocity (m s%); (c) cloud liquid water content (JW) (g m~2); (d)
temperature (°C) and wind speed (m s71).
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downdrafts containing millimeter diameter graupel,
raindrops, and cloud water.

Hurricane Gustav on 29 August 1990 was the first
time that both the electric field mills and the 2D probes
simultaneously performed adequately. At the time of
this flight, Gustav had an asymmetric eye open on the
southeast side and was located near 25°N, 58° W, ~800
km southeast of Bermuda. No lightning was observed
any time during this daylight mission; peak electricfield
strength (Fig. 3a) was <10 kV m~*, and peak vertical
velocities (Fig. 3b) were always <5 m s 1. The pass
shown penetrated the strongest portion of the eyewall
andislabeled ‘leg 3" inFig. 4 of Gamacheet al. (1995).
Thiswas atypical passthrough the strongest convection
of this storm. These conditions represent the case of the
weakly electrified storm. It should be noted, however,
that the aircraft never flew above the melting level where
charge separation may have been occurring.

A night flight through Hurricane Hugo on 21 Sep-
tember 1989 presented us with an opportunity to obtain
qualitative data in aland-falling hurricane. This storm’s
convection had weakened considerably, its eye was
much larger, and its sustained winds were weaker (but
still substantial) than it was on 17 September when it
struck eastern Puerto Rico (Case and Mayfield 1990).
Visual observations by one of us (JH) over a 3-h period
during a night flight failed to reveal any lightning at all
within 100 km of the eyewall.

Hurricane Claudette on 8 September 1991 exhibited
significant electrical activity within its eyewall. On this
day, Claudette was about 220 km southeast of Bermuda
moving north at 7 m s~ (Pasch and Avila 1992). The
eyewall was incomplete (Fig. 4) and dominated by a
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FiG. 4. Single-sweep PPl map of Hurricane Claudette at 1628:27.
North istoward the top of the figure. The aircraft penetrated the storm
aong a northwest—southeast track. The strong convective cell in
which the strongest E and most lightning flashes were encountered
is in the north eyewall. In this and al subsequent radar images, the
aircraft position at the time the image was obtained is marked with
a +. The blanked-out area around the + is caused by the range delay
of the radar, and the ring of return around the + is where the side-
lobe return from the sea surface appears.

vigorous convective cell with radar reflectivities ex-
ceeding 50 dBZ on the north side. The most intense
electrical activity occurred in and near thiscell. On each
of the first three penetrations of this cell, the aircraft
was struck by lightning, events that caused equipment
failures and data losses. Thereafter, the pilots refrained
from penetrating that area.

The WP-3D made repeated radial penetrations of the
northwest eyewall of Claudette at various altitudes from
4.5to 7.0 km at temperatures between +2° and —13°C.
These penetrations passed through or near the strongest
reflectivity area. Unlike other hurricane research flights,
the pilot avoided the center of the strongest radar re-
flectivity (>50 dBZ) area in the eyewall after the first
few passes because of danger of excessive lightning
strikes and the impacts of small hail.

Hurricane Tina was observed when it was located in
the eastern Pacific Ocean about 1400 km west of Puerto
Vallarta, Mexico, on 29 September 1992. The storm
convection was more widespread and vigorous at the
start of the penetrations than it was at the end, and no
lightning was observed visually. Our data were obtained
primarily in the northeast portion of the storm at tem-
peratures ranging from +5° to —15°C. In this storm,
the areas with the strongest radar reflectivity were spe-
cifically selected for study, as opposed to simply making
passes based on geometric considerations (to ensure
complete radar coverage of the entire storm, for ex-
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ample). Tina's strongest radar reflectivities were not as
persistent or reflective as those of Claudette.

In the discussion that follows, the (radial) passes are
grouped by the temperature instead of by storm. When
the temperature level of aradia pass is given, we use
thetemperaturein the stratiform areaoutside the eyewall
(usually several degrees cooler than the eye). In these
penetrations, the warmest temperatures indicate the di-
rection to the storm center, and the data are plotted such
that the eye is always on the left side of the graph. We
chose to group the flight-level data in this manner be-
cause both laboratory and field studies (e.g., Reynolds
et al. 1957; Takahashi 1978; Saunderset al. 1991; Brook
et al. 1980) show that liquid water content and tem-
perature are the most important variables governing the
rate at which charge can be separated in acloud. Further,
passes made at a given temperature were more similar
between storms than they were to passes within the same
storm, but at different temperatures.

a. Passes at altitudes lower than the —5°C isotherm

These passes were made in regions with updrafts car-
rying supercooled cloud water aloft on the inner edge
of the eyewall, and ice-containing downdrafts farther
from the center. Tina pass 2 (Fig. 5) from 2224:00—
2236:00 was made at the +2°C level. At the time of
this pass, the storm (Fig. 5 radar) was attempting to
form a concentric eye (Willoughby et al. 1982). The
strongest convection and electric field (E) occurred in
the outer convective ring. These fields (Fig. 5a) were
observed in a weak downdraft on the cold side of the
secondary wind maximum well outside the radius of
maximum wind (RMW; on the left side of Fig. 5f). In
this instance, E, went sharply positive, reaching a max-
imum in the downdraft on the outer edge of the updraft,
and decreased slowly as the aircraft penetrated the up-
draft. Cloud liquid water as measured by the JW device
(Fig. 5¢) in the region where the most rapid change in
E occurred was about 0.25 g m=2 or less. The “‘top hat”’
JW profile in the updraft from 2229:00 to 2230:50 is
the result of a problem with the probe, not the actual
peak cloud LWC. Because of corroded electrical con-
nections on the JW probe, the measured cloud LWC did
not exceed about 0.8 g m~3. An additional indication
of cloud LWC in this updraft is the temperature decline
(Fig. 5f) from about 2229:00 to 2230:50. We attribute
this temperature response to cooling caused by the im-
pact of cloud droplets on the Rosemont temperature
sensor (Lenschow and Pennel 1974). The strong ex-
cursions in E observed near 2229:00 were coincident
with an area that contained melting ice particles advected
from above and upstream. At the RMW (2231:00), the
small Es occurred in aweak downdraft, but in aregion
that contained only liquid.

Melting-level passes were made in both Tina and
Claudette. Tina pass 3 (Fig. 6, about 2244:00—2252:00)
illustrates the usual features of these passes. At the time
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Fic. 5. Flight-level data from Hurricane Tina, 29 September 1992, from the inbound 4.5-km altitude (+2°C) pass from 2224:00 to 2236:00.
(@) Vertical (E,) and horizontal (E,) E components (kV m~*); (b) vertical velocity (m s*); (c) cloud liquid water content from the JW probe
(g m~3); (d) particle number concentration (L~*) deduced from 2D particle image data. The precipitation probe number concentration is
multiplied by 10 for clarity. (€) Vertical and horizontal aircraft field (kV m-*) from both pairs of field mills; (f) temperature and horizontal
wind speed. (Radar) Single-sweep PPl reflectivity display from the WP-3D lower fuselage radar. The start and end points of the pass are as
shown by the long arrow. The aircraft position at the time of the radar image is marked.

of this pass, the strongest reflectivity in the outer con-
vective band was upstream from the flight track (Fig. 6
radar). Asthe aircraft penetrated the outer band updraft
(Fig. 6b) at 2245:50, the horizontal field E, started pos-
itive but switched to negative immediately upon entering
an area that contained mixed-phase particles at 2247:10
(Fig. 6a). This behavior suggested that predominantly
negatively charged particles were advecting from the
more strongly reflective area upstream (the right of the
aircraft) at this location. Here E, indicated that positive
charge was on the left side of the aircraft track as the
cloud LWC (Fig. 6¢) observed by the JW decreased to
about 0.4 g m=2. Most of the JW LWC observed after
224720 isattributable to theimpact of ice particles (Fig.
6d) on the JW sensor; we have often noted this behavior
of the JW in hurricanes (e.g., Black et al. 1994) where
the vertical velocity is near zero in the presence of co-
pious aggregated ice at temperatures near —2°C. By
2248:10 E, diminished to MDS, indicating that the
charge was uniform on both sides of the aircraft.

The magnitude of E, gradually increased in the up-
draft in rain and peaked in the cold side downdraft,

suggesting a negative charge center at or above flight
level. The polarity of E, (Fig. 6a) also fluctuated outside
the updraft in the mixed-phase region, indicating mostly
net negative charge above flight level, positive (or no)
charge below, in a region containing mostly (melting)
ice particles. Doppler radar scans (not shown) suggest
that these particles were simply falling from higher,
colder cloud upstream, rather than being brought down
in a strong downdraft. After 2248:40, E diminished to
MDS in aggregated ice.

The lowest-level passin Claudette (Fig. 7) penetrated
the storm from the north at 4.5 km, did not encounter
any strong updraft, and showed little electrical activity.
Outside the eyewall, the E, component (Fig. 7a) was
strongest, showing positive values (negative charge al oft
and/or positive below) at virtually all times. These elec-
tric fields occurred both in areas with mixed-phase hy-
drometeors (Fig. 7c) consisting predominately of (melt-
ing) irregular shaped ice particlesand afew water drops,
and in an area that had no ice particles. However, the
peaks in the E, component were reasonably well cor-
related with peaks in the 2D-P probe ice concentration.
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FiG. 6. Asin Fig. 5 but for the reciprocal outbound pass from 2244:00 to 2252:00 (0°C). (a) Vertical (E,) and horizontal (E,) E components
(kV m~1); (b) vertical velocity (m s1); (c) cloud liquid water content from the JW probe (g m=2); (d) particle number concentration (L 1)
deduced from 2D particle image data. The precipitation probe number concentration is multiplied by 10 for clarity. (€) Vertical and horizontal
aircraft field (kV m=1) from both pairs of field mills; (f) temperature and horizontal wind speed. (Radar) Single-sweep PPI reflectivity display
from the WP-3D lower fuselage radar. The start and end points of the pass are as shown by the long arrow. The aircraft position at the time

of the radar image is marked.

In the eyewall, the strong negative excursion in E, at
2152:00 and the positive E, occurred just when large
(melting) graupel particles were observed but is also
affected by precipitation-induced static charges (Fig.
7d). As in Tina, the negative E, excursions occurred
prior to the E, peak on the outer edge of the eyewall
(Fig. 7 radar). No 2D image data are available from the
eyewall to aid in the interpretation of these results.
The Claudette pass at 4.9 km from 2208:00 to 2215:00
(Fig. 8) illustrates the effect of vertical velocity on the
electrical and microphysical structure of this eyewall.
This twilight pass encountered a strong updraft in a
convective cell outside the eyewall reflectivity maxi-
mum (Fig. 8 radar), with a peak vertical wind speed of
~95 m s The E, field (Fig. 8a) showed moderate
excursions from 2209:00 to 2212:30, with two out of
three positive peaks in updrafts collocated with the
banded reflectivity relative maxima, negative in down-
draft (Fig. 8b) and neutral areas with mostly ice. Liquid
water (Fig. 8c) and afew graupel particles coexisted on
the edges the updrafts. Note that the most pronounced
excursions in E, occurred on the edges of the updrafts,

not in the center. Lightning flashes were observed at
about 2209 and/or 2210, but the timing of these flashes
isinsufficiently precise to relate these to the changesin
E, polarity that occurred at these times. This behavior
suggests that (a) the (negative) charge center is located
above the aircraft and (b) the most rapid charge sepa-
ration is taking place in regions of modest cloud LWC
in the presence of ice particles, rather than in the LWC
maximum, which always occurs at the peak updraft
(e.g., Black et al. 1994). At these temperatures, ice par-
ticles are only found in the periphery of the updraft. The
~2°C temperature changes at 2210:00 and 2212:30 (Fig.
8e) may be related to the evaporation of liquid water
off the sensor in the updraft. The E, field was consistent
with negative charge centered slightly to the left (up-
wind) of the aircraft in the updraft and no laterally offset
charges elsewhere. These E, polarity variations suggest
that the aircraft flew underneath two distinct negative
charge centers, one in each updraft. The particle phase
was mostly liquid with some millimeter graupel in the
positive field areas and mostly graupel with some co-
lumnar images in the negative regions. After 2213:00,
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Fic. 7. Flight level data from an inbound pass at 4.5 km (+3°C) in Hurricane Claudette on 8 September 1991. (a) Vertical and horizontal
electric field (kV m~1); (b) vertical velocity (m s1); (c) two-dimensional particle image number concentration (L) by particle phase. The
2D-P values are multiplied by 10 for clarity. (d) Vertical and horizontal aircraft field (kV m=2); (e) temperature (°C) and horizontal wind
speed (m s ). (Radar) Single-sweep PPI reflectivity display from the WP-3D lower fuselage radar. The start and end points of the pass are
as shown by the long arrow. The aircraft position at the time of the radar image is marked.

most particles were liquid, consistent with the weak E
observed there.

The inbound pass through Tina from 2300:00 to
2310:00 (Fig. 9) encountered the second strongest (~9
m s1) updraft of this storm. At this altitude, the outer
convective band shows the weak reflectivity (Fig. 9 ra-
dar) consistent with an overwhelming abundance of
low-density ice. The updraft at 2304:00 (Fig. 9b) oc-
curred in a prominent secondary wind maximum located
in the outer convective band ~30 km away from the
eyewall. While crossing this rainband from 2302:00 to
2306:00, the aircraft apparently carried unbalanced
charge (Fig. 9¢), as the A, and A, graphs remained in
phase, but differed in magnitude. Ice particle types out-
side the updraft were the usual mixture of rounded,
irregular crystals, and columns normally observed at
this level in hurricanes. In the updraft, graupel particles
up to 3 mm in diameter coexisted with millimeter di-
ameter raindrops and small unidentifiableimages. Inthis
pass, E, (Fig. 9a) was consistently positive (and unre-
markable) from 2300:00 through the updraft. Upon ex-
iting the updraft (Fig. 9b), E, abruptly reversed polarity
in an area containing needles, aggregates of needles,
and irregular, sharp pointed crystals. These particleshad
clearly undergone depositional growth at or near water
saturation at —5°C, the flight-level temperature. At
2305:40, the aircraft entered a clear area and E decayed

rapidly. From 2300:00 through 2301:20 E, was weakly
positive, when the JW (Fig. 9¢) increased slightly above
background.

During this pass, E, was near zero in the presence of
cloud LWC, went slightly negative as the aircraft en-
tered the downdraft, returned to positive in the updraft,
and remained with that polarity until the aircraft entered
the clear area mentioned previously. A weak excursion
in E, occurred around 2308:00, when the aircraft pen-
etrated the remnant of the inner eyewall at the RMW.
The particles encountered there were <1 mm in di-
ameter and consisted of rounded particles, aggregates
of small needles, and columns. The lack of significant
E, indicates that the aircraft flew near the charge center.

We note that the apparent JW observed before about
2303:00 is not likely to be true cloud liquid water. Sim-
ilarly, the large excursion in temperature observed near
2304:00 is not real but is probably related to the impact
of supercooled raindrops on the sensor (Willis et al.
1991).

At the 5.7-km level in Claudette after sunset (Fig.
10), multiple lightning flashes were observed both prior
to entering the eyewall at about 22:32-22:33, and in
cloud at about 22:35; electric fields were encountered
almost immediately upon entering the eyewall. The
strongest E, fields (~24 kV m~1, Fig. 10a) during this
outbound pass occurred within the high-reflectivity zone
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Fic. 8. Asin Fig. 7 but for the 4.9-km (+2°C) inbound pass from 2208:00 to 2215:00. Sunset occurred at 22:10:00, and lightning flashes
were observed at ~2209 and ~2210. (a) Vertical and horizontal electric field (kV m~1); (b) vertical velocity (m s1); (c) two-dimensional
particle image number concentration (L) by particle phase. The 2D-P values are multiplied by 10 for clarity. (d) Vertical and horizontal
aircraft field (kV m=1); temperature (°C) and horizontal wind speed (m s*). (Radar) Single-sweep PPI reflectivity display from the WP-3D
lower fuselage radar. The start and end points of the pass are as shown by the long arrow. The aircraft position at the time of the radar

image is marked.

downstream from the reflectivity maximum (Fig. 10 ra-
dar) in areas with many large (3—6-mm diameter) grau-
pel particles and temperatures near ~—5°C. Note that
there are no electric fields observed until most of the
particles become ice at T < 0°C, and there are no neg-
ative E, values. All of the E, peaks occurred in relatively
weak vertical velocity extrema (Fig. 10b), the first two
in the eyewall coincident with updrafts of ~5 m s¢,
the other in a ~4 m s~* downdraft containing small ice
and large graupel. The negative E, values before 2235:00
peaked almost in phase with the positive excursions in
E,, and the polarity abruptly reversed within the updraft
starting at 2235:10. The 2D-P data are of poor quality,
resulting in a severe degradation of the sample volume,
but the occurrence of large graupel and rounded ice is
correlated with the positive E, excursions. These data
indicate that small particles are nearly absent and that
large particles carry more charge. After 2236:30, in a
zone without evidence for liquid water and containing
rounded particles, large aggregates, and columns, all
electric field components were weak and nearly con-
stant, except the minor E, peak at 2238:00. This peak
was correlated with a peak in the 2D-C concentration,
and the particles responsible for the concentration peak
were small (<0.5 mm long) needles.

b. Passes at altitudes higher than the —5°C isotherm

Thehigher and colder the aircraft flew in these storms,
the more uniform the charging situation became. An
outbound pass (in darkness; sunset occurred at 2220:00)
at 6.4 km in Claudette (Fig. 11) illustrates this point.
This pass penetrated the upwind edge of a ~45-dBZ
reflectivity core (Fig. 11 radar) in the eyewall. In the
strong updraft near 2319:40 (Fig. 11b), 2D-Pimage data
revealed copious large graupel and evidence of super-
cooled water where E, (Fig. 11a) had a substantial pos-
itive component. There was also a very strong temper-
ature gradient (Fig. 11€) within this draft; the entire pass
was colder than 0°C; the inner edge was at —6°C while
the outside was at —12°C. The 2D-P probe malfunc-
tioned at 2320:00; few images of the largest particles
exist after this time. Here, the extreme positive excur-
sions of E, were associated with copious (Fig. 11c) small
columns and needles mixed with larger (1-2-mm di-
ameter) rounded particles; When these particles were
present E, was strongest and positive, and nearly zero
(or negative) when the larger rounded particles were
absent and the small ones were relatively few. Usually
E, was negative, except near the center of the updraft,
when it was about zero. These data suggest that the
charge center was above and offset to the left of the
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Fic. 9. Asin Fig. 5 but for the 5.9 km (—4°C) inbound pass in Tina from 2300:00 to 2310:00. (a) Vertical (E,) and horizontal (E,) E
components (kV m~1); (b) vertical velocity (m s=1); (c) cloud liquid water content from the JW probe (g m=2); (d) particle number concentration
(L-*) deduced from 2D particle image data. The 2D-P particle image number concentrations are not scaled. (€) Vertical and horizontal aircraft
field (kV m~1) from both pairs of field mills; (f) temperature and horizontal wind speed. (Radar) Single-sweep PPl reflectivity display from
the WP-3D lower fuselage radar. The start and end points of the pass are as shown by the long arrow. The aircraft position at the time of

the radar image is marked.

track. Thispassillustratestheimportance of cloud liquid
water, since we expect that the cloud liquid water con-
tent is greatest in the updraft and least outside it in the
presence of so many ice crystals. The 2D-C probe num-
ber concentration (Fig. 11c) rose to several hundred per
liter, approximately in step with the occurrence of the
needles and the positive excursions of E,. Thefirst (and
strongest) of the strong positive E, values occurred at
—6°C in the updraft; the rest were observed at —12°C,
but no images of large graupel or evidence of cloud
LWC were recorded. Instead, the area contained a weak
downdraft that contained primarily very small particles
of irregular shape, needles, and columns in concentra-
tions of several hundred per liter (Fig. 11c). These ob-
servations indicate that the negative charge center was
above and slightly to the left (downwind) of the aircraft
within the eyewall updraft.

The highest altitude and coldest pass in Claudette
(Fig. 12) was at night at an altitude of 7 km. This pass
skirted just upstream from the most reflective cell in the
eyewall (Fig. 12 radar), passing this feature on the right
side of the aircraft. The strongest updraft in this storm

for which we have electric field data (Fig. 12b) was
encountered inward of the strong cell, and E, (Fig. 12a)
was always positive. Again, E, and E, showed that the
aircraft was below and upwind from the apparent charge
center located in the direction of the strongest reflec-
tivity. Little 2D-C and no 2D-P image data are available
for this pass; those data show only that large (2-8-mm
diameter) graupel occurred in the updraft at 2331:00—
233100, where E, was most strongly positive. This pass
exhibited more precipitation static than the others, as
indicated by the separation of the A, and A, plots (Fig.
12c). This divergence of the A, and A, plots reveals the
presence of unbalanced static charges on the aircraft,
which is probably the result of asymmetric airframe charg-
ing caused by ice particle impacts. Thus, E measure-
ments are most suspect between 2328:00 and 2332:00.
In spite of this, at 2331:35 the separation of A, and A,
was at a minimum and E, was near its maximum, 27
kV m~, which lends credence to the field measurements
in the updraft. Nevertheless, the E, values consistently
point at the nearby reflectivity maximum on the right
side of the aircraft as the charge center.
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FiG. 10. Asin Fig. 8 but for the outbound (night) pass in Claudette at 5.7 km (—5°C) from 2231:00 to 2239:00. Multiple lightning flashes
were observed from about 2233-2235. (a) Vertical and horizontal electric field (kV m=1); (b) vertical velocity (m s1); (c) two-dimensional
particle image number concentration (L) by particle phase. The 2D-P values are multiplied by 10 for clarity. (d) Vertical and horizontal
aircraft field (kV m-1); temperature (°C) and horizontal wind speed (m s*). (Radar) Single-sweep PPI reflectivity display from the WP-3D
lower fuselage radar. The start and end points of the pass are as shown by the long arrow. The aircraft position at the time of the radar

image is marked.

Tina passes 5 (Fig. 13) and 6 were the coldest passes
we made in that storm. On the outbound pass through
the outer convective rainband (Fig. 13 radar), the aircraft
encountered a narrow 10 m s-* updraft (Fig. 13b). This
updraft was the strongest we encountered in Tina and
was similar in peak magnitude to those in Claudette.
However, E values (Fig. 13a) were weak, the high-ve-
locity core was considerably narrower, and the 6-8-mm
diameter graupel particles were not present. The usual
1-3-mm diameter rounded graupel images were ob-
served in the updraft, which was flanked on both sides
by areas dominated by columns, needles, and combi-
nations of these. In thisinstance, the greatest cloud LWC
(in the strongest part of the updraft) coincided with the
weakest E,. The cloud LWC (Fig. 13c) is probably good
until 2322:40, when the aircraft left the updraft and the
sensor responded to ice particle impacts. Both passes
were also plagued by disparate A, and A, resulting from
irregular charges (Fig. 13e) on the aircraft. However,
since the changes in A, and A, remained in phase, we
believe that the relative changesin E, and E, are valid.
In thisinstance, in the updraft maximum, E, dipped just
when the difference between A, and A, was least and
JW LWC was greatest.

Tina pass 6 (Fig. 14) followed a reciprocal path from
pass 5 at nearly the same altitude (Fig. 14 radar). In the
few minutes that elapsed since the previous pass, the

area of the 32-35-dBZ echo decreased and advected
farther downwind. Unlike pass 5, a modest ~5 m s*
updraft (Fig. 14b) was encountered in the outer con-
vective band, and the remnant of the eyewall contained
mostly downdraft. Although no part of this pass con-
tained E > 15 kV m~1, the area with the strongest E
at this time was the eyewall edge near 2337:00, rather
than the major convective band that produced the sec-
ondary wind maximum shown earlier. The component
E, (Fig. 14a) was positive all the time, with the strongest
fields in areas containing small rounded ice, columns,
and needles. The particle type and apparent image den-
sity (the ratio of light to shadow within an image’s pe-
rimeter) increased from 2330:00 until the updraft at
about 2332:00. The particle typesincluded irregular par-
ticles plus plates with broad branches, columns, and
needles. As the aircraft approached the updraft (Fig.
14b), the E, component (Fig. 14a) gradually strength-
ened, and the particle mix changed to predominantly
rounded ice particles, small columns, and afew irregular
particles. In the outer band remnant, the strength of the
vertical electric field was related more to the mere pres-
ence (or absence) of cloud liquid water from the JW
and 2D-P number concentration than anything else. In
the eyewall remnant at 2335:00, the peak E, occurred
in aregion containing moderate quantities of millimeter
diameter rounded particlesand small columns. Through-
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s1). (Radar) Single-sweep PPI reflectivity display at 2325:00 from the WP-3D lower fuselage radar. The start and end points of the pass
are as shown by the long arrow. The aircraft position at the time of the radar image is marked.
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Fic. 12. Flight level data from the 7.0-km (—13°C) inbound (night) pass in Claudette from 2326:00 to 2334:00. Lightning flashes were
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image data are available for this pass. (Radar) Single-sweep PPl reflectivity display from the WP-3D lower fuselage radar. The start and
end points of the pass are as shown by the long arrow. The aircraft position at the time of the radar image is marked.
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Fic. 13. Asin Fig. 5 but for the 6.1-km (—12°C) pass in Tinafrom 2318:00 to 2325:00. (a) Vertical (E,) and horizontal (E,) E components
(kV m~1); (b) vertical velocity (m s *); (c) cloud liquid water content from the JW probe (g m~2); (d) particle number concentration (L)
deduced from 2D particle image data. The 2D-P particle image number concentrations are not scaled. (e) Vertical and horizontal aircraft
field (kV m-*) from both pairs of field mills; (f) temperature and horizontal wind speed. (Radar) Single-sweep PPl reflectivity display from
the WP-3D lower fuselage radar. The start and end points of the pass are as shown by the long arrow. The aircraft position at the time of

the radar image is marked.

out the pass E, was uniformly weakly positive, with
minor exceptions in the updraft at 2331:40 and 2333:00,
and in the eyewall remnant at 2237:20. The behavior
of E, in the eyewall remnant from 2336:40 to 2337:00
is consistent with the aircraft having penetrated a node
in this component of the field at this spot. The negative
excursion occurred just as the larger ice particles dis-
appeared from the image data and the aircraft exited the
weak downdraft.

6. Summary

Claudette was much more active electrically than
Tina. Claudette exhibited an elevated (50+ dBZ) re-
flectivity maximum at or slightly above the melting level
and ~40-dBZ reflectivity at the —10°C level charac-
teristic of the lightning-producing tropical continental
clouds near Darwin, Australia (Zipser and Lutz 1994),
plus vertical velocities near the threshold values pre-
sented in that paper. Tina was much less impressive in
all these respects. Several lightning strikes on the WP-
3D were noted by the flight crew before the times of

the penetrations given here. The strong convective cell
in the northwest eyewall of Claudette had substantial
electrical activity, with E, 25%-50% stronger than in
Tina. Further, after the damaging first few encounters
with the strong convection in Claudette’s eyewall, the
aircrew (wisely) refrained from penetrating the most
reflective area. Even so, the updrafts observed were usu-
aly stronger and wider than those from Tina. Most of
Claudette’'s updrafts contained very large 4—8-mm
graupel. No 2D particle image or cloud liquid water
data are available for those early passes. In the passes
presented here, we have shown that at the lower, warmer
temperatures from the melting level to the —5°C level,
it isthe graupel associated with relatively large positive
peaks in E,. Negative E, peaks only occurred near the
melting level and only when small ice particles were
encountered. Within E, maxima E, often changed po-
larity, suggesting that kilometer-sized charge regions ad-
vect tangentially about the eye. These observations
showed that in all passes, the aircraft passed either into
or very near the center of a negatively charged area. Of
course, when the updraft exceeds about 10 m s1, ev-
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Fic. 14. Asin Fig. 5 but for the 6.6-km (—13°C) pass in Tina from 2328:00 to 2340:00. (a) Vertical (E,) and horizontal (E,) E components
(kV m=1); (b) vertical velocity (m s1); (c) cloud liquid water content from the JW probe (g m=2); (d) particle number concentration (L)
deduced from 2D particle image data. The 2D-P particle image number concentrations are not scaled. (e) Vertical and horizontal aircraft
field (kV m~1) from both pairs of field mills; (f) temperature and horizontal wind speed. (Radar) Single-sweep PPl reflectivity display from
the WP-3D lower fuselage radar. The start and end points of the pass are as shown by the long arrow. The aircraft position at the time of

the radar image is marked.

erything, including any charge centers or dipoles, is
carried to higher altitudes.

In Tina, the updrafts were weak, except for one pass,
little or no 4—8-mm graupel was observed, the peak
radar reflectivities were near the surface, and the JW
showed evidence of erroneous saturation at ~0.8 g m=2
of liquid water. These data show that the strongest ver-
tical electric fields were correlated with the presence of
ice particles at low altitudes but were not correlated with
anything at high altitudes where most particleswereice.
The vertical field component sometimes reversed po-
larity, (suggesting positive over negative) when vapor-
grown crystals were numerous, no graupel particles
were present, and the temperature was warmer than
—5°C. At colder temperatures, E, was always positive
(negative over positive). In Claudette, the strongest
fields at low levels were most strongly associated with
the 2D-P number concentration, rather than vertical ve-
locity. Above the melting level, the E, excursions were
correlated more with the presence of large graupel and
vertical velocity >5 m s2.

At and above the —10°C level in both storms, both
graupel particles in the stronger updraft and all ice par-
ticles in the weaker updrafts exist in a positive field.
These data are consistent with the idea that both the
updrafts and downdrafts at temperatures >—10°C con-
tain an excess of negatively charged particles near the
aircraft. The few cases where negative fields predomi-
nated were all located in or near downdrafts. From all
passes, particularly thosein Claudette, E, was never zero
when E, was nonzero. This showed that the strongest
negative charges were offset slightly in the direction of
the strongest reflectivity core near the flight track, at or
above the —5°C (6.4 km) flight level.

7. Simple model of cloud electrification applied to
the hurricane

As we discussed in the introduction, it is necessary
to examine several criteriato apply ideas of charge gen-
eration and separation in different situations. We begin
with the basic assumption that charge separation occurs
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by iceinteraction processes, which arelisted in probable
order of importance:

 growing graupel-small ice particle bounce (Takahashi
1978; Saunders et a. 1991);

 particle breakup during melting (Dong et al. 1994);
and

 particle evaporation and breakup (Dong and Hallett
1992).

Associated with each process are questions of particle
sizes and the amount of charge transferred for each in-
teraction, which is dependent on temperature, LWC, im-
pact velocity, and possibly other parameters. We assume
that the separated charge resides on the cloud and pre-
cipitation particles and consider the following points:

» the segregation of the separated charge by polarity
following differential particle fall velocity;

« advection of charged ice from elsewhere and its in-
teractions with regions of supercooled liquid water;

« the local ice crystal economy—primary nucleation
and secondary ice production.

These processes raise fundamental questions in the re-
|ation between graupel, small ice, and supercool ed water
between regions consisting of all supercooled water in
the updraft region toward the eye, and completely gla-
ciated downdraft region away from the eyewall.

It is instructive at this point to compare what might
be expected in an isolated convective cloud such as
might occur in an airmass thunderstorm (or even on an
irregular sea-breeze front) and what might be expected
in a mature hurricane. The prime difference is the way
in which ice produced in prior convection is incorpo-
rated into new convection consisting solely of super-
cooled water. Depending on aerosol origins, primary ice
nucleation takes place from —10° to —20°C, whereas
secondary ice nucleation by rime splintering is active
at ambient temperatures from —4° to —8°C, or a few
degrees colder at high liquid water content (Foster and
Hallett 1982; Heymsfield and M ossop 1984). Production
of new ice particles by melting or evaporation also oc-
curs wherever the right conditions exist (Oraltay and
Hallet 1989). If the cloud reaches only just above the
melting level, ice and electrification are both rare (Dye
et al. 1986). Qualitatively, supercooled cloud and pre-
cipitation (>1-mm drops) can exist at low temperatures
(<—20°C) asin isolated overland Florida cumuli (Hal-
lett et al. 1978). In this case, the only source of ice is
primary nucleation followed by secondary ice produc-
tion. The case where new convection is seeded from an
overlying anvil is common in the hurricane (as in a
quasi-symmetrical eyewall or outside the eyewall under
the eyewall outflow). In this case, ice particles precip-
itating from the anvil or circulating in the eyewall ef-
fectively nucleate the incipient supercooled cloud before
it reaches the —5°C level. Hurricane Tina was an ex-
ample of a storm with a closed eyewall. It follows that
charge separation by the graupel—ice process, requiring
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a temperature from —5° to —20°C, will be most likely
in storms with strong vertical winds such as Hurricane
Emily (1987) and in hurricanes with an asymmetric eye
and a developing supercell such as Claudette.

The extensive initiation of ice at warmer temperatures
(>-5°C) by advection of ice from elsewhere in the
hurricane and/or secondary ice production inhibits grau-
pel formation, thereby excluding that process from sub-
sequent electrification. Further, the absence of rapid la-
tent heat release at temperatures between —5° and
—15°C (as in storms over Florida) may preclude the
development of strong vertical velocities (Sax et al.
1979) and further limit the available supercooled water
at these levels. Thus the separation of electric charge
depends critically on the relative mix of particleson an
interface between the updraft (all supercooled water)
and downdraft (all ice). Thismix variesin the horizontal
direction of the vertical shear, or the radial direction
from the eye for the hurricane. This horizontal vari-
ahility evidently varieswith temperature at different lev-
els. Charges reverse sign at a given level because of
both LWC and temperature changes and are depicted
schematically in Fig. 15, following Saunders et al.
(1991) and Willis et al. (1994). Observation of the de-
tails of the microphysical processesrequireshigh spatial
resolution measurements of ice and cloud water parti-
cles, necessitating the use of instruments such as the
FORMVAR replicator. We recognize that the presence
of graupel, cloud droplets, and small ice crystalsin the
same air parcel such that they can be inferred to be
interacting is difficult to measure. It is possible to draw
false conclusions when combining measurements from
two (necessarily) noncollocated probes, which do not
sample the same air parcel.

Interpretation of these data is complicated by the fact
that the eyewall updraft, and the area suitable for charge
separation, tilts radially outward on average about 45°—
50°. In addition, particles are rapidly advected tangen-
tially away from the updrafts. Under such circumstanc-
es, if, as we believe, larger ice particles acquire one
charge, and small ones the opposite, then the charge
center dominated by the larger particles cannot be di-
rectly below that dominated by the smaller ice particles,
and the dipole is tilted outward (see Fig. 16). Similarly,
the strong wind shear in the eyewall acts to spread the
charged particles over a large area, thereby weakening
both the horizontal and vertical gradientsof charge. This
effect alone would result in a smaller number of light-
ning strokes per coulomb of separated charge in a hur-
ricane and may explain the preponderance of positive
field in these measurements. Of course, the polarity of
the fields may also be simply a function of the flight
atitude.

The occurrence of an electrical discharge (lightning
flash) requires a separation of about 10 C of charge per
flash (atypical negative CG lightning discharge consists
of several strokes and lowers tens of coulombs to
ground; Uman 1987). Charge densities in a hurricane
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Fic. 15. Idealized cross section through the upshear side of an
updraft containing supercooled liquid water and a downshear ice-
containing downdraft as might occur in a hurricane eyewall (with
circular symmetry) or locally in a deep convective cloud. The charge
separation protocol was taken from Saunders et al. (1991; Fig. 7);
other scenarios are possible. Arrows indicate local vertical velocity,
and the expected location of graupel particles is shown. Separation
of chargeresulting from ice—graupel collisions depends on therelative
concentration of particles and the magnitude of the liquid water con-
tent; the sign and magnitude of the charge on the target (larger)
particle is indicated, as inferred from laboratory data. The sign and
magnitude of the separated charge varies with location both along
the horizontal (as measured by aircraft penetrations perpendicular to
the horizontal wind) and in the vertical (from aircraft penetrations at
different temperatures). The relative concentration of vapor-grown
ice results from splinter production by the Hallett—-Mossop process
under appropriate conditions. Subsequent vertical and downshear ad-
vection of the particles determines the LWC to ice transition. The
charging processes are controlled by the rate at which splinters are
captured by supercooled drops to form new rimers and produce yet
more splinters under appropriate conditions and the rate of bounce
of such particles from growing graupel.

are not known, and postulating the existence of asimple
spherical or flat layered charge structure is clearly in-
adequate. Assuming a charge density of ~5 C km—2
(Winn et al. 1981), this implies charged volumes of at
least 2-4 km? per flash, to be replenished by active
processes to maintain a given flash rate. The mere ex-
istence of measurable electric field does not necessarily
imply the occurrence of any lightning discharge, as is
clearly the case for the symmetrical eyewall.

To estimate the rate at which a hurricane eyewall can
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separate charge, wefirst recognize that active [the stron-
gest 10% of the draft cores, as defined by Jorgensen et
al. (1985)] convective updrafts occupy about half of the
convective area in the eyewall, as shown by numerous
aircraft penetrations (Black and Hallett 1986; Black et
al. 1994; and others). Note that we do not refer to the
areal extent of high radar reflectivity, since supercooled
cloud liquid water is not detectable by radar. (We note
that supercooled raindrops can be remotely detected by
polarization diversity radar, if available.) Further, these
updrafts are generally about 4 km in diameter (Jorgensen
et a. 1985) in the typical hurricane and up to 7 km in
the extreme case of Hurricane Emily (Black et al. 1994).
In Claudette above the melting level, the corresponding
figure is 6 km wide. We know from direct observation
in Claudette and Tina that the updrafts extend from 5.0-
to at least 7.0-km altitude, and there is less than 0.5 g
m-2 of cloud LWC (in Tina) at or above 7.0 km. If we
assume that the region of charge separation corresponds
to the updraft area and that the eye diameter is 40 km
(atypical valuefor an electrified hurricane such as Clau-
dette), we have about 800 km? in which we can separate
charge. This volume is reduced further to about 200
km? if we assume that only 25% of this volume contains
active updraft, asin an asymmetric storm like Claudette.

As shown in Fig. 15, the region of charge separation
is somewhat less than the updraft width and is more
likely to extend over a kilometer or less where the mix
of particles is optimum. The conceptual model is of an
upshear updraft containing supercooled water, evolving
(in a radial sense) on the eye side and being eroded
outward from the eye by lateral diffusion of ice from
the downdraft. Thus the region of optimum mix isin a
quasi-steady state and resultsin anet charge distribution
following gravitational separation and the geometry of
the spatial redistribution in the vertical and horizontal
motion. The greatest radar signal, dominated by the
maximum of ND¢® (N, concentration; D, diameter), will
signal where the graupel particles are large and nu-
merous, a few kilometers downshear of these regions,
not necessarily where supercool ed water is present. Thus
charge separation regions will compose a highly con-
voluted three-dimensional surface, almost continuousin
alinear system (as in a sea-breeze front or symmetrical
eyewall), but discontinuous and wrapped around in the
direction of the shear in an individual convective cell.

Our working hypothesis is that ice particle collisions
in the presence of cloud liquid water are necessary to
separate charge. If we assume that each collision of a
graupel particle with asmaller ice particlein ahurricane
separates an average of 10 X 10-*> C (on the low side
of the experimental results of Saunders et a. 1991), we
can estimate the number of collisions (1 X 10%) nec-
essary to separate the required 10 C of charge. If the
actual average charge separated per collision is larger,
the number of collisions required is reduced propor-
tionally. The fall speed of a 4-mm graupel particle at
the 500-mb level is about 2 m s*. Assume that the
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Fic. 16. Schematic depicting hurricane precipitation processes, cloud distribution, and preferred
regions for charge separation. Ocean surface temperatures are near 28°C giving cloud-base tem-
peratures near 22°C. In mature hurricanes, typical vertical velocities near 0°C level are 5-8 m s,
with convection extending to well beyond the —40°C isotherm, the temperature for homogeneous
ice nucleation. The inset shows the region where charge separation occurs in the horizontal gradient
of vertical shear, limited in altitude by the lack of supercooled water above —5°C. White dots
indicate where small ice particles, frozen drops, and graupel exist, and black drops indicate rain.
Air motion arrows show axial and radial flow leading to redistribution of hydrometeors. Tangential
(primary) circulations are represented by fat arrows with elliptical tails; note the change from
cyclonically curved flow to anticyclonic outflow near the top of the storm and ice redistribution
at midlevels. Thinner, straight arrows show approximate radial and vertical air motions; lengths
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are not to scale. The observed distribution of electric field polarity is shown.

average updraft is 6 m s %, so that the 4-mm graupel
requires about 500 s to traverse the mixed-phase area.
A hurricane updraft in the ice region (e.g., Figs. 9, 11,
13) typically contains about 8050 ice particles per liter,
of which about 4-10 are millimeter (and larger) graupel.
At arelative speed of about 1 m s, one such graupel
particle would make about 5000 collisions (10 s7%) in
the mixed-phase region, thus 2 X 10 large graupel
particles are needed to produce one lightning flash every
500 s, and at four large graupel particles per liter (L),
5 X 10 L (50 km~3) of mixed-phase region are needed.
With only about 217 km~2 available, this hypothetical
hurricane could produce about four lightning flashes
every 500 s, or 750 flashes per day. Compare this to
the ~10 h—1 (240 per day) flash ratein Andrew’seyewall
prior to its landfall in southern Florida (Molinari et al.
1994, plate 2B), a time that included a rapid deepening
event (Holliday and Thompson 1979). Merely halving
one of the three mgjor variables (average charge sep-
arated per collision, the concentration of graupel, or the
volume of the mixed-phase region) equals the Andrew
flash rate. Claudette (during the flight considered here)
was probably producing at least as much CG lightning

as Andrew, and it certainly had morethan 4 L~* of large
graupel in its eyewall updrafts. Hurricanes undergoing
rapid deepening are known to have stronger vertical
motions than usual (Black et al. 1994), with the ability
to change the microphysics and produce lightning. Nu-
merical modeling of such a system clearly presents a
major challenge and depends critically on the assump-
tions made of the structure of the ice—supercooled cloud
interface and the details of the charge separation pro-
cesses indicated in Fig. 15. Clearly, additional mea-
surements of the microphysical properties of such re-
gions are needed, to be related to the overall hurricane
structure as shown in Fig. 16. We need to make micro-
physical and electrical measurements at higher, colder
levels than can be reached with the WP-3D.

8. Conclusions

Our studies suggest that distinct microphysical con-
ditions govern the magnitude and sign of the charge
separation process. We interpret the prevalence of net
negative charge at temperatures above —13°C with the
aid of Fig. 15 (derived from laboratory results discussed
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in section 2) asavariation of the charge separation along
the shear. In a deep cloud with supercooled water ex-
tending to temperatures as low as —20°C, a positive
polarity dipole (positive above negative) results, to-
gether with a dipole of opposite polarity lower down.
In our case, a negative polarity dipole (negative above
positive) at temperatures above —13°C is all we see.
The polarity of E depends on the relative concentrations
of particles in the cloud and which dipole dominates.
Thus the macroscopic mixing process and the cloud
droplet size distribution at the up/down vertical velocity
interfaceis controlling the charge separation. Our results
in the hurricane eyewall suggest that the negative above
positive dipole dominates. This suggestsin turn that the
secondary ice crystal production rate is critical, as it
dominates the reduction in LWC in these regions.
Little evidence for net negative E, was observed at
any location at any level in any hurricane, except in
weak downdrafts near the melting level. Net positive
vertical electric fields everywhere argue against the ac-
cumulation of large quantities of positively charged par-
ticles at temperatures warmer than —13°C in the hur-
ricane. Further, if many positively charged particles ex-
isted at higher altitudes, few of them are advected to
the flight-level altitudes. Only at temperatures warmer
than —5°C were predominantly positive polarity (pos-
itive over negative) fields encountered in a few loca-
tions, and these were exclusively where very small (ap-
parently vapor grown) columns and needles were the
only ice particles present. This lends credence to the
idea that the majority of the larger particles acquire
negative charge, leading to the observed negative po-
larity (negative over positive dipole) and the submilli-
meter-sized vapor-grown crystals, positive at all loca-
tions up to 7-km altitude. Our (limited) LWC data in-
dicates that in the hurricane updraft at temperatures
<—5°C, peak LWC is =~1gm=3, and LWC is <0.2
g m~2 elsewhere. These observations of predominantly
net negative E in areas containing particles >~1 mm
in diameter are consistent with the laboratory experi-
ments of Takahashi (1978) for cloud LWC >1 g m—3
and temperature <—10°C, and those of Saunders et al.
(1991) for LWC >0.2 g m~2 and temperatures > —15°C.
As peak LWC is amost aways lessthan 1 g m=2in the
—10° to —15°C range, this suggests that neither the
Takahashi (1978) nor the Saunders et al. (1991) results
fully explain these observations. The solution to this
problem may lie with the cloud droplet size distribu-
tions, which Saunders and Peck (1998) pointed out have
a substantial impact upon the particle charging. We ac-
knowledge that high local ice supersaturation may be
produced in regions just above the melting level should
partly melted ice particles become incorporated into an
updraft and advect into regions below 0°C. Under such
circumstances, elastic collisions could occur among rap-
idly growing ice particles|eading to considerable charge
separation. This effect needs further study, as there is
conventional wisdom that more aircraft lightning strikes
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occur near the melting level than elsewhere (Fisher and
Plummer 1977).

Itislikely that, in the updraft in regionswith moderate
ice content near the interface with the downdraft, low
LWC (~0.2 g m—3) still occurs, which (according to
Saunders et al. 1991) can lead to positive rimer charge
and an inverted dipole. It is unlikely that LWC is low
everywhere, especially in the upshear edge of the eye-
wall in the strong updrafts of Claudette (although this
is possible in parts of Tina). Thus, we seek an expla-
nation in terms of the idea that most of the charge sep-
aration in the eyewall occurs in modest LWC regions.
This implies that a sharp transition occurs from areas
with some graupel, little small ice, and much water to
areas with some graupel, lots of small ice, and little
cloud water. These observations also fail to support the
hypothesis of Williams et a. (1994) for positive charg-
ing during deposition growth in stratiform clouds, in
that the hurricane stratiform areas are either weakly
charged or uncharged. This is shown by both direct
electric field measurements (e.g., Figs. 13 and 14) and
by remote lightning detection, which shows that the vast
majority of detected CG lightning in the hurricane oc-
curs in or near convective areas (Molinari et al. 1994;
Samsury and Orville 1994). In comparison with our
data, balloon-borne el ectric field measurementsobtai ned
in MCS systems and convection over the Great Plains
(Marshall et al. 1995) show E that is up to five times
stronger than in the hurricane and has two or more po-
larity changesin the zone from the melting level to about
—10°C. Of course, storms like those sampled by Mar-
shall et al. (1995) also typically produce much more
CG lightning per unit time than hurricanes do. The
strong horizontal and vertical advection of particlesin
a hurricane could easily disrupt any multiple-layered
charge structures.

Simultaneous cloud water content and particle charge
measurements are an important omission in these data.
Earlier hurricane studies (e.g., Black and Hallett 1986)
have shown that 6-10-m s~* updrafts such as were ob-
served here typically contain 0.25 < LWC < 2gm=3
of cloud liquid water at the —5°C level. Such updrafts
can lift 5-6-mm diameter raindrops. Claudette’seyewall
updrafts often contained several grams per cubic meter
of supercooled rain at T > —5°C, so it is reasonable to
assume that cloud water contents were also substantial.
Clearly, better cloud LWC data in cold conditions are
needed to resolve this problem. The question initially
posed still remains: how much initial precipitation
formed by coalescence falls out and how much is lofted
to lower temperatures and passes through the ice phase
prior to falling out?

Nevertheless, the existence of substantial electric
fieldsin Claudette and Tina showsthat charge separation
was occurring in those storms. Further, the numerous
lightning flashes observed from the aircraft in Claudette
show that the charge separation was occurring swiftly
enough to produce lightning. Crude calculations of the
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expected flash rate in Claudette yielded a flash rate of
about 30 h—*, compared to the 10 h-* CG flash rate
observed in Hurricane Andrew, a rate that is known to
underestimate the total flash rate (including intracloud
flashes). The most significant difference between these
storms was the existence of copious large graupel in the
Claudette updrafts, similar to that observed in Hurricane
Emily.

The measurement of electric field in precipitating
clouds is one of the more challenging observations in
atmospheric science. In the hurricane, charge separation
can occur in multiplelocations simultaneously in acom-
plex particle mix, and the strong horizontal windsensure
that charged particles become widely dispersed in arel-
atively short time. As coincident satellite-based obser-
vations of lightning and airborne ice particle (mor-
phology and charge) measurements in hurricanes at
higher altitudes become available, the relationships be-
tween the microphysics—the amount of precipitation
originating as ice and water, the electrification in theice
containing regions, and the storm dynamics—will be-
come clearer.
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APPENDIX
Calibration of the Airborne Field Mill System

Calibration of an airborne field mill system is diffi-
cult. Unlike some aircraft used for meteorological re-
search, the WP-3D exhibits a self-charge in clear-air
flight that precludes measurement fields smaller than
~1.5kV m~* (i.e, some 15 times fair weather values).
The magnitude of the self-charge varied slightly with a
number of variables including altitude, air speed, and
engine setting characteristics. The reason for this self-
charge is not clear; WP-3D engines exhaust over the
wing, passing over ~0.7 m of soot covered aluminum
sheet metal. We conjecture that soot particles/ions are
collected during this passage to give the aircraft a net
charge. Soot particlestypically carry net negative charge
(afew electrons per particle; Mayo and Weinberg 1970),
so if particles are collected, the aircraft becomes neg-
atively charged. During flights through rain in Hawaii
at cloud temperatures entirely above 0°C (so-called
warm rain) the National Center for Atmospheric Re-
search Electraaircraft (acivilian version of the WP-3D)
becomes charged equivalent to ~15 fine weather fields
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(1.5 kV m~1), which gives a measure of the lower limit
of detection of ambient field. Thunderstorm fields are
~50 times this value (some 10 times less than break-
down voltage at 1000 hPa, about 1000 kV m~1).

Other complicating factors arise because the alumi-
num aircraft skin is painted with nonconducting paint,
thereby allowing unbalanced local charges to accumu-
late. Further, the lower fuselage radome can also acquire
static charge. Asymmetric static charges on the aircraft
skin produced by ice particle impacts can render electric
field measurements in clouds unreliable (Harris-Hobbs
et al. 1994). We gauge the effects of charge on the
aircraft by monitoring E components produced by such
charge. The electric field caused by aircraft charge is
computed as the sum of the output from each pair of
mills divided by two. These quantities (A, and A,) com-
pose independent estimates of the effects of charge on
the aircraft. In this work, we argue that the estimate of
E isgood if the A, and A, estimates vary in phase with
each other, because unbalanced static charges on the
aircraft skin would cause these two independent mea-
surements to diverge.

Each mill is given an absolute calibration in the lab-
oratory using horizontal plates charged at +1.0, +5.0,
and +25.0 kV m=*. Mills mounted on the aircraft are
calibrated as required with a portable plate charged to
+2.3kV and placed at a fixed distance from each mill.
While none of this is sufficient to provide the ambient
electric field in flight, this procedure does ensure that
the mills measure the local electric field and give the
correct polarity. The vertical upward mill is mounted
on a pylon extending approximately 30 cm above the
aircraft skin. The vertical down mill is mounted on a
flat plate 60 cm in diameter, and the side mills are
mounted looking horizontally. For structural reasons,
these mills are offset slightly from their nominal ori-
entation and location (Fig. 1). The field mills are not
flush with the aircraft skin; each mill projects 1.5 cm
from the skin to prevent water flowing along the skin
from flooding the mills. Some data from the upper mill
were lost because of rainwater leakage that occurred
during heavy precipitation while the aircraft was parked.
Also, some data from the upper mill are suspect because
the support pylon was painted and thus subject to local
accumulation of static charge from ice particle impacts.

In order to measure ambient electric fields from an
aircraft, field mill outputs must also be reduced by a
factor to account for the enhancement of the local fields
caused by the convergence of electric field lines onto
the curved metal aircraft skin. Determining the absolute
enhancement coefficientsis not atrivial task for alarge
aircraft like the WP-3D. Direct methods, such aslifting
the (charged) aircraft with an insulated crane high
enough to avoid producing induced “‘image’ charges
on the ground, are impractical. The WP-3D is also too
large to make turns at >~30° of roll, and finding amore
or lessuniformly charged anvil big enough to make such
wide turns is extremely difficult. Charge-transfer meth-
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TABLE Al. Field mill enhancement coefficients used on these data.

Upper Right Left
6.1 3.2 2.6 2.0

Lower

ods (such as that used by Harris-Hobbs et al. 1994) that
make use of a conducting scale model of the aircraft
could be carried out with considerable effort.

The relative enhancement coefficients were deter-
mined during flights in electrically undisturbed clear
air from the response of the mills to the aircraft self-
charge in combination with a high-voltage supply (18
kV). The aircraft was subjected to a controlled self-
charge in a sense opposite to the engine effect by dis-
charge through a series of insulated needle points
mounted below the aircraft. The voltage and current
(+1 ma) were measured during flight. Since the re-
sponse of the mills to the power supply mimicked the
responses from the aircraft self-charge, we used the
self-charge to determine the relative enhancement fac-
tors. With the aircraft fully self-charged, the mill that
responded least was assigned the basic enhancement
value of 2.0 (appropriate for mills mounted on an in-
finite conducting cylinder), and the others were in-
creased in proportion to their response (Table A1). Dif-
ferencesin the mill enhancement factors occur because
the aircraft is not an infinite cylinder; hence, these
factors change with mounting location. Similar vari-
ations in the enhancement factors were present in the
matrix analysis of Kositsky et al. (1991) using en-
hancement factors derived from a conducting model.
Other researchers (e.g., Mazur et al. 1987; Harris-
Hobbs et al. 1994), using flush-mounted millson small-
er aircraft, have reported enhancement values in the
range of 1.2-2.2 for the field component normal to the
mill for mills located in similar places near the mid-
point of the fuselage. We have ignored cross-terms in
the transformation, which we assess limits our uncer-
tainty to some *=10% under adverse circumstances.
Based upon the results of Harris-Hobbs et al. (1994),
we expect that the enhancement coefficients that we
determined for these fuselage-mounted millsarewithin
a 20% uncertainty. The mill responses were plotted for
clear weather conditions at atitudes from 0.5 to 6.0
km, and the average response over these altitudes was
used. No mill output varied by more than 5% over the
entire range of altitudes in these conditions.

After application of these corrections to the raw mill
output values, the calibrated electric field components
are derived in the following way. E, = (Egown — E,p)/
2.0, such that positive E, occurs when any of the fol-
lowing conditions exists: E,,,, and E,, are both larger
than zero, with E,,,, > E,,; Eqw, and E,, are both less
than zero, with [E, | > |Esunls O Egown > 0, E,, < 0,
and |Egounl > |E,|- Therefore, a negative charge center
located above the aircraft is indistinguishable from a
positive charge center below the aircraft, and vice versa.
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The E, component is computed in asimilar manner, with
E, = (Eigx — Ee)/2.0, and ambiguities similar to those
for E, apply to E,. In the data from this study, however,
since precipitation static caused a buildup of negative
charge on the aircraft, al mills generally recorded pos-
itive values.
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