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Summary

Cloud-to-ground (CG) lightning bursts in the eyewall of ma-
ture tropical cyclones (TCs) are believed to be good indi-
cators of imminent intensification of these systems. While
numerous well-documented observational cases exist in the
literature, no modeling studies of the electrification pro-
cesses within TCs have previously been conducted. At pres-
ent, little is known about the evolution of charge regions
and lightning activity in mature TCs. Towards this goal, a
numerical cloud model featuring a 12-class bulk micro-
physics scheme and electrification and lightning processes
is utilized to investigate the evolution of the microphysics
fields and subsequent electrical activity in an idealized hur-
ricane-like vortex.

Preliminary results show that the highest total lightning
flash rates (CG plus intracloud) are primarily found within
the eyewall where updraft speeds tend to be larger than else-
where in the TC, though rarely exceeding 10 m s�1. Smaller
total flash rates are also found within the strongest cells
forming the outer bands, where updrafts speeds sometimes
reach 15 m s�1. As expected, these two regions of the storm
are generally characterized by moderate total graupel mix-
ing ratio (� 0.5 g kg�1) and moderate cloud water content
(� 0.2 g kg�1). When the model uses the Saunders and Peck
non-inductive (NI) charging scheme and moderate inductive
charging settings, the inner eyewall region exhibits a com-
plex charge structure. However, the charge regions involved
in lightning can be described as a normal tripole charge
structure while a normal dipole is observed in the outer eye-
wall stratiform region and in the strongest cells forming the
outer rainbands. The charges forming the normal dipole in

the outer eyewall are generated within the eyewall via NI

charging in the mixed-phase region at mid-levels (near the
�10 �C isotherm) and later are ejected radially outward by
the storm’s intense circulation.

1. Introduction

Tropical cyclones (TCs) are known for their de-
structive power, particularly as they make landfall.
TCs often are accompanied by extreme winds,
storm surges and torrential rainfall. Many pop-
ulated coastal regions are threatened yearly by
TCs and the 2004 and 2005 seasons were parti-
cularly active in the Atlantic basin. To improve
forecasts of these storm systems it is important to
acquire a better understanding of the internal dy-
namics of TCs.

With the advent of increasingly powerful com-
puting resources, idealized numerical studies have
successfully reproduced many of the main fea-
tures of TCs that are observed in nature (e.g.,
Braun, 2002; Zhu, 2004). The availability of in-
creasingly detailed observational datasets, many
of which are derived from satellites, is crucial in
initializing and verifying these numerical experi-
ments (e.g., Velden et al, 1992). Previous mod-
eling work has focused mostly on the large-scale



processes that control TC dynamics, and have
led to significant progress in these areas (e.g.,
Emanuel, 1986, 1987; Zehnder and Reeder, 1997;
Blackwell, 2000; Braun, 2002; Wang, 2002;
Zhu, 2004).

In comparison, there have been relatively few
modeling or model-related studies that have ex-
plored the microphysical processes in TCs (e.g.,
McFarquhar and Black, 2004; Rogers et al, 2006)
and none of their electrification. Thus, little is
known about these two physical aspects of the
TCs, although better understanding of them may
help improve short-term forecasts of their poten-
tial for severe weather, both at sea and at landfall.
For instance, increasing total lightning flash rates
(i.e., rates of intracloud plus cloud-to-ground
lightning) indicates an increasingly large vol-
ume of graupel or small hail aloft, indicative of
strengthening updrafts and an increased proba-
bility of heavier rainfall (e.g., Lhermitte and
Krehbiel, 1979; MacGorman and Rust, 1989;
Wiens et al, 2005). As a consequence, several ob-
servational studies have stressed the importance
of a more systematic monitoring of any change in
TC lightning flash rate particularly in the eyewall
as an increase of the latter is often accompanied
with an intensification of the storm (e.g., Lyons
et al, 1989; Molinari et al, 1994).

The present study emphasizes increased knowl-
edge of the microphysical and electrical structure
of TCs as a significant, new step toward the de-
velopment of the next generation of TC models.
These kinds of models are a necessary part of a
research effort aimed at improving model fore-
casts of hurricane intensity before and during
landfall.

2. Current state of knowledge of electrification
and microphysical processes in TCs

By using the cloud-to-ground (CG) lightning data
from the National Lightning Detection Network
(NLDN) for nine Atlantic hurricanes, Molinari
et al (1999) delineated three distinct convective
regimes in mature hurricanes: (1) the eyewall,
which has attributes similar to those of deep,
weakly electrified, monsoonal convection; (2) the
region outside the eyewall (at about 90 km radius)
that resembles the trailing stratiform region of
mesoscale convective systems (MCS) (where
MCSs tend to produce sparse, infrequent þCG

strikes), and (3) the outer rainbands (at about
250 km radius), which contains the vast majority
of the total number of ground flashes. Cecil et al
(2002a, b) used the same convective regimes in
a study of total lightning activity (intracloud plus
cloud-to-ground flashes) in TCs.

For a TC to produce electrification strong
enough to cause lightning, Black and Hallett
(1999) showed that it must have an updraft mag-
nitude large enough to produce both graupel and
cloud liquid water in the mixed phase region (near
the �10 �C isoform). This is true because the pri-
mary initial electrification mechanism in storms is
a non-inductive (NI) exchange of charge between
actively riming graupel and rebounding cloud ice
particles, as found in laboratory studies by many
investigators, including Takahashi (1978) and
Saunders and Peck (1998). Black and Hallett
(1999) observed that convective elements of hur-
ricanes that produced riming graupel in the mixed
phase region had significant electric field magni-
tudes, while elements that did not have graupel
had no more than weak electric fields. The asso-
ciation of lightning with updrafts strong enough
to produce riming graupel is consistent with ob-
servational (e.g., Lhermitte and Krehbiel, 1979;
Wiens et al, 2005) and modeling (e.g., Mansell
et al, 2005; Kuhlman et al, 2006; Fierro et al,
2006) studies of continental storms. In fact, these
studies have shown that total lightning flash rates
are correlated with updraft mass flux through the
mixed phase region, with the volume of updraft
>10 m s�1, and with graupel volume and mass.

Thus, one would expect electrification and
lightning to be most likely in those parts of
hurricanes that have the strongest updrafts. Black
et al (1995) showed that graupel particles in
deep, isolated eyewall convective cells of hur-
ricane Claudette (1991) carried most of the neg-
ative charge at middle levels (near the �5 �C
isotherm). In many TCs, however, charge gen-
eration in eyewall convection is limited by the
liquid water content, as hurricane eyewalls con-
tained relatively little supercooled water in much
of the mixed phase region. For example, Black
(1984) showed that little liquid water was found
within the updrafts significantly above the freez-
ing level in hurricanes Allen (1980) and Irene
(1981). Furthermore, Black and Hallett (1986)
showed that hurricane convection is often largely
glaciated at temperatures as warm as �5 �C.
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The sharp decrease in reflectivity with height
within the eyewall and the inner rainbands fur-
ther supports the notion that most of the liquid
water carried above the freezing level by updrafts
becomes frozen at altitudes below the �10 �C
level. Jorgensen et al (1985) hypothesized that
the rapid decrease of radar reflectivity and cloud
water content above the freezing level could be
attributed to an active warm-cloud coalescence
process that would develop a full precipitating
drop size spectrum before drops are lifted above
the freezing level. As previously discussed by
Kessler (1969, pp 4–6) for the case where fall-
speed exceeds updraft speed, the larger drops
would then fall out of weak updrafts and would
leave many fewer drops to be carried into the
higher level mixed phase regions. Jorgensen et al
(1985) argued that this early fallout of the major-
ity of the liquid water from the updraft before
the particles freeze is consistent with a generally
weak updraft (<5 m s�1) near the melting level.
Moreover, they argued that the large graupel
often observed within the larger updrafts will ac-
crete cloud water quickly leading progressively
to complete glaciation of the cloud in the mixed-
phase region (near �10 �C).

Using trajectory analysis for the case of
hurricane Emily (1987), Willis and Heymsfield
(1989) argued that the ice particles growing and
descending through the TC stratiform region are
recycled from large reflectivity cores back into
the lower levels of the eyewall. The high reflec-
tivity values in the eyewall result from the fallout
of graupel, raindrops and frozen drops close to
their source. Willis and Heymsfield (1989) also
hypothesized that the graupel is confined mainly
to convective regions, but is active in secondary
nucleation (i.e., via the Hallett-Mossop mecha-
nism) to provide an abundant supply of ice crys-
tals that become involved in aggregation outside
the convective region. Furthermore, Black and
Hallet (1986) argued that most of the ice content
present in eyewall updrafts originates from the
‘‘ice multiplication’’ mechanism and is then re-
distributed throughout the storm by the upper-
and mid-level anticyclonic circulations.

One other process that may limit the magni-
tude of electrical forces within some parts of TCs
is the strong horizontal winds in those regions.
Strong horizontal winds in the eyewall will tend
to spread the charged particles horizontally over

a broader area as differential sedimentation moves
the microphysically-separated charges apart verti-
cally to form macroscopic regions having signifi-
cant net charge. The strong horizontal advection
may limit the concentration of charge in the neg-
ative vertical wind gradient with height near the
top of an updraft (e.g., as described by Ziegler
et al, 1991) and, in any case, will separate the
positive and negative charge regions farther from
each other and thereby reduce the electric field
magnitude.

Observations of lightning flashes that do not
strike the surface in TCs are scarce, because
there have been few ground-based systems cap-
able of detecting a large fraction of cloud flashes
and the range of such systems is typically only
100–200 km. Most such observations have been
obtained from the lightning mapper on the
Tropical Rainfall Measuring Mission (TRMM)
satellite. Cecil et al (2002a, b) used aircraft ob-
servations during the TRMM field experiment to
investigate intracloud (IC) and CG lightning ac-
tivity and radar reflectivity patterns within the
eyewall and the inner and outer rainbands of
45 hurricanes. They found that lightning flash
rates in the eyewall and particularly within the
outer rainbands were much greater than those
within the inner rainband region. The inner rain-
band contains mainly stratiform precipitation and
weak updrafts. This is consistent with the much
weaker radar reflectivity observed above the freez-
ing level within the inner bands. In contrast, the
eyewall exhibits the greatest reflectivity values
due to warmer temperature anomalies at mid-
levels and the fallout of larger drops at low levels.
Nevertheless, the reflectivity values and lightning
activity still were much smaller than for con-
tinental storms. From these results, Cecil et al
(2002b) inferred that supercooled water droplets
are most plentiful within the outer rainbands.

Kelley et al (2004) suggested that having very
deep clouds in the eyewall of TCs observed by the
TRMM satellite was associated with a 70% like-
lihood of hurricane intensification. Such clouds
would be more likely to produce lightning, so one
might expect a relationship between increasing
lightning flash rates and hurricane intensification.
Unfortunately, most time-series observations of
lightning in hurricanes during intensification
have included only CG flashes that are essential-
ly uncorrelated with updraft intensity and storm
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severity, at least in continental storms (Reap and
MacGorman, 1989). Though moderate to strong
updraft speed through the mixed phase region is a
necessary condition to produce the electrification
needed by lightning, CG lightning also requires a
charge configuration that will cause some light-
ning flashes to propagate downward to the ground.
Several studies of continental storms (e.g.,
MacGorman et al, 1989, Carey and Rutledge,
1998) have shown that the probability of CG

lightning increases with the formation and de-
scent of precipitation to levels near or below the
0 �C isotherm and have suggested that precipita-
tion is needed at lower levels to produce a small

region of charge sufficient to initiate lightning
downward in the middle to lower regions of the
storm. Modeling studies demonstrate that a lower
charge region opposite in sign to the main charge
region is necessary for simulated CG flashes (e.g.,
Mansell et al, 2005; Kuhlman et al, 2006; Fierro
et al, 2006).

However, several studies have found that CG

flash rates increase during TC intensification,
a useful correlation for forecasters particular-
ly when monitoring a TC approaching landfall.
Samsury and Orville (1994) analyzed lightning
evolution for a weak TC (Jerry in 1989) and an
intense TC (Hugo in 1989) within an 18 hour

Fig. 1. Panels (a) and (c) show maps of CG lightning flash detected by the National Lightning Detection Network (NLDN)
for an hour time period on the 28th of August for hurricane Katrina (2005) and on the 21st of September for hurricane Rita
(2005), respectively. For both Rita and Katrina, a thick black circle depicts the approximate location of the storm’s eye within
that time frame. Panels (b) and (d) show time series of hourly eyewall total lightning flash rate detected by LASA (Los
Alamos National Laboratory’s Sferic Array) overlaid by NOAA central pressure for Katrina and Rita, respectively. The plots
in panels (b) and (d) were provided by Dr. Xuan Min Shao from the Los Alamos National Laboratory in New Mexico. The
results were presented by Shao et al, in the 2006 AMS meeting in Atlanta during a poster session
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window that included the periods before and
after the storm made landfall. They found that
regardless of CG flash polarity, lightning occurs
primarily within convective regions and is often
associated with the largest radar reflectivity
values. The correlation between the intensity of
convection and reflectivity is consistent with the
greater condensation rate of supercooled water in
strong updrafts, as noted by Black and Hallett
(1986). Orville and Coyne (1999) investigated
the CG lightning flash characteristics in 34 TCs
between 1986 and 1996. They found that as the
TC became more organized, weak CG lightning
activity occurred in the eyewall, while the mini-
mum flash rates were observed in the inner strati-
form rainband and the maximum flash rates were
observed in the outer rainband. Rodgers et al
(2000) found that the closer the lightning is to
the storm’s center, the more likely the TC is to
intensify.

Demetriades and Holle (2005) used data from
an experimental long-range CG lightning detec-
tion network to show that nine recent Atlantic
hurricanes (such as Lili and Isidore in 2002,
Isabel and Fabian in 2003, and Charley in 2004)
experienced an outbreak of eyewall lightning in
11 of the 12 eyewall cycles present in those
cases. Consistent with the observations of Black
et al (1993) and Molinari et al (1999), these CG

flash outbreaks tended to occur during the early
intensification stage of the TC. Demetriades
and Holle (2005) also supported the findings of
Molinari et al (1999) that strong, mature, hurri-
canes remaining in a quasi-steady state showed
weak or almost no lightning activity (e.g., hurri-
cane Isabel in 2003).

Examples of lightning outbreaks, particularly
within the eyewall, in recent hurricanes that in-
tensified prior to making landfall in the US are
shown in Fig. 1. (Most of the lightning flashes in
the left panels of Fig. 1 were CG flashes, though
the þCG flashes with peak currents less than
10 kA were probably cloud flashes (Cummins
et al, 1998). Because cloud flashes tend to radiate
weaker signals than CG flashes in the operating
frequency band of LASA, the majority of flashes
in the right panels also were CG flashes, though a
substantial fraction may have been cloud flashes.)
hurricane Katrina (2005, Fig. 1a, b) and Rita
(2005, Fig. 1c, d) all exhibited similar trends,
with flash rates increasing during TC intensifica-

tion (Shao et al, 2005). These cases further sug-
gest that eyewall lightning outbreaks might be a
useful forecast tool to predict imminent changes
in hurricane intensity and therefore to diagnose
storm intensification.

As for continental storms (e.g., MacGorman
et al, 1989), increasing CG flash rates can also
accompany or precede a temporal weakening of
weak TCs and=or an imminent change in its track
(Willoughby, 1990). Furthermore, the strong re-
lationship of cloud flash rates and total lightning
flash rates (in contrast with the lack of relation-
ship of CG flash rates) with updraft intensifica-
tion means that systems that map all lightning
would be preferable for monitoring the potential
for intensification of TCs. Adding to the desirabil-
ity of using such systems is the fact that cloud
flashes typically outnumber CG flashes by a ratio
of at least 2:1 (pp 190–192 of MacGorman and
Rust, 1998; Boccippio et al, 2001), so lightning
rate trends also will be sampled much better.

3. The numerical model and initialization
procedures

The numerical model used in this study was de-
veloped by Straka and Mansell (2005) and solves
the three-dimensional, non-hydrostatic, quasi-
anelastic equations of motion (Anderson et al,
1985). Dimensional pressure and potential
temperature are the prognostic thermodynamic
variables, while temperature and density are
diagnosed. The model uses a 1.5 order turbulence
closure scheme where diffusion of scalars is based
on the prognostic equation for the square root
of turbulent kinetic energy (TKE) following
Deardorff (1980). In total, 42 scalars are advect-
ed using a 6th order flux conservative Crowley
scheme (Tremback et al, 1987) with a monotonic
limiter (Leonard, 1991) on a forward time step.
For velocity, an Asselin 1st-order leapfrog time
scheme is used with a 6th-order (horizontal) lo-
cal spectral scheme in space. A 2nd-order box
scheme (quadratic energy conserving advection
scheme) is used in the vertical for velocity.

The microphysical package in the model fea-
tures 12 discrete, bulk hydrometeor habits with
inverse exponential size distributions for all pre-
cipitation categories (Straka and Mansell, 2005).
The distinct habits or categories are: cloud drop-
lets, rain, cloud ice (columns, plates, and rimed),
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snow particles, frozen drops, three graupel cate-
gories (each with a different assumed density),
and two size ranges of hail. The interested reader
may consult table 1 in Straka and Mansell (2005)
for the parameters defining the different species.
This wide variety of cloud particles is important
when modeling cloud electrification processes,
since it allows a wider spectrum of terminal fall
speeds and differential fall speeds which in turn
influence the magnitude of charge separated dur-
ing single collisions. The model predicts mixing
ratio of each category and diagnoses total con-
centration from mixing ratio and an assumed
particle size. Cloud ice number concentration is
diagnosed using the Meyers et al (1992) parame-
terization for the number of active cloud nuclei.

The electrification parameterizations available
in the model are described by Mansell et al
(2005). The primary electrification process in sim-
ulated storms is the non-inductive (NI) mechan-
ism involving collisions between riming graupel
and cloud ice. Among five NI schemes available
as an option, the simulation reported in this study
uses the Saunders and Peck (1998) NI scheme
(hereafter referred to as SP98) which depends on
the rime accretion rate (RAR) of graupel (Fig. 2).
RAR is defined as the effective liquid water con-
tent (EW) multiplied by the differential fall speed
V between the droplet and the graupel. EW is
defined as cloud LWC times the collection effi-
ciency of graupel for accreting cloud droplets.
Brooks et al (1997) constructed a curve of critical
RAR, which defines the upper and lower limit
at which graupel acquires negative and positive
charges, respectively. SP98 carried out further

experiments at a larger range of temperature to
better determine the RAR critical curve. In this
study, the original SP98 curve has been modified
by Mansell et al (2005) to be consistent with the
fact that supercooled water can exist at tempera-
tures as low as �40 �C and thus the curve has
been translated towards that lower limit.

The model also features explicit treatments of
small ions including attachment and drift motion
following Chiu (1978). Additionally, corona emis-
sion, or point ion discharge currents, occurs at the
ground whenever the magnitude of the vertical
electric field component at a given point exceeds
5 kV m�1. Electrification via inductive or polari-
zation charging is also allowed when hail and
graupel collide with cloud water, as in Ziegler
et al (1991). The inductive charging strength is
determined by the rebound efficiency (Reff) and
average cosine of the angle of impact collision
between the droplet and graupel particles (set to
0.40 degrees). Although the model also treats
the inductive and NI collisional charging of hail
following the same formulas as for graupel, the
typically low concentrations of hail in storms
(including the present TC simulation) limits the
magnitude of hail charging relative to graupel
charging.

In the lightning model (Mansell et al, 2002),
bi-directional leaders are propagated in a sto-
chastic step-like fashion on a constant resolution
grid. The initiation of a lightning flash occurs
when the ambient electric field at a given point in
the storm exceeds the critical ‘‘runaway’’ thresh-
old electric field. Charge is induced on the chan-
nel by the total electric field and is subsequently

Fig. 2. Original Saunders and Peck (1998) and
Riming Rate (Mansell et al, 2005) critical curves
separating rime accretion rate (RAR) and tem-
perature values at which a graupel particle gains
positive charge from those at which it gains
negative charge. Mansell et al (2005) altered
the original SP98 critical curve as shown by the
‘‘Altered SP98’’ curve
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released as small ions which can be captured by
hydrometeors.

The initial wind field is imposed as a modified
Rankine-type vortex in gradient wind balance
(Kanak, 1990), the strength of which can be mod-
ulated via changes in its radius and maximum
relative vorticity among other parameters. This
modified Rankine vortex is cyclonic with radially
and vertically decreasing intensity, and the verti-
cal vorticity � is defined by

� ¼
�max r ¼ 0

�max � e��r4

0�r�rmax

0 r>rmax

8><
>:

9>=
>;:

� ¼ �lnð0:1Þ=ðrmaxÞ4 ð1Þ
In the vortex initialization, the vorticity values

are normalized on the horizontal plane by sum-
ming the vorticity values of Eq. (1), which is then
divided by the sum of sinð� � r=rmaxÞ. The result-
ing ratio is then multiplied by each value of the
sine function, which is then subtracted from each
value of (1) to achieve a vorticity field with equal
amount of positive and negative vorticity. The
wind field is then computed using the stream-
function � defined as

r2� ¼ �;
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@�

@y
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where A is a function which forces the winds
to decrease exponentially in the vertical and is
defined as

A ¼
1 z�15 km
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�

z� 15 km
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: ð3Þ

For our idealized simulation we chose �max¼
13� 10�4 s�1 and rmax¼ 280 km. With these
settings the maximum winds are about 43 m s�1

and are located at a distance of 180 km from the
center (Fig. 3). If the initial winds were to be
weaker, a significant delay in the development of
the convection by frictional convergence would
occur, and in some cases, a hurricane-like vortex
would fail to form. This procedure was mainly
motivated because of the large amount of CPU

needed for this hurricane simulation. On the other
hand, initial winds greater than about 55 m s�1

with the same initial vortex radius would
cause rapid development of scattered convection
throughout the domain. In the latter case, wide-
spread convection ultimately dominates the eye-
wall convection, resulting in an early decline of
the storm.

The TC simulation was carried out on an
f-plane with a constant Coriolis parameter set to
3� 10�5 s�1. We did not consider latitudinal var-
iations of f, since the latter mainly influences the
storm track rather than the storm microphysical
and electrical structure. Indeed, Fiorino and
Elsberry (1989) found that the linear beta term
is responsible for the formation of an initially
asymmetric east-west oriented dipole structure
called ‘‘beta gyres’’. Later, the nonlinear advec-
tion of the asymmetric circulation by the sym-
metric vortex reorients these gyres in a NE–SW

fashion, causing a so-called ‘‘ventilation flow’’
towards the NE rather than towards the south.
This rotation of the gyres occurs because the
nonlinear advection is in balance with the linear
beta forcing. This ventilation flow causes TCs
in the northern hemisphere to drift towards the
north while the mean steering current is towards
the west.

Simulations with lower values of f (i.e.,
< 2� 10�5 s�1) were nearly similar to runs car-
ried out with f set to zero. Early test runs revealed
that setting f¼ 0 resulted in intense convection
that developed rapidly around the eyewall, and
led to a rapid demise of the TC. Moreover, as f
increases the diameter of the eyewall increases
as additional supply of planetary vorticity is con-
stantly ingested into the storm, acting has an
additional source of angular momentum. The sur-
face pressure at sea level is 1011 mb everywhere
across the domain. The sea surface temperature
was set to 28 �C to enhance surface sensible heat
fluxes at the lower boundary or first grid point
above the ground of the domain. The surface lay-
er parameterization makes use of velocity depen-
dent, bulk aerodynamic formulae for sensible and
latent heat fluxes, as well as for momentum
fluxes following Rotunno and Emanuel (1987).
The model also uses the surface dissipative
heating parameterization of Bister and Emanuel
(1998). The primary reasons for using these more
simplistic bulk aerodynamic formulae (compared
for example to the Louis 1979 surface layer pa-
rameterization) is that we use a rather coarse
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resolution in the vertical and also because they
are valid for high wind speeds. Also, they are
very easy to implement and have been tested with
success for hurricane simulations with some-
what coarse vertical resolution by Rotunno and
Emanuel (1987).

The simulation presented in this study was car-
ried out in a domain having horizontal dimen-
sions of 300� 300 and 46 vertical levels with a
horizontal grid spacing of 2 km on an Arakawa
C-grid. The vertical grid stretches from 200 m at
the surface to a constant value of 600 m between
5.5 km and 17 km AGL. Above 17 km, the ver-
tical grid stretches from 600 m to 1200 m. The
lightning grid spacing was set to 1 km.

The initial horizontally homogeneous envi-
ronmental profiles were represented by a com-
posite of the 00 UTC Owen Roberts Airport,
Grand Cayman Island sounding below z¼ 15 km
km with the 00 UTC Kingston, Jamaica sounding
of August 13th 2004 above 15 km (i.e., black
thicker line in Fig. 4). The compositing was done
because at that particular time, the Grand Cayman
Island sounding had no data above 15 km. The
Kingston sounding was chosen for the composite
since it was the closest station available around
the Grand Cayman Island. Hurricane Charley
passed over or near the islands (less than 100
miles) near the time of the soundings and was
rated as a category 3 on the Saffir-Simpson scale

Fig. 3. Horizontal cross section of the initial
wind vector field overlaid by the initial wind
speeds at z¼ 1.028 km, and (b) vertical cross
section (X–Z) at Y¼ 300 km of the initial wind
speed. The wind speed scale for both panels is
shown in panel (b)

A. O. Fierro et al



(Simpson, 1974). As shown by the gray thicker
lines in Fig. 4, the original composite sounding
was modified in order to optimize the chances for
a well defined hurricane-like vortex to form. The
dry layer present between 300 and 500 mb is
likely a residual Saharan airmass (Jason Dunion,
personal communication, 2006). Since this layer
does not have a maritime tropical origin and since
its presence would weaken the simulated TC, it
was removed from the sounding. The sounding
was also moistened between 500 and 800 mb to
reduce evaporative cooling and hence downdraft
strength at these levels (e.g., following results of
storm-scale simulations of Gilmore and Wicker,
1998). Also, between 700 and 850 mb, a capping
inversion layer was added to prevent the con-
vection within the bands from developing too
rapidly at the beginning of the simulation. After
these modifications, the sounding is nearly moist
adiabatic, which is what is typically observed
in the tropics over ocean away from land. The
CAPE and CIN values of the model sounding

(i.e., when interpolated to the model grid) were
about 1474 and 99 J kg�1, respectively, compared
to 1560 and 22 J kg�1 in the original composite
sounding.

It is noted that due to the idealized nature of
the hurricane initialization in the model, the sim-
ulation presented in this study is not intended to
reproduce hurricane Charley (2004). Rather, the
environmental conditions from this sounding are
believed to offer an initial field that would favor
hurricane development in the model. That is, the
sounding is assumed to be representative of typi-
cal conditions nearby intensifying or steady state
hurricanes over ocean.

4. Results

4.1 Early evolution of the simulated TC

The simulated vortex went through several phases,
the first phase being the rapid development of
convection in concentric rings around the center

Fig. 4. Original (modified) com-
posite Skew-T log-p diagrams
shown in thick black (grey) lines
for original (modified) sounding
of the 13th August 2004, 00UTC
Owen Roberts Airport, Grand
Cayman Island and 00 UTC
Kingston, Jamaica
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at about 2.5–3 h (not shown) which was partly
caused by using a homogeneous environment
as the initial condition. As time progressed, the
individual convective elements organized around
the center to form a broad ill-defined eye around
9–10 h, coincident with a rapid increase of the
areal coverage of the storm (e.g., in terms of the
40 dBZ reflectivity contour at 1 km AGL) and a
progressive decrease in minimum surface pres-
sure (not shown). After about 10 h, the eyewall
began shrinking due to advection and conserva-
tion of angular momentum from the induced sec-
ondary circulation. Schubert and Hack (1982)
found that the contraction of a cyclonic vortex
may also result from heating by convection in-
side a region of strong inertial stability. By about
19 h of simulation, the hurricane vortex reflectiv-
ity pattern exhibited several observed features of
mature hurricanes, including a more solid, nar-
row ring of strong convection around the storm’s
center or eye and the formation of several spiral
rainbands around the eyewall. Clearly, the early
development stage of the storm was unrealistic,
since convection was forced via frictional con-
vergence by using a quasi–symmetric Rankine
type vortex already having category 1 hurricane
force winds embedded in a homogeneous envir-
onment (Fig. 4).

The total simulated lightning activity, parti-
cularly the IC and �CG flash rate was correlated
with the storm total 35–40 dBZ areal coverage
(not shown). The area of 35 dBZ radar reflectiv-
ity reached a maximum radius of about 200 km
at about 10 h of simulation. Around that time,
IC flash rate exceeded 1000 flashes per minute,
which may be unrealistically high. Later on,
however, as the intense ring of convection around

the storm center shrank to more realistic sizes
(10–15 km radius at about 20 h), the total IC flash
rate decreased below 400 flashes per minute,
which may be closer to actual values (although
no reliable IC flash rate data are yet available for
mature hurricanes over ocean).

Between 20 and 24 h (not shown), the eyewall
convection shrank further, and the updraft speeds
just above the melting level (z¼ 6.1 km AGL)
showed a clear general weakening trend. The
rainband convection, on the other hand, gained
strength and increased in areal coverage. Updraft
speeds of 5 m s�1 and greater were found all
around the eyewall at that time. At about 28 h,
however, eyewall updrafts speeds rarely reached
5 m s�1, while the eastern portion of the eyewall
was dominated by weak downdrafts (1 m s�1) at
this level. The exact reasons for this rapid weak-
ening of the eyewall updraft mass flux are not
clear and will be addressed in the future work
section in more detail.

4.2 Early mature TC structure (21 h 40 min)

As previously described, the simulated vortex
experienced several phases and for this reason a
common slice time was selected for analysis of
the results. The vortex started to resemble a ma-
ture hurricane near 20 h and therefore, a common
slice time of 1300 min (21 h 40 min) was chosen.
At that time, the minimum surface pressure was
about 949 mb and the eyewall updraft was gen-
erally characterized by high equivalent poten-
tial temperature (�e) values of about 360–365 K
(Fig. 5), which are almost 10 K higher than the
values proposed by Gray (1995). Relatively higher
�e values ranging between 360 and 365 K were

Fig. 5. Vertical cross section in the Y–Z di-
rection at X¼ 326 km of cloud mixing ratio
(0.1 g kg�1 contour in thick black line) and
equivalent potential temperature (indicated by
shading). Note that the maximum altitude on the
vertical axis goes to 18 km, instead of 20 km for
all remaining model cross sections shown in
this study
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found below 1 km AGL in the eye compared to
values of about 345–350 K just above that level,
consistent with observations (e.g., Gray, 1995).
This sharp �e gradient of about 20 K in the eye
near 1 km is associated with the observed inver-
sion separating the more humid, warm air in the
boundary layer caused by moist air inflow from
the drier air from aloft that has been trapped by
the TC circulation (similar to observations made
by Willoughby, 1998). However, Willoughby
(1998) found that this inversion was generally lo-
cated at higher levels between 850 and 500 mb.
Above 8 km in the eye, �e steadily increased
to values ranging between 365 and 370 K near

13 km AGL (Fig. 5), due to adiabatic compres-
sion, and hence warming, of subsiding air in
the eye.

The eyewall convection and resulting radar
reflectivity exhibited a noticeable asymmetry
(Fig. 6), as is often the case for mature hurricanes
in nature. Tangential wind speeds exceeded
60 m s�1 (not shown), with the highest gusts just
within the boundary layer above the surface
(Fig. 7). Thus, the simulation corresponded to a
mature high-end category 3 storm at this time.
Consistent with many in situ aircraft observa-
tions, the simulated TC eyewall tangential winds
exhibited an outward tilt with height (Fig. 7),

Fig. 6. Horizontal cross section of radar reflec-
tivity (dBZ) at t¼ 1300 min and z¼ 1028 km.
Shading indicates reflectivity in 5 dBZ incre-
ments from 5 to 75 dBZ. Locations of CG light-
ning strikes are also shown by a cross for �CG

flashes and by aþ for þCG flashes. The flash
locations were plotted for a 30 min interval up
to the cross section time. A black line shows the
location of the vertical cross section of the ma-
jority of the plots shown in this study

Fig. 7. X–Z Vertical cross section at Y¼
340 km of the Y-component of the wind.
Shading indicates the Y-component in 10 m s�1

increments
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also seen in the vertical reflectivity profile
(Fig. 8a). Between the eyewall and rainband con-
vection, a stratiform region with weak reflectivity
values was also evident (e.g., see Fig. 8a at
Y¼ 390 km). Secondary weak bands below the
outer core stratiform region of the eyewall were
also found on the western and eastern flanks of
the storm (see Fig. 8a at Y¼ 400 km). The hea-
viest rainfall occurred in the vicinity of the eye-
wall, with a secondary maximum in the outer
rainband (Fig. 8a).

It is well-established from satellite observa-
tions that hurricanes tend to exhibit considerable
variations in their size and shape. The overall
eyewall vertical reflectivity profile of intense
hurricanes (i.e., category 3 or greater), however,
do exhibit more consistent similarity. Therefore,
a comparison of the simulation with airborne
radar measurements of hurricane Emily in 2005
(category 4 at the time of the scan) can be made.
The NASA ER-2 airborne Doppler radar (EDOP,
Heymsfield et al, 1996) observations from the

Tropical Cloud Systems and Processes (TCSP,
Halverson et al, 2006) field program shows
noticeable similarities in the eyewall convection
with the simulated TC. For instance, the 35 dBZ
contour reaches up to about 10 km in the obser-
vations and to about 11–12 km in the simulation
(Fig. 8a, b). However, hurricane Emily (2005)
was extreme in terms of convective and electrical
activity with electric fields as large as 9 kV m�1

measured above that storm. This is the highest
value ever recorded above a TC (Dr. Blakeslee,
personal communication, 2006). To highlight the
rarity of such an event, the reflectivity profile
across the eyewall of hurricane Katrina (2005)
reveals that the 33 dBZ echo top hardly reached
7 km in the eyewall (Robert Rogers, personal
communication, 2006). Another more contrast-
ing example is hurricane Isabel (2003), which
showed even weaker reflectivity values in its
eyewall (J. Gamache, personal communication,
2006). The weaker reflectivity values may ex-
plain why, unlike Katrina, Isabel was overall

Fig. 8a. Radar reflectivity in the vertical cross
section across the eyewall in at X¼ 326 km.
Shading are as in Fig. 6. Panel (a) shows only
a section of the total Y domain distance from
200 km to 500 km The quasi-horizontal thin
black lines represent isotherms at 0, �10 and
�20 �C, which represent the portion of the
mixed-phase region in which most of NI char-
ging occurs. The thick black contours are for
cloud mixing ratio of 0.1 g kg�1 which depicts
the cloud boundary. Panel (b) shows radar re-
flectivity from a NASA ER-2 Doppler Radar
(EDOP) overflight of hurricane Emily on the
17th of July 2005 between 8h33–8h57 Z when
the hurricane was a category 4. The data were
collected by the EDOP during the Tropical
Cloud Systems and Processes (TCSP) field pro-
gram in 2005
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devoid of lightning activity in its eyewall dur-
ing its steady-state period as a category 5 storm
(Molinari et al, 1999; Demetriades and Holle,
2005).

For both this simulation and for hurricane
Emily (2005), the maximum height of detectable
reflectivity values lies near z¼ 16 km. In the sim-
ulation, however, no clear evidence of a well-
defined inner band (Cecil et al, 2002a) stratiform
region was found between the outer rainbands
and the eyewall. The reflectivity values there were
rather small (i.e., <30 dBZ) below the melting
level compared to the reflectivity values of hurri-
cane Emily (Fig. 8a at X¼ 420 km and Fig. 8b at
X¼ 170 km). In the model, the fallspeed of small
ice crystals and snow particles are single-values
functions of mixing ratio and fall at speeds rang-
ing between 1 and 1.5 m s�1, respectively. There-
fore, these ice particles melted and evaporated
quickly before reaching the ground and produced
the weak reflectivities below the melting level in
the inner band region of the simulated TC.

A radar-indicated bright band was clearly
visible in hurricane Emily (2005, Fig. 8b) and
located the melting level near 5 km. This level,
however, was in good agreement with the tem-
perature profile of the simulation (melting level
located near 5.5 km, Fig. 8a). On the other hand,
the simulated TC does not reproduce a bright
band, possibly due to not predicting particle con-
centrations as done by Zrnic et al (1993).

Overall, the simulation tended to produce
larger reflectivity values than the observed cases.
Such differences were also noted by Rogers et al
(2006) in their high resolution (1.67 km) numer-
ical simulation of hurricane Bonnie (1998) and
Floyd (1999), using the MM5 numerical model.
Their composite analysis of precipitation radar
(PR) reflectivity data from 34 passes across 18
TCs and tail Doppler radar data from 233 legs
across 9 TCs revealed that the eyewall reflectivity
rarely exceeded 40 dBZ below the 5 km level,
while the model tended to produce reflectivity
values exceeding 55 dBZ there. They hypothe-
sized that this was likely caused by inadequacy
of reflectivity-mass (Z–M) relationships in the
calculation of reflectivity in the model, uncer-
tainties in the assumption of the hydrometeor fall
speeds used to compute the vertical motion of
the air, and possible differences in resolution
between observational and model data. It is

speculated herein that the inability of the current
1-moment microphysical parameterization to treat
snow aggregation (as in the 2-moment scheme of
Zrnic et al, 1993) is another source of possible
model error.

Just above the melting level at about 6.1 km,
updrafts speed in the simulated eyewall rarely
exceeded 10 m s�1, while updraft magnitudes ex-
ceeding 5 m s�1, however, were fairly common in
the simulated eyewall within the mixed phase
region (defined as the layer between the 0 �C
and �20 �C isotherm between about 5 and 7 km,
Fig. 9a, b), which should be adequate for suffi-
cient electrification to occur (Black and Hallett,
1999, Petersen et al, 1999). Updraft magnitudes
exceeding 5 m s�1 were also found at higher lev-
els near 9 km in the simulation (not shown), and
this further supports the likelihood of significant
electrification occurring there. The same is true
within some of the individual cells forming the
rainbands, where isolated updrafts sometimes
exceeded 15 m s�1. The eastern portion of the
eyewall was dominated by downdrafts and weak
reflectivity values (Figs. 9a and 6). Overall, the
eyewall was dominated by updrafts, consistent
with Jorgensen et al (1985) and Rogers et al
(2006). The presence of downdrafts on the outer
edges of the eyewall updrafts was also consistent
with observations (Fig. 9b).

However, the overall updrafts speeds shown in
Fig. 9b are generally greater than those observed
in real hurricanes. Rogers et al (2006) showed
that vertical velocities obtained from vertical in-
cidence tail Doppler radar data from 233 radial
legs from 9 different TCs were generally weak
(jwj<2 m s�1) with only 1–2% of these exceed-
ing a magnitude of 6 m s�1 (with extreme localized
events reaching 12 m s�1). These results were in
agreement with Black et al (1996) who found
that in seven Atlantic hurricanes, 70% of the ver-
tical velocities ranged from �2 and 2 m s�1 while
only about 5% exceeded 5 m s�1. Such extreme
events were observed for instance in hurricane
Emily (1987, Black et al, 1994) and hurricane
Katrina. Updrafts speeds exceeding 8 m s�1

(6 m s�1) were found at 4 km (12 km AGL) in
hurricane Katrina’s eyewall as it reached category
5 status on the 28th of August 2005 near 1800Z
(Robert Rogers, personal communication, 2006).

After about 15 hours of simulation, the updraft
speeds in the eyewall experienced a general
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weakening trend until the eyewall convection
started to dissipate after 35 hours of simulation
time. This weakening of the eyewall convection
will be discussed later in this section. Similar
cross sections across the eye at later times (e.g.,
25 hours), showed more realistic, weaker vertical
winds in the eyewall along with smaller (and
maybe more realistic) mixing ratios of heavier hy-
drometeor species, such as graupel (not shown).
This in turn resulted in overall weaker reflectivity
values at all levels and weaker total lightning
activity in the eyewall. Despite the results being

quantitatively different between 21 and 25 hours,
the qualitative aspects of the storm remain un-
changed and thus, any detailed analysis of the
storm’s dynamical, microphysical and electrical
properties carried out in this time window will be
similar.

4.3 Simulated TC microphysics and electrification

Moderate total hail (� 0.2 g kg�1) and total graupel
(� 0.5 g kg�1) mixing ratios were found primar-
ily within the eyewall and within the individual

Fig. 9a. Vertical winds indicated by shading in
a horizontal cross section at z¼ 6.1 km just
above the melting level, and (b) a vertical cross
section through the eye at the same location as
in Fig. 8a. The thick black contours and thin
black lines in panel (a) have the same meaning
as in Fig. 8a
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convective cells forming the outer rainbands
(Fig. 10). The lighter ice crystals and snow parti-
cles nucleating inside the eyewall were advected
radially outward by the strong TC circulation to
form a large anvil cloud (Fig. 10a at X¼ 390 km).
Hail particles were found near the 0 �C and
�10 �C isotherms (Fig. 10a), while the majority
of the smaller, lighter graupel pellets were lo-
cated further aloft in the eyewall updraft between
the �10 �C and �20 �C isotherm (Fig. 10b). The
majority (>90%) of the graupel present there
consisted of moderate and high density graupel,
while low density graupel particles were rare and
were found mainly at higher altitude near 12 km
(not shown). As expected, these hydrometeors
were located near moderate to strong updrafts
(Figs. 9b, 10) which were also associated with
larger cloud water content (CWC) due to enhanced

condensational heating and thermal buoyancy
forcing.

Since the eyewall and the strongest cells form-
ing the rainbands contained the largest mixing
ratios of graupel (� 0.5 g kg�1) and the larger
CWC (� 0.2 g m�3) and updrafts, these regions
were more conducive for collisional NI charging
processes to operate between graupel or hail and
the lighter ice crystals. Consequently, these re-
gions also produced the largest flash rates in the
TC (compare Figs. 10 and 11). At the time shown
in Fig. 11, the IC flash rate of the entire storm
system was about 300 per minute (not shown).
However, based on Figs. 11 and 12 alone, it was
not possible to distinguish which fraction of this
total lightning activity occurred within the eye-
wall and within the outer rainbands of the storm.
A simple analysis of horizontal and vertical cross

Fig. 10. Vertical cross sections in the Y-direction
at X¼ 326 km and t¼ 1300 min (a) for snow
mixing ratio and total hail mixing ratio, and
(b) for total graupel mixing ratio and cloud
water content (CWC in g m�3). Total mixing
ratios are the sum of the mixing ratios of all
the graupel (small, medium, and large) and hail
(small, large) categories. The black thick line
depicts the cloud boundary (0.1 g kg�1 cloud
mixing ratio). Legend for shadings and contours
are shown in each panels. The total graupel
(hail) mixing ratio contours are shown by incre-
ments of 0.3 g kg�1 (1.0 g kg�1)
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sections (i.e., Figs. 6 and 11) indicated, however,
that around the time of the figure, the majority of
the total lightning flashes (i.e., all IC and CG

flashes) was found in the eyewall. These light-
ning flashes in the eyewall were found to initi-
ate in two distinct layers, approximately between
6 km and 8 km and between 9 km and 11 km.
These layers coincided with the interfaces be-
tween regions of net positive charge and negative
charge (Fig. 12), where the electric field magni-
tude was largest.

Several vertical cross sections taken in slightly
different locations across the eyewall revealed
small to moderate differences in charge structure
and magnitudes. The overall charge structure in
the eyewall and the rainbands was more complex
than simple normal dipoles (positive charge above
negative charge) or normal tripoles (composed
of a normal dipole with a lower positive charge)

commonly found in the literature (e.g., Williams,
1989). Indeed, the charge polarity in these two
convectively active regions of the TC switched
several times versus height and was composed
of many pockets of weaker (i.e., < 0.4 nC m�3)
charge density (Fig. 12). Broadly, considering
only the charge regions involved in lightning
(i.e., regions with charge density � 0.4 nC m�3),
the SP98 scheme resulted in a normal tripole
charge structure (Fig. 12). A simple normal di-
pole charge structure also occur in some of the
storm cells forming the rainbands (see Fig. 12 at
X¼ 450 km).

Almost all of the CG flashes produced in the
eyewall of the storm were �CG flashes (i.e., they
lowered negative charge to the surface). The ma-
jority of the �CG flashes were found radially
outside the eyewall on the northwestern side
(Fig. 6). Note that the rainbands were essentially

Fig. 11. As in Fig. 10, but for cloud mixing
ratio � 0.1 g kg�1 (grey shaded area) and posi-
tive (negative) leader segments in black (darker
grey) contours. The contours show the horizon-
tally integrated sum of positive or negative lea-
der segments at each level in the domain for a
period of 30 minutes prior to the cross section
time (i.e., number per level per 30 minutes).
The total leader contours are shown by incre-
ments of 20. The contour representing a total of
one leader is also shown

Fig. 12. As in Fig. 10, but for the total amount
of net charge in nC m�3. Dark grey (black)
shaded areas show region where net charge ex-
ceeds 4� 10�2 (0.4 nC m�3). Likewise dark grey
(black) contours show where negative net charge
magnitudes exceed 4� 10�2 (0.4 nC m�3)
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devoid of CG flashes, with the exception of one
lone þCG flash. In Fig. 6, the �CG flashes in the
eyewall near the vertical cross section shown in
Fig. 12, were coincident with a region of larg-
er positive charge density below 6 km. The lone
þCG flash in the outer band, however, was coin-
cident with a region of larger negative charge
density below 6 km.

To investigate the origins of the charge regions
in the storm in more detail, a single cross section
at a particular time was selected for the analysis.
Similar cross sections across the eyewall were also
made a few grid points away and revealed little
qualitative difference in the charge and charg-
ing structure of the storm at that time. The low-
er positive charge region (below 7 km) closer
to the center of the eyewall (near Y¼ 300 and
Y¼ 375 km, Fig. 12) was mainly attributed to
positive charging of graupel by both the NI and

inductive mechanisms (Fig. 13a, b). The main
negative charge region located at mid-levels
near 8–9 km and the upper positive charge region
(near 10 km) were mainly a consequence of NI

charging, with a negligible contribution from
induction (Figs. 12 and 13a, b).

Between the outer rainbands and the eyewall
updrafts, almost no charging was occurring (e.g.,
Fig. 13, Y¼ 425 km), since this region of the
TC had negligible amounts of CWC and graupel
(Fig. 10b). This lack of CWC and graupel be-
tween the outer rainbands and the eyewall up-
drafts was consistent with overall weak updraft
speeds (<1 m s�1 in Fig. 9b). Moreover, this stra-
tiform cloud was essentially glaciated as it was
composed almost exclusively of snow particles
(Fig. 10a). As a result, most of the charges that
are observed in these regions of the storm were
likely produced initially in the eyewall convection

Fig. 13. As in Fig. 10, but for (a) total non-
inductive, and (b) total inductive charging rate
in pC m�3 s�1. Positive (negative) contours are
shown by the red (blue) contours in increments
of 20 pC m�3 s�1 starting at 10 pC m�3 s�1

(�10 pC m�3 s�1). Darker grey area shows total
graupel mixing ratio of 0.5 g kg�1 (see legend)

A high-resolution simulation of microphysics and electrification



and then advected both counterclockwise in azi-
muth and radially outward by the storm’s strong
circulation. As charged precipitation particles
were advected they fell to lower levels while
keeping the polarity of charge gained in the eye-
wall (see downward slope of the main negative
charge region and the upper positive charge re-
gion with radial distance away from the eyewall
in Fig. 12 between Y¼ 360 km and Y¼ 390 km).
The three charge layers forming the normal tri-
pole in the eyewall ended at roughly the same ra-
dius from the eyewall (Fig. 12), although in some
vertical cross sections at earlier times (not shown)
the two upper charges regions forming this tripole
extended farther into the inner band stratiform
region than the lower charge. In this situation,
the resulting charge distribution could be de-
scribed as a normal dipole. The reason for this
charge configuration in the inner band region was
probably that heavier charged precipitation par-
ticles fell out of the lower regions and the re-
maining mix of hydrometeor types lacked the
necessary ingredients for both inductive and NI

charging (i.e., there were insufficient concentra-
tions of graupel and ice crystals).

Additional analysis of the charge structure and
lightning location at earlier times (not shown)
revealed that the maximum in lightning activity
in the eyewall was not always near the region
of maximum charging. At first, this result may
appear counterintuitive. However, while charges
must be generated in a region of the eyewall
that is more conducive for the NI charging
process (because it has a larger CWC and larg-
er total graupel mixing ratio), the advection
of these charges by the intense TC circulation
can cause the onset of lightning to occur fur-
ther downwind (similar to the hypotheses of
Corbosiero, 1999). In other words, the (strongly
sheared) advection and subsequent sedimentation
of charges was likely one important factor in de-
termining the lightning distribution in the simu-
lated eyewall.

5. Major issues raised by the hurricane
simulations

Once a well-defined eyewall and spiral rainbands
started to appear after the initial convective burst
near and around the Rankine vortex center, the
TC started to lose its definition shortly after 30 h

of simulation when the outer rainbands started
to expand to form locally strong small storm
clusters. At about 35 h of simulation, the bands
and cluster of storms that once formed the rain-
bands have almost completely propagated away
from the eyewall. At the same time, the eyewall
lost its closed circular characteristic and became
progressively more dominated by downdrafts
near the melting level. However, the detrimental
effect of the low �e air from cold pools generated
in the outer rainbands did not seem to be the
primary cause for the apparent weakening of
the eyewall convection. Instead, further analysis
showed that the regions devoid of convective ac-
tivity and surrounding the eyewall at the LCL

(between 1 and 1.7 km) were characterized by
warm temperature anomalies exceeding 2–3 K
which were not present at earlier times (about
5 hours earlier, not shown). The exact reasons
behind this warming are still unclear and re-
main the subject for future work. Since the mod-
el did not feature radiation processes, it was
possible that the inclusion of a radiative cooling
parameterization (e.g., Newtonian cooling) could
have helped in minimizing this generalized
warming of the atmosphere as the radiative cool-
ing acts on the same time scale as the simulated
warming.

Surprisingly, even though the eyewall con-
vection weakened and became more ill-defined,
the TC was still undergoing slow progressive
deepening. This result appeared counterintuitive,
as one would have expected a rapid increase of
the central pressure instead. Additional cross sec-
tions revealed that the strong warm anomaly
caused by subsidence in the eye (and responsible
for the pressure fall at the surface in the eye)
persisted for several hours after the convection
in the eyewall had significantly weakened (not
shown). The physical mechanisms causing this
behavior of the model remain the subject of
future investigation.

6. Conclusions

Using a numerical model featuring a sophisti-
cated 12-class microphysics scheme and a three
dimensional lightning module, a high-resolution
simulation of a hurricane-like vortex was carried
out with success. At about 22 h of simulation, the
model reproduced many of the features observed
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in TCs in nature. One feature was a well-defined
eye and eyewall with several connecting rain-
bands. Also, the vertical reflectivity and wind
profile showed an outward tilt with height that
was consistent with a strong mid-level warming
aloft caused by adiabatic compression of subsid-
ing air in the eye. This in turn was responsible for
the rapid pressure drop at the storm’s center via
hydrostatic balance. Relatively higher �e values
were found in the sloping eyewall and in the
lowest kilometer inside the eye, which generally
agreed with observations.

The largest updraft speeds and resulting total
graupel mixing ratios, CWC, and lightning flash
rates were found in the eyewall, and within some
isolated stronger convective cells forming the
outer rainbands. The eyewall updraft speeds at
that time were somewhat stronger and deeper
than typically observed within mature TCs,
which supported the development of more grau-
pel than is typically observed. The outer eyewall
stratiform region was mainly composed of lighter
ice crystals and snow aggregates that were eject-
ed from the eyewall convection, a pattern which
was consistent with observations and also with a
dearth of lightning activity there.

The overall charge structure in the eyewall
broadly resembled a normal tripole, while in
some of the strongest cells in the rainbands
and in some portion of the outer eyewall strati-
form region a normal dipole was observed. The
mid-level negative and upper positive charge
layers were mainly a consequence of NI char-
ging while the lowest positive charge region was
attributed to both induction and NI charging.
This charge configuration across the storm was
consistent with almost all ground flashes lowering
negative charge to the surface, as in most conti-
nental storms.
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