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1. INTRODUCTION

Tropical cyclone (TC) track forecasts have improved
greatly in recent decades, while intensity forecasts have
struggled to improve at the same rate. As a result, there
has been a focus in literature to attempt to better un-
derstand the processes that lead to TC intensification
and especially TC rapid intensification (RI). Lightning has
been studied as a tool to determine changes in TC inten-
sity, but studied thus far have had conflicting results.

DeMaria et al. (2012) and Stevenson et al. (2016)
found that an increase in inner core lightning flashes may
indicate imminent TC weakening while increases in outer
band flash rate may indicate imminent TC intensification.
This differs from multiple studies that found that an in-
crease in inner core flash rates has been shown to occur
just prior to TC intensification (Molinari et al. 1994, 1999;
Fierro et al. 2011; Zhang et al. 2015; Stevenson et al.
2014, 2018; Duran et al. 2021). These inconsistencies
indicate that the physical processes that lead to changes
in flash rates are not well understood in the inner core of
TCs.

In order for electrification to occur, there need to be
updrafts sufficient of elevating hydrometeors through the
mixed phase region, from approximately 0 to -40 degrees
Celsius. An increase in updrafts also contributes to in-
creases in TC intensity, which may allow for a relationship
to be drawn between TC intensification and lightning be-
havior. This paper investigates and compares convective
characteristics and lightning behavior in the innermost
100 km during two rapid intensification period in Hurri-
cane Ian (2022). It hypothesizes that the same updrafts
that contribute to TC RI are lofting hydrometeors through
the mixed phase region as well as around and outward
from the eye as a result of the TC primary and secondary
circulation. This allows for a larger area of electrified hy-
drometeors and provides an environment that would al-
low for larger and brighter flashes to occur.

2. DATA & METHODOLOGY

2.1. GOES-16 GLM

The Geostationary Operational Environmental
Satellites-16 (GOES-16) Geostationary Lightning
Mapper (GLM) provides not only higher detection ef-
ficiency than many ground-based lightning detection
networks, but it also provides flash energy and area
along with flash density. GLM measures lightning using
an optical imager on a sub-minute scale, meaning that
there are near-constant observations of lightning in a TC
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(Goodman et al. 2013). This can provide information
about TC behavior on a very small temporal scale,
allowing for the analysis of rapid changes.

This paper utilizes the GOES-16 GLM optical energy
measurements to examine changes in flash energy dur-
ing both RI periods in Ian.

2.2. NOAA TDR

The National Oceanic and Atmospheric Administration
(NOAA) conducts flights into TCs in order to collect cru-
cial data that may help scientists to better understand
how a TC may be changing. The WP-3D (P-3) aircraft
make flights through the center of the TC while utilizing
multiple radars to measure quantities such as reflectivity
and vertical velocity. The tail Doppler radar (TDR) is a
vertically scanning radar which allows for an analysis of
the storm using vertical and horizontal cross-sections.

This study utilizes the vertical velocity measurements
from the TDR to calculate the updraft volume through
both RI periods. Basarab et al. (2015) found that flash
rates could be associated with the graupel volume, 35
dBZ volume, and the 5 m/s updraft volumes. Black et al.
(1996) found using airborne radar measurements that
less than 5% of updrafts in TCs reach 5 m/s, which ex-
plains why lightning is much less frequent in TCs than
mid-latitude thunderstorms. Despite their rarity, the 5 m/s
updrafts may provide a basis for determining if a TC is
producing updrafts capable of transporting hydrometeors
through the mixed phase region. As a result, the volume
of these updrafts is calculated for this paper.

The TDR reflectivity is utilized in this paper to calcu-
late the mass of ice in the the mixed phase region. This
is made possible by a multitude of measurements and
calculations derived utilizing direct measurements of hy-
drometeor concentrations and size in clouds. Heymsfield
and Miller (1988) derived equations from measurements
in mid-latitude thunderstorms, producing equations to
calculate the ice water content (IWC) in thunderstorms.
Black (1990) further iterated on these equations, instead
using measurements from TC convective and stratiform
clouds. Given that the clouds in a TC vary between con-
vective and stratiform in nature, the equation produced
that includes measurements from both types of clouds is
utilized in this paper:

Z = 670 ∗ (IWC)1.51 (1)

This can be rearranged in order to calculate the ice
mass from the measured reflectivity. The IWC will then
be multiplied by the grid size (2000m x 2000m x 500m) in
order to produce the ice mass in kg:
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mice = (2.64∗10−2 Z0.5587)∗ (2000∗2000∗500)∗10−3 (2)

The GLM flash energy, TDR 5 m/s updraft volume, and
ice mass will all be investigated during the first and sec-
ond RI periods in Hurricane Ian and compared to de-
termine if there are physical differences as determined
by the TDR measurements that may correlate with dif-
ferences in flash energy and flash rate. The TDR de-
rived convective characteristics will be determined from
the downshear left quadrant as determined by the Sta-
tistical Hurricane Intensity Prediction Scheme (SHIPS).
This is to account for differences in swath directions and
differences in TC structure in different shear quadrants.

3. RESULTS

Plots displaying the evolution of TC intensity, GLM op-
tical energy and flash rates, and TDR derived ice mass
and 5 m/s updraft volume were created to analyze how
these variables change through time (Fig. 1). The first
RI period, highlighted in yellow, displays the lack of light-
ning within this time (Fig. 1b). This is indicated by the
infrequent occurrence of optical energy being measured.
Conversely, the second RI period, highlighted in blue, ex-
perienced near-constant lightning with varying flash rates
throughout this period (Fig. 1b). During the second RI pe-
riod, the optical energy per flash increases steadily while
the flash rates do not increase at the same rate. The flash
rates only peak at the end of RI, which supports previous
literature that showed a peak in lightning flash rate at the
end of an intensification period (Molinari et al. 1999).

The ice mass is calculated using Eq. 2 utilizing the
TDR reflectivity. It slowly increases through time from the
beginning of the first RI period until the end of the second
RI period, increasing from approximately 5 ∗ 108 kg to 2 ∗
109 kg (Fig. 1c). The volume of the 5 m/s updraft volume
stays relatively similar between the two RI periods, with a
large peak in the final swath at the end of the second RI
period (Fig. 1c).

Investigating these variables further, the reflectivity and
vertical velocity swaths are plotted as well as the differ-
ence between them. The difference is calculated by sub-
tracting the values from the first RI from the second RI
only using grid points where they overlap. The reflec-
tivity is plotted at the 10 km level as this is likely repre-
senting frozen hydrometeors as it is near the top of the
mixed phase region as determined by dropsonde mea-
surements. The reflectivity during both RI periods is plot-
ted (Fig. 2 a-f) as well as the difference, with a positive
difference shown around the eye in all three compared
swaths (Fig. 2 g-i).

The vertical velocity difference is plotted for both RI pe-
riods at 5 km (Fig. 3 a-f). The plots show the vertical ve-
locity at 5 km because updrafts at the bottom of the mixed
phase region need to be strong enough to loft hydromete-
ors into the mixed phase region in order for some of these

particles to freeze and become electrified. The difference
plots are again created by subtracting values from the first
RI from the second RI to determine if the vertical velocity
increased or decreased between the two RI periods. The
difference plots indicate that there are increased updraft
volumes around the eye in all three swaths, and overall
very few areas of decreased vertical velocity (Fig. 3 g-i).

4. DISCUSSION & CONCLUSIONS

Fig. 2 and Fig. 3 are supportive of the hypothesis that
increases in updrafts and reflectivity may be what allows
for an electrically active inner core and may assist in justi-
fying the contrasting behavior between the two RI periods
in Ian.

While Fig. 1c indicates very little change in the 5 m/s
updraft volume between the two RI periods, the two peri-
ods exhibit unique updraft behaviors. The first RI period
experienced many small updraft cores while the second
RI period has fewer but much larger updraft cores. Small
and separate updrafts may explain the lack of lightning
in the first RI period as the updrafts being disconnected
can lead to a couple of limiting factors: the lightning may
not be able to propagate very far as the electrified parti-
cles may not extend very far outside of the updrafts and
there may not be enough electrified hydrometeors to initi-
ate lightning in small updrafts. The second RI period, hav-
ing fewer but contiguous updrafts, allows for a larger area
for the electrified hydrometeors to propagate to and there-
fore provides an environment more supportive of larger
and brighter lightning.

This work provides an analysis of the convective char-
acteristics and GLM optical energy in Hurricane Ian
(2022) and finds that the shape and volume of the 5 m/s
updrafts as well as the ice mass in the mixed phase re-
gion may impact TC electrification in the inner core.
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FIG. 1. (a) NHC Best Track minimum central pressure (green) and maximum sustained wind speeds (blue). (b) GOES-
16 GLM optical energy per flash (red) and flash count (teal). The optical energy per flash is on a logarithmic scale.
(c) Convective characteristics as calculated from the NOAA P-3 tail Doppler radar flight volume of the 5+ m/s updrafts
(gray) and ice mass (purple). The first RI period is highlighted in yellow, the second RI period is highlighted in cyan,
and each landfall is marked with a vertical dashed yellow line.
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FIG. 2. (a-c) TDR reflectivity during the second RI period. (d-f) TDR reflectivity during the first RI period. (g-i) TDR
reflectivity from the first RI subtracted from the reflectivity from the second RI.
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FIG. 3. (a-c) TDR vertical velocity during the second RI period. (d-f) TDR vertical velocity during the first RI period.
(g-i) TDR vertical velocity from the first RI subtracted from the vertical velocity from the second RI.
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