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ABSTRACT

A large sample of Atlantic and eastern North Pacific tropical cyclone cases (2005-10) is used to investigate
the relationships between lightning activity and intensity changes for storms over water. The lightning data
are obtained from the ground-based World Wide Lightning Location Network (WWLLN). The results
generally confirm those from previous studies: the average lightning density (strikes per unit area and time)
decreases with radius from the storm center; tropical storms tend to have more lightning than hurricanes;
intensifying storms tend to have greater lightning density than weakening cyclones; and the lightning density
for individual cyclones is very episodic. Results also show that Atlantic tropical cyclones tend to have greater
lightning density than east Pacific storms. The largest lightning density values are associated with sheared
cyclones that do not intensify very much. The results also show that when the lightning density is compared
with intensity change in the subsequent 24 h, Atlantic cyclones that rapidly weaken have a larger inner-core
(0-100 km) lightning density than those that rapidly intensify. Thus, large inner-core lightning outbreaks are
sometimes a signal that an intensification period is coming to an end. Conversely, the lightning density in the
rainband regions (200-300 km) is higher for those cyclones that rapidly intensified in the following 24 h in
both the Atlantic and east Pacific. When lightning density parameters are used as input to a discriminant
analysis technique, results show that lightning information has the potential to improve the short-term pre-
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diction of tropical cyclone rapid intensity changes.

1. Introduction

Tropical cyclone intensity forecasts over the past few
decades have improved considerably slower than track
forecasts (e.g., Marks and Shay 1998; DeMaria et al.
2007). An especially difficult but important problem is
the ability to forecast rapid intensity changes (RICs). In
fact, improvement in RIC forecasting has been identified
as the highest priority for research by the National Hur-
ricane Center (NHC) and the Joint Typhoon Warning
Center (Marks and Ferek 2011). Intensity changes
involve complex interactions between a wide range of
spatial scales in the atmosphere and ocean, as well as
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physical processes such as surface energy exchanges,
boundary layer turbulence, and cloud microphysics.
Another difficulty is the lack of observations with
adequate spatial and temporal resolution, especially
near the storm center. Aircraft-based in situ and radar
observations provide inner-core information, but are
not available at all times, and cannot fully sample the
three-dimensional wind and thermodynamic structure
of a storm. Geostationary satellites provide measure-
ments of visible and infrared radiation with high time
and spatial resolution, but cloud cover typically prevents
measurements below cloud top near the cyclone center.
Passive and active microwave sensors from low-earth-
orbiting (LEO) satellites provide information below the
cloud top, including surface wind estimates and tem-
perature and moisture profiles, but the horizontal and
temporal resolution of these observations is limited. Thus,
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tropical cyclone forecast models have incomplete infor-
mation available for data assimilation and initialization.

Black and Hallett (1986) was one of the first studies to
suggest that lightning observations might provide useful
information about the hurricane inner-core region. Their
study of aircraft observations of cloud microphysics from
three Atlantic hurricanes showed that the simultaneous
presence of ice and supercooled water, which is important
for charge separation and lightning, was somewhat rare in
the eyewall region. They suggested that remote lightning
measurements would help locate these mixed phase re-
gions. In a later study, Black and Hallett (1999) surveyed
reports of electrical activity from a large sample of air-
craft flights into tropical cyclones. Their results indicated
that tropical cyclone lightning within 100 km of the storm
center was somewhat rare and was usually associated
with fairly strong updrafts (>10 m s~ ') in the mixed
phase region above the freezing level. Although up-
drafts of 25 m s~ ! have been observed by aircraft (Black
et al. 1994), the typical values in tropical cyclones are
usually much weaker. For example, Jorgensen et al. (1985)
showed that the 90th percentile of hurricane eyewall up-
draft speed was only about 4 m s~ '. Thus, lightning ob-
servations can also provide information about hurricane
updraft strength, especially those on the very high end of
the spectrum.

Thunderstorm lightning includes cloud-to-ground (CG)
and intracloud (IC) strikes. Most estimates of the ratio
of IC to CG strikes (often defined as Z) indicate that the
majority of strikes are IC. For example, in a study of
lightning activity in Brazil, De Souza et al. (2008) found
Z values ranging from 2 to 12. In a study over the con-
tinental United States, Boccippio et al. (2001) estimate a
Z value of about 3. Studies of thunderstorms over land
indicate that total lightning (the sum of CG and IC strikes)
is best correlated with updraft speed and convective
structure (e.g., Reap and MacGorman 1989; Wiens et al.
2005). These findings indicate that total lightning mea-
surements would provide the most information con-
cerning the convective evolution and related intensity
and structure changes of tropical cyclones.

Total lightning can be measured from ground-based
lightning mapping arrays (LM As), such as the Los Alamos
Sferic Array (LASA) (Shao et al. 2006). The three-
dimensional charge distribution can also be measured
from LMAs, which allows the source height of the light-
ning to be estimated. Fierro et al. (2011) used LASA data
to investigate the lightning activity in Hurricanes Rita
and Katrina from the 2005 hurricane season while the
cyclones were in the Gulf of Mexico. Results showed that
the total lightning information was useful for monitoring
the convective evolution of those storms. The results also
showed that the periods of rapid intensification (RI) were

DEMARIA ET AL.

1829

associated with an increase in the discharge heights of the
IClightning. This work again highlights the need for total
lightning measurements in tropical cyclones. Unfortu-
nately, the range of the LM As is limited to a few hun-
dred kilometers, so these systems are not well suited for
statistical studies with large samples. A special class of
IC lightning called narrow bipolar events (NBE) can be
detected at longer ranges because of their characteristic
large amplitudes (Fierro et al. 2011), but still cannot
provide basinwide coverage.

Total lightning measurements can also be measured
from satellites. The Optical Transient Detector (OTD)
on a National Aeronautics and Space Administration
(NASA) LEO satellite provided total lightning loca-
tions from 1995 to 2002 and the Lightning Imaging
Sensor (LIS) on NASA’s Tropical Rainfall Measuring
Mission (TRMM) continues to provide total lightning
measurements (Boccippio et al. 2002). Because the OTD
and LIS only provide snapshots of lightning locations,
they cannot be used to study the evolution of individual
storms. However, they have been used to provide clima-
tologies of the spatial coverage of total lightning (Christian
et al. 2003) and have also been used in tropical cyclone
studies through compositing approaches (Cecil et al. 2002).

Two exciting new developments that will provide total
lightning measures over extended tropical cyclone regions
are the ground-based Earth Networks Total Lightning
Network (ENTLN; http://earthnetworks.com/Products/
TotalLightningNetwork.aspx) and the space-based Geo-
stationary Lightning Mapper (GLM), which will be on
the next-generation Geostationary Operational Envi-
ronmental Satellites (GOES) starting with GOES-R
(www.goes-r.gov). The ENTLN uses a network of about
500 sensors that detect a broad range of frequencies to
estimate total lightning locations. Some preliminary data
are available in the Atlantic out to about 60°W from the
2010 and 2011 hurricane seasons. The GLM will provide
near-continuous measures of total lightning locations
over most of the area covered by GOES-East and -West,
which includes most of the tropical cyclone regions of
the Atlantic and eastern North Pacific basins. In addi-
tion, the GLM will have detection rates (70%-90% ) that
are comparable to or greater than those from ground-
based systems. Part of the motivation for this study is to
prepare for the GLM, which should become available by
late 2015.

Because the ENTLN is a recent development and the
GOES-R GLM is still several years away, most of the
studies to date on tropical cyclone lightning have relied
on ground-based systems, which primarily detect CG
strikes. One of the earliest of these networks is the Na-
tional Lightning Detection Network (NLDN), which
has been available since the 1980s (Orville 2008). These
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ground-based networks use very low-frequency (VLF)
electromagnetic energy emitted during lightning dis-
charges to estimate the time and location of CG light-
ning strikes. Although the detection efficiency of the
NLDN decreases fairly rapidly outside of major land
areas, these can also be used for tropical cyclone analysis
for limited samples. Molinari et al. (1999) used NLDN
data to show that the lightning density (LD; strikes per
unit area and time) tends to have a bimodal structure as
a function of radius from the storm center, with maxima
near the eyewall region and in the rainband region (150-
300-km radius) and a minimum in between. Corbosiero
and Molinari (2003) extended that work to show a strong
relationship between the environmental vertical wind
shear and the azimuthal distribution of lightning, with a
maximum in strikes on the downshear side of the storm.

More recently, Vaisala’s Long Range Lightning De-
tection Network (LLDN; Pessi et al. 2009) and Global
Lightning Dataset 360 (GLD360) (Demetriades et al.
2010) have been implemented. The LLDN extended the
range of the NLDN to about 1000 km from the coast,
and the GLD360 provides global coverage. Squires and
Businger (2008) used the LLDN to perform cases stud-
ies of Hurricanes Katrina and Rita. Their study showed
that lightning near the storm center tends to be much
more transient than that in the rainband region, in agree-
ment with the earlier studies such as those by Molinari
et al. (1999) and Black and Hallett (1999). They also
showed that large outbreaks of lightning occurred dur-
ing the rapid intensification of those storms.

Because the GLD360 data provide global coverage, it
is well suited for statistical studies of tropical cyclone
lightning with large samples. However, this network was
launched in September of 2009, so only a few hurricane
seasons are currently available. The World Wide Light-
ning Location Network (WWLLN) operated by the
University of Washington is another ground-based net-
work that is well suited to tropical cyclone analysis be-
cause of its global coverage. The WWLLN data were
established in the early 2000s (Lay et al. 2004; Rodger
etal. 2006). As will be described in section 2, the WWLLN
station coverage has improved considerably since its ini-
tial inception, and fairly uniform coverage is available
back to at least 2005. For this reason, the WWLLN data
will be used to investigate the relationships between
lightning activity and tropical cyclone intensity changes
for a large sample of Atlantic and eastern North Pacific
tropical cyclones. In addition, the WWLLN detects some
IC strikes (see section 2) so it is more representative of
total lightning than the networks that only detect CG
strikes.

The primary interest in this study is the relationship
between lightning activity in tropical cyclones and
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intensity changes, especially rapid intensification and
rapid weakening (RW). Using the simple argument that
lightning is favored when the cloud updrafts are stronger
in the mixed phase region (e.g., Black and Hallett 1999)
it might be expected that increased lightning activity
near the storm center would be correlated with short-term
intensification. However, early studies with somewhat
limited sample sizes did not reveal a clear relationship
between lightning activity and tropical cyclone intensity
changes (Molinari et al. 1999; Cecil et al. 2002). More
recently, case studies of major hurricanes (MH) from
the 2005 Atlantic hurricane season (Rita, Katrina, and
Emily) by Squires and Businger (2008) and Thomas et al.
(2010) showed that large increases in lightning near the
storm center were observed slightly before and during
periods of rapid intensification, but were also sometimes
observed during weakening periods.

Price et al. (2009) examined lightning activity in a large
sample of category-4 and -5 tropical cyclones around the
globe using the WWLLN. His study showed a high cor-
relation (0.82) between the lightning strikes in a large
area around the storm and the maximum winds. Al-
though the average lag between the peak lightning ac-
tivity and maximum winds was about 30 h, the high
correlations were obtained only after choosing the lag
that maximized the correlation between lightning and
maximum wind for each storm. The optimal lag ranged
from 4 days before to 2 days after the peak wind was
observed. When a fixed lag was used, the correlations
were much lower. Kaplan and DeMaria (2003) showed
that nearly all category-4 and -5 storms undergo at least
one period of rapid intensification (=30 kt in 24 h,
where 1 kt = 0.514 m s~ ') and, as described above, a
number of studies have shown that tropical cyclone
lightning is episodic with just a few short time periods
with much higher lightning activity than during the rest
of the storm. Thus, the results by Price et al. (2009) might
simply be a result of these two observed characteristics,
and do not conclusively establish a connection between
lightning and intensification.

Abarca and Corbosiero (2011, hereafter A11) showed
that for a sample of 24 Atlantic tropical cyclones, the
inner-core lightning flash density is higher for cyclones
that are intensifying than for those that are weakening.
Their study used the WWLLN data and included the
open ocean portion of the tracks of 2004-07 tropical
cyclones that came within 400 km of the U.S. coastline
during their lifetime. However, that study examined nei-
ther rapid intensity changes nor the relationship between
lightning and future intensity changes.

In this study, the WWLLN flash densities of the entire
lifetime of all Atlantic and eastern North Pacific tropical
cyclones from 2005 to 2010 are examined to investigate
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the relationships between lightning activity and intensity
changes, with special emphasis on rapid intensity changes.
For the remainder of this study we define rapid inten-
sification as a 30-kt or more increase in the maximum
sustained surface winds in 24 h and rapid weakening as a
20-kt or greater decrease in 24 h. Kaplan and DeMaria
(2003) showed that a 24-h intensity increase of 30 kt
is close to the 95th percentile of the long-term Atlantic
intensity change distribution for cyclones over water. An
examination of the Atlantic intensity changes from 1982
to 2010 for cyclones over water showed that a 24-h in-
tensity decrease of 20 kt is close to the 5th percentile of
the distribution.

The organization of the remainder of the paper is as
follows: the data and analysis methods are described in
section 2, the radial and temporal structures of the light-
ning activity are presented in section 3, the relationships
between intensity changes and flash density are presented
in section 4, and the potential for improving forecasts of
rapid intensity changes using lightning information is de-
scribed in section 5. Conclusions are provided in section 6.

2. Data and analysis methods
a. Lightning data

The WWLLN provides estimates of the time and lo-
cation of lightning strikes over most of the globe through
analysis of VLF electromagnetic energy measured by
a network of ground-based stations. These data were
obtained from the University of Washington for the
period 2005-10, where the data prior to 2008 were re-
processed using their upgraded (version 2) algorithm. As
described by Rodger et al. (2008), the new algorithm in-
creased the WWLLN detection efficiency by about 60%.
Some data are also available back to 2003, but the station
coverage was very limited during that time.

The location accuracy of the WWLLN has been esti-
mated by modeling studies and comparisons with more
accurate networks such as the LASA (Rodger et al. 2005;
Jacobson et al. 2006). These studies indicate that the
WWLLN location accuracy is about 15 km. As described
below, the WWLLN data will be composited in a storm-
relative coordinate system with radial bins no smaller
than 50 km. The WWLLN location accuracy is accept-
able for this purpose.

The WWLLN detection efficiency has been estimated
in a number of studies through comparison with more
accurate LMA networks over limited regions. As de-
scribed by Lay et al. (2004), Jacobson et al. (2006), and
Abarca et al. (2010, hereafter A10), the WWLLN de-
tects CG and IC strokes with equal efficiency as long as
their peak current is comparable. However, because the
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WWLLN only detects strokes with large peak currents
(>30 kA) and CG strikes tend to have larger peak
currents than IC strikes, the WWLLN primarily detects
CG strikes. In a recent evaluation of WWLLN, A10
estimated that the detection efficiency for WWLLN in
2008/09 over a domain that covered most of the conti-
nental United States and some adjacent ocean was
10.3% for CG, 4.8% for IC, and 6.2% for total lightning.
Using the Z value of 3 assumed in their study, about
58% of the WWLLN strikes are IC and 42% are CG.
This estimate is larger than that in the study by Jacobson
et al. (2006), which indicated that about 25% of the
WWLLN strokes were IC. Although these results are
fairly crude estimates, they do suggest that the WWLLN
detects a nonnegligible fraction of IC lightning. A10 and
Al1 also concluded that although the overall WWLLN
detection efficiency is fairly low, it can still measure the
patterns of lightning strikes around tropical cyclones
when compared to networks with much higher detection
efficiencies. Figure 1 shows an example of the WWLLN
lightning locations over a 6-h period for Hurricane Ike.

A10 and Rodger et al. (2008) have shown that WWLLN
station coverage and detection efficiency have varied
considerably over the period of this study. Therefore, a
method to account for this variation is needed. As will be
described below, the long-term global lightning density
climatology estimated from OTD and LIS was used for
this purpose. The properties of OTD and LIS are de-
scribed by Boccippio et al. (2002). The flash detection
accuracy is estimated to be about 90% so that they can
provide an accurate estimate of the annual mean total
lightning density over the tropics and subtropics. The
annual mean lightning density on a 0.5° latitude—longitude
grid was downloaded from the Goddard Space Flight
Center web page, which included OTD data from 1995 to
2000 and LIS data from 1998 to 2005 in the climatology.

b. Tropical cyclone data

The tropical cyclone tracks and maximum sustained
1-min surface winds (referred to as intensity) at 6-h in-
tervals were obtained from the National Hurricane
Center best-track dataset. The best track is determined
from a postanalysis of all available information (Jarvinen
and Davis 1984). Because the intensity is reported in
knots rounded to the nearest 5, those units are used in
this study. The life cycle of all tropical cyclones in the
Atlantic tropical cyclone basin and combined eastern
and central North Pacific tropical cyclone basins (i.e.,
out to the date line) from 2005-10 are included in the
sample. In most years there are one or two storms that
are classified as tropical cyclones but do not reach tropical
storm intensity (34 kt or greater). These systems are
sometimes referred to as unnamed depressions, and were
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FIG. 1. The lightning locations (gold dots) from the WWLLN over a 6-h period centered at
2100 UTC 6 Sep 2008 on a color-enhanced GOES infrared image of Hurricane Ike. The red
areas near the storm center indicate the coldest cloud tops.

included in the data sample. The Atlantic and eastern/
central Pacific samples are considered separately. For
simplicity the eastern/central Pacific cases are hereafter
referred to as east Pacific.

Because the physical processes that govern tropical
cyclone intensity changes of tropical cyclones after land-
fall are very different than those over the water, the
sample is restricted to those cases where the center loca-
tion is over water. Only relatively large landmasses are
considered when excluding the land cases. Trinidad is the
smallest island that is considered to be land in this study.
The sample also excludes the extratropical stages of each
storm because their structure is different than the tropical
or subtropical systems. To calculate the time tendency of
the intensity, the included best-track times were required
to have a valid best-track point 12 h earlier and 24 h later.
With these restrictions, the Atlantic sample includes 1245
six-hour periods from 81 tropical cyclones and the east
Pacific sample includes 1297 six-hour periods from 91
tropical cyclones.

The best-track data were supplemented with an esti-
mate of the vertical shear of the environmental hori-
zontal wind and the sea surface temperature (SST).
These were obtained from the developmental data for
the Statistical Hurricane Intensity Prediction Scheme
(SHIPS) (DeMaria 2010). The vertical wind shear is de-
termined from the National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS)

analysis by averaging the 200- and 850-hPa horizontal
wind vectors over a circular area within a radius of 500 km
from the storm center, and then taking the magnitude of
the vector difference. The SST in the SHIPS dataset is
estimated from the weekly Reynolds SST analysis at
the center position of the storm.

c. Data analysis methods

For comparison of lightning activity to intensity
changes, the lightning strike locations were transformed
to a storm-relative cylindrical coordinate system. The
best-track center position was linearly interpolated to
the time of each strike and then the radius and azimuth
to that strike position was calculated. The area around
the storm was then divided into eight radial intervals
with a radial interval of 100 km. The lightning density
was then calculated by counting the number of strikes in
each 6-h period in each radial section and dividing by
the area of that section. Similar to other studies (e.g.,
Squires and Businger 2008), the area from the 0- to 100-km
radius is considered the inner-core region. The area from
the 200- to 300-km radius is representative of the rain-
band region. The region from the 0- to 50-km radius is
also examined, and will be referred to as the eyewall re-
gion. Because the interest is in future intensity changes,
the lightning data for the 6 h before each best-track
time were included in the LD calculation. The LD is re-
ported in units of strikes per square kilometer per year,
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TABLE 1. Adjustment factors needed to make the annual aver-
age WWLLN LD equal to that from the OTD/LIS climatology for
each ocean basin and year.

Year Atlantic East Pacific
2005 37.5 110.1
2006 24.1 31.1
2007 22.8 30.2
2008 16.7 15.2
2009 6.8 5.0
2010 5.0 5.7

consistent with the units of the climatological LD analy-
ses that were used to normalize the data (e.g., Christian
et al. 2003), as will be described below.

The annual mean lightning density climatology from
OTD/LIS was used to account for time variability in the
WWLLN detection efficiency. For this purpose it was
assumed that variations in the lightning density aver-
aged over large temporal and spatial areas are much
smaller than the changes due to improvements in the
WWLLN station coverage. With this assumption, the
annual average lightning density was calculated for each
year of the study over an Atlantic domain (0°-50°N,
100°-10°W) and an east Pacific domain (0°-40°N, 180°-
100°W). These values were then compared to those from
the annual lightning climatology over these same do-
mains. Table 1 shows the adjustment factors needed to
make to the WWLLN annual average LD equal that
from the OTD/LIS climatology. Because the OTD/LIS
climatology is for total lightning, the adjustment factors
also correct for the low WWLLN detection efficiency and
convert the values to total lightning densities in a mean
sense. The year-to-year differences in the adjustment
factors and the differences between the Atlantic and
east Pacific values (especially in 2005) are believed to
be due to increases in the number of stations in the
WWLLN.

Table 1 shows that the total lightning detection rate
(inverse of the adjustment factor) was only about 1%-—
3% in 2005, but increased to about 20% by 2010. A10
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DEMARIA ET AL.

1833

estimated that the WWLLN total lightning detection
efficiency was 2.3% in 2006/07, which increased to 6.2%
in 2008/09 over an area centered on the continental
United States and adjacent waters. The area in A10
differs from the Atlantic and east Pacific domains in this
study, but does include some overlap with each. Aver-
aging the adjustment factors in Table 1 over both basins
for 2006/07 and for 2008/09 gives detection rates of 3.7%
and 10.9%, respectively. These detection rates are higher
than those reported by A10 but are reasonably close
given that the areas of comparison are not the same and
contain much different fractions of land and water, and
that the adjustment methods are very different. Also, the
rate of improvement between the two time periods was
2.7 in A10, and 2.9 using the values from Table 1. This
similarity provides some confidence that the normal-
ization method used here adjusts for WWLLN im-
provements, at least in a relative sense. All of the LD
measurements used in this study include the adjustment
factors from Table 1, and are considered to be repre-
sentative of total lightning.

3. Temporal variability and radial structure

To illustrate the temporal variability, Fig. 2 shows the
Atlantic data sample of inner-core and rainband LD for
all tropical cyclones in the sample plotted as a time se-
ries. All points for the same storm are plotted sequen-
tially. The square root of the LD was plotted so that the
structure of the lower values could be more easily seen.
Neither time series indicates a significant trend, which
provides confidence that the adjustment procedure was
reasonable. The results show that the LD in the inner
core and rainbands is extremely episodic, with long pe-
riods of very low activity interspersed with short periods
of hyperactivity. As mentioned in the introduction, this
episodic behavior is consistent with previous studies.
The inner-core LD appears more variable than the rain-
band LD, consistent with the results of several other
studies. As a quantitative measure of the temporal

60 -

50

Inner Core
—Rainband

a0 -

Lightning Density 2 0.5
(Strikes/km"2-y ear) "0.5

1 101 201 301 401 501

601 701
Data Count

801 901 1001 1101 1201

FIG. 2. The square root of the LD plotted as a sequential time series for all 6-h intervals for the
Atlantic sample from 2005 to 2010.
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TABLE 2. The 10 Atlantic cases with the largest inner-core LD. The max wind (Vmax), 24-h max wind change (dVmax), and environmental
shear (Shear) are in kt and the SST is in °C.

Name Year Time and date LD Vmax dVmax Lat (°N) Lon (°W) Shear SST
Noel 2007 0600 UTC 1 Nov 3792 50 20 23.4 78.3 18 28.8
Ida 2008 0000 UTC 9 Nov 1399 90 =30 23.0 86.5 28 28.1
Mari 2005 1200 UTC 30 Sep 1369 50 15 24.4 53.1 7 28.5
Philippe 2005 0600 UTC 22 Sep 1298 35 0 23.8 56.8 15 29.3
Philippe 2005 1200 UTC 22 Sep 1110 45 -10 19.9 57.0 24 29.6
Richard 2010 1200 UTC 22 Oct 1093 35 15 15.8 81.0 13 27.7
Irene 2005 0600 UTC 8 Aug 1074 35 =5 21.8 48.3 17 29.4
Thomas 2010 1200 UTC 2 Nov 960 40 -10 13.5 72.5 15 28.6
Ida 2008 1200 UTC 8 Nov 919 85 —20 21.9 86.2 25 27.8
Ingrid 2007 0000 UTC 15 Sep 881 35 -5 159 512 20 29.2

variability, the standard deviation of the LD time series
values in Fig. 2 (without the square root) was calculated.
Results show that the inner-core standard deviation was
3.5 times larger than that of the rainband LD. Part of
that difference might be due to the larger area of the
rainband region. However, the LD standard deviation
was also calculated for the area from 0 to 200 km, which
is more comparable to that of the rainband region, and
the standard deviation was still a factor of 1.5 larger. The
results from the east Pacific (not shown) indicate similar
behavior.

Table 2 shows the 10 Atlantic cases with the highest
inner-core LD values. Only three of these cases inten-
sified in the next 24 h, and none rapidly intensified.
Eight of 10 were of tropical storm intensity (maximum
winds less than 64 kt). The mean vertical shear and SST
of the 2005-10 sample are 14 kt and 28.0°C, respectively.
Table 2 shows that 8 of 10 cases had SSTs above the
average and 8 of 10 had vertical shear above the average.
Every case was equatorward of 25°. These results sug-
gest that the largest inner-core LD occurs in Atlantic
tropical cyclones at fairly low latitudes with high SSTs,
but is also accompanied by above-average vertical shear.
It is also interesting to note that all except one of the
cases in Table 2 occurred in the latter half of the hurri-
cane season. DeMaria et al. (2001) examined the rela-
tionship between vertical shear and thermodynamic
instability in the tropical Atlantic. These results showed
that the lowest vertical shear occurs fairly early in the
season (early August), but the instability is at a maximum
much later (late September/early October). The very large
values of inner-core LD appear to favor the higher-shear,
higher-instability environments.

To further examine the relationship between the inner-
core LD and vertical shear, Fig. 3 shows a scatterplot
of these two variables for the Atlantic sample. Again the
square root of LD was used to highlight the lower values.
The relationship between the inner-core LD and shear
appears to be nonlinear, with two regimes. As the shear

increases from low to moderate values, the LD increases.
However, for very large values of shear, the LD gener-
ally decreases. The moderate values of shear may en-
hance updrafts near the storm by forcing asymmetries, as
was shown by Corbosiero and Molinari (2003). However,

50

Inner Core

40

Lightning Density 0.5

Vertical Shear (kt)

50

Rain Band

40

30

Lightning Density 4 0.5

Vertical Shear (kt)

FIG. 3. Scatterplot of the vertical shear vs the square root of the
LD for the Atlantic sample for the (top) inner-core and (bottom)
rainband region.
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for very large values of shear, the entire storm structure
may become disrupted, resulting in dissipation and the
lack of organized convection.

The nonlinear relationship between shear and inner-
core LD is consistent with the modeling study by Davis
et al. (2008), which examined the behavior of six Atlantic
tropical cyclones interacting with vertical shear as they
approached high latitudes and began extratropical tran-
sition. The model results showed that the environmental
shear acted to tilt the vertical column of very high po-
tential vorticity (PV) near the storm center, causing
asymmetric vertical motion and convective structure.
The cyclones counteracted the vertical shear through a
procession of the tilt or by reformation of the low-level
center in response to the asymmetric convection. The
vertical mass flux in the simulations continued to in-
crease during this process until the shear reached very
high values. This increase and then decrease in model
vertical mass flux is consistent with the increase in inner-
core LD with increasing shear for moderate shear values
and then a decrease for very large values of shear. The
relationship between shear and the rainband LD does
not appear to have the two-regime structure. Instead there
appears to be a weak tendency for the LD to decrease
with increasing shear. The rainband region is outside of
the high-PV region and thus is not influenced by the PV
tilt and associated vertical circulations. The general de-
crease in rainband LD in Fig. 3 is probably just due to the
decreased instability that occurs at higher latitudes where
the shear values are larger.

The inner-core and rainband lightning in Fig. 2 appear
to be positively correlated, but the relationship between
the two is not that strong. The correlation coefficient
(without the square root used in Fig. 2) was only 0.13 for
the Atlantic and 0.18 for the east Pacific. This result
suggests that the lightning in the inner and outer parts of
the cyclone is providing somewhat independent in-
formation on the storm structure and environment. This
hypothesis will be examined in more detail in section 4.

Figure 4 shows the average LD as a function of radius
for the Atlantic and east Pacific samples. The rainband
region was subdivided into the eyewall region for this
comparison, so the first two radial intervals in Fig. 4
are half the length of the remaining intervals. This figure
shows that the average lightning density for the Atlantic
is almost twice as large as that for the east Pacific. Both
basins show a near-monotonic decrease in LD with ra-
dius. Previous studies (e.g., Molinari et al. 1999) have
shown that there tends to be a local minimum in light-
ning activity between the inner-core region and the
rainband region. This structure was observed in many
individual cases, but does not appear in Fig. 4. This lack of
a local minimum is due to the averaging of storms with
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FIG. 4. The sample mean LD as a function of radius from the storm
center for Atlantic and east Pacific tropical cyclones.

variable sizes, so that the high-lightning area of the inner
core of large storms overlaps with the area between the
rainbands and inner core of smaller storms. As will be
shown below, a local minimum is observed when the ca-
ses are stratified by intensity.

The more rapid decrease in LD with radius for the
east Pacific storms in Fig. 4 is consistent with the obser-
vation that east Pacific cyclones tend to be smaller than
those in the Atlantic (Knaff et al. 2007). The LD is also
smaller in the eyewall region for the east Pacific cases. It
is possible that this is due to the generally lower vertical
shear in that basin. It might also be due to atmospheric
aerosol differences between the Atlantic and east Pacific.
Khain et al. (2008) suggested that the increased avail-
ability of aerosols below cloud base increases the cloud
supercooled water and ice concentrations, enhancing
charge generation. The east Pacific aerosol concentra-
tion is less than that of the Atlantic (Sherwood 2002),
which may be contributing to the lower LD for the east
Pacific tropical cyclones.

A11 showed that inner-core LD was much larger for
tropical depressions (TD) and tropical storms (TS) than
for hurricanes. This relationship was also true in the
rainband regions, but not as pronounced. A similar re-
sult was found in the case study comparisons of Samsury
and Orville (1994). To further investigate these rela-
tionships with the larger data sample in this study, the
Atlantic cases were stratified into four groups by maxi-
mum wind v: TD (v < 34 kt), TS (34 = v < 64 kt),
nonmajor hurricanes (nMH; 64 = v = 94 kt), and MH
(v>94 kt). Figure 5 shows that in the eyewall region (0—
50 km), the LD is smaller for the TD cases, and about
the same for the other intensity categories. It can also be
seen that for the hurricanes, there is a local minimum in
the r = 50-100-km region, especially for the MH cases.
In A11, the 0-50- and 50-100-km radial intervals were
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combined. If those were combined in Fig. 5, and keeping
in mind that the area of the second interval is 3 times
larger than the first one, the TS and TD cases would have
much larger LD values than the hurricane cases, consis-
tent with the results of A11. However, the results in Fig. 5
indicate that some structure is lost when the data within
the first 100 km from the storm center are combined.
The radial structure of the LD in Fig. 5 is consistent
with observations of the inner-core convective structure
of tropical cyclones, especially those with organized
eyewall convection. Vigh et al. (2012) investigated a large
sample of vortex data messages from routine aircraft
reconnaissance flights. These messages include a radar-
based estimate of the diameter of the inner edge of the
eye if one is present. Their results show that the median
eye diameter at the time when an eye was first observed
is about 33 km (radius of 16.5 km), and the value does
not vary very much from its initial value. Having a
10-km-wide eyewall and an outward slope where the
eyewall radius can increase by up to about 50% from the
lower to upper troposphere (Stern and Nolan 2009) in-
dicates that nearly all of the eyewall convection will be
within about 50 km. That is the width of the first bin in
Fig. 5, which also shows the LD minimum outside of this
radius for the hurricane cases. From the eyewall out-
ward to about 100 km is an area that Cecil et al. (2002)
called the inner rainband region. Using microwave sat-
ellite imagery and LIS data, they showed that this region
is characterized by low precipitation, weak convection,
and little lightning activity, consistent with the LD mini-
mum in Fig. 5 for the hurricane cases. Outside of about
100 km, in a region they termed the outer rainband
region, the convection signature was stronger and more
lightning was observed, consistent with the secondary
maximum in LD in Fig. 5 in the 200-300-km region.
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The intensity stratification of the LD radial structure
was also performed for the east Pacific sample, and the
results were qualitatively similar to those shown in Fig. 5,
although the local minimum at » = 50-100 km was less
pronounced, probably because of the smaller size of the
east Pacific tropical cyclones.

4. Lightning density and tropical cyclone
intensity change

As described in section 1, the prediction of tropical
cyclone intensity changes remains a difficult problem.
For this reason, many previous studies of tropical cy-
clones have focused on the relationships between light-
ning and intensity changes, though with sometimes
conflicting results. A1l stratified an Atlantic LD sample
by intensification rate, and the intensifying systems
did have large LD values in the inner core. There was no
obvious difference in the rainband LD between the in-
tensifying and nonintensifying cases. In that study, the
intensification rate concurrent with the LD was exam-
ined. To have predictive value, the LD would need to
be larger for cases that intensified after the time of the
lightning measurements.

To examine the time lag relationships, the sample was
stratified into three groups, where the maximum winds
over a 6-h period decreased, remained constant, or in-
creased. The cases where the maximum wind increased
were then compared to those where it decreased. Of the
1245 cases, 22% were weakening and 37% were inten-
sifying. This stratification was performed when the 6-h
period of the intensity change was at the time of the 6-h
period of the lightning data plus —6, 0, 6, ..., 24 h.
Figure 6 shows the LD for the weakening and inten-
sifying cases as a function of the lead time between the
data and the intensity change for the eyewall, inner-
core, and rainband regions. For the eyewall and inner-
core regions, the LD is larger for the intensifying cases
than the weakening cases for lead times of —6 and 0 h,
consistent with the results of A11. However, for the in-
tensity changes 6 and 12 h after the lightning data, the
relationships reverse, so that the weakening cases have
higher LD than the intensifying cases. This result in-
dicates that lightning activity near the storm center
tends to occur during the intensification phase, but it is
also an indicator that the intensification period is near-
ing its end. For the eyewall region, this relationship con-
tinues for lead times of 18 and 24 h, but reverses for the
inner-core region at these longer lead times.

Figure 7 shows the LD stratified by intensity change
for various lead times for the east Pacific sample. Of the
1297 cases, 24% were weakening and 36% were inten-
sifying. Although the magnitudes are less, the structure
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is remarkably similar to that for the Atlantic. The eye-
wall and inner-core LD are greater for the intensifying
cases for lead times of —6 and 0 h, but the relationships
reverse for lead times of 6 and 12 h. The rainband LD is
greater for the intensifying cases at all lead times. Given
that the east Pacific sample is completely independent of
the Atlantic sample and has different size and aerosol
properties, the similarity of the relationships indicates
that these are robust results.

For the rainband region in Figs. 6 and 7, the LD is
larger for the intensifying cases at all lead times out to
24 h. This suggests that the LD in the outer part of the
storm might have more predictive information for in-
tensity changes than that in the inner core.

One of most challenging aspects of intensity fore-
casting is the ability to anticipate rapid changes, either
positive or negative. Figure 8 (top panel) shows the At-
lantic LD as a function of radius for the rapid weakening,
average intensity change (AIC), and rapid intensification
cases. These stratifications of the Atlantic sample included
98,1031, and 116 cases, respectively. The most obvious
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FIG. 7. As in Fig. 6, but for the east Pacific.

feature in Fig. 8 is that the eyewall LD is about 4 times
greater for the RW cases than the RI cases. Again this
is likely due to an intensification phase that is about to
come to an abrupt end. Also evident in Fig. 8 for the
Atlantic is that the rainband LD is about a factor of 2
larger for the RI cases than for the RW cases, again
suggesting that the LD in the rainband region may be a
good predictor of future intensity changes.

Figure 8 (bottom panel) shows the LD stratifications
for the east Pacific. The number of RW, AIC, and RI
cases for the east Pacific sample is 239, 961, and 97, re-
spectively. A decrease in the maximum wind of 20 kt is
about twice as common in the east Pacific than the At-
lantic. This is because of the very strong SST gradients
that occur in fairly low latitudes in the east Pacific. Be-
cause this is a different physical process than for the
Atlantic storms, the eyewall LD stratifications are also
very different. The largest eyewall LD occurs for the AIC
cases, although the RW cases do have somewhat larger
values than the RI cases. The LD in the rainband regions,
however, is very similar to that for the Atlantic, with much
higher values for the RI cases than the RW cases.

To help remove the effect of east Pacific storms that
move over very cold water, the stratification shown in
Fig. 8 was repeated but with only those cases where the
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SST was at least 28°C. This sample included about half of
the east Pacific cases. Results showed that for the warm
SST cases, the eyewall LD for the RW cases was 2.8 times
larger than that for the RI cases, similar to the Atlantic,
although the LD for the AIC cases was still slightly larger
than that for the RW cases. There was no qualitative
change to the LD behavior in the rainband region for the
east Pacific cases with warm SSTs.

The results shown in Figs. 6-8 indicate that the average
eyewall LD is larger for intensifying tropical cyclones in
the Atlantic and east Pacific, but this intensification phase
will end within about 12 h. The results also show that the
average LD in the rainband region is much larger for the
RI cases, but the average eyewall LD is lower for the RI
cases. Also, the average eyewall LD is larger for the
RW cases, especially in the Atlantic. Some clues for the
physical explanation of this behavior can be found in
Figs. 2, 3. Figure 2 showed that the inner-core lightning
and rainband lightning are not well correlated, indicat-
ing that they are modulated by different physical pro-
cess. Figure 3 shows that the inner-core LD has a complex
relationship with vertical shear, where shear increases the
inner-core LD for moderate shear values but decreases it
for large shear values. The rainband LD does not show
this relationship. It is hypothesized that the interaction of
the environmental shear with the inner-core PV is largely
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responsible for the relationships between intensity
changes and LD. As described in section 3, the Davis
et al. (2008) study showed that the environmental verti-
cal shear tilts the inner-core PV, resulting in asymmetric
but more vigorous convection (increased mass flux).
This enhanced asymmetric convection can lead to
short-term intensification, but the negative effects of
the vertical shear, and in some cases downdrafts and
cold pools from the enhanced convection, halt the short-
term intensification.

Although Davis et al. (2008) considered fairly high-
latitude storms, this process can also occur in lower lat-
itudes. For example, Molinari et al. (2006) showed that
Hurricane Gabrielle (2001) interacted with an upper-
level trough in the Gulf of Mexico, which increased the
shear over the storm. The convection became very asym-
metric and very strong, and resulted in a reformation of
the center and short-term deepening. The CG lightning
activity as measured by the NLDN was also very large
during this process. However, the short-term inten-
sification associated with the convective burst ended
and the reformed center weakened before landfall along
Florida’s west coast. Many other cases of intense, asym-
metric, convective outbreaks (sometimes called convec-
tive bursts) in tropical cyclones have been documented in
the literature (e.g., Lyons and Keen 1994; Kelley and
Halverson 2011). The rainband region, however, is out-
side of the core of high PV and thus is not impacted by the
tilting and related vertical circulations induced by the
interaction with shear. In that region, the LD is simply
providing a measure of whether or not the storm envi-
ronment is favorable for atmospheric convection.

Another physical process that may be responsible for
the behavior of the inner-core and eyewall LD is the
eyewall replacement cycle (Willoughby et al. 1982; Kossin
and Sitkowski 2009). The updrafts in fairly symmetric
hurricanes, even intense ones such as Hurricane Isabel
(2003), are usually too weak to produce significant light-
ning activity (Demetriades and Holle 2005). However, as
the eyewall contracts during a symmetric intensifica-
tion process, the vertical velocity can increase enough
to cause significant lightning activity as was seen for
Hurricanes Emily, Katrina, and Rita during the 2005
season (Thomas et al. 2010). If the storm environment
remains favorable, the inner eyewall collapses and is
replaced by an outer eyewall, and the maximum wind
decreases—sometime dramatically—during this process.
Sitkowski et al. (2011) have shown using aircraft data
that the average intensification phase of an eyewall
replacement cyclone only lasts about 12 h. Thus, high
eyewall LD would be correlated with short-term inten-
sity increases (12 h or less), but longer-term weakening,
consistent with Figs. 6, 7. However, Kossin and Sitkowski
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(2009) showed using a large sample of microwave imagery
that the probability of secondary eyewall formation is
very low for tropical cyclones with maximum winds
below about 80 kt, so eyewall replacement cycles are
probably only a contributing factor to the relationship
between eyewall LD and intensity changes.

5. The use of lightning for rapid intensity
change forecasting

The results in section 4 show that the eyewall and
rainband LD characteristics are very different for At-
lantic tropical cyclones for the RW and RI cases. For the
east Pacific storms, the rainband LD is also very differ-
ent for the RW and RI cases. As a first test of the po-
tential forecast utility of the lightning information, the
operational rapid intensification index (RII) described
by Kaplan et al. (2010) was generalized to include light-
ning input. The RII uses Fisher’s linear discriminant
analysis (LDA) technique (Wilks 2006) to identify the
probability of rapid intensification in the following 24 h.
The input includes a subset of the predictors used in the
SHIPS model that are the most relevant to discrimi-
nating between the RI and non-RI cases, which are listed
in Table 3. The maximum potential intensity in the SST
potential discriminator is estimated from empirical re-
lationships between observed intensities and SST as
described in DeMaria and Kaplan (1999). The oceanic
heat content (OHC) is estimated from satellite altim-
etry using the method described by Mainelli et al.
(2008). Discriminators 4-6 are determined from the
NCEP GFS model forecast averaged through 24 h.
Discriminators 7 and 8 are calculated from GOES im-
agery at or prior to ¢t = 0. Kaplan et al. (2010) have
shown that the RII has skill relative to climatology and
outperforms rapid intensity change forecasts from op-
erational dynamical hurricane models.

To test the impact of the lightning input, discrimina-
tors 10 and 11 in Table 3 were added to those used in the
operational RII. The square root of the LD was used
instead of the LD itself because of the very episodic na-
ture of the lightning data, where a few values are much
larger than the rest of the sample. Also, the inner-core
LD (0-100 km) was used instead of the eyewall LD (0-
50 km) to provide a smoother input parameter and to
account for storms with large eyes.

Because the lightning input also appears to have the
potential to improve rapid weakening forecasts, the two-
group RII algorithm was generalized to a three-group
LDA (Wilks 2006). The discriminators for the opera-
tional RII were selected by comparing the differences
in the sample means between the RI and non-RI cases.
A similar procedure was applied for the RW and non-RW
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TABLE 3. Discriminators used in the operational RII and the
additional input for the experimental RIC algorithm.

Operational RII discriminators

No. Name Description
1 Persistence Previous 12-h change in the max wind
2 SST potential Max potential intensity — current intensity
3 OHC Oceanic heat content at the storm center
4 Shear 850-200-hPa vertical wind shear within
0-500-km radius

Divergence 200-hPa divergence within 0-1000-km radius

6 RH 850-700-hPa average RH within

200-800-km radius
7 IR asymmetry GOES IR brightness temperature std dev
8 IR cold-cloud % IR pixel counts colder than —30°C
amount

Additional discriminators for the experimental RIC algorithm

9 Meridional wind 200-hPa zonal wind in 0-500-km radius
10 Inner-core lightning Square root of the 0-100-km LD
11 Rainband lightning Square root of the 200-300-km LD

cases and it was found that the 200-hPa meridional wind
in the storm environment was a potentially useful dis-
criminator, so that was added as an input parameter.

LDA determines the linear combination of the input
variables that best distinguishes between groups. The
procedure provides a weight for each input parameter
for calculation of the discriminate function (the sum of
the weights X the input parameters). The International
Statistics and Mathematics Library (IMSL) software for
Fisher’'s LDA was used to calculate the discriminate
weights using the input parameters in Table 3 for the
2005-10 sample. The Atlantic and east Pacific samples
were considered separately. For the two-group problem,
the software provides two sets of weights for two dis-
criminant functions. If the discriminant function corre-
sponding to group 1 is the largest, that case is predicted
to belong to group 1 and vice versa. For the operational
RII the difference between the two discriminant func-
tions is converted to a probability using the training data
(dependent sample) in a simple nearest-neighbors ap-
proach. If the input parameters are normalized by di-
viding by the sample standard deviation of each, then
the difference between the discriminant weights for each
parameter provides a measure of its importance in the
discrimination. For the three-group system, there are
three sets of discriminant function differences that pro-
vide a measure of the importance of each input parameter
for discriminating between groups 1 and 2,2 and 3, and 1
and 3. To illustrate their relative importance, the differ-
ence of the normalized discriminant weights between the
RI and RW cases was examined.

Figure 9 shows the magnitude difference in the nor-
malized discriminant function weights between groups 3
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(RI) and 1 (RW). The most important factor in both
basins is the SST potential and the least important is the
relative humidity. The magnitudes of the weight differ-
ences for the two lightning inputs are comparable to
many of the other inputs included in the operational RII.
This result suggests that the lightning input has the po-
tential to improve forecasts of rapid intensity changes
and is providing independent information relative to the
parameters in the operational RII.

The sample size used to develop the operational RII is
much larger than that used to determine the discrimi-
nant weights shown in Fig. 9 because the lightning data
have not been available for as long as the other discrim-
inators. The next step in the evaluation of the predictive
value of the lightning input is to perform a test of the
experimental algorithm on independent cases with and
without the lightning input. This test is currently being
performed as part of the GOES-R Proving Ground pro-
ject at the National Hurricane Center, where the WWLLN
data are being used as a proxy for the GLM. The evalua-
tion of those forecasts will provide further information on
the utility of the lightning data for forecasting rapid in-
tensity changes of tropical cyclones.

6. Conclusions

A large sample of Atlantic and eastern North Pacific
tropical cyclone cases (2005-10) was used to investigate
the relationships between lightning activity in the storm
core and its near environment and rapid intensity
changes for storms over water. The lightning data were
obtained from the ground-based World Wide Lightning
Location Network (WWLLN) and a method was devel-
oped to correct for the improvements in the detection
efficiency by comparison with a long-term lightning cli-
matology from OTD/LIS. The lightning strikes over 6-h
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periods centered on each tropical cyclone were used to
calculate lightning density as a function of radius. The
magnitude of the environmental wind shear from global
model analyses and the SST are also included in the
database.

The results from this study with a large data sample
generally confirm those from previous studies: the av-
erage lightning density decreases with radius from the
storm center, tropical storms have more lightning than
hurricanes, intensifying storms have greater lightning
density than weakening cyclones, and the lightning den-
sity for individual cyclones is very episodic. The results
also show that Atlantic tropical cyclones have greater
lightning density than east Pacific storms, which might
be due to aerosol differences between the two basins. In
contrast to some previous studies, the results show that
the largest lightning density values are associated with
sheared cyclones that are still over warm water, but do
not intensify very much. The results also show that when
the lightning density is compared with intensity changes
in the subsequent 24 h, Atlantic cyclones that rapidly
weaken in the following 24 h have a greater average
inner-core lightning density than those that rapidly in-
tensify. Thus, large inner-core lightning outbreaks are
often a signal that an intensification phase is coming to
an end. Conversely, the lightning density in the rainband
regions (200-300 km) is higher for those cyclones that
rapidly intensify in the following 24 h in both the At-
lantic and east Pacific. It was hypothesized that the
inner-core lightning structure is related to the interac-
tion between vertical shear and the PV column associ-
ated with the storm circulation. Several studies (e.g.,
Davis et al. 2008) have shown that the PV column is
tilted by the environmental shear, resulting in asym-
metric but sometimes more intense convection. This can
lead to short-term intensification, but that is often halted
by the longer-term influence of the shear, and some-
times by downdrafts and cold pools associated with the
intense asymmetric convection. Because the rainband
region is outside of the high-PV region of the inner core,
the LD in that region might provide a more direct measure
of the convective instability of the storm environment.
For stronger storms, secondary eyewall formation might
also be a factor in explaining why inner-core lightning
density is higher for tropical cyclones that rapidly
weaken in the subsequent 24 h. These processes need to
be investigated further using cases studies and model
simulations.

The results of this study have a number of implications
for tropical cyclone analysis and forecasting. When added
to a linear discriminant analysis algorithm, the results
showed that the lightning input influences the identifi-
cation of rapidly intensifying and rapidly weakening
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cases as much as many other parameters that are currently
utilized in an operational rapid intensification index
(Kaplan et al. 2010). Further testing with independent
cases is needed to determine the impact on forecasting
rapid intensity changes. An experimental version of the
operational RII that also includes an estimate of the
probability of rapid weakening is currently being tested in
real time as part of the GOES-R Proving Ground project.

The results of the current and previous studies have
shown that the lightning distribution is strongly related
to characteristics of tropical cyclones and their environ-
ments. For example, there tends to be more lightning
strikes in the downshear direction (Corbosiero and Molinari
2003). In the current study, the variations in the radial
distributions of lightning density are related to the dif-
ferences in the storm size, as revealed by the comparison
of the Atlantic (i.e., larger storms) and east Pacific (i.e.,
smaller storms) samples. This study also demonstrated
relationships between current and future intensity changes.
These statistical relationships suggest that the lightning
information has the potential to be used as input to data
assimilation systems for hurricane model initialization.
These capabilities would require the ability to relate light-
ning activity to variables that are predicted in the model
such as updraft speed, supercooled water, and cloud ice.
Several groups are currently developing these capabil-
ities (e.g., McCaul et al. 2009; Fierro et al. 2011), which
have the potential to provide information on tropical
cyclones and their environments that is not normally
available from other sources. The very episodic behavior
of lightning activity described in this and other studies
suggests that the relationships between lightning and
other physical variables are very nonlinear, so the assim-
ilation of this new data source is a challenging problem.

Finally, the WWLLN used in this study only detects
a small fraction of the lightning, especially the IC strikes.
Several studies with limited data samples show the im-
portance of total lightning (IC and CG) (e.g., Fierro
et al. 2011; Fierro and Reisner 2011). New ground- and
space-based systems are becoming available that will
provide total lightning measurements over large regions
of the tropical oceans (the Earth Networks Total Light-
ning Network is currently being deployed and the GLM
on GOES-R is planned for late 2015). These data will
provide new insights into the relationships between total
lightning and intensity changes.
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