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Motivation 

(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

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

FIG. 9. The magnitude of the difference between the normalized
discriminant weights for the RI and RW cases for the Atlantic and
east Pacific samples.
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Inner core approach 

Identify concentrated “bursts” of lightning 
using WWLLN (2005–2014) 
 

vortex can be characterized as having an upshear-left tilt
at this time, as the area-averaged vorticity centers from 2
to 8 km were radially inside the RMW, and the con-
vection responded similarly to the expected theoretical
response of a tilted vortex.
Twelve hours later at 1200 UTC 29 August, another

NOAA P-3 collected Doppler radar data in Earl. At this
time, RI had been under way for 6h and Earl was now
classified as a hurricane. Flight-levelmeasurements showed
a contraction of the RMW from 90 km at 0000 UTC to
30 km at 1200 UTC (not shown). The area-averaged
vorticity centers were much more aligned at 1200 UTC,

with no tilt between the 2-km and 8-km centers, and less
than a 10-km tilt between the HRD surface wind center
and any height from the surface up to 8 km (Fig. 9).
The upshear tilt that was observed at 0000 UTC 29

August inEarl is atypical for a TC in an environment with
moderate vertical wind shear, but it is consistent with the
convective activity revealed by lightning locations. The-
oretical work has shown vertical wind shear initially acts
to tilt the TC vortex downshear, prompting eyewall con-
vection to become asymmetric with a stronger diabatic
secondary circulation downshear (Reasor et al. 2004).
The downshear tilt of the vortex allows the upper- and

FIG. 7. WWLLN lightning (black dots) and merged IR (GridSat) brightness temperatures (8C). The lightning strikes
span 3h centered on the time of each IR image. The NHC best track center is denoted by the green dot. TheGFS shear
vector is denoted in the top-right corner of each panel. Range rings are plotted every 100km extending out to 500km.
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Long-lived bursts 
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upshear tend to be 
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intensification 
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FIG. 6. The rotation of ICLBs that met the criteria for four or more hours relative to the shear vector for the (a)

eastern North Pacific and (b) North Atlantic displayed in ascending radial distance. The star symbol represents

the starting location, the square represents the ending location, and the circles represent all hours in between.

Each long-lived burst is color coded by the 24 h intensity change following the ICLB onset: intensifying(DvT, 24 h

� 5 m s-1; red), steady (�5 m s-1 < DvT, 24 h < 5 m s-1; black), and weakening (DvT, 24 h  �5 m s-1; blue).
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FIG. 7. The 24 h intensity change of ICLBs relative to the radius of maximum wind (r/RMW) for North

Atlantic TCs with aircraft reconnaissance within 1 h of the observed ICLB.
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FIG. 7. The 24 h intensity change of ICLBs relative to the radius of maximum wind (r/RMW) for North

Atlantic TCs with aircraft reconnaissance within 1 h of the observed ICLB.
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vortex can be characterized as having an upshear-left tilt
at this time, as the area-averaged vorticity centers from 2
to 8 km were radially inside the RMW, and the con-
vection responded similarly to the expected theoretical
response of a tilted vortex.
Twelve hours later at 1200 UTC 29 August, another

NOAA P-3 collected Doppler radar data in Earl. At this
time, RI had been under way for 6h and Earl was now
classified as a hurricane. Flight-levelmeasurements showed
a contraction of the RMW from 90 km at 0000 UTC to
30 km at 1200 UTC (not shown). The area-averaged
vorticity centers were much more aligned at 1200 UTC,

with no tilt between the 2-km and 8-km centers, and less
than a 10-km tilt between the HRD surface wind center
and any height from the surface up to 8 km (Fig. 9).
The upshear tilt that was observed at 0000 UTC 29

August inEarl is atypical for a TC in an environment with
moderate vertical wind shear, but it is consistent with the
convective activity revealed by lightning locations. The-
oretical work has shown vertical wind shear initially acts
to tilt the TC vortex downshear, prompting eyewall con-
vection to become asymmetric with a stronger diabatic
secondary circulation downshear (Reasor et al. 2004).
The downshear tilt of the vortex allows the upper- and

FIG. 7. WWLLN lightning (black dots) and merged IR (GridSat) brightness temperatures (8C). The lightning strikes
span 3h centered on the time of each IR image. The NHC best track center is denoted by the green dot. TheGFS shear
vector is denoted in the top-right corner of each panel. Range rings are plotted every 100km extending out to 500km.
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Results
85 GHz calibrated microwave imagery 
–  Data courtesy of Chris Rozoff 
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Results
85 GHz calibrated microwave imagery 
–  Data courtesy of Chris Rozoff 
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NOAA P-3 aircraft (NOAA42 and NOAA43) and the
NOAA G-IV aircraft (NOAA49). The flight tracks of
these aircraft are overlaid on the best track in Fig. 2.

1) AIRBORNE DOPPLER RADAR

Airborne Doppler radar wind data were analyzed
from two of the NOAA P-3 flights: one prior to RI
centered on 0000 UTC 29 August, and another 6 h after
RI began centered on 1200UTC 29August. The NOAA
P-3 gridded Doppler radar winds, with a 5-km grid
spacing, were utilized to observe changes in the vortex
structure and tilt with height.
Vortex centers were identified by the maximum area-

averaged vorticity at each height. Vorticity was calcu-
lated from the u and y components of the Doppler winds
(z5 dy/dx2 du/dy) and averaged over a 25-km (i.e., five
grid points) radius circle to smooth the vorticity field and
provide a better estimate of the vortex center. A 25-km
radius was chosen because radar data coverage was
sparse in several regions of Earl during the first NOAA
P-3 flight at 0000 UTC 29 August (see Fig. 8).

2) DROPSONDES

Dropsonde data from the NOAA G-IV and NOAA
P-3 flights around 0000UTC 29August were analyzed to
characterize the environment in which Earl was em-
bedded. While most of the analyzed fields, such as rel-
ative humidity or winds, were direct observational
measurements, convective available potential energy

(CAPE) was also considered. LikeMolinari andVollaro
(2010), CAPE values were calculated from a mixed
surface layer parcel (0–500m) with the application of
the Bogner et al. (2000) method to correct for saturated,
near dry-adiabatic layers below the cloud base.

3) FLIGHT-LEVEL DATA

The flight-level measurements from the NOAA P-3
flights were used to help characterize the inner core of
Earl before and during RI. Some of the fields analyzed
include the equivalent potential temperature, D values,
and wind, which was further decomposed into its radial
and tangential components. TheD value is the change in
height along a constant pressure surface from the stan-
dard atmospheric height of that surface, thus a D-value
minimum is representative of the TC center.

4. Results

a. Lightning evolution and structure

1) OVERVIEW

A remarkable 48 179 lightning strikes were captured
by the WWLLN within a 500-km radius over the life
span of Hurricane Earl. Only four of the 29 major At-
lantic hurricanes from 2005–13 recorded a greater total
number of lightning strikes from the WWLLN within
the same radius (not shown). Figure 3 shows the evo-
lution of the lightning strikes in Earl from its pretropical

FIG. 3. Wind speed (red; m s21), pressure (blue; hPa), and lightning strike counts in Hurri-
caneEarl. The dates are labeled at 0000UTCeach day. Both pressure andwinds are taken from
the NHC best track. The black (green) bars are the number of lightning strikes within 500
(100) km of the TC center. The actual strike count corresponds to the left axis multiplied by 20.
The orange line below the time axis indicates when RI (30-kt wind increase in 24 h) occurred,
from 0600 UTC 29 Aug to 0000 UTC 31 Aug.
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Results
85 GHz calibrated microwave imagery 
–  Data courtesy of Chris Rozoff 
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Results
85 GHz calibrated microwave imagery 
–  Data courtesy of Chris Rozoff 
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Force reconnaissance flights will be incorporated as well. Examples of the coverage provided by 
the NASA aircraft over convectively active outer rainbands in Hurricanes Karl (2010) and 
Edouard (2014) are shown in Figure 2. Both examples showcase flight legs across an electrically 
active outer rainband. In the case of Hurricane Karl (Figure 2, left), the repeated flight pattern of 
the Global Hawk will allow for the time evolution of the band and the kinematic and 
thermodynamic properties of the TC to be evaluated in tandem. Detailed plans for using NASA 
observations to analyze the five hypothesized effects of deep convection in the outer rainbands 
on TC intensity are discussed below. 
 

Hypothesis 1: Reduced Mass Convergence 
Radial inflow at low-levels that converges and rises in the eyewall is characteristic of the 
secondary circulation in a TC. Hypothesis (1) suggests that the radial inflow is interrupted by the 
low-level horizontal convergence necessary to produce deep convection in the outer rainbands, 
thus reducing the strength of the secondary circulation near the eyewall. Wind observations will 
be used to understand the effect of deep convection in the outer rainbands on the mass 
convergence in the eyewall. The DC-8 and Global Hawks in both missions, as well as the WB-57 
in HS3, were all equipped with a dropsonde system that will provide a vertical profile of the 
horizontal winds. Vertical profiles of the total wind (horizontal winds plus vertical motion) are 
also available on Global Hawk flights with the HIWRAP instrument. Unlike the dropsondes, 
which are point measurements in space, the data from HIWRAP will have better spatial 
resolution (on the order of 1 km) since it uses a dual-frequency (Ka- and Ku-band), dual-beam, 
conically scanning Doppler radar system. The vertical profiles of the wind will be compared 
between the side of the TC with the active outer rainband and the side of the TC without the 
active rainband. The horizontal convergence, ! = −∇!!! = − !"

!" −
!"
!", will be calculated at low-

levels in the eyewall on both sides of the TC as well.  

Figure 2. The 91-GHz SSMIS channel depicting rainbands in H Karl (2010; left) and 
 H Edouard (2014; right). Black dots are WWLLN lightning strikes within 6-h of the 

satellite images. Range rings (black) are shown every 100 km from the TC center. NASA 
Global Hawk (red), DC-8 (orange), and WB-57 (yellow) flight tracks are shown. 
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Fig. 8. Circulation (s-1 km-1) at 0000 UTC 29 Aug computed from the NOAA P-3 airborne
Doppler winds at (a) z = 2 km, (b) z = 4 km, (c) z = 6 km, and (d) z = 8 km. The
maximum circulation at each height is denoted with a black dot. Wind vectors from the
airborne Doppler radar are plotted at each height. (e) A cross-section of the circulation
through 16.5oN. Maximum circulation centers (black dots) are shown at 2, 4, 6, and 8 km.
(f) The maximum circulation points from (a)-(d) to show the vortex tilt. The HRD wind
center track location (blue diamond) is also shown.
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Fig. 8. Circulation (s-1 km-1) at 0000 UTC 29 Aug computed from the NOAA P-3 airborne
Doppler winds at (a) z = 2 km, (b) z = 4 km, (c) z = 6 km, and (d) z = 8 km. The
maximum circulation at each height is denoted with a black dot. Wind vectors from the
airborne Doppler radar are plotted at each height. (e) A cross-section of the circulation
through 16.5oN. Maximum circulation centers (black dots) are shown at 2, 4, 6, and 8 km.
(f) The maximum circulation points from (a)-(d) to show the vortex tilt. The HRD wind
center track location (blue diamond) is also shown.
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CrossGsec2on'of'the'areaGaveraged'vor2city'at'0000'UTC'
29'August,'with'black'dots'indica2ng'maxima'at'2,'4,'6,'
and'8'km'(leP).'Planar'view'of'maxima'in'rela2on'to'

shear'vector'(right).'

Hourly'wind'
speed'(red),'

pressure'(blue),'
and'lightning'
strikes'(green'
and'black).'The'
orange'bar'

indicates'rapid'
intensifica2on.'

�  Inner)core)lightning)burst)
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�  Studied)inner)core)(<)175)km))lightning)bursts)in)the)North)AtlanAc)and)East)Pacific)
�  Analyzed)factors)associated)with)whether)intensificaAon)or)weakening)follows)burst:)

�  Prior)intensity)
�  Slowly)intensifying)TCs)were)more)likely)to)intensify'
�  All)other)categories)were)more)likely)to)weaken)

�  DeepUlayer)ver1cal)wind)shear)
�  No)clear)relaAonship)

�  Radius)of)maximum)wind)(RMW))
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the'inner'core'lightning'
bursts'(colored'bars)'
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(blue'line)'for'Noel'
(2007;'leP)'and'Bret'

(2011;'right).'
Tangen2al'wind'

profiles'(m'sG1;'black'
line)'are'from'

reconnaissance'flights.'
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FIG. 1. Edouard (2014) as captured by (top left) DMSP F15 SSM/I 85-GHz and (top right) DMSP F18 SSMIS 91-GHz microwave
satellite imagery and the NHC/TCP best track dataset (middle) intensity and (bottom) track. The period of study, between 1506:37 UTC
16 Sep and 0828:03 UTC 17 Sep, is highlighted with solid thick lines. Also shown are the shear magnitude (blue line) and direction
(green line), as captured by the Statistical Hurricane Intensity Predictor Scheme (SHIPS).
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Tropical)Cyclone)Characteris1cs)as)revealed)by)WWLLN,)GRIP,)and)HS3)Data)
STEPHANIE)N.)STEVENSON)AND)KRISTEN)L.)CORBOSIERO)

WWLLN:)World)Wide)
Lightning)LocaAon)Network)

GRIP:)Genesis)and)Rapid)
IntensificaAon)Processes))

HS3:)Hurricane)and)Severe)
Storm)SenAnel)

�  Global,)groundMbased)network)
�  Currently)70+)sensors)worldwide)
�  Established)in)early)2000s)

�  Field)campaign)in)2010)aimed)at)
)understanding)how)tropical)cyclones)
)form)and)develop)into)major)hurricanes)

�  Surveyed)four)AtlanAc)TCs)using)the)
)DC8,)the)WB57,)and)Global)Hawk)

)

�  Field)campaign)from)2012–2014)aimed)
)at)invesAgaAng)hurricane)formaAon)and)
)intensity)change)

�  Surveyed)eight)AtlanAc)TCs)using)two)
)Global)Hawks)and)the)WB57)

HS3:)Lightning)observed)during)sampled)TCs)

References)

Future)Work:)Hypotheses)for))
Outer)Rainband)Convec1on)

GRIP:)Hurricane)Earl)(2010))Case)Study) Inner)Core)Lightning)Bursts)
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Fig. 3. Wind speed (red; m s-1), pressure (blue; hPa), and lightning strike counts in Hurri-
cane Earl. The dates are labeled at 0000 UTC each day. Both pressure and winds are taken
from the NHC Best Track. The black (green) bars are the number of lightning strikes in the
0-500 (0-100) km radius from the TC center. The actual strike count corresponds to the left
axis multiplied by 20. The orange line below the time axis indicates when RI (30 kt wind
increase in 24 h) occurred, from 0600 UTC 29 Aug–0000 UTC 31 Aug.
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Fig. 6. (a) Average radial profile of tangential winds measured at flight-level (⇠650-750
hPa) from the NOAA P-3 flight around 0000 UTC 29 Aug. All flight legs are averaged, and
the RMW is estimated by the dashed line. (b) Lightning strike locations in the inner core
with respect to the GFS shear vector from 2100 UTC 28 Aug–0600 UTC 29 Aug. Range
rings (grey) are denoted every 50 km out to 150 km from the TC center. The RMW (dashed
black line) is from the flight-level data in (a). Colors indicate in which hour the strikes
occurred: 2100–2200 UTC (red), 2200–2300 UTC (brown), 2300–0000 UTC (orange), 0000–
0100 UTC (yellow), 0100–0200 UTC (green), 0200–0300 UTC (dark green), 0300–0400 UTC
(blue), 0400–0500 UTC (dark blue), and 0500–0600 UTC (purple).
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Force reconnaissance flights will be incorporated as well. Examples of the coverage provided by 
the NASA aircraft over convectively active outer rainbands in Hurricanes Karl (2010) and 
Edouard (2014) are shown in Figure 2. Both examples showcase flight legs across an electrically 
active outer rainband. In the case of Hurricane Karl (Figure 2, left), the repeated flight pattern of 
the Global Hawk will allow for the time evolution of the band and the kinematic and 
thermodynamic properties of the TC to be evaluated in tandem. Detailed plans for using NASA 
observations to analyze the five hypothesized effects of deep convection in the outer rainbands 
on TC intensity are discussed below. 
 

Hypothesis 1: Reduced Mass Convergence 
Radial inflow at low-levels that converges and rises in the eyewall is characteristic of the 
secondary circulation in a TC. Hypothesis (1) suggests that the radial inflow is interrupted by the 
low-level horizontal convergence necessary to produce deep convection in the outer rainbands, 
thus reducing the strength of the secondary circulation near the eyewall. Wind observations will 
be used to understand the effect of deep convection in the outer rainbands on the mass 
convergence in the eyewall. The DC-8 and Global Hawks in both missions, as well as the WB-57 
in HS3, were all equipped with a dropsonde system that will provide a vertical profile of the 
horizontal winds. Vertical profiles of the total wind (horizontal winds plus vertical motion) are 
also available on Global Hawk flights with the HIWRAP instrument. Unlike the dropsondes, 
which are point measurements in space, the data from HIWRAP will have better spatial 
resolution (on the order of 1 km) since it uses a dual-frequency (Ka- and Ku-band), dual-beam, 
conically scanning Doppler radar system. The vertical profiles of the wind will be compared 
between the side of the TC with the active outer rainband and the side of the TC without the 
active rainband. The horizontal convergence, ! = −∇!!! = − !"

!" −
!"
!", will be calculated at low-

levels in the eyewall on both sides of the TC as well.  

Figure 2. The 91-GHz SSMIS channel depicting rainbands in H Karl (2010; left) and 
 H Edouard (2014; right). Black dots are WWLLN lightning strikes within 6-h of the 

satellite images. Range rings (black) are shown every 100 km from the TC center. NASA 
Global Hawk (red), DC-8 (orange), and WB-57 (yellow) flight tracks are shown. 
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Fig. 8. Circulation (s-1 km-1) at 0000 UTC 29 Aug computed from the NOAA P-3 airborne
Doppler winds at (a) z = 2 km, (b) z = 4 km, (c) z = 6 km, and (d) z = 8 km. The
maximum circulation at each height is denoted with a black dot. Wind vectors from the
airborne Doppler radar are plotted at each height. (e) A cross-section of the circulation
through 16.5oN. Maximum circulation centers (black dots) are shown at 2, 4, 6, and 8 km.
(f) The maximum circulation points from (a)-(d) to show the vortex tilt. The HRD wind
center track location (blue diamond) is also shown.
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Fig. 8. Circulation (s-1 km-1) at 0000 UTC 29 Aug computed from the NOAA P-3 airborne
Doppler winds at (a) z = 2 km, (b) z = 4 km, (c) z = 6 km, and (d) z = 8 km. The
maximum circulation at each height is denoted with a black dot. Wind vectors from the
airborne Doppler radar are plotted at each height. (e) A cross-section of the circulation
through 16.5oN. Maximum circulation centers (black dots) are shown at 2, 4, 6, and 8 km.
(f) The maximum circulation points from (a)-(d) to show the vortex tilt. The HRD wind
center track location (blue diamond) is also shown.
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CrossGsec2on'of'the'areaGaveraged'vor2city'at'0000'UTC'
29'August,'with'black'dots'indica2ng'maxima'at'2,'4,'6,'
and'8'km'(leP).'Planar'view'of'maxima'in'rela2on'to'

shear'vector'(right).'

Hourly'wind'
speed'(red),'

pressure'(blue),'
and'lightning'
strikes'(green'
and'black).'The'
orange'bar'

indicates'rapid'
intensifica2on.'

�  Inner)core)lightning)burst)
)occurred)prior)to)a)
)prolonged)period)of)rapid)
)intensifica1on)

)
�  The)lightning)burst)was)

)inside)the)RMW)upshear)
)but)down1lt,)likely)
)contribuAng)to)rapid)
)intensificaAon)

�  Studied)inner)core)(<)175)km))lightning)bursts)in)the)North)AtlanAc)and)East)Pacific)
�  Analyzed)factors)associated)with)whether)intensificaAon)or)weakening)follows)burst:)

�  Prior)intensity)
�  Slowly)intensifying)TCs)were)more)likely)to)intensify'
�  All)other)categories)were)more)likely)to)weaken)

�  DeepUlayer)ver1cal)wind)shear)
�  No)clear)relaAonship)

�  Radius)of)maximum)wind)(RMW))
�  Strong)relaAonship)–)likely)due)to)inerAally)stable)core)
�  Five)TCs)that)weakened)had)lightning)burst)outside)RMW)
�  Five)TCs)that)intensified)had)lightning)burst)inside)RMW)

INTENSIFIED) WEAKENED)

Radial'distribu2on'of'
the'inner'core'lightning'
bursts'(colored'bars)'
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(blue'line)'for'Noel'
(2007;'leP)'and'Bret'

(2011;'right).'
Tangen2al'wind'

profiles'(m'sG1;'black'
line)'are'from'

reconnaissance'flights.'
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Results 

DeMaria et al. (2012) suggested OB 
lightning was a measure of convective 
instability of the storm environment 
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Motivation 

Others (e.g., Wang 2009) suggest strong 
convection in OB can have many negative 
impacts on TC intensity 
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September during its phase of inactive outer rainbands as it intensified; the NASA 
Global Hawk and a NOAA WP-3D flight are coincident with this time. The data for 
these three TCs has been downloaded and analysis on the hypotheses will begin 
soon. It is anticipated this project will be completed under the 2016–2017 
fellowship award period, which would foster a publication on the key results. 
 

 
 
 
 
 
 

 
b. Supplemental research  

 
In addition to the outer rainband case studies described above, a few additional 
tasks will be completed that are complementary to the outlined project. Some of 
the supplemental research feeds off of the inner core and outer rainband 
climatologies that were constructed with the approximate GLM resolution in mind, 
and others will focus on understanding the unexpected differences between 

Hurricane Earl (active) 
2200–2300 UTC 29 Aug 2010 
 

Hurricane Edouard (inactive) 
2100–0000 UTC 14 Sep 2014 
 

Hurricane Edouard (active) 
1500 UTC 16 Sep 2014 

 

Hurricane Karl (active) 
1500–1800 UTC 14 Sep 2010 
 

Hurricane Karl (inactive) 
2100–0000 UTC 16 Sep 2010 
 

-80 -76 -72 -68 -64 -60 -56 -52 -48 -44 -40 -36 -32 -28 -24 -20 -16 -12  -8  -4   0   4   8  12  16  20  24  28  32  36  40  44  48  52

Fig. 4 GridSat infrared brightness temperatures (°C) of the TCs sampled by 
NASA (green flight lines) and NOAA (purple flight lines) that will be included in 
testing the hypotheses set forth in the initial proposal. The three active outer 

rainband cases are on the top, and the inactive cases are on the bottom. 
WWLLN lightning is shown for the time period indicated in black dots. 
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