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Lightning-generated Whistlers r???ﬁﬁ?&‘?
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Ionosphere - _

Very Low Frequency (VLF)
waves launched by lightning
propagate in the Earth-
ionosphere

waveguide (v,=c)

Wave energy also couples
upward to the radiation
belts, propagating along
filamentary “ducts” of
enhanced ionization

The magnetospheric plasma
Is a dispersive slow wave
medium (v,=0.01 c)

Signal arriving at the
conjugate region sounds like
a “whistler”

Antarctica
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Global Lightning Observations r???ﬁ&?&?

ENGINEERING

Lightning Imaging Sensor Data - September 10, 2001 0000-1000 UT

T - s P = T
{} — <

60 7

-30 -

T

-60

-180 -135 -90 -45 0 45 90 135 180

-90 -80 -70 -60 -50 -40 -30 -20 10 0 10 20 30 40 &0 60 70 80 90 5

Arrival Azimuth



Terrestrial y-ray Flashes r??é‘éﬁ?é‘}%
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= A sequence of seven flashes were observed
= Rather different from the typical single flash
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TGF-Lightning Association (5TANFORD
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Analysis from Palmer Station

i =CGRO Locations

Propagation Path

Palmer Station

= |nan et al, 1996, established causative lightning-TGF
association in two instances.

= 1995-2000: CGRO instrument detected 37 TGF bursts
= 11 of 37 had available Palmer (Antarctica) VLF data

= 5 of 11 were in Western hemisphere

= 5remaining cases to analyze



TGF-Lightning Association (sTANFORD

The Analysis Result (Part I) ENGiNEIATNG
3-16-95, 9:38:56 (3470) 3-18-95, 8:10:34 (3474)
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= Sferic found within 1-2 ms of predicted arrival
= Direction of sferic toward CGRO footprint
= Many sferics from that direction (indicates thunderstorm)



TGF-Lightning Association (sTANFORD
The Analysis Result (Part II) RIS

4-14-95, 9:51:59 (3500) 8-17-96, 3:48:21 (5577)
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= Two small sferics found = Multiple sferics
= Time/direction match = Azimuths not correct

» Thunderstorm present = Thunderstorm present 10




TGF-Lightning Association
The Analysis Result (Part Ill)
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11-28-95, 7:05:39 (3925)
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Three sferics seem to
mirror three spikes

Two of the sferics
come from azimuth
toward CGRO footprint

Direction of middle
sferic cannot be
determined, but
appears to be similar

Thunderstorm detected
from CGRO azimuth
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Lehtinen et al. [2000] (sTanForp
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TGF Physical Origins FLECTRICAL
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Detection
Spacecraft

Gamma Ray
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The Stanford VLF Receiver FEI?CNTFR%‘B
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Incoming
Signals

Antenna

Recelver
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Sferic Characteristics r??é‘ﬁﬁ?&‘?
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. = VLFpeak

N o | = Mostly TM Modes
' 5 5 = 8-12 kHz peak

* energy

. = ELF peak

* Delayed

= TEM mode

= Associated with
sprites
* <1kHz energy

200
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-1000—

VLF Peak  ELF “Tail”

18



Determining Azimuth r???ﬁ&?é‘}?
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Incident wave S NS

)
—

EW

Band of frequencies: use a
weighted average

Single Frequency: [ tan_l( EW(f)WI NS T T EW ) P
NS ~ S*cos(®) p= 5(f)
EW ~ S*sin(®) jf“ JINS(F)P +IEW(f)Pdf

If same constant of .
proportionality: (Introduce a correction factor
for misaligned antennas and
EW/NS = tan(®) ..
® = tan-1(EW/NS) gain difference) 19
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Determining Azimuth cont’d

Data after band-pass filtering
2000 i : ‘ ‘

Sferic at NotKno recorded at 17-Aug-2004 01:50:01.907 [UT]
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Comparison to NLDN r??é‘é‘iﬁ?&?
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Matched total of 218 matches out of 225 MSNLDN strikes
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TGF-Lightning Association (sTANFORD
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Palmer Data Analysis Methods "«

Characterictics of Lightning-TGF Match
= Time coincidence: Expected sferic arrival time calculated
= Space coincidence: Direction finding from two antennas
» Properties of sferic (radiation from lighting)
» Fast burst in VLF range
» Delayed tail in ELF range
» Presence of thunderstorm in area

Search Criteria
= Footprint of RHESSI taken as 600 km radius
= Differences in propagation time accounted for
= Error in direction finding
= Acceptance window: +/- 4ms time, +/- 6° arrival direction22




128 Total RHESSI Cases  [Tanroro
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Initial Assumptions r??é‘ﬁ&?&?
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= TGF propagates directly upward
= Emission is in fact likely to be along B

= TGF can originate from anywhere
within 600km radius of footprint

= Altitude of generation ~50km

26



Sferics

Good Sferic Match Case 1 r??é‘ﬁ&?é‘}?
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Palmer VYLF: N/S Antenna at 20:45:07.5238 on May-04-2002
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Magnetic Field

Sferics

Good Sferic Match Case 2 r??é‘ﬁ&?é‘}?
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Palmer VLF: NfS Antenna at 0:52:35.2181 on May-31-2002
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Good Sferic Match Case 3 r??é‘ﬁ&?é‘}?
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Palmer VLF: NfS Antenna at 5:14:33.2455 on Apr-06-2004
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Good Sferic Match Case 4 r??é‘éﬁ?é‘}?
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Palmer VLF: N/S Antenna at 22:06:30.2983 on Apr-06-2004
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Sferics

Good Sferic Match Case 5
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Palmer VLF: NfS Antenna at 8:56:28.4902 on Apr-24-2004
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Good Sferic Match Case 6 r??é‘ﬁ&?é‘}?
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Palmer VLF: NfS Antenna at 15:05:12.3618 on Apr-26-2004
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Magnetic Field

Sferics

Good Sferic Match Case 7 r??é‘ﬁ&?é‘}?
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Palmer VLF: NfS Antenna at 4:34:52.9641 on Apr-29-2004
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Palmer VLF: N/S Antenna at 11:37:08.1680 on May-10-2004
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Palmer VLF: N/S Antenna at 8:56:52 588 on May-27-2004
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Late sferic explained by B field propagation 35
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Palmer VLF: N/S Antenna at 5:19:38.3258 on Jul-21-2004
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Good Sferic Match Case 11
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Palmer VLF: N/S Antenna at 8:44:45.5937 on Jul-22-2004
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Palmer VLF: N/S Antenna at 21:23:52.9334 on Jul-23-2004
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Good Sferic Match Case 13 r??é‘ﬁ&?é‘}?
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Palmer VLF: N/S Antenna at 5:57:15.7641 on Jul-25-2004
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Palmer VLF: N/S Antenna at 3:43:57.6946 on Jul-28-2004
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Palmer VLF: NfS Antenna at 4:08:40.1726 on Aug-01-2004
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Good Sferic Match Case 16 r??é‘éﬁ?é‘}?
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Palmer VLF: NfS Antenna at 9:07:57.9210 on Sep-07-2004
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Palmer VLF: N/S Antenna at 7:54:03.5280 on Sep-11-2004
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Palmer VLF: N/S Antenna at 21:06:10.3119 on Sep-27-2004
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Good Sferic Match Case 19 r??é‘ﬁ&?é‘}?
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Palmer VLF: NfS Antenna at 1:07:19.9670 on Sep-28-2004
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Arrival Azimuth - Degrees Off From RHESSI Location
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" Orgrs = (O%arrivais = 0%ap)”? = 2.30°
= Estimated detection radius = 460km
= Maximum detection radius = 625km
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RHESSI Cases (stanrorp
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Distribution of VLF Energy Percentiles
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RHESSI Cases (stanrorp
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Distribution of ELF Energy Percentiles
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RHESSI Cases (stanrorp
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Distribution of Time Deviations
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Poorly Matched Cases r??é‘ﬁﬁ?&?
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= Little or no evidence of sferic

= Possible reasons
= QTE mode sferic
= Sferic too small to reach Palmer
= Another cause of TGFs
= Reported event is not a TGF
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RHESSI Poor Match 1 r???ﬁ&?é‘}?

ENGINEERING

Palmer VYLF: N/S Antenna at 20:44:52.6705 on May-04-2002

500 e ] [y T3 T i .................................. | .................................. [ —]
o 7
i_% 152 -16.56 SS'Q
© ' - : B
-'G—J' 0 1 WL
|
[®)]
3]
=
B0 e oot e T o b _
-15 -10 -5 0 5 10 15
Relative Time (ms)
Sferic Azimuth Histogram. 2030-2100 UT RHESSI Detection Footprint and Propagation Path
10000+
-
8000+ e
8 000} P2
,:d__J 455
@ 4000t a
g0 3
2000t JW

L
75 g0 e e wes . 18 FnE

-50 0 50
Arrival Azimuth (degrees)

52



RHESSI Poor Match 2 (sTanForp

ENGINEERING

Palmer VLF: N/S Antenna at 23:20:52.8196 on Sep-04-2004
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RHESSI Poor Match 3 r???ﬁ&?é‘}?

ENGINEERING

Palmer VLF: NfS Antenna at 6:12:36.7302 on Sep-15-2004
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RHESSI Poor Match 4 r???ﬁ&?é‘}?

ENGINEERING

Palmer VLF: N/S Antenna at 15:13:44.9526 on Oct-07-2004
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ENGINEERING

Palmer VLF: N/S Antenna at 9:36:47.3952 on Oct-14-2004
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Looking Ahead (Sranroro

EEEEEEEEEEE

= Rapid processing of VLF files
= “Real time” saving of VLF data

* Process latest TGFs, update
statistics

= Analyze data from other VLF stations
= Geo-location via triangulation
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Questions To Be Answered r??é‘ﬁ&?&?

EEEEEEEEEEE

= Width of TGF beam

= Generation altitude

= Global occurrence rate

= Conditions for TGF production

= Connection to sprites, elves, etc
= Conjugate TGF?
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