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Abstract. It has been suggested that whistler-induced elec-and decay of the precipitation and its effects in the lower
tron precipitation (WEP) may be the most significant inner ionosphere. Whistler-induced electron precipitation from the
radiation belt loss process for some electron energy ranged/an Allen radiation belts occurs as a result of coupling be-
One area of uncertainty lies in identifying a typical estimate tween the troposphere and the magnetosphere. The ener-
of the precipitating fluxes from the examples given in the lit- getic electron precipitation arises from lightning produced
erature to date. Here we aim to solve this difficulty through whistlers (Storey, 1953) interacting with cyclotron resonant
modelling satellite and ground-based observations of onsetadiation belt electrons near the equatorial zone (Tsurutani
and decay of the precipitation and its effects in the iono-and Lakhina, 1997). Pitch angle scattering of energetic radi-
sphere by examining WEP-produced Trimpi perturbations ination belt electrons (Kennel and Petschek, 1966) by whistler
subionospheric VLF transmissions. In this study we find thatmode waves drives some resonant electrons into the bounce
typical Trimpi are well described by the effects of WEP spec-loss cone, resulting in their precipitation into the atmosphere
tra derived from the AE-5 inner radiation belt model for typ- (Rycroft, 1973). An important parameter for determining
ical precipitating energy fluxes. This confirms the validity of the overall importance of WEP to radiation belt losses is the
the radiation belt lifetimes determined in previous studies us-magnitude of a “typical” WEP event. This may be calcu-
ing these flux parameters. We find that the large variation inlated from theoretical studies (e.g. Abel and Thorne, 1998)
observed Trimpi perturbation size occurring over time scaleor inferred from experimental observations, such as in-situ
of minutes to hours is primarily due to differing precipitation measurements of WEP events (Voss et al., 1998). Estimates
flux levels rather than changing WEP spectra. Finally, weof electron lifetimes due to WEP-driven losses using ground-
show that high-time resolution measurements during the onbased whistler observations as a proxy for WEP events took
set of Trimpi perturbations should provide a useful signaturea typical WEP event as removing 0.0004% of the trapped
for discriminating WEP Trimpi from non-WEP Trimpi, due flux (Burgess and Inan, 1993), and found that these losses
to the pulsed nature of the WEP arrival. might be comparable with those from plasmaspheric hiss.
However, a similar study estimated that typical WEP events
might remove only 0.00001% of the trapped flux (Smith et
al., 2001), and hence that whistlers were not significant in
overall inner-belt losses. A different approach has been to
use experimental observations to characterize typical WEP
magnitudes. Combining reports of satellite WEP observa-
1 Introduction tions with ground-based whistler measurements, Rodger et

, . al. (2003) concluded that the typical WEP mean precipita-
It has been suggested that whistler-induced electron pregg, energy flux was 2103 ergs cnt2s~1, and that in some

cipitation (WEP) may be the most significant inner radia- gjgctron energy ranges WEP may be the most significant in-
tion belt loss process for some electron energy ranges (€.g,qr radiation belt loss mechanism.

Dungey, 1963; Rodger et al., 2003). One area of uncer-

tainty lies in providing a typical description of the precipi- .

tating fluxes. Here we aim to solve this difficulty through of long-range ref""‘? Sensing of very IO.W frequency (VLF)

modelling satellite and ground-based observations of onsel aves propagating inside the Yvavegwde bqun_d_ed by the
lower ionosphere and the Earth’s surface. Significant vari-
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One complementary technique to study WEP makes use
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the lower ionosphere. Further discussion on the use oto represent the WEP produced ionospheric electron density
subionospheric VLF propagation as a remote sensing probenodification (Nunn and Strangeways, 2000; Clilverd et al.,
can be found in recent review articles (e.g. Barr et al., 2000;2002), while others have studied modifications derived from
Rodger, 2003) and studies (Cummer and Inan, 2000; McRasatellite observed WEP fluxes (e.g. Pasko and Inan, 1994;
and Thomson, 2000; Bainbridge and Inan, 2003). WEPRodger et al., 2002). For example, it has been reported that
leads to localized ionospheric modifications produced bythe observed Trimpi recovery signatures may be used to de-
secondary ionisation just below the D-region of the iono-termine the energy content of WEP bursts (Pasko and Inan,
sphere, which are observed as “Trimpi” perturbations in1994). In this paper we closely examine the onset and decay
subionospheric VLF transmissions (Helliwell et al., 1973). of Trimpi perturbations so as to better understand the WEP
These perturbations begin with a relatively fasi(s) change fluxes producing the ionospheric modification, characterized
in the received amplitude and/or phase, followed by a slowetthrough experimental WEP observations, and thus investi-
relaxation 100 s) back to the unperturbed signal level due gate the estimates of the likely impact of the WEP on the
to the recombination of the additional ionisation. Trimpi radiation belts.
perturbations permit observers to study WEP fluxes and the
chemistry of the nighttime lower ionosphere (e.g. Pasko and
Inan, 1994), from locations remote from the actual precipita-
tion region. 2 Modeling Trimpis due to WEP impact

Until recently, there was considerable uncertainty as to

the typical size of the D-region patch altered by WEP. |n this section we define the process through which we
Trimpi perturbations have been used to show that WEP progattempt to understand the nature of precipitation fluxes
duced patches are large (at least 600&B00km) (Clil- by modelling a specific set of precipitation conditions
verd et al., 2002), considerably larger than the observed dittransmitter-receiver great circle path) described by Clilverd
mensions of whistler ducts (e.g. Angerami, 1970). Largeet al. (2002), combing flux spectrum observations, a model
D-region patch dimensions have been explained through &f the atmosphere, and a VLF scattering model.
quasi-trapped whistler propagation theory in which ducted
energy spreads at the magnetic equator (Strangeways, 19992'1 Scattering model and situati
resulting in whistler-mode signals which have leaked out-"" g modet and situation
side their whistler duct still contributing to the horizontal lat-
eral extent of WEP. Such leakage would give a significantly\WWe consider the VLF Trimpi perturbations that have
larger precipitation footprint than the actual dimensions ofbeen observed at the Faraday research station °(85.3
the whistler duct. A different mechanism also leading to 64.3 W, L=2.5), Antarctica, on transmissions from NPM
large WEP patch dimensions comes through the precipita{23.4 kHz, Oahu, Hawaii). The WEP is taken to produce
tion caused by obliquely (nonducted) propagating whistlersan ellipse-shaped ionospheric modification with dimensions
creating an ionospheric disturbance~af000 km spatial ex- 850x2150km, centred 800km away from Faraday on the
tent (Johnson et al., 1999). At this stage there is no clead2.3Mm NPM-Faraday great circle path (GCP), the ellipse
experimental evidence to indicate whether quasi-ducted ofaving its long axis orientated in the magnetic E/W direction
nonducted whistler propagation dominates the overall WEF2S shown in Fig. 1. The WEP-modified ionospheric modi-
losses (Rodger et al., 2003). fication is termed a Lightning Induced Enhancement (LIE)
The decay time scale information from Trimpi signa- “patch”. This position and ionospheric modification size are
tures has been used to determine the vertical dimensiont&ken from Clilverd et al. (2002), and are determined by ob-
of the WEP modified ionospheric patches. An analysis ofservations at multiple Antarctic Peninsula stations. Inside
134 Trimpis observed at Palmer station (Antarctica) on transthe WEP modified ionospheric region the perturbation to the
missions from NPM (Hawaii) reported that the “recovery collision frequency profile is assumed to be zero due to rapid
signatures” (decay) could be approximated by an exponenplasma cooling £0.1s at 85km, and faster for lower alti-
tial function for the purposes of determining the decay ratetudes; Rodger et al., 1998), and thus the modification is de-
(Pasko and Inan, 1994). A later report concluded that thescribed solely in terms of perturbations to the electron num-
decay of Trimpis follow a logarithmic dependence (Dowden Per density profile/N,(x,y,z), determined in Sect. 2.2 and
et al., 2001), noting that the difference between exponentiafaken to be independent of horizontal coordinatesnd y
decay and logarithmic decay is relatively small, except neadnside the LIE ellipse.
the beginning (near onset) and end of the perturbation. This The transmitter is modelled as a vertical electric dipole at
study also noted that a re-examination of Trimpi observedzero altitude. The receiver at Faraday is assumed to be a ver-
in Tokyo from NWC (Australia), were also consistent with a tical electric dipole antenna, though in experimental practice
logarithmic decay signature, rather than an exponential decathe horizontal magnetic fields are measured with a loop an-
with two characteristic time scales, as originally concludedtenna. Apart from the WEP modified ionospheric patch the
(Molchanov et al., 1998). background ionosphere is assumed to be homogeneous along
A number of theoretical studies have made use of electhe GCP. The unperturbed ionospheric electron density and
tron density perturbations with a vertical Gaussian profilecollision frequency profiles are given by a standard nighttime
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Fig. 2. Differential electron number flux of precipitated electrons in
WEP events versus energy, showing the two different energy spectra
used to characterize the bursts. The heavy line uses the empirical
AE-5 trapped electron model, while the lighter grey line uses an
e-folding energy of 120 keV.

Fig. 1. Map of the region around the Antarctic Peninsula, showing

the location of Faraday Station. The Great Circle Path to the trans- . . . . . . .
mitter NPM is plotted, along with thé=2.0 andZ.=2.5 contours initial calculations we will consider WEP bursts with two dif-

at 100 km altitude. An ellipse marks the WEP modified ionospheric férent energy spectra, as shown in Fig. 2. In the first case A
region used in our calculations. the WEP energy spectrum is determined from the spectrum
of the trapped electrons in the pitch angle range from the loss
cone angled¢) to (erc+ 0.5°) given by the empirical AE-
ionospheric model. The effective collision frequenay (5 Inner Zone Electron Model (Teague and Vette, 1972), after
profile is given as a function of vertical coordinateoy Rodger et al. (2003). In the second case B the WEP energy
. 1,-0.15; -1 spectrum is taken to be proportional to ex/ Ep), where
v(2) = 1816x 107 (s (1) E is the kinetic energy of a trapped electron afiglis the
while the unperturbed electron number density profile, e-folding energy, withEq=120 keV. This value is taken from
N.(z), at D-region altitudes is specified by a Wait ionospherea detailed analysis of an experimentally observed WEP event

(Wait and Spies, 1964), (SEEP Event (D); Voss et al., 1998), which concluded that
5 Bt 3 the differential energy spectrum of the trapped electrons for
Ne(z) = 7.855x 107°¢/ v(z)  [el.em™]. (2)  this event could be best described By=120+40 keV (Inan

Here 8 represents the “sharpness” of the lower ionospherict @, 1989). Note that thisfolding energy is roughly two
boundary and:’ represents the effective height of the iono- and a half times blgg_er than that found for case A, Iez_idln_g to
sphere, taken as beirig=87 km andg=0.5knt! (dashed @ WEP b.ursf[ (B) having a greater high-energy contribution,
line) for typical nighttime conditions. The neutral atmo- 2S SéeninFig. 2.
sphere is described using the MSIS E-90 model atmosphere The ionospheric effects due to each type of WEP burst
(Hedin, 1991) for (62.5S, 280 E, L=2.23), roughly the cen- May be determined by convolving the ionisation rate for a
tre of the patch, for 06:00 UT, 23 April 1994. The ground’s Monoenergetic electron beam with the differential number
electrical properties also are assumed to be homogeneous af€ctra,N (E) shown in Fig. 2, and integrating over the en-
to have the properties of seawater, with conductivity 4$m ~ €rgy range 1-1500 keV. The WEP burst ionisation tat€)
and dielectric constant of 81. is found by an application of the expressions in Rees (1989),
as has been previously described by Rodger et al. (2002).
2.2 Production of ionospheric modification from WEP
2.3 Relaxation of WEP-modified regions
The differential number spectrum as a function of energy of
our “typical” WEP burst,N(E), is found as described in The relaxation of the WEP-induced ionisation is calculated
Rodger et al. (2003), assuming an electron beam limited tdrom the end of the WEP burst, which is taken to be-a,
the range 1-1500 keV, produced by a whistler spanning 0.5-assuming no changes to the WEP ionospheric modifications
5kHz with power spectral density as given by the lightning during the burst, i.e. that the relaxation time is significantly
spectra. It is assumed that the WEP lasts 0.2s, and haslanger than the 0.2-s burst. Electron loss rates are calcu-
mean precipitation energy flux o&2L0 3 ergscnm2s™1. A lated using reasonable values for the attachment rates and
cold plasma density from Menk et al. (1999) is taken. In ourrecombination coefficients at ionospheric altitudes (Rodger
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to relax towards the ambient profile (also shown as a heavy
line). A number of intermediate ionisation profiles are also
shown on the figure describing the ionisation profiles for
various times after the WEP disturbed patch is created. In
reality, the ionisation profile&’, (z)+d N .(z,t) have been de-
termined with higher time resolution than shown in this fig-
ure; in the first 30 s the maximum time resolution of the ioni-
sation profiles is 0.4 s, followed by longer, nonlinear steps at
the tail-end of the perturbation.
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2.4 Scattering theory and implementation

The linear Born theory of 3-D VLF scattering from an
i o2 o0 ionospheric plasma perturbation is fully described in Nunn
Electron number density (cm™®) (1997). The Born approximation involves assuming that the
y y b) total incident field at a given point in the LIE is the incident
zero order field (). As shown by Nunn (1997), a better
linearization may be achieved by assuming that the perturba-
tion of the electric displacement vector is zero within the LIE
rather than that the perturbation of the electric field is zero.
The modified region is covered by a 3-D spatial grid, and the
zero-order incident field gcalculated for each grid point.
VLF propagation from the transmitter to each grid point is
computed using modal theory and the Naval Ocean Systems
Center (NOSC; San Diego, USA) MODEFNDR code (Mor-
fitt and Shellman, 1976). The MODEFNDR code returns
all the parameters of the subionospheric VLF modes, as de-
. . scribed by Wait (1996). MODEFNDR receives as inputs the
107 107 102 o’ 10° frequency, as well as the ionospheric and geomagnetic pa-
Elestron hiimber derisity (sm™) rameters. Then, assuming horizontal homogeneity, but tak-

: , . o : . ing into account the curvature of the Earth, the program cal-
Fig. 3. Relaxation of different ionisation changes in the lower iono- . - S
sphere at various times after the creation of the WEP_produceqculates the .approprlate _fuII wave reflection coefficients for
patch. The initial change a0, and the ambient night-time elec- € Waveguide boundaries and searches for those complex
tron density profile, are shown as heavy linéa) lonisation pro- ~ Modal angles which give a phase change ofétross the

duced by the AE-5 WEP burst to the lower ionosphgb.lonisa- guide. At each grid point, linear scattering theory furnishes
tion due to thee-folding profile. an effective currentJ(r) which acts as the source of the

scattered field E Clearly, for large LIE patches and/or

patches with large changes in electron number density the
et al., 1998), previously used to investigate red sprite associBorn approximation will break down, since the total field at
ated ionisation (Nunn and Rodger, 1999) and solar eclipses point in the LIE will not be well approximated by the zero-
(Clilverd et al., 2001). Ambient electron production rates order incident field. By comparing with a 2-D Finite Element
(separate from WEP) are calculated by assuming that thenodelling of VLF scattering, it was shown in Nunn et al.
ionosphere is initially in equilibrium. As such, the simulated (1998) that for an LIE with horizontal dimensionsl00 km
ionospheric electron density will relax towards the ambientthe Born approximation fails for maximum electron density
profile from any perturbed state. The loss rates given by theperturbations-6 el. cnt 3,
Rodger et al. (1998) expressions depend on the temperature The current version of the code neglects all components of
of the electrons and neutrals present and on the instantaneotise conductivity tensor, except tagcomponent. When the
electron density. While WEP events are likely to cause sig-transmitter and receiver are both vertical electric dipoles, this
nificant changes in electron temperature, these will be shortis amply justified to an overall accuracy of the order of a few
lived in comparison with modifications to the electron den- percent (Clilverd et al., 1999). The vertical electric field at
sity (Rodger et al., 1998). Thus, throughout our simulation,the receiver is computed for each elementary volume of the
the electron temperature is taken to be equal to the neutrahodified region using MODEFNDR, summed over the total
temperature. modification volume to give the total scattered field, and thus

The relaxation of the ionisation changes for the WEP-the observed VLF perturbation. The height gain functions re-

pulses (Fig. 2) are shown in Fig. 3. In both panels of thisturned by MODEFNDR become inaccurate at high altitudes,
figure the heavy line shows the total electron density cause@lthough generally for those altitudes above the VLF reflec-
by the 0.2-s WEP burst at=0, before the ionisation starts tion height. Accordingly, an attenuation function has been

E, =120keV
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applied to these functions to prevent an incorrect contribution 02~ . . 10 4).
appearing due to ionisation at height85 km. This attenua- 004 | iciankatl I

tion function is piecewise linear and was derived fromasepa- _ 4,1 ls

rate calculation that integrates the Booker quartic through the € .| 15 g
ionosphere for the dominant TM VLF modes. Contributions _g ol ¢ =
to VLF scattering from high altitudes are therefore estimates € 5
based on the attenuation function applied to the height—gainE 06 ?.‘ -
functions. We expect any inaccuracies to be small, as theg °7¢ i}, 14 §
presence of a significant high altitude scattering contribution :é- -0.92 13 g

< 108}

would lead to a long tail in the Trimpi time signature, which
is not seen in experimental observations. In future studies it 424 }i

P . S—

is proposed to replace MODEFNDR with a full wave prop- 14 . i .
agation code or a substantially modified version of MOD- 50 LS (Secom;;"
EFNDR. This code has previously been used to study the 10 . . : : 125 b).

size of WEP produced ionospheric patches (Clilverd et al.,
2002), and the relaxation of ionospheric ionisation produced
by red sprites (Nunn and Rodger, 1998). 21

41 130

2.5 LIE characteristics based on WEP bursts

-32 1115

Using the ionisation profiled, (z)+d N.(z,t), in association
with the 3-D scattering code, we have calculated the time-
varying NPM VLF perturbations expected at Faraday due
to the relaxing ionospheric modifications shown in Fig. 3.
The resulting perturbations from the undisturbed wave due ' . . ;
to an AE-5 WEP burst (case A) are shown in the top panel Co2 1 1 2o 2 3
of Fig. 4. The heavy black line shows the perturbation to the Time (seconds)
received amplitude, while the dashed line gives the pertur- ' — e ] | ©)-
bation in the received phase. As expected for perturbations — **[ = TLsrt ]
due to large homogenous modifications straddling the GCP,  °%f
the transmission amplitude decreases while the transmissiot
phase increases (Wait, 1964). As the ionospheric modifica-
tion relaxes, the perturbations decay back to the undisturbec
level. Note that the phase perturbation returns to the unper-
turbed level considerably more slowly than the amplitude
perturbation, as observed in experimental data (e.g. Dow-
den et al., 2001). This phenomenon can only be due to the
phase of the scattered signal relative to the direct signal ap-
proaching an angle of90° as the perturbation decays away. 0
There is nothing in the theory suggesting® 3% a limiting

value, and this would appear to be somewhat coincidental.
Although the start of the VLF perturbation is shown in the Fig. 4. VLF perturbation (“Trimpi”) calculated for NPM transmis-
figure, the onset is not very meaningful, as the calculationssions received at Faraday due to an ionospheric perturbation caused
have been undertaken directly after the arrival of the WEPPY @ WEP burst with AE-5 energy spectra (case A) The top panel

burst. We calculate the effects of the perturbation onset ishows the perturbations in amplitude and phase, while the middle
detail in Sect. 5 panel shows the calculated scatter magnitude and phase which pro-

. _— . duces this Trimpi. The lower panel shows the decaying scatter mag-
In order to consider the decay of the Trimpi perturbation nitude plotted on a logarithmic timescale after Dowden et al. (2001),

we do not focus upon the amplitude or the phase perturbagit, jogarithmic (dashed) and exponential (dash-dot) fits.
tion, which are often quite different, but rather the vector

combination through the standard phasor diagram (e.g. Dow-

den and Adams, 1988). This produces the phasor of the wave

scattered off the WEP burst plasma, which, added to the unef Fig. 4 the echo phase approache80° as the perturba-
perturbed phasor of the NPM transmission, gives the phation decays, as noted above. The lower panel of Fig. 4 shows
sor of the perturbed wave. We call this the scatter phasorthe decay of the scatter magnitudé, on a logarithmic time
which has magnitudey, and phasep, (to avoid the confus-  scale. The scatter amplitude time decay features and their fit
ing nomenclature of “scatter phasor phagehas often been to the observations of Dowden et al. (2001) will be described
referred to as the “echo phase”). As seen in the middle paneh Sect. 4.1 below.

Scatter Amplitude (dB)
Echo Phase (deg)

-43 F 1 100

Magnitude (linear units)

0.01 f

0 1
10
Time (seconds)
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Fig. 5. VLF perturbation in the same form as that shown in Fig. 4,
but in this case caused by a WEP burst witheafiolding energy

spectra (case B).
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(e.g. Dowden et al., 2001; Clilverd et al., 2002). For exam-
ple, if one contrasts the WEP Trimpi presented in the upper
panels of Figs. 10 and 11 of Dowden et al. (2001) with those
in Figs. 4a and 5a one notes that the observed and calculated
perturbations are positive (advancing) phase, negative (de-
creasing) amplitude, that the amplitude perturbation decays
to its unperturbed state faster than the phase perturbation, and
that the amplitude perturbation decays to the experimental
noise level ¢0.05dB) in~25s. Note that the Trimpis pre-
sented in the Dowden study were chosen on the grounds they
are unusually large, and therefore well suited for examining
the time decay profile of the perturbations. A comparison of
the magnitudes with typical experimental data is discussed in
the following section.

While the general shape of the calculated Trimpi are very
similar to the experimental data, they are based on two cases
of WEP fluxes with very different energy spectra. Do both
cases produce the logarithmic decay profile observed experi-
mentally? The decay signatures of the Trimpi amplitude and
phase perturbations and the scatter magnitude are shown in
Figs. 4 (case A) and 5 (case B). In the lower panels of these
figures we undertake a comparison of our calculated decay-
ing scatter magnitude with logarithmic (dashed) and expo-
nential (dotted) fits. The experimentally observed decay of
the scatter magnitude is best described through a logarith-
mic decay rather than an exponential (Dowden et al., 2001).
This is also true for our calculated decaying scatter magni-
tude. Figure 4c shows that the logarithmic fit to the AE-5
(case A) WEP producetll overt=1s to the end of the cal-
culation period (=240 ), which is considerably better than
the exponential fit. An indication of the “quality” of the fit
can be found from the departure from unity of the square
of the correlation coefficient, i.e.-r2. For the logarithmic
fit ~2=0.976, but is only-2=0.895 for the exponential case
(i.e. ~4 times better fit); these values are similar to the WEP
Trimpi event shown in Fig. 12 of the Dowden paper.

The situation is very similar when one considers the de-
caying scatter magnitude produced by théolding WEP
burst (Fig. 5¢). Again, the logarithmic fit is considerably
better at describing the decay proces$=(0.972) than the
exponential £2=0.83). Clearly, there is no significant dif-

Similarly, the calculated VLF perturbations created by the férence between the quality of the logarithmic fit between
e-folding WEP burst (case B, Fig. 3b) are given in Fig. 5, in the WEP bursts using the AE-5 derived andolding en-

the same format as Fig. 4, for comparison with experimentady spectra. Both lead to Trimpi which decay in a manner

observations.

3 Comparison with experimental observations

3.1 Temporal decay signature

that is typical of experimentally observed events. As the de-
cay process is primarily controlled by the atmospheric model
used here we can take confidence in its confirmation of the
logarithmic decay times. It has been argued that the WEP
fluxes derived from the AE-5 Electron Model (case A) should

be more typical than those described byeafiolding energy

of Eg=120keV (case B), as the latter is based on a single

The shapes of the decaying VLF perturbations shown inmeasurement (Rodger et al., 2003). We investigate this more
Figs. 4a and 5a resemble those observed in experimental datdosely in the section below.
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3.2 Magnitude of perturbation 0.1 . 11
Case A: AE-5

Y
sl

The AE-5 WEP burst (case A) shown in Fig. 4 produces a
maximum Trimpi perturbation of0.4 dB in amplitude and
+5° in phase £20dB in scatter amplitude and 12@cho
phase). In contrast, the higher WEP fluxes at larger energies
in the e-folding case (case B; Fig. 5) result in a maximum
Trimpi perturbation of—1.3dB and 84°(—14 dB in scatter
amplitude and 140echo phase). Both are realistic in terms
of the logarithmic decay times that they produce in the at-
mospheric model, as seen in the previous section. However
can we say anything about the likelihood of observing such ) )
Trimpi at any given time? Trimpi have been analyzed on the 1 12 3
same path over an extended observation period (Clilverd et~ SembMinor/xs flkm) .
al., 1999). Trimpi with amplitude changessf dB occurred ‘ ' ’ b).
on only 0.2% the of occasions, while amplitudes-df.4 dB Case B: E=120keV
were nearly 50 times more common. This is also true of the N :y“; ]
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03}
relative occurrences of8° and>5° phase Trimpi (0.2% of

occasions and 16 times more common).

The most commonly observed Trimpi magnitude is one
that is just above the noise level. This is probably because of
precipitation patch location, distribution of lightning magni-
tude, and changeable wave coupling into the plasmaspheric g -11 ¢
propagation path, thus altering the location and nature of the /
LIE. In the Clilverd et al. (1999) study there is no descrip- [ 4
tion of the location of the causative lightning discharge that 157 5 =1
lead to the Trimpi. Thus, our comparison with the Clilverd 10 Semi-Mindr Axis (km) 10
study above is likely to be influenced by enhanced occur-
rences of smaller Trimpi caused by positional variability at Fig. 6. Variation in the amplitude and phase of a Trimpi perturbation
the lightning source (Clilverd et al., 2002). It is also pos- caused by LIEs with varying semi-minor axis sie}LIE caused
sible that different lightning intensities will produce differ- by @ WEP burst with AE-5 energy spectra. (cas€#)LIE caused
ent WEP fluxes, as it is known that the WEP precipitation PY ane-folding energy spectra (case B).
energy flux is proportional to the whistler wave equatorial
magnetic field intensity, for most realistic wave fields (Inan
et al., 1982). There are many more low current lightning variability is due to other factors such as precipitation flux
events than large current ones (Uman, Fig. 7.8, 1987). Thidevels. Figure 6 shows the calculated Trimpi magnitudes for
would fit the observations of many more small magnitudevarying LIE semi-minor axis sizes. In order to maintain the
Trimpi perturbations than large ones. Evidence that confirmeelliptical nature of the LIE-patch, the major axis was var-
the association between lightning return current strength anded in proportion to the change in the minor-axis, maintain-
Trimpi perturbation levels will be the subject of study in a fu- ing the same ellipse ratio of 2.5, and the center point at the
ture paper. As a result of these deliberations we can say thatame location 800 km west of Faraday. The variation for very
the Trimpi magnitudes given in this study suggest that thelarge LIEs is “computational noise”, due to multimodal ef-
case A WEP electron spectra produce more typical Trimpifects, particularly due to those parts of the LIE patch very
signatures than case B, given typical Trimpi observations andhear the receiver point. This has been decreased by mak-

07}

plitude Perturbation (dB)
(5]
Phase Perturbation (deg)

the typical precipitation flux employed. ing calculations with a very fine grid, along with some av-
eraging to decrease the significance of the noise remaining.
3.3 Dependence upon LIE patch size As is clear, perturbation magnitudes increase steadily up to

patch sizes 0f200x 500 km (semi-minor axis of100 km),
Experimental observations of Trimpi events observed on theafter which there is little dependence upon the size of the
signals from multiple Northern Hemisphere VLF transmit- patch. LIE patches produced by quasi-ducted or oblique
ters received at multiple sites around the Antarctic Peninsulavhistlers propagating in ducts would be considerably larger
have shown that LIE patches are at least 1500 km along théhan 200<500 km. Combining these results with the calcu-
major axis and perhaps 600 km along the minor axis (Clil- lations presented in Clilverd et al. (Fig. 5, 2002) it appears
verd et al., 2002). Observed Trimpi show high variability that variations in the LIE patch size will lead to relatively
in amplitude and phase from event to event. Here we tessmall changes in Trimpi, and hence that the large variation
to see if varying the size of the LIE patch can significantly in observed Trimpi is primarily due to changing WEP spec-
influence the range of Trimpi perturbations seen or if thetra and precipitation flux. The choice of LIE patch size will
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Fig. 7. Time dependence of the WEP electron flux used to simulateFig. 8. Calculated onset of VLF perturbation due to the WEP pulse

the decreasing train of precipitation pulses caused by the backscatrain shown in Fig. 7.
tering of precipitating electrons.

not strongly influence the findings of our study, or alter the ~Experimental evidence for multi-burst WEP events has not

calculations undertaken in the Clilverd paper. been reported to date, although this may be because Trimpi
observations with high enough time resolution measurements
3.4 Effect of pulsed WEP on Trimpi signature are rarely made. Nonetheless, the backscattering and bounc-

ing of precipitating electrons is probably happening in the
In the earlier modeling we assumed that the WEP arrivedmajority of WEP events, leaving an ionospheric signature
during a single 0.2-s burst. However, in-situ satellite observawhich might be detectable in Trimpi perturbations. As there
tions of WEP indicate that a portion of the precipitated elec-are a number of ionospheric processes which can lead to VLF
trons backscatter from the atmosphere and bounce repeatedperturbations (e.g. Rodger, 2003) similar to these “classic”
between the Northern and Southern Hemispheres, leading térimpi, this bursty onset might be a useful signature for dis-
a series of decreasing WEP pulses into both hemispheresriminating WEP Trimpi from non-WEP Trimpi. The latter
over a period of~2-3s (Voss et al., 1998). In order to in- perturbations appear to be caused by much faster processes
vestigate this effect, we have constructed a WEP burst madeccurring inside and above thunderstorms, e.g. red sprites,
up of a train of pulses, roughly modeled on the time signa-elves, and sprite haloes (Rodger, 1999; Moore et al., 2003).
ture of the S81-1 satellite observations (Voss et al., Fig. 15, It should be noted that while each WEP event is made up
1998). We estimate that each flux pulse was roughly half theof bursts, multi-hop whistlers are expected to precipitate sig-
magnitude of that occurring in the conjugate hemisphere, andhificantly more electrons from the radiation belts than single
therefore find the magnitude of the WEP pulse train (Fig. 7)hop whistlers.
by assuming that the ionospheric modification produced by
the first pulse in the train will be half of that determined for 3.5 Simulation of double Trimpi events
the 0.2s AE-5 WEP pulse (case A) in Sect. 2.2.

The time varying electron density modification has beenin order to test our modeling process we simulate the dou-
calculated, as discussed in Sect. 2.3, using the time varyingle Trimpi event shown in the top panel of Fig. 9. This was
WEP pulse train. In this case, however, we allow for iono- observed on the NPM signal at Faraday on 23 April 1994,
spheric relaxation to take place during the arrival of tfies shortly after 06:00 UT, and was selected as it is clearly de-
pulse train, and determinéN.(z,t) with 0.05s time reso- fined and shows two events well above the noise. As seen in
lution. The time-varying VLF perturbation calculated due the figure, the initial NPM Trimpi occurs at 06:00:11 UT as a
to scattering from this ionospheric modification is shown in perturbation of—1.45 dB/+9.75°, followed at 06:00:17 UT
Fig. 8. Only the first 3s of the perturbation are presentedby a Trimpi of —1.2dB/+11.5°, i.e. the peak of the second
as the pulsed nature of the WEP affects only the onset of theamplitude perturbation is slightly less than the first Trimpi,
perturbation. Note that while additional WEP pulses arrive while the peak in the phase perturbation is slightly larger than
over ~2s (Fig. 7), the VLF perturbation stops responding the first. The first of these Trimpi is probably associated with
to production of extra ionisation after1.2 s into the onset a cloud to ground lightning discharge detected by the Na-
phase. The ionospheric relaxation taking place between th&onal Lightning Detection Network (Cummins et al., 1998),
bursts leads to a Trimpi perturbation that is slightly weaker inoccurring at about 06:00:10 UT (33.938, —74.986 E,
both phase and amplitude, such that the case A WEP specteak return stroke current of 136.0kA), and located near
are even more likely to be typical. the region known to be associated with Trimpi observed in
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the Antarctic Peninsula (Clilverd et al., 2002). There are 0.2 . .
three candidate NLDN strikes at about 06:00:16 UT which p"\/\/f\
could have produced the second Trimpi. All are nearby to
one another and have fairly large peak return stroke currents
(31155 N, —77.096° E, 44.5kA), (31177 N, —77.537 E,
88.7 kA) and (31483 N, —77.504 E, 61.3kA).

We simulate this situation by using WEP spectra to create
a modified ionosphere as described above, centered 800 kn
west of Faraday station. The ionosphere is allowed to relax g .5} ""“»-».«.f-:
for 5s as before, after which another WEP event causes ad o Ao ‘ — Ampmu;e
ditional ionisation to be added to that which existed from the D Phase
first WEP. On the basis of the modified ionosphere the time W & = @ = o i@
varying Trimpi has been calculated and is shown in Fig. 9 for UT Time (seconds after 06:00:00.2)
contrast with the experimental data. ' ' . ' ' '

As the first of these Trimpi are comparatively large when Case B: E,=120keV
contrasted with typical events (Sect. 4.2), we employ the
case B WEP spectra to model the first burst, using a mear
precipitation energy flux of 210~ 3ergscnt?s1, as be-
fore. The calculated VLF perturbation for this initial burst
is shown in Fig. 9b. As the second Trimpi has a smaller am-
plitude perturbation than the first, one possibility is to use a
smaller mean precipitation energy flux. We find that a WEP i
burst using the case B WEP spectra but a flux 65% lower
than the first leads to a reasonable second Trimpi, as showtr
in Fig. 9b. The lower mean precipitation energy flux needed e s o 5 10 15 20 25 a0 3
to simulate the second WEP burst is probably due to combi- i
nation of the lower peak return stroke currents for the light-
ning which may be associated with this Trimpi30—65%
lower), but also to less efficient coupling of the lightning en-
ergy through the ionosphere to produce the WEP itself. For
example, it is likely that the second set of lightning is dis-
placed further from the whistler duct entry point than the first
stroke, and thus might be expected to have a proportionally
smaller effect. The main features of the Trimpi decay are
well reproduced in the calculated events, and the perturba- :
tions sizes are fairly similar. The primary difference is the
decay time, where both the amplitude and phase perturba: 7 . ; i . j . ;
tions decay away slightly faster in the experimental data than T P ey ¥
in the simulation. This may be an indication of the variabil-

ity in ionospheric chemistry (Pasko and Inan, 1994), with rig 9 Examination of the decay of two closely spaced WEP pulses
the effective recombination coefficient at ionospheric heightsproducing a double Trimpi evena) Experimentally observed dou-
showing high scatter (Gledhill, 1986). As the agreement be-le Trimpi event, detected on NPM received at FaradayCalcu-
tween the form and decay of the double Trimpi event sim-lated Trimpi perturbation caused by a case B WEP burst followed
ulation and observed activity is high, we conclude that ourby another, smaller case B WEP burét) As panel (b) but for a
process is sound. case B WEP burst followed by case A burst.

As a contrast, we have also determined the Trimpi per-
turbation expected from a case B WEP burst followed by a
case A WEP burst, using a mean precipitation energy fluxobserved. An alternate approach for simulating this Trimpi
of 2x 103 ergs cnm? s~ for both, and timed as above. This event would be to use the case A WEP spectra to make the
is shown in Fig. 9c. Again, the main features of the Trimpi ionospheric modification that produces the first Trimpi, but
decay are well reproduced, although the phase perturbatiowith a larger precipitation energy flux to give larger pertur-
appears to be much longer lived. One could, however, arbations than shown in Fig. 4. One can argue that the NLDN
gue again that the weaker lightning currents associated withightning discharge associated with this event is larger than
the second Trimpi might have caused a weaker WEP energiypical lightning, and thus might be expected to produce a
flux. This shows that there is still significant parameter flexi- stronger WEP burst. However, at this stage it is not clear
bility, such that one could choose an appropriate combinatiorhow lightning current should be related to Trimpi magnitude.
of spectra and energy flux and reproduce the double Trimpin addition, while typical Trimpi are likely to be caused by
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case A WEP bursts, our modeling shows that strong Trimpitra or precipitation flux. However, when considering Trimpi
perturbations may be due to WEP bursts with harder specthat are closely spaced in time, it seems more likely that the
tra or larger precipitation energy fluxes. Our double pulsevariation in perturbation magnitude is driven by changes in
modeling suggests that either effect is possible, i.e. that th¢he strength of the precipitation flux. Large Trimpi perturba-
variation in Trimpi perturbations may be due to changing tions occurring repeatedly over a long time period are likely
WEP spectra or changing burst magnitude. However, giverio be due to the radiation belt having a harder spectra than
the short time separation between the double Trimpi pertypical conditions. Variability due to lightning current and
turbations shown in Fig. 9, it seems most likely that this is location will also play a major role.
primarily due to changing precipitation energy flux, possibly  Finally, by considering the onset of Trimpi perturbations it
driven by differing lightning currents. Itis less likely that the has been shown that high time resolution measurements may
WEP spectra will change from near-case A to near-case Bprovide a useful signature for discriminating WEP Trimpi
in ~5's, even though both spectra are valid in general. Thusrom non-WEP Trimpi, by exploiting the pulsed nature of
we conclude that the double Trimpi event is strongly influ- the WEP arrival.
enced by changing precipitation energy flux, despite nearly
co-located lightning sources. The factor of three differenceAckn0W|edgememSQ_ J. Rodger would like to thank K. Challis of
in flux levels observed in events separated by only 5-6 s repunedin for her support. He was supported by the New Zealand
quires further examination. Marsden Research Fund contract 02-UOO-106. The authors wish
to thank NOSC, San Diego, for permission to use the MODEFNDR
software, and N. Thomson of the University of Otago, for helpful
4 Summary and conclusions discussions.
Topical Editor T. Pulkkinen thanks H. J. Strangeways and an-
In this paper we have undertaken calculations of the Trimpiother referee for their help in evaluating this paper.
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