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Abstract. Lightning-generated whistlers lead to coupling Keywords. lonosphere (lon chemistry and composition;
between the troposphere, the Van Allen radiation belts andonization mechanisms; Wave-particle interactions)

the lower-ionosphere through Whistler-induced electron pre-
cipitation (WEP). Lightning produced whistlers interact with
cyclotron resonant radiation belt electrons, leading to pitch-y
angle scattering into the bounce loss cone and precipitation

into the atmosphere. Here we consider the relative signifiyyhistler-induced electron precipitation from the Van Allen
cance of WEP to the lower ionosphere and atmosphere byadiation belts occurs as a result of coupling between the tro-
Contrasting WEP prOdUCEd ionisation rate Changes with thOSQOSphere and the magnetosphere_ The energetic electron pre-
from Galactic Cosmic Radiation (GCR) and solar photoion- cipjtation arises from lightning produced whistlers (Storey,
isation. During the day, WEP is never a significant sourcej953) interacting with cyclotron resonant radiation belt elec-
of ionisation in the lower ionosphere for any location or al- trons near the equatorial zone (Tsurutani and Lakhina, 1997).
titude. At nighttime, GCR is more significant than WEP at pjtch angle scattering of energetic radiation belt electrons
altitudes<68 km for all locations, above which WEP starts (Kennel and Petschek, 1966) by whistler mode waves drives
to dominate in North America and Central Europe. Betweensome resonant electrons into the bounce loss cone, result-
75 and 80km altitude WEP becomes more significant thanng in their precipitation into the atmosphere (Rycroft, 1973).
GCR for the majority of spatial locations at which WEP de- For some electron energy ranges Whistler-induced Electron
posits energy. The size of the regions in which WEP is theprecipitation (WEP) is a significant inner radiation belt loss
most important nighttime ionisation source peaks &0 km, process (e.g. Dungey, 1963; Rodger et al., 2003), acting as
depending on the relative contributions of WEP and night-one of the drivers by which whistler mode waves (e.g. plas-
time solar Lyman. We also used the Sodankylon Chem-  maspheric hiss, lightning-generated whistlers) cause pitch
istry (SIC) model to consider the atmospheric consequencegngle scattering.

of WEP, focusing on a case-study period. Previous studies One complementary technique to study WEP makes use
have also shown that energetic particle precipitation can leag long range remote sensing of very low frequency (VLF)
to large-scale changes in the chemical makeup of the neuyayves propagating inside the waveguide bounded by the
tral atmosphere by enhancing minor chemical species thapwer jonosphere and the Earth’s surface. Significant vari-
play a key role in the ozone balance of the middle atmo-ations in the received amplitude and/or phase of fixed fre-
sphere. However, SIC modelling indicates that the neutralquency VLF transmissions arise from changes in the lower
atmospheric changes driven by WEP are insignificant due tgonosphere. Further discussion on the use of subionospheric
the short timescale of the WEP bursts. Overall we find thaty| F propagation as a remote sensing probe can be found
WEP is a significant energy input into some parts of the lowerin recent review articles (e.g. Barr et al., 2000; Rodger,
ionosphere, depending on the latitude/longitude and altitudeppp3). WEP leads to localized ionospheric modifications
but does not play a significant role in the neutral chemistryproduced by secondary ionisation just below the D-region

Introduction

of the mesosphere. of the ionosphere, which are observed as “Trimpi” perturba-
tions in subionospheric VLF transmissions (Helliwell et al.,

Correspondence taC. J. Rodger 1973). These perturbations begin with a relatively fast §)

(crodger@physics.otago.ac.nz) change in the received amplitude and/or phase, followed by
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a slower relaxation<€100 s) back to the unperturbed signal ionosphere. In our previous studies, we considered the life-
level due to the recombination of the additional ionisation. times of radiation belt electrons due to WEP losses, based
Trimpi perturbations permit observers to study WEP fluxeson Trimpi measurements and an estimate of the a typical
and the chemistry of the nighttime lower ionosphere (e.g.WEP burst mean precipitation energy flux (e.g. Rodger and
Pasko and Inan, 1994), from locations remote from the acClilverd, 2002). The reliability of those rates and the valid-
tual precipitation region. ity of the conclusions drawn from those studies was tested
Recent studies into the magnitude and time decay oby examining a new set of Trimpi observations from New
Trimpi perturbations observed at Faraday, Antarctica, haveZealand (Rodger et al., 2005). About 10000 h of subiono-
clarified the relationships between WEP mean precipitationspheric very-low frequency (VLF) recordings made from 17
energy flux, WEP energy spectra, and VLF perturbation scatApril 2003 through to 26 June 2004 in New Zealand were
tering of WEP produced modifications to the ionosphereexamined, searching for Trimpi perturbations observed on
(Rodger et al., 2004b). Building on this modelling, the de- transmissions from VLF transmitters in Hawaii (NPM) and
pendence of WEP precipitation fluxes on the strength of thewestern Australia (NWC). The occurrence rates from New
associated lightning’s return stroke peak current has beeZealand were compared with those previously reported from
identified (Clilverd et al., 2004). In previous studies it has the Antarctic peninsula. The perturbation rates observed
been shown that lightning return stroke current strengthdn the New Zealand data were found to be consistent with
have an approximately linear relationship with the receivedthose predicted from the global distribution of the lightning
whistler field strength, and whistler strengths with the sizesources, allowing for the different experimental configura-
of Trimpi perturbations (Carpenter and LaBelle, 1982; Car-tions. This provides confidence in the global WEP rate map
penter and Orville, 1989), from which we would expect a presented in the 2005 study and also the basic conclusions of
relation between Trimpi scatter amplitude and lightning cur- our earlier studies (e.g. Rodger et al., 2003, 2004a). Using
rents. lightning current distributions rather than VLF perturbation
Clilverd et al. (2004) considered four study days dur- observations Rodger et al. (2005) revised their previous es-
ing which a high proportion of the lightning activity occur- timates of typical precipitation bursts &t~2.3 to a mean
ring near the east coast of N. America produced observablerecipitation energy flux of~1x10-3ergscnr?s-1. This
Trimpi effects on VLF transmitter signals propagating in the study went on to consider how the energy flux deposited into
region of the Antarctic Peninsula-(.=2-2.5). The depen- the atmosphere by WEP bursts will behave globally, esti-
dence of the scattered field amplitude on the return strokemating the regional variation in precipitation as an energy
peak current of the lightning discharge suggests that durinput to the middle-atmosphere. The precipitation of ener-
ing these events diffusion conditions are occurring near thegetic electrons by these bursts in the rangd..9-3.5 means
loss cone of the precipitating radiation belt particles due tothat the mean rate of energy deposited into the atmosphere
strong whistler wave fields, probably caused by ducted sigby WEP is 510 6 ergscm?s™1, spatially varying from
nals. Three of the four study days showed a high degree low of zero above some ocean regions to highs-6f
of consistency between the levels of lightning return stroke10x10-®ergs cnt2s~1 above North America and its con-
peak current required to produce any given perturbation scatugate region.
ter amplitude value, providing a link between the lightning  Satellite observations indicate that the global annual av-
currents and WEP energy flux (Clilverd et al., 2004). On theerage total lightning flash rate is 45 flashes per second
remaining day, the Trimpi signatures observed were 6—7 dBChristian et al., 2003), while Clilverd et al. (2004) found
greater for a given lightning intensity than on the other studythat the most significant WEP bursts were due to lightning
days, consistent with significantly harder radiation belt pre-with return stroke peak currents 670 kA, which includes
cipitation spectra (Rodger et al., 2004b), probably caused by~14% of all cloud to ground lightning. As such the global
post-geomagnetic storm acceleration processes of radiatioannual average rate for significant WEP bursts should be
belt electrons (Meredith et al., 2002). ~1.5s1, with all remaining lightning flashes producing a
An important parameter for determining the overall im- much higher rate of WEP bursts with smaller intensities. In
portance of WEP to radiation belt losses is the magnitude ofyeneral, it is understood that there ar8.5 times more intr-
a “typical” WEP event. This may be calculated from theo- acloud (IC) lightning strokes (sometimes termed “cloud dis-
retical studies (e.g. Abel and Thorne, 1998) or inferred fromcharges”) lightning flashes than CG flashes (Mackerras et al.,
experimental observations, such as in-situ measurements df998), although CG discharges are “stronger”, with higher
WEP events (Voss et al., 1998). A different approach hagpeak currents. As previous studies have described how the
been to use experimental observations of VLF Trimpi per-WEP energy spectra varies with geomagnetic latitude, and
turbations to characterize typical WEP magnitudes. Investithe WEP flux magnitude varies with latitude and longitude,
gating the coupling between the troposphere, radiation beltsve are now in a position to describe the variation in WEP-
and the middle atmosphere provides information about radiadriven ionisation rates with altitude over the entire Earth. In
tion belt losses, while at the same time leading to new underthis paper we examine the significance of WEP as an ion-
standing on energy inputs into the middle atmosphere/loweisation source in the lower ionosphere, by contrasting the
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Fig. 1. Map showing the expected global distribution of energy flux deposited by WEP into the atmosphere in CGM coordinates, in units of
102 ergs cnT2s~1 (after Rodger et al., 2005).

importance of WEP-driven ionisation rates with those from The strong latitudinal banding in Fig. 1 is a consequence
the other primary sources, galactic cosmic radiation and solaof the coupling between lightning and the radiation belts,
photoionisation. Previous studies have also shown that partiwhich varies withL. In situ observations by the S81-1 satel-
cle precipitation (e.g. solar proton events) can lead to largeiite indicate that WEP is rare at low-shells (Moss et al.,
scale changes in the chemical makeup of the neutral atmot998), despite high lightning activity near the equator, due to
sphere as increases in ionisation rates enhance minor cheniircreasingly unfavourable gyroresonance conditions (Friedel
cal species that play a key role in the middle atmosphere (e.gand Hughes, 1992). This couplidgvariation was estimated
ozone). Thus we also investigate the significance of WEP tdrom S81-1/SEEP measurements of how experimentally ob-
the chemical makeup of the mesosphere. served WEP varies witlh (Fig. 11, Voss et al., 1998). The
plot includes both “primary” WEP (from lightning in the
same hemisphere) and “secondary” WEP (from conjugate
lightning), producing high WEP rates in both hemispheres
at American longitudes due to North American lightning.
However, there is no symmetry between the Northern and
Southern Hemispheres in Fig. 1 as more electrons precipi-
. . . tate into the lightning-source hemisphere than into the conju-
R(_)dge_r et al. (2005)_p_r0v_|ded an estimate of the global Var"gate hemisphere. In addition, lightning activity is more com-
atlon in mean precipitation energy fI.u>§ due_to ,WEP de- mon in the Northern Hemisphere where there is more land,
posned into the atmosphere_ by c.om.b|n!ng Trimpi qbser_va-such that the rate of energy deposited by WEP into the atmo-
tlor?s., the average geograpmcal distribution of t(_)tal lightning sphere is higher for the Northern Hemisphere than the South-
activity from Optical Transient Detector satellite observa- ern. Our calculation assumes ducted propagation and cy-

tions t(C hr'StﬁE;t ?]I.,HZOOdB%, and_ln-sLtu SSfl\-A}EsF?t%hte Ok;:'clotron resonance with counter-streaming energetic electrons
servations o ~Shell and ime signature o (Voss e through them=1 resonance mode. Calculations including

al, ]i998)' -Lhe m?dgllir:jg unr(]jertaken :iLn :tlfé%tosliut\j/y assdumeiblique whistler propagation (e.g. Bortnik et al., 2006) would
Z\n € ((EthI’Oﬂd eim I'm'te to.t € (r)angek; ith €V, Produceq,,ve harder spectra at higher latitudes, and hence more ioni-
y a ducted whistler spanning 0.5-5kHz with power spec-. i o\ ot lower altitudes.

tLaI density asdgl\éen ?\y t\f}\(/aEIlljgrkl;mlnglspect(r)uzrn. Thgse at(;- Figure 1 provides the WEP mean precipitation energy flux,
thors ‘assumed that the urst lasts 0.2s, and use ﬁ%cessary to determine the overall significance of WEP as an

cold plagma d(_ansity taken from Menk et al. (1999)2 As ionospheric D-region ionisation source at different locations
the starting point of the current study we show a slightly round the world

modified version of their map of mean precipitation en-

ergy flux due to WEP deposited into the atmosphere a2 Global variation in WEP-driven ionisation rate

Fig. 1, in this case with units of 1@ ergscm?s~1. This

plot presents the variation in energy precipitated by globalFrom the mean precipitation energy flux we calculate the
WEP activity in Corrected GeoMagnetic (CGM) coordinates WEP-produced mean ionisation rate, to allow comparison
based on the Definite/International Geomagnetic Referencavith other sources of ionisation in the D-region of the iono-

Field (DGRF/IGRF) for 2003 at 100 km altitude, using the sphere. The spatially varying mean WEP energy fluxes
GEOPACK software routines. To aid the eye, this figure shown in Fig. 1 are combined with WEP energy spectra,
shows the geographical coastlines also translated into CGNh both cases calculated following the approach outlined in
coordinates. Rodger et al. (2003, 2004b). The parameters of the WEP

2 \Variation in WEP-produced ionisation rates

2.1 Global distribution of WEP energy deposition
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burst were selected by comparison with the calculations otudes (and below), as will be shown below. As expected for

Faraday Trimpi produced by WEP with a mean precipitationWEP bursts, which typically involve electrons of energies

energy flux atZ=2.23 of 2«10 3ergscm?s~1 (Rodger et  from tens to hundreds of keV (Rodger et al., 2003, Fig. 2),

al., 2004b), specifically the “normal” Faraday Trimpi spec- depending on_.-shell, the peak ionisation rates at larder

tral conditions (Clilverd et al., 2004). Following the ap- shells are at higher altitudes, where high-fluxes of low energy

proach outlined in the Rodger et al. (2003, 2004b, 2005)electrons will be deposited.

studies, this starting point is used to derive global variations.

The typical WEP rates necessary to determine the Fig. 1

WEP energy fluxes were described in Rodger et al. (2005). 3
The WEP energy spectrum s deter_mlned from the SPEC3 1 Global variation in GCR-driven ionisation rate

trum of the trapped electrons in the pitch angle range from

the loss cone anglex(c) 10 (¢1c+0.5) given by com-  Gajactic Cosmic Radiation (GCR) is the primary source

bining the differential ommghrecnonal eIectrpn fluxes of the ¢ ignisation in the stratosphere, and is also a significant

ESA-SEEL electron radiation belt model with the CRRES- g isation-driver for the lower mesosphere, particularly at

satellite observed pitch angle dependences (Vampola, 199§)ight The ionisation rate due to GCR has been determined at

for 3<L <6.75 and those from the earlier empirical AE-5 ra- 4 given geomagnetic latitude and longitude following Heaps
diation belt model (Teague and Vette, 1972). A detailed de- 1978).

scription of the ESA-SEE1 model and its combination with Figure 3 shows a comparison between the mean ionisa-

AE-5 was described in Rodger et al. (2006). The result-qn rate due to WEP (black lines) with that caused by GCR
mg_elec_:tron radiation belt model is used to provide ty_plcgl (green lines), for the altitude range 55-90 km and various
quiet-time” WEP energy spectra. Intense geomagnetic disygitdes. The lines marked with circles show the ionisation

turbances can inject energetic electrons into the slot and iNg4tes for the Southern Hemisphere, while the solid lines show
ner radiation belt, leading to a harder energy spectrum fOky,qse for the Northern Hemisphere. In some cases in Fig. 3,

the trapped population. In these cases the WEP energy spefg jines with circles appear simply as a thicker coloured line.
tra will also harden, as has been experimentally observeg jonisation rates shown are means for locations across the
(Inan et al., 1989; Clilverd et al., 2004). As injections into Northern and Southern Hemisphere latitudes with non-zero
the inner radiation belt are quite rare, we are able to assumg,zp energy fluxes, for each longitude value. As noted ear-
that the “quiet” WEP energy spectra are more indicative ofjier ¢ the lowest altitudes GCR is always more important
typical conditions. This WEP flux and spectra, represent-a, WEep everywhere across the planet. As the altitude in-
ing the mean energy deposited by WEP into a given location. aases, WEP first becomes dominant above North America
into the atmosphere, is finally used to create WEP-produced,, central Europe at 68 km. Between 75 and 80 km altitude

ionisation rates by an application of the expressions in Reegyep pecomes more significant than GCR for the majority of
(1989). The background neutral atmosphere is calculated “Ss'patial locations at which WEP deposits energy.
ing the NRLMSISE-00 neutral atmospheric model (Picone et

al., 2002). 3.2 Global variation in daytime solar Lyman-

Figure 2 shows the globally varying ionisation rate due
to the mean WEP energy fluxes shown in Fig. 1, again inFor most of the mesosphere, the dominant source of ioni-
CGM coordinates. lonisation rates are shown with unitssation production during the day is due to photoionisation
logio(electrons cm®s~1). Satellite observations of WEP in-  of the neutral atmosphere by electromagnetic radiation from
dicate there is essentially no activity outsidelof1.9-3.5, the Sun. The dominant mechanism during the day is the ion-
leading to bands of magnetic latitudes in which WEP ioni- isation of nitric oxide (NO) by solar Lymaa-(121.6 nm),
sation rates may be non-zero. Only locations with non-zercand to a lesser extent EUV (102.7-111.8 nm) acting on
WEP energy fluxes are shown on the plot, a format we will Oz(lAg). In order to determine the significance of WEP
continue through the paper to allow easy comparisons. Whilgelative to solar photoionisation, we calculate the solar pho-
calculations were undertaken from 40-90 km altitudes, onlytoionisation ionisation rate at each non-zero WEP energy
the altitudes spanning 55-90 km are shown in 5 km steps. Alflux location using the highest solar zenith angle possible for
eight panels have the same colour scale, stretching over thihat point on the Earth. The solar flux is calculated from
ionisation rate range from 18°to 1% electronscm®s~1.  0.5-417.5nm with the spectrum and cross-sections used in
Below 55km there is essentially no WEP-driven ionisa- the pure ion-chemistry version of the SIC model (Turunen
tion produced as the energy spectra are too soft, and siget al., 1996) providing a photoionisation source incident
nificant penetration does not occur to these altitudes. Beupon a NRLMSISE-00 neutral atmosphere containing 8 con-
low 60 km the mean WEP-driven ionisation rate is less thanstituents: N, O, O, O3, NO, CO, H20, Oz(lAg).
2x10~“*electronscm®s~1 for all spatial locations consid- Our calculations shown that when contrasted with mean
ered. This ionisation rate is very small, and is not significantWEP produced ionisation rates, daytime solar photoionisa-
when contrasted with other ionisation sources at these altition dominates for all locations above the altitude of 63 km.

Comparison with other ionisation sources

Ann. Geophys., 25, 1743757, 2007 www.ann-geophys.net/25/1745/2007/
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Fig. 2. Maps showing the mean ionisation rate due to WEP into the atmosphere, based on the energy deposition shown in Fig. 1. lonisation
rates are shown with units lgg (electrons cm3s1). Only those locations and altitudes with non-zero energy fluxes are included in the

plotting.

While WEP drives a higher ionisation rate than daytime solarin our calculations using the empirical approximation given

photoionisation in some parts of the Earth at lower altitudes

by Thomas and Bowman (1985, 1986) to determine the so-

at those altitudes both the photoionisation and WEP ionisafar photoionisation rate for local midnight at each non-zero

tion rates are many orders of magnitude smaller than the ion

WEP energy flux location.

isation rate due to Galactic Cosmic Radiation (Fig. 3). Thus

WEP is never a significant source of ionisation in the lower
ionosphere during the day.

3.3 Global variation in nighttime solar Lyman-
The diurnal variation in the solar Lyman{121.6 nm) is nat-

urally substantial. During nighttime there are significantly
reduced but non-zero solar Lymanfluxes, with scattering

As seen in Fig. 3, there is a complex relationship between
the ionisation rate driven by WEP and that due to nighttime
solar Lymane. Between 75-80 km altitude WEP is domi-
nant for more than half of the longitude range in the Northern
Hemisphere, and in a somewhat smaller longitudinal range
in the Southern. Below 60 km WEP is more important than
nighttime solar Lymane in the Northern Hemisphere, but
not in the Southern. However, in these low altitudes, both

from the geocorona leading to reductions by a factor of abouWEP and solar Lyman-are less important than GCR. The

one hundred relative to the fluxes at noon (Kazil et al., 2003)
The scattered component of solar Lymaifilux is included

www.ann-geophys.net/25/1745/2007/

transition altitude for which nighttime solar Lymanis more

important than GCR is~70km, above which the primary
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Fig. 3. Contrast between the longitudinally varying latitudinally-averaged ionisation rates for WEP (black line), GCR (green), and midday

and midnight photoionisation (blue and red, respectively). Northern Hemisphere values are shown by solid lines, and Southern Hemisphere
by lines with circles.

nighttime energy input will be either WEP or solar Lyman- ionisation rates of-3x102el.cnm3s~1. At all other lo-
«. The size of the regions in which WEP is the most impor- cations in Fig. 2, nighttime solar Lyman+emains domi-
tant nighttime ionisation source is largest-a80km, cor- nant. For altitudes above 80 km altitude the spatial region
responding to those locations in Fig. 2 with WEP driven in which WEP is dominant becomes progressively smaller;
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at 90 kmlonly the3 zo?es with WEP drlv_en ionisation rates of oo —vEp ionisation rate
>1x10""el.cnT°s* overcome nighttime solar Lymam- -©- GCR ionisation rate |

L. . . —— Lyman-a Day rate
as the main ionisation source. e Lyman-a Night rate

85

3.4 Significance of WEP as an ionisation source 0l oG a5. 25, 95-75E

As shown in the previous parts of this section, WEP dom- §
inates over both solar photoionisation and GCR over some§75*
altitudes at some locations. As an example of the relative =
importance of the various processes, we contrast the altitude < 7o
dependent ionisation rates due to all the processes consid
ered for a location with high WEP driven ionisation. This 4|
is shown in Fig. 4, where the calculations have been under-
taken for the CGM coordinate location of 48°2%, 95.75 E
(Poland), marked by a ringed cross in Fig. 1, a location which
has a fairly high WEP driven ionisation rate while still be-
ing an order of magnitude smaller than the peaks seen in

F'g'. 2'_ Figure 4 C(_)mraSts the_ 'On'sat'on rat_e due to WEI:)Fig. 4. Contrast between ionisation rates due to differing drivers at
(solid line), GCR (circles), daytime and nighttime solar pho- the |gcation marked in Fig. 1 (in Poland). The solid line shows the
toionisation (crosses and a dashed line, respectively). Duringbnisation rate profile with altitude produced by WEP, to be con-
the day and for all altitudes above 66 km, solar photoionisa-rasted with that produced by GCR (circles), and midday and mid-
tion is the dominant driver for ionisation, while at lower al- night photoionisation (crosses and dotted, respectively).
titudes GCR is the most significant source. However, during
the nighttime, the transition height between solar photoioni-
sation, GCR and also WEP 1¢69—-70 km. Below this GCR However, the precipitation fluxes from human control of
is again the most significant source, while WEP is the mostthe radiation belts and solar proton events are large and rel-
important driver of nighttime ionisation at this location for atively long-lived when contrasted with WEP. As such care
higher altitudes up te-87 km. needs to be taken before suggesting that WEP-driven ioni-
sation increases could lead to significant changes in neutral
atmospheric chemistry. We therefore apply a sophisticated
4 Significance to the atmospheric chemistry atmospheric chemistry model to consider the impact of a pe-
riod of high WEP activity.
In the sections above we considered the significance of WEP
as an ionisation source in the mesosphere. Previous studigsl Trimpi observations of WEP bursts
have shown that various particle precipitation mechanisms
(e.g. solar proton events) can lead to large-scale changes We make use of observations of Trimpi perturbations
the chemical makeup of the neutral atmosphere. Increaserecorded at Faraday, Antarctica (658 64.27 W,
ionisation and dissociation rates due to particle precipita-L=2.45) on the night of 14 April 1994 from 03:15-11:22 UT.
tion result in enhancements of odd nitrogen (N@nd odd  This day was chosen due to a high, but not atypical Trimpi
hydrogen (HQ). NOyx and HG play a key role in the rate. While significant WEP-rates are likely to have oc-
ozone balance of the middle atmosphere because they deurred outside this time window, higher noise levels de-
stroy odd oxygen through catalytic reactions (e.g. Brasseugraded Trimpi observation at other times on this day. The
and Solomon, 1986, pp. 291-299). lonisation and dissociscatter amplitude of the Trimpi observed on the night of
ation rate increases in the upper atmosphere caused by s&4 April 1994 are most consistent with disturbed radiation
lar proton events are known to lead to local perturbations inbelt conditions, probably associated with recent geomag-
ozone levels (Verronen et al., 2005). Changes indad G netic disturbances. We take the observation of Trimpi per-
consistent with solar proton-driven modifications have beenturbations as a proxy for WEP bursts, noting that previ-
experimentally observed (Seflp et al., 2004, 2006; Verro- ous studies have shown that the Trimpi detection limit at
nen et al.,, 2005). Neutral atmospheric chemistry change$araday during disturbed radiation belt conditions occurs
are not limited to proton precipitation; Rodger et al. (2006) at scatter amplitude perturbations ef35dB, themselves
showed that intense energetic precipitation of radiation beltcaused by a 46 kA cloud to ground lightning discharge that
electrons caused by systems envisaged to control the Vateads to a 1.410 % ergscnm?s-1 WEP burst (Clilverd et
Allen belts (Inan et al., 2003) and protect Earth-orbiting al., 2004). This detection limit suggests that many more
satellites would lead to similarly large changes in odd nitro- WEP bursts should be occurring than given by the observed
gen, odd hydrogen and ozone. Trimpi rates, as the majority of WEP bursts will be caused

&
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14 April 1994, Faraday
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Fig. 5. The left panel shows the region around the Antarctic Peninsula and the location of Faraday Station. The great circle path to NPM
is shown, as is the expected location of the WEP produced ionospheric modification. The right panel shows Trimpi rate observations on
transmissions from NPM received at Faraday.

by lightning with 7 <70kA and hence will not be detected 4.2 Sodanky lon Chemistry model

through subionospheric observations, even though the bursts

will be precipitating energetic electrons into the D-region. ~ We use the Sodankylon Chemistry (SIC) model to consider
the atmospheric consequences of relatively intense WEP ac-
tivity, through changes in Hgand NQ,. The Sodanky lon
Chemistry (SIC) model is a 1-D chemical model designed

ceiver (Dowden et al,, 1994). The analysis of this time pe_for ionospheric D-region studies, solving the concentrations
riod has been previously described by Rodger et al. (2002)bf 64 ions, including 28 negative ions, and 15 neutral species

Figure 5 shows location of Faraday and WEP-produced iono-

spheric modifications in the left-hand panel. The right handat altltud_es in the range 20-150 km. Our study mad_e use of
e L . . SIC version 6.8.1. The model has recently been discussed
panel of this figure shows the Trimpi rate per minute using

15 min averaging bins. During the 8 h period 1248 Trimpi by Verronen et al. (2005), building on original work by Tu-

were observed, about 85% of which occurred from 05:00-"4NeN et al. (1996) and Verronen et al. (2002). A detailed

10:30 UT when local noise levels were at their lowest. As S\fo;egjﬁjr;g?izn?:;l;\t’gs rgoI://iedneIEa\(/:irr?;jr? dif)?lhfszggj?
such we have a period 0$5.5 h during which the average P 9 Y-

Trimpi rate observed at Faraday wa8.3 events per minute. In the .‘QT'IC model over 390 reactions are |mp'Ier.nented,
An analysis of 115 days from 1993 and 1994 found that at the'Dlus additional external forcing due 'Fo_so_lar radiation (1._
typical times of highest Trimpi rates the observed rate was422'5_nm)’ _el_ectron _a_md proton precipitation, and galactic
higher than 3/min on only-10% of days examined (Rodger cosmic radiation. Initial descriptions of the model are pro-

et al., 2002), indicating that the conditions on the night of 14\{'defj by Turuqen et al. (1996), with neutral species mOd."
April 1994 were rare, but not extreme. fications described by Verronen et al. (2002). Solar flux is

calculated with the SOLAR2000 model (version 2.21) (To-
For WEP events which could be associated with thepjska et al., 2000). The scattered component of solar Lyman-
causative cloud to ground lightning discharge observed byy flux is included using the empirical approximation given
the U.S. National Lightning Detection Network (NLDN) py Thomas and Bowman (1986). The SIC code includes ver-
(Cummins et al., 1998), the WEP energy flux is determinedtica transport (Chabrillat et al., 2002) which takes into ac-
by the experimentally observed relationship between the recount molecular diffusion coefficients (Banks and Kockarts,
turn stroke peak current of the lightning discharge, the Trimpi1973). The background neutral atmosphere is calculated us-
scatter amplitude perturbation, and the modelled WEP ening the MSISE-90 model (Hedin, 1991) and tables given by
ergy flux (Clilverd et al., 2002). For the remaining 80% of shimazaki (1984). Transport and chemistry are advanced in
Trimpi events, a random peak current is assumed instead Qhtervals of 5 or 15min, while within each interval expo-
the NLDN-measured current. The randomly determined curnentially increasing time steps are used because of the wide

rent is specified using the empirical CG peak current probarange of chemical time constants of the modelled species.
bility distribution of Popolansky (1972), taking into account

that the current value must be greater than 46 kA to producet.3  SIC modelling of WEP forcing

an observable Trimpi. This provides a description of WEP

bursts such that we can determine the impact of this precipiin the SIC model runs the ionisation and dissociation rates
tation upon the atmosphere. are calculated from the estimated electron energy spectra as

Subionospheric signals from the VLF transmitter NPM
(23.4kHz, Oahu, Hawaii) were recorded on an OMSK re-

Ann. Geophys., 25, 1743757, 2007 www.ann-geophys.net/25/1745/2007/



C. J. Rodger et al.: Lightning-driven inner radiation belt energy deposition into the atmosphere 1753

log 10(Ne/cm'3) log 1O(HOX/cm'3)
100 4 100

g s £
T 9 ° 9
> >
<@ 2 o
[} @
s E]
£ 80 1 £ 80
a s
3 o 3
£ 70 g 70
o 49
w w

60 -2 60

4 6 8 10 12 4 6 8 10 12
Time [UTC 940414] Time [UTC 940414]
Iogw(NOX/cm's) Iogm(Ox/cm'a)

£ g 12
T 9 75 © 90
> >
3 B 1
[} @
3 3
2 80 7 £ 80 10
a s
g g d
g 70 6.5 g 70
o $) 8
w w

60 6 60 : 7

4 6 8 10 12 4 6 8 10 12
Time [UTC 940414] Time [UTC 940414]

Fig. 6. The results of a SIC modelling run without any WEP-forcing (i.e. zero precipitating electron fluxes), showing the calculated “normal”
conditions.

outlined by Turunen et al. (1996) (based on the method oflibrium between the subspecies, the total concentration stays
Rees, 1989). Hence we examine the altitude and time varialmost constant.

ation in neutral atmospheric species, as well as the elec-

tron density profile. The SIC model was run for 14 April  The top panel of Fig. 7 shows the effect of the WEP-
and at the location of (62°%, 280 E, L=2.23), roughly ~ forcing on electron number density, shown as thedogf

the centre of the WEP-disturbed ionospheric region showrihe ratio between the forced and control runs. The low-
in Fig. 5. Each WEP burst is assumed to last 0.2s, fol-change “stripe” seen at 60-80km in the electron number
lowing earlier studies. In order to interpret the WEP-driven densities and starting at11.5 UT is due to occurrence of
changes, a SIC modelling run has also been undertaken witrsunrise in the model. As previously described (Rodger et

out any WEP-forcing (i.e. zero precipitating electron fluxes). al., 2002), WEP produces strong, albeit rather short-lived in-
The results of this no-forcing “control” SIC-run, shown in creases in electron number density in the altitude range from

Fig. 6, allow the calculation of “normal” conditions, and ~75-80km, and a rather long-lived increase of about 0.5-1

hence an indication of the significance of the changes. Th@rder of magnitude over a wider altitude range which per-
top-left panel of Fig. 6 shows the normal diurnal variation Sists throughout the forcing period. The effect of the WEP
in electron number density, the bottom-left panel shows NO ionisation increases on the neutral atmosphere is shown in
number density (NO+N§), the top-right hand panel shows the Iowr-_.\r panels of Fig. 7, presenting the relative change in
HOy (OH+HOy), and the bottom-right lower panel shows NOx (middle panel) and ©(lower panel). The NG HOx
Oy (0O+03). We use NQ, HO, and Q rather than NO, and Q relative changes are plotted as16@WEP altered]-
OH and Q as there are substantial diurnal variations in both[Background])/[Background]) for the increased levels seen
the latter populations, which would lead to distracting fea-in the NG and HQ calculations and log([Background]-
tures in the relative change plots. In all cases these panel®VEP altered])/[Background]) for the,(decreases. In con-
have units of logolcm~3]. The atmospheric changes mod- trast to the electron number density, Fig. 7 indicates that the
elled in our study occur in the mesosphere, as determine@eutral atmospheric changes driven by WEP are very small.
by energy spectra of the precipitating electrons. The rapidThe increase in NQis very low, at most~0.1% at 80 km
increase in electron number density freni1.5 UT is due by the end of the nighttime period. The K@oncentration
to sunrise. This is not seen in the NGHO, and Q number  increase is similar, but over a wider range of altitudeg@-
densities because although photochemistry changes the equi0 km). Together the NPand HQ enhancements produces
an insignificant effect on Qas seen in the lower panel, with
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Fig. 7. Effect of the repeated and relatively intense WEP activity shown in Fig. 6, simulated by the SIC atmospheric chemistry model. The
panels show the relative change in electron number density, NOx, and G.

a less than 0.1% decrease at 78 km at the end of the modsation, the difference between Fig. 7 and calculations under
elled period. As the nighttime increases in N®ill be de-  these conditions is very slight, and almost impossible to de-
stroyed through photolysis after sunrise, it is clear that thetect in the relative plots. We conclude that the Trimpi rate
WEP rate determined from the Trimpi observations will not provides a reasonable indication of the WEP rate which will
have a significant effect on the neutral atmosphere in contradead to significant electron density changes and neutral chem-
with the ionosphere. The principal reason for this is the shortistry effects, even though these more energetic WEP bursts
timescale of the WEP bursts. In order to produce signifi-represent only~20% of those occurring.

cant chemical effects through changes inN@hich in our We have also used the SIC model to consider the iono-
altitudes are due to the dissociation of Bind proportional  spheric atmospheric impacts of WEP during normal condi-
to the ionisation rate, long lasting increases in the ionisatiortions, where larger return stroke lightning currents are re-
rates are required, as occurs during solar proton events (e.guired to produce the same WEP energy flux. While the
Sepp@la et al., 2004). Significant electron density changeschange to less disturbed conditions slightly alters the range
at 80 km during solar proton events are principally due toof altitudes affected, it does not substantially alter Figs. 6 or
the creation of Q and the ionisation of the background NO. 7, or lead to a change in the conclusions drawn from these
Both the NO™ and G} ions are short-lived. figures.

We noted above that the true WEP rate should be signifi-
cantly higher than that indicated by Trimpi observations, as5 Discussion
the large population of lightning with return stroke peak cur-
rents less than 46 kA will produce WEP which will not lead Throughout our study, we have assumed that WEP bursts
to a measurable Trimpi. Based on the Popolansky peak curare produced by whistlers propagating through the plasma-
rent probability distribution, the true WEP rate should be sphere inside whistler ducts, and thus that the cyclotron reso-
~3.6 times higher than the Trimpi rate. In order to simu- nance will be primarily taking place with counter-streaming
late this, we have randomly generated WEP times and returenergetic electrons through the=1 resonance mode. Some
stroke peak currents such that the extra WEP events are batudies have suggested that the dominant source of whistler-
low the Trimpi threshold and such that the WEP rate will be driven precipitation will come from non-ducted whistlers,
3.6 times higher that the Trimpi rate observed at that time.and significant theoretical work has been undertaken to de-
While this situation is more likely to represent the true sit- scribe the nature of WEP produced by this oblique whistler
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propagation (e.g. Bortnik et al., 2006). Such WEP events6 Summary
would have harder spectra at higher latitudes than in the
ducted case, and would also produce longer lasting precipitakightning-generated whistlers lead to coupling between the
tion bursts than the 0.2 s events we use here (following S81-1roposphere, the Van Allen radiation belts and the lower-
satellite experimental measurements). There is experimentapnosphere through Whistler-induced electron precipitation.
evidence to support the occurrence of non-ducted whistlerWhistlers can resonate with radiation belt electrons through
driver WEP. The size of the ionospheric region affected bycyclotron interactions, leading to precipitation into the atmo-
each WEP burst is spatially large (at least 600&B00km)  sphere from the newly populated bounce-loss cone. Previ-
(Clilverd et al., 2002), considerably larger than the observedous studies have identified Whistler-induced Electron Precip-
dimensions of whistler ducts (e.g. Angerami, 1970). In addi-itation (WEP) as a significant inner radiation belt loss pro-
tion, a case study of subionospheric observations of WEReess, and have described the how the WEP energy spectra
made at multiple locations showed increasing time delaysvaries with geomagnetic latitude, and the WEP flux magni-
with L, interpreted as being caused by the drift Zinof tude varies with latitude and longitude. We have built on this
non-ducted whistlers (Johnson et al., 1999). However, bottearlier work to consider the relative significance of WEP to
these sets of observations are also consistent with the quagie lower ionosphere and atmosphere.
trapped whistler propagation theory in which ducted energy In order to determine the importance of WEP as an ionisa-
spreads at the magnetic equator (Strangeways, 1999), resution source in the lower ionosphere, WEP-driven ionisation
ing in whistler-mode signals which have leaked outside theirrates were contrasted with the well known rates caused by
whistler duct still contributing to the horizontal lateral extent galactic cosmic radiation and solar photoionisation. WEP-
of WEP. Such leakage would give a significantly larger pre-driven ionisation rates vary both with altitude and location
cipitation footprint than the actual dimensions of the whistler on the Earth. Satellite observations of WEP indicate there
duct, and due to lengthening geomagnetic field-lines, in-is essentially no activity outside df=1.9-3.5, leading to
creasing time delays with. Thus the relative importance of bands of magnetic latitudes in which WEP ionisation rates
ducted or non-ducted whistlers as sources of WEP has beemay be non-zero. The variation in global mean lightning ac-
unclear. tivity drives a very strong variation in WEP-driven ionisation
Most recently, the propagation of VLF communication rates across the globe, spatially varying from a low of zero
transmitter signals into the plasmasphere has been exan&bove some ocean regions to highs above North America.
ined by plasma wave instruments onboard the CRRES ands the energy spectrum of WEP bursts softens with increas-
DEMETER satellites in order to determine if non-ducted ing magnetic latitude, the peak ionisation rates are located
waves are significant in radiation belt loss processes (Clilverdht largerL-shells and higher altitudes, where high-fluxes of
et al., 200%). The combination of the spacecraft provides low energy electrons will be deposited. Below 55 km there is
observations in the regions where strong transmitter signalessentially no WEP-driven ionisation produced as the energy
are observed in the ionosphere directly above the transmittegpectrum is too soft, and significant penetration does not oc-
in the magnetosphere near where the signals cross the geour to these altitudes. Below 60 km the mean WEP-driven
magnetic equator, and also in the ionospheric region geomagenisation rate is less than0~* electrons crm® s~ for all
netically conjugate to the transmitter. The study found thatlocations, insignificant when contrasted with other ionisation
non-ducted propagation paths are only significant for low L-sources occurring at these altitudes of which GCR is domi-
shells € <1.5). At higherL-shells the waves become highly nant.
ducted in the plasmasphere, with no observed evidence for Galactic cosmic radiation (GCR) penetrate deeply into
any non-ducted wave power in the plasmasphere in the rangihe atmosphere, leading to relatively high ionisation rates at
2<L<3. As our calculations are guided by the S81-1 satel-comparatively low altitudes, where the GCR dominates over
lite observations of WEP, and thus limiting our area of in- other ionisation sources. GCR is more significant than WEP
terest toL=1.9-3.5, the recent Clilverd et al. (20&Btudy  at low altitudes for all locations, up to 68 km altitude where
suggests that we do not need to include the effects of nonWEP starts to dominate over North America and Central Eu-
ducted whistlers in our calculations. However, we note thatrope. Between 75 and 80 km altitude WEP becomes more
modifications will be required to our calculations in the event significant than GCR for the majority of spatial locations at
that non-ducted whistlers are found to be significanifer2. which WEP deposits energy. For most of the mesosphere,
the dominant source of ionisation during daytime is solar
Lyman-alpha. While WEP drives a higher ionisation rate
than daytime solar photoionisation in some parts of the Earth
at altitudes lower than 63 km, at those altitudes the GCR-
IClilverd, M. A., Rodger, C. J., Gamble, R. J., Meredith, N. driven ionisation rate is completely dominant. WEP is never
P., Parrot, M., Berthelier, J.-J., and Thomson, N. R.: Man-made@ Significant source of ionisation in the lower ionosphere dur-
transmitter signals observed from satellite: ducted or nonducted?ng the day. During nighttime scattering from the geocorona
J. Geophys. Res., in review, 2007. leads to significantly reduced, but non-zero solar Lyraan-
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fluxes, and hence nighttime solar photoionisation. The sizeBrasseur, G. and Solomon, S.: Aeronomy of the Middle Atmo-
of the regions in which WEP is the most important nighttime  sphere, second ed., D. Reidel Publishing Company, Dordrecht,
ionisation source peaks &80 km, depending on the relative ~ 1986. _
contributions of WEP and nighttime solar Lyman- Carpenter, D. L. and LaBelle, JW A study of whistlers correlated
Previous studies have also shown that particle precipita- with bursts of electron precipitation near L=2, J. Geophys. Res.,
tion can lead to large-scale changes in the chemical makeup 87, 4427-4434, 1982. _ B~ . ,
R . . . Carpenter, D. L. and Orville, R. E.: The excitation of active whistler
_of t_he _neutral atmosphere. Prempnatlc_)n-dnven_mcreases i ode signal paths in the magnetosphere by lightning — 2 case
ionisation _rates enhance minor chemlcall species that play studies, J. Geophys. Res., 94, 8886-8894, 1989.
key roles in the ozone balance of the middle atmospherechapriliat, S., Kockarts, G., Fonteyn, D., and Brasseur, G.: Impact
We used the Sodankylion Chemistry (SIC) model to con-  of molecular diffusion on the C&distribution and the tempera-
sider the atmospheric consequences of WEP, by focusing ture in the mesosphere, Geophys. Res. Lett., 29, 1-4, 2002.
on a case-study period where relatively intense WEP activ-Christian, H. J., Blakeslee, R. J., Boccippio, D. J., Boeck, W. L.,
ity was observed in Antarctica. The SIC-modelling found Buechler, D. E., Driscoll, K. T., Goodman, S. J., Hall, J. M.,
that WEP produces strong but short-lived increases in elec- Koshak, W. J., Mach, D. M., and Stewart, M. F.: Global fre-
tron number density over75—80 km, but accompanied by quency_and distri_bution of lightning as observed from space by
a rather long-lived increase of about 0.5-1 orders of magni- th?_Opt'ca' Transient Detector, J. Geophys. Res., 108(D1), 4005,
tude over a wider altitude range, persisting throughout the _d0|.10.1029/2002JD002347, 2003.
. . . . A . Clilverd, M. A., Nunn, D., Lev-Tov, S. J., Inan, U. S., Dowden,
forcing period, confirming earlier studies into this case-study

. .. R. L., Rodger, C. J., and Smith, A. J.: Determining the size
period. The electron densities modelled by SIC also show of lightning-induced electron precipitation patches, J. Geophys.

that only WEP bursts large enough to produce an observable Res., 107(A8), 1168, doi:10.1029/2001JA000301, 2002.
Trimpi perturbation in subionospheric propagation need tocliilverd, M. A., Rodger, C. J., and Nunn, D.: Radiation belt electron
be included in the modelling, as the much larger population precipitation fluxes associated with lightning, J. Geophys. Res.,
(80%) of weaker bursts are insignificant. 109(12), A12208, doi:10.1029/2004JA010644, 2004.

In contrast to the electron number density, the SIC mod-Dowden, R. L., Adams, C. D. D., Brundell, J., and Dowden, P.
elling indicated that the neutral atmospheric changes driven E.: Rapid onset, rapid decay (RORD), phase and amplitude per-
by WEP are very small, with very low increases in Nénd turbations of VLF subionospheric transmissions, J. Atmos. Terr.

i mif T Phys., 56, 1513-1527, 1994.
HOy, and insignificant effects on,O The principal reason iy ' )
for this is the short timescale of the WEP bursts. Dungey, J. W.: Loss of Van Allen electrons due to whistlers, Planet.

. L . . Space Sci., 11, 591-595, 1963.
Thus, WEP is a significant energy input into some partSFriedeI, R. H. W. and Hughes, A. R. W.: Trimpi events on low

of the lower ionosphere, depending on the latitude/longitude |54itde paths - an investigation of gyroresonance interactions at

and altitude, but does not play a significant role in the chem- |y L-values, J. Atmos. Terr. Phys., 54, 13751386, 1992.

ical makeup of the mesosphere. Heaps, M. G.: Parametrization of the cosmic ray ion-pair produc-
tion rate above 18 km, Planet. Space Sci., 26(6), 513-517, 1978.
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