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Abstract. Preliminary examination of October-December  Observations of hard X-rays associated with electron pre-

2002 SONG (SOlar Neutron and Gamma rays) data aboardipitation due to lightning flashes are rare. A one-to-

the Russian CORONAS-F (Complex Orbital Near-Earth Ob-one correspondence between balloon X-rag@keV) data

servations of the Activity of the Sun) low-altitude satellite and ground VLF emissions, triggered by whistlers from

has revealed many X-ray enhanced emissions (30-500 keM)ghtning, was for the first time, presented BRosenberg

in the slot region L~2-3) between the Earth’s radiation et al.(1971) from an experiment conducted at Siple Station,

belts. In one case, CORONAS-F data were analyzed wher\ntarctica {.~4.1). In a rocket experiment made at Wallops

the intense hard X-ray emissions were seen westward ofsland, Virginia (L~2.6), Goldberg et al(1987 observed

the South Atlantic Anomaly in a rather wide shell range  (with X-ray detectors) electron bursts 80 keV) that were

from 1.7 to 2.6. Enhanced fluxes observed on day 316coincident with lightning detected by nearby ground stations.

(12 November) were most likely associated with a Major Se-Geographic intensity maps of hard X-rays (up to 750 keV)

vere Weather Outbreak in Eastern USA, producing extensivérom a low-Earth orbit over mid-latitudes withit43.3> and

lightning flashes, as was documented by simultaneous optitheir possible origin in lightning, due to electron precipita-

cal observations from space. We propose that whistler modéion and/or acceleration, has been discussdedigman et al.

signals from these lightning discharges cause precipitatior{1996.

of energetic electrons from terrestrial trapped radiation belts, There is extensive experimental evidence on the associa-

which, in turn, produce atmospheric X-rays in the Southerntion of individual lightning events with the precipitation of

Hemisphere. energetic electrons (e.yoss et al. 1998 and references

therein). The electromagnetic energy originating in light-

ning discharges escapes into the magnetosphere and prop-

agates as a whistler mode wave, and pitch angle scatters

(and thus precipitates) energetic electrons, thereby generat-

ing bremsstrahlung hard X-rays.

1 Introduction In the present paper we report on new satellite obser-
vations of hard X-rays from the CORONAS-F experiment,

Hard X-rays from the bremsstramung emissions~dfleV which, by association with simultaneous optical observations

electrons precipitating into the atmosphere have been obmade on TRMM, may be related to lightning in the geomag-

served both over the auroral zon&nfith et al, 1995 Foat  netically conjugate region.

et al, 1998 Millan et al., 2002 during low geomagnetic ac-

tivity and in the South Atlantic AnomalyMartin et al, 1974

during a magnetic disturbance. Scattering by the substorm2 Instrumentation

excited electromagnetic ion cyclotron waves has been sug-

gested as a mechanism for the auroral electron precipitatiofhe CORONAS-F satellite was launched on 31 July 2001

Keywords. Magnetospheric physics (Energetic particles,
precipitating; Magnetosphere-ionosphere interactions)

(e.g.Lorentzen et a).2000). into a Sun-synchronous polar orbit (inclinatier83°) with

a period of ~95min at 500km nominal altitude. The
Correspondence tdR. Butik SONG experiment on CORONAS-F contained a large area
(rbucik@upjs.sk) CsI(TI) scintillator (20 cm diametex 10 cm length) for the
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Fig. 1. The colored geographical map of average counts for 60—-150 keV X-rays measured by CORONAS-F throughout October-December,
2002 in the altitude range of 440—-490 km. Note in the South Atlantic Anomaly the SONG instrument was saturated by high fluxes of
energetic £50 MeV) protons (purple and blue). The footprints of sevdralhells between 1.4 and 3.0 and the region of stable trapping
(crosshatched) at 500 km are shown for reference. The location of the stable trapping area at an altitude of 500 km is ad&t&# from

et al.(2005. It consists of set of., B values (determined by IGRF 1990), for which the minimum longitude traced altitude is above 100 km.
Small white strips in the Eastern Europe mean no data available for these regions, due to operative controls when the satellite passed ove
Moscow. Note that the adjacent region is characterized by a reduction in the amount of data. There are less than 10 records per bin in the
area clustered at longitudes®2@C and latitudes 49-60°.

measurement of energetic neutral radiation from the Surreduced. According to the approach givenBocik et al.
(Kuznetsov et al. 2002 2004. The crystal scintillator (2002, an estimate of the detector field of view is #.8r
was viewed by three photomultipliers and was entirely for 100 keV and 2.3 sr for 1000 keV X-ray energies. The
surrounded by a 2-cm thick plastic anticoincidence shieldcalculation is based on a model of the distribution of mat-
against charged particles. It was viewed by three other photer near the Csl crystal in a similar experimental setup as for
tomultiplier tubes. the preceding CORONAS-I experimefguCik and Kudela

During calibration the efficiency of the active anticoinci- 2003. ) o
dence shield was tested by using atmospheric muons as testENergy losses in the scintillation crystal were pulse-
particles. The measured rejection efficiency was about gsofreight-discriminated into twelve d!ﬁerentlal channels from
at muons peak~55MeV) (Ryumin et al, 1996. For low 30keV to 200MeV, ._and one mtegral chgnngl above
energies, the efficiency of the active veto is higher, since af00 MeV. The SONG instrument provided high time res-
these energies charged particles produce a smaller amouffution measurements of 1s in the burst mode and 4s in
of light in the CslTl) and the anticoincidence plastic scin- Monitoring mode. For the present analysis we selected the

tillator makes a passive barrier for electrons with energiesfour lowest energy channels (30-60, 60-150, 150-500, and
<4 MeV and protons with energies48 MeV. 500-1500keV). The instrument's maximum effective area

The scintillation crystal had no collimator and its axis was (atvertical incidence) for gamma-ray photons is 276 atne
ry effective photopeak area at 100 keV is 20Fcand 140 crh

parallel to the longitudinal axis of the sapelhtg whlch was di- at 1MeV. More details of SONG aboard CORONAS- are
rected towards the Sun. Due to attenuation in the instrumen-

. iven inBalaz (1 .
tal and spacecraft matter around the main detector, the nomg € alez etal.(1999
inal omnidirectional response for incoming X-rays would be
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Fig. 2. Geographic locations of X-ray counts (60—150 keV) during two consecutive CORONAS-F orbits displayed in each panel the times,
shown in hours and minutes, UT. Footprints of sevérahells and stable trapped region (crosshatched) at 500 km are shown for reference,
along with the location of the Palmer station (PA) and NAA VLF transmitter. Here we have data with the time resolution of 4 s.

The SONG device was mounted on the platform at a dis-between the longitudes 6f100° and —50°, the enhance-
tance of one meter from the satellite. Note that a fractionments extend below~2.
(as yet undetermined) of the detected hard X-rays was gener- . .
ated by interactions between primary cosmic rays and radia- One of the most intense enhancements, aiso seen in the

tion belt particles with the CORONAS-F spacecraft and the!MNer zone, was found on 12 November 2.002 (day 316) at
SONG device itself. around 12:55 UT+08:00 LT) on the west side of the South

Atlantic Anomaly in longitudes from-75° to —65°. It is dis-

played in Fig2 (rightmost panel), where intense X-ray emis-

sions (about 50 times the background value) in the energy
3 Observations channel of 60—150keV cover a rather wideshell range

from 1.7 to 2.6. As shown in Fig3, the observed enhance-
An overview of hard X-rays in the 60-150 keV energy chan- ment is characterized by a double-peak profile between 30
nel, measured by CORONAS-F during October—-Decemberand 500 keV. The right panel of Fig.shows that emissions
2002, is given in the map presented in Fig.The data have at L~2-2.6 gradually increase towards the South Atlantic
been divided into 18% 180 longitude-latitude bins with a Anomaly, and are similar to those in the atmospheric drift
width of 2° in longitude and 1in latitude. The average num- loss cone where the fluxes build up as electrons drift east-
ber of measurements in one individual bin ist&5 and the  ward due to injections over a range of longitudes (see, for ex-
total amount of the data is 2&.0°. Inspection of the map ample,Blake et al, 200]). In contrast, enhancements below
shows enhanced emissions in the slot region2—-3, where,  L~2 are probably localized in longitude; there we have no
according to the predictions éfbel and Thorn€1998, scat-  enhanced flux westward of longituded(®, although these
tering by lightning-generated whistlers dominates. One carwere observed 1.5 h later, at 14:20 UT, on day 316 (see also
see that in the closest vicinity of the South Atlantic Anomaly, Fig. 4, for other energy channels).

www.ann-geophys.net/24/1969/2006/ Ann. Geophys., 24, 19%585-2006
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@ 30 60keV_m— 60150 ke by whistlers undergoing multiple magnetospheric reflections
M 150S00keV ®S00dSOOKeV (also sedortnik et al, 2003).
10°4 f\’—\__ During October-December 2002 there were few other
M ST similar intense emissions fdr<2 in the vicinity of South At-
. 1_.4 o T lantic Anomaly. However, for this particular event, we have
__J ] found good conjunctions with the Tropical Rainfall Measur-

ing Mission (TRMM) satellite for performing a comparison

E with optical observations. The TRMM documents lightning

" activity by a Lightning Imaging Sensor (LIS), which locates

10°4 3 lightning within its 600<600 km field of view, with a 2-ms

- timing resolution at an altitude of 350 knCkristian et al.

o Lo : : : : : : : 1999. TRMM data show that an extensive thunderstorm
TP O L S system on 12 November 2002 (Fig.rightmost panel), lo-
"1287 1288 1289 1200 1201 1262 1293 1204 12.95 1296 cated in the IongitUde range ef90° to —70 in the North-

Time, UT ern Hemisphere, within the-shell range of 1.8-2.4, was ac-
tive at least within the 11:00-12:45 UT interval. We note

Fig. 3. X-ray counting rates versusshell/time in four energy chan- that Ilghtnlng d_lscharges were seen there during successive
nels measured by SONG during one passage (orbit on right, at lon¢rossings of this area, up to the middle of the next day. The
gitudes between 75° and—65°, rightmost panel of Fig2) of the ~ presence of the conjugate positions of the lightning flashes
CORONAS-F satellite on day 316 (12 November), the time beingwestward of the X-ray peak location suggests precipitation
shown in hours, to two decimal places. into the drift loss cone, although localized in longitude. An
illustration of the atmospheric 100-km loss conesfet1.8
drift shell (similar to Fig. 1 oSheldon et al(1987 for L=4)
—=— 30- 60keV —M— 60-150 keV is shown in Fig6. Electrons precipitated from the drift loss
150-500 keV —m— 500-1500 keV .
— T cone to the atmosphere, at a longitude~6f70°, must be

3 scattered from stable trapping by discharges located some-

-Q-"’...._..--:'E where west of this longitude. In the northern lightning re-

= 4 gion, the satellite was in the bounce loss cone, and no en-
i hancements of the X-ray count rate were noted bdlov3.
_ Figure 2 (leftmost panel) demonstrates that there is no
(significant) enhancement at the samshell and longitude
¥ range, three days before (on 9 November 2002, day 313,
- ~13:00 UT), in the energy range of 60-150keV, or for the
] other energy channels (Fig). On day 313, the TRMM satel-
10" = T T 1T lite passed through the region of interest in the north around
' "L shell ’ ' ' 12:15 UT without indicating any lightning activity (Fid,
1442 1443 1444 1445 1446 1447 1448 1449 1450 1451 1452 left panel).
Time, UT The SONG instrument also observed enhanced X-ray
counts on 10 November 2002, at around 23:45 UT, as shown
F_ig. 4. Same as Fig3 for another_passage (orbit on Ie_ft, at lon- jn the middle panel of Fig2. The closest time when TRMM
gitudes betweenr-100° and —85°, right-hand panel of Fig2) on  h555ed through the area of interest was on 10 November (blue
day 316 (12 November). curve in middle panel of Fig5) at 16:10 UT, more than
7 h earlier, without observing any significant lightning ac-
tivity. However, on 11 November 2002 a large thunderstorm
The L-shell profile of X-ray counts in Fig3 shows a  area (red crosses) had already built up between 11:55 and
relatively narrow peak in the inner zone (during te@0-s  12:03 UT, covering the longitudes betwee82° and—73,
satellite passage) centered an~1.8, and a broad max- as was shown by the LIS instrument.
imum in the inner part of the slot region. Similar ob-
servations with a double-peak feature in connection with
lightning-induced electron precipitation have been reported4 Internal detector background
by Blake et al.(2001). They proposed that the narrow, low
L peak is attributed to resonant scattering at the first equatn the regions of the high fluxes of charged particles which
torial crossing at low. shells, due to focusing of lightning- can lose their energy in the gamma-ray detector, the mea-
generated whistler waves by particular ionospheric electrorsurement of X/gamma-ray fluxes, several orders lower than
density gradients; the high-shell broad structure is caused the charged particle fluxes, becomes quite difficult. In this

Counts (s.keV)™
S
/I
1

Counts (s.keV)™*
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Fig. 5. Lightning discharges detected by the LIS aboard TRMM are shown as a red/blue crosses, together with respective TRMM trajectories
indicated by solid red/blue curves. The crosses in the south indicate magnetically conjugate points (using IGRF 2000 geomagnetic field
model) of the northern lightning flashes. Note that, for1.8, the 150 keV electrons need0 min to drift from a longitude of conjugate

flashes at-100 to their loss from radiation belts at70°.

section we briefly discuss whether SONG observations inground can be considered negligible. According to AE-8,
the X-ray energy channels between 30 and 500 keV are duthe maximal integral flux o4 MeV electrons at 90pitch
to photons and/or false signals caused by unvetoed chargeshgles at an altitude of 500 km in the inner belt is less than
particles. 1cm2s~1. This value presents only a small fraction of the
For production of the bremsstrahlung X-ray photons with Premsstrahlung photon flux produced &g MeV inner belt
energies between 30keV and 500 keV, electrons with enerélectrons. .
gies between 60 keV and 1000 keV are nee@shljckeiser Since, for lower electron energies, bremsstrahlung gener-
1981). The maximal flux of the 60-1000 keV model AE- ation of hard X-rays is a rather inefficient mechanism (con-
8 electrons, mirroring at an altitude of 500km in the inner Sidering the factor 16°), the efficiency of the active veto
belt, is about~ 108 cm—2s~1 (Vette, 1997). The flux of 30— should be grea’Fer Fhan .99:99_%,.|_n order to have an internal
500keV hard X-rays produced in the atmosphere by thes&ackground which is quite insignificant (less than 10%). Not
electrons is about £aimes lower, as provided by EGS4 sim- knowing the exact value of the SONG veto efficiency in the
ulations Blake et al, 2002. Therefore, an efficient veto sys- 10W energy domain, we must admit that, observed outside the

tem for rejection of the high fluxes of charged particles is Stable trapping region, enhanced counting rates between 30—
required. 500 keV may contain contributions from both electrons and

hard X-rays. Further work is needed to specify the contri-

. The 2-cm thick plastic scintillator used in 'the SONG bution of electrons to the internal background for the SONG
instrument would be opaque for the penetration of these

electrons into the Csl crystal. For example, an aver-deteCtor'

age path length (which is less than penetration depth) for

500keV electrons in the plastic scintillator presents abouts Discussion

10% Berger and Seltzel 982 of the SONG veto thickness.

However, an electron having energy above 4 MeV, capableThe lightning flashes on 11-12 November 2002, shown in
of penetrating the SONG plastic shield, could lose a frac-Fig. 5, were most likely associated with the Major Severe
tion of its energy in the Csl and cause a false signal in theWeather Outbreak in the Eastern USA, one of the largest
range of 30—500 keV. This contribution to the internal back- severe weather events of the past 25 years. This occurred

www.ann-geophys.net/24/1969/2006/ Ann. Geophys., 24, 19%585-2006
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00:15 UT document the cloud covers over the location of the

055 L lightning strokes (not shown).
050 L Before the start of the reported severe weather event, the
Bounce Loss Cone P! X-ray flux enhancement was observed only in the outer part
0454 g ' of the slot region [ ~2.5-3). After the appearance of thun-
F 040 = derstorm clouds and associated lightning, demonstrated by
P T S GOES and TRMM, new X-ray emissions arose close to the
i — ! magnetic conjugates of lightning under the inner belt region
030 Drift Loss Cone - and in the inner part of the slot zone. These X-ray enhanced
025 . emissions were detected in three energy channels over 30

and 500 keV. We suppose that whistler waves launched by
localized lightning in the north propagate to the southern
180 -150 120 %0 60 50 0 30 60 90 120 150 180 conjugate region and are in cyclotron resonance with ener-
Longitude, deg. getic trapped electrons which are moving northward. Due
to the north-south asymmetry in mirror heights, this inter-

Fig. 6. lllustration of the 100-km atmospheric loss cones for gction lowers the mirror points into the Earth’s atmosphere

L =18. Electrqns scattered into the_r drift loss cone are lost iNtoj the Southern Hemisphere (directly or, more likely, via
the atmosphere in the Southern Hemisphere at longitudes betwe

en . .
—135 and —20° (solid red curve), and in Northern Hemisphere dzimuthal hclirlft), where X-rﬁysh are produceti thml:]gh the )
between 120 and~180° (dotted red curve). Approximate satellite bremsstrahlung p“?cess’ W, Ic pan emerge from t e' atmo
locations at 500 km in the south (north) are indicated solid (dot-Sphere to a low altlt.ude orbit. Slnde'd?pe.ndent countlng.
ted) black curve. The schematic drawing shows that drift loss cond@tes of the energetic electrons precipitating from the radia-
precipitation in the Northern Hemisphere requires a major changdion belts have been attributed to the wave-particle interac-
in magnetic field strength (i.e. in pitch angle) to transport electronstions, the observed multiple-peak (double) structure over the
from stably trapped orbits. Vertical arrow at the longitude-aDC°, L shells may support our assumption.
the location of the conjugate flashes for the event on 12 November From satellite observationBatlowe and Imhof1990 re-
schematically represents scattering from the stable trapping to thorted that most intense peaks of electron precipitation clus-
drift loss cone. The direction of the electron drift is marked by a 1o gt longitudes of major VLF transmitters. In the observed
horizontal arrow, and a vertical line af7(° indicates the longitude longitude range there is one high-powerl(L0 kW) commu-
of the observed hard X-ray enhancements. . . . :
nications transmitter currently in operation, namely, NAA
(Maine, USA), located at a longitude ef67 and radiat-
ing at 24.0 kHz with a power~1000kW. This transmitter
—m— 30- 60keV—m— 60- 150 keV signal could contribute, by resonance interactions with inner
o 0S0key B Sops0key belt electrons, to the detected X-ray emissions. The calcula-
3 tions of Abel and Thorn€1998 indicate that 22.3-kHz VLF
.‘u__....-—'---........ transmitter signals can resonate with 100-1500 keV electrons
o il e below L=2.2. We note that VLF data from Palmer Station,
Antarctica (~2.6) documented activity of the NAA trans-
mitter (http://www-star.stanford.edupalmer) during times
of the observed X-ray enhancements. A preliminary review
of the data in October—December 2002, shows that in the ma-
jority of the passes through the longitudes around the NAA

Counts (s.keV)™"

— . " transmitter, no enhancements were seen under the inner ra-

10" — : : : : : : : diation belt. It suggests that the contribution of NAA to
S A L the observations presented in this paper may be less impor-

1297 12.08 1299 13.00 1301 1302 13.03 1304 1305 13.06 1307 tant. MoreoverCummer et at(1997) supposed that, due to
Time, UT monochromatic VLF transmitter signals, the enhancements

would be in a very narrow energy range. This is not the case
Fig. 7. Same as Fig3 for one passage on day 313 (9 November). in our observations, we detect enhanced counts over two or-
ders of magnitude (tens to hundreds keV).

Enhanced X-ray count rates, observed in the inner edge of
across much of the eastern United States on 10-11 Novembdhe slot region may also suggest an injection of a new particle
2002, and was accompanied by many tornadoes and thurpopulation. However, the mechanisms of the injection should
derstorms, as well as damage, and resulted in 36 deathse different from those operated during magnetic storms and
in 13 stateslfttp://lwf.ncdc.noaa.ggv Infrared GOES im-  substorms. No significant geomagnetic activity, as indicated
ages [ittp://cdo.ncdc.noaa.gbwon 12 November 2002 at by the Dsr index, was observed during and several days be-
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