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Abstract. The arrival of an interplanetary coronal mass ejec-1 Introduction

tion (ICME) triggered a sudden storm commencement (SSC)

at~09:22 UT on the 7 January 2005. The ICME followed Riometers enable the investigation of precipitation of ener-
a quiet period in the solar wind and interplanetary magneticgetic electrons into the D-region of the ionosphere through
field (IMF). We present global scale observations of ener-measurement of the absorption of cosmic noise (CNA).

getic electron precipitation during the moderate geomagnetic one mechanism for the enhancement of precipitation in
storm driven by the ICME. Energetic electron precipitation the auroral zones is the compression of the magnetosphere as
is inferred from increases in cosmic noise absorption (CNA)g result of an increase in the dynamic pressigy) of the
recorded by_ stations in the Global Riometer Array (GITO- solar wind (Brown et al., 1961). Compression of the mag-
RIA). No evidence of CNA was observed during the first netosphere results in the stimulation of VLF waves, which
four hours of passage of the ICME or following the sud- iy tyrn drive the pitch-angle diffusion necessary for trapped
den commencement (SC) of the storm. This is consistenparticles to precipitate into the ionosphere (Perona, 1972).
with the findings of Osepian and Kirkwood (2004) that SCs \agnetospheric compression can be observed as an impul-
will only trigger precipitation during periods of geomagnetic gje perturbation in the horizontal component of the geo-
activity or when the magnetic perturbation in the magneto-magnetic field measured on the ground: i.e. a sudden com-
sphere is substantial. CNA was only observed following en-mencement (SC). When followed by a geomagnetic storm,
hanced coupling between the IMF and the magnetosphergne event is termed a sudden storm commencement (SSC),
resulting from southward oriented IMF. Precipitation was ob- g when not a sudden impulse (SI). Conversely, when the
served due to substorm activity, as a result of the initial in- 5131 wind pressure decreases the magnetosphere can expe-
jection and particles drifting from the injection region. Dur- yjence rapid expansion. The signature of expansion is a neg-
ing the recovery phase of the storm, when substorm activity,tive sudden impulse (S) in the horizontal component of
diminished, precipitation due to density driven increases inihe geomagnetic field measured at mid to low latitudes (e.g.
the solar wind dynamic pressur€qn) were identified. A Takeuchi et al., 2002).

number of ingreases iRayn were.sh.own o drive sudden im- Precipitation driven by a SC can be observed by riome-
pulses (Sls) in the geomagnetic field. While many of theseters: as short-lived CNA coincident with the onset of the

Sls appear coincident with CNA, Sis without CNA were also SC, known as Sudden Commencement Absorption (SCA)
observed. During this period, the threshold of geomagnetic(Br('jwn et al., 1961). CNA observed following an SI is

act.ivi.ty rgquired for SC.driven p.recip.itation was exf:ee‘jecj'termed Sudden Impulse Absorption (SIA). When observed,
This implies that solar wind density driven Sls occurring dur- g~ 204 SIA exhibit a geomagnetic latitude and local
ing storm recovery can drive a different response in particletime dependency, with probability of occurrence maximis-

precipitation to typical SCs. ing around local noon between 6&nd 70 magnetic lat-
Keywords. lonosphere (Particle precipitation) — Magne- itude (Perona, 1972). Osepian and Kirkwood (2004) have

tospheric physics (Solar wind-magnetosphere interactiondetérmined that a storm SC event during a period of activ-
Storms and substorms) ity, defined as a period when the geomagnetic inffgxis

two or greater, will result in SCA proportional to the magni-
tude of the magnetic impulse observed at equatorial latitudes.
Correspondence to: N. Longden However, a storm SC event during a period of quiet activity
(n.longden@lancs.ac.uk) (K,<2) would only result in SCA if the magnitude of the
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magnetic impulse exceeded a threshold of around 30 nT. Ithe bow shock and magnetosphere, directly in the solar wind
their study, SCA was evident during active periods irrespec-throughout this event. The IMF data are obtained from the
tive of the local time of the observing riometer. However, ACE magnetic fields experiment (MAG) instrume@njith
at quiet times, the local time sector altered the threshold okt al., 1998) and the Geotail Magnetic Field Measurement
magnetic field perturbation required for SCA to occur, with a (MGF) instrument (Kokubun et al., 1994). The ACE solar
greater perturbation required for SCA in the local afternoonwind data are obtained from the Solar Wind Electron Pro-
than local morning. ton Alpha Monitor (SWEPAM) instrument (McComas et al.,
Magnetospheric compression has been linked to substorni998) and the Geotail solar wind data are obtained from
processes, such as reducing the period of southward IMF rethe Comprehensive Plasma Instrument (CPI) (Frank et al.,
quired for substorm activity to occur (Burch, 1972) and the 1994).
triggering of substorms (Brown, 1978). Precipitation due to The global scale effects of the ICME in the ionosphere
substorms has been linked to a number of forms of CNAwere investigated using two riometer chains; the NORSTAR
(e.g. Stauning, 1996, and references therein), including CNAiiometer chain (formerly CANOPUS), covering CANADA,
around local midnight, presumably close to the injection re-and the SGO riometer chain in Fennoscandia. Data from
gion of the substorm, and in the morning sector, due to thethe central beam (beam 25) of the imaging riometer (IRIS)
drift of injected electrons. located at Kilpisprvi was also used. These riometers are
Interplanetary Coronal Mass Ejections (ICME) are the detailed in Table 1 and form part of the GLORIA project
interplanetary (IP) counterpart of Coronal Mass Ejections(Global Riometer Array). Magnetic latitudes are given in the
(CME). When earthward directed, ICMEs are known to drive Corrected Geomagnetic (CGM) coordinate system using the
geomagnetic storms with levels of activity ranging from the International Geomagnetic Reference Field (IGRF) model
most intense storms observed (Richardson et al., 2001) to refor 2005 (e.g. Maus et al., 2005). GLORIA aims to link
ative inactivity (Gosling et al., 1991). Taylor et al. (1994) the data from riometers located throughout the Northern and
have shown that ICMEs are the most likely drivers for SSC Southern Hemispheres to enable investigation of the effect of
events. electron precipitation simultaneously across the globe. Small
In this paper we study the global-scale effects on particleerrors in the calculation of the quiet day curves for the riome-
precipitation of a moderate geomagnetic storm triggered byters at Abisko and Rovaniemi could result in errors of the ab-
an ICME that collided with the magnetosphere on 7 Januarysolute magnitude of CNA of the order of 0.1 to 0.2 dB during
2005 and consider the effects in the context of the surve;ihiS event.
of SSC-related absorption by Osepian and Kirkwood (2004). The geomagnetic field local to the riometers was inves-
The ICME followed a period of low activity in both the so- tigated using data from ground based magnetometers. The
lar wind and magnetosphere indicating little energy couplinglMAGE magnetometer chain is located close to the SGO
into the system. The storm developed over the course of twéghain of riometers and the CARISMA magnetometer chain
days and exhibited at least two periods of substorm activity,(formerly CANOPUS) is located close to the NORSTAR ri-
observed by the Los Alamos National Laboratory (LANL) ometers. Three of the magnetometer stations used are not
satellites at geosynchronous orbit. The recovery phase of thi9cated in the region of one of the riometers detailed in Ta-
storm on the 8 January 2005 was accompanied by a numple 1. These are at Muonio (station code MUO), Rarvik (sta-
ber of solar wind density-driven sudden impulses that led totion code RVK) and Oulrvi (station code OUJ). These sta-
precipitation confined mostly to the dayside magnetospheretions have a geographic latitude and longitude of 68MN2
There was an advantageous configuration of riometers witi?3.53 E, 64.94 N, 10.98 E and 64.52N, 27.23 E respec-
coverage of both magnetic noon and midnight at the time oftively. Pi2 pulsations were investigating using the lowest lat-
the sudden commencement and during a good portion of th§ude CARISMA station (Pinawa) and the York magnetome-
recovery phase of the storm making this an interesting caséer (station code YOR) from the SAMNET magnetometer

study on the effects of an ICME on energetic electron precip-chain, located at 53.93, 1.05 W (geographic).
itation on global scales. Geosynchronous particle flux intensity measurements are

taken from the Synchronous Orbit Particle Analyzer (SOPA)

instrument (Belian et al., 1992) on board the LANL satel-
2 Instrumentation lites. At the time of the ICME, data was available from five

LANL satellites with SOPA instrumentation; 084, 095, 97A,
Observations of the solar wind and IMF during the event are01A and 02A. These satellites were located at geographic
taken from the ACE satellite, in orbit around the L1 point, longitudes of 166.13W, 38.54 W, 145.36 E, 8.16 E and
and the Geotail satellite. During this event, Geotail was 10-69.30 E, respectively, during this event. Figutendicates
cated off the dawn flank moving towards noon close to thethe geographic location of the GLORIA riometers used in
Earth. The solar wind velocities and magnetic structure ob-this study. The geographic longitude of the five LANL satel-
served by the ACE satellite are consistent with those ob-ites are shown in red.
served by Geotall, indicating that Geotail is located outside
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3 Observationsof the|CME in the solar wind 4 Observations of the SSC

Atapproximately 08:42 UT on the 7 January 2005, the signa-At ~09:22 UT on 7 January, a global scale SC signature
ture of an ICME was first observed in the solar wind and IMF was identified in ground based magnetometer readings in
data from the ACE satellite at the L1 point. Figure 2 showsthe Northern Hemisphere, confirmed by the NOAA NGDC
the solar wind and IMF data observed by ACE and Geotail(National Oceanic and Atmospheric Administration National
on the 7 and 8 January 2005. Panels (a) to (c) show theseophysical Data Cenf§r The SC signature was identi-
IMF total magnetic field strength, the magnetic field strengthfied in mid to low latitude ground based magnetometers. The
component in the Y direction GSM (East-West), and the magnitude of the perturbation of the horizontal component
magnetic field strength component in the Z direction GSM of the geomagpnetic field ranged from4 nT to —6.6 nT at
(North-South), respectively. Panels (d) and (e) give the solaktations from the SAMNET array. The SC was initiated by
wind velocity in the X direction GSM and the proton num- the step increase in thRyy,, at the start of the ICME as the
ber density in the solar wind from both satellites. Panel (f) velocity of the solar wind rises sharply.
displays the solar wind dynamic pressure from Geotail only = Of the ten stations that recorded the SC, four magnetome-
and panel (g) shows the ratio between the helium alpha numgers recorded a class B event (defined as “Fair, ordinary but
ber density and the proton number density in the solar wind,nmistakable” by the NOAA) while the six remaining mag-
from ACE only. The ICME arrival was evident at Geotail at petometers recorded a class C event (defined as “Very poor,
~09:24 UT, indicated by the vertical line on Fig. 2. Solar douptful observation”). The magnetometers located at mag-
wind conditions returned to ambient levels by the 9 Januarynetic latitudes of~47° N and above recorded a pre]iminary
2005. reverse impulse (PRI) where the magnetic perturbation was
Comparison of the IMF data from ACE and Geotail indi- opserved to decrease before the main positive impulse (MI),
cates a consistent magnetic structure in the solar wind. Th@etermined as the SC* signature by Araki (1977). Below
best cross-correlation between the datasets of the satellitgfese |atitudes, the standard SC signature of a positive im-
is achieved when the ACE data are delayed~d$2.6 min.  pyise only was observed by the magnetometer stations. The

The ACE data given in Fig. 2 has been shifted in time by stations at which the SC signature was observed are detailed
this amount. This value is close to the mean delay time bein Taple 2.

tween the satellites 6#45 min, calculated according to their  qiet conditions were observed prior to the SC; fop

separation and the velocity of the solar wind (e.g. Khan and,gex did not exceed a value oftObetween 00:00 and
Cowley, 1999). The ACE solar wind data are unavailable forng-00 UT on the 7 January 2005. This suggests that the mag-
the period from~20:59 UT (-21:41 UT at Geotail) on the  petosphere was in a relatively unprimed state before the ar-
7 January t0~03:11 UT (~03:53 UT at Geotail) on the 8 jya) of the ICME. We define unprimed as without sufficient
January 2005 whereas the Geotail solar wind dataset is cOnrapped particles for precipitation to be identified in riometer

plete. Data from both satellites are shown as ACE providescNA. The K, index on the 7 and 8 January 2005 is shown in
information about the helium alpha particle content of the ihe top panepl of Fig. 3.

solar wind. The SC was followed by a moderate geomagnetic storm;

With the onset of Fhe ICME, the solar wind Vel'OC“Y in- the definition of a moderate storm as when minimiiy
creases from approximately 500 kmisto 600kms™. This 351 the range of-50 to—100 nT (Gonzalez et al., 1994)

is followed by a decrease to pre-ICME levels over the du-p 4 peen used. The,, index during the 7 and 8 January

ration of the event. The IMF exhibits two periolds of 2005 is given in the second panel of Fig. 3. It should be
extended southward orientation, the first betweelB:38 noted thatDy; is not the most appropriate index with which

and715:47 UT on the 7 January a.nd the second betweeny, jqentify certain types of geomagnetic activity. Fast solar
~21:41 UT on the 7 January ane02:00 UT on the 8 Jan- nq streams, for example, cause little deflectiorDin but

uary. ThePayn is highly variable and elevated from ambient gy jnpt significant energy to the system (e.g. Borovsky and
levels throughout the event, during periods of both northwardyanton 2006: Denton et al. 2006). Howew, is consid-

and southward IMF. It should be noted that thgn is calcu- ored an appropriate index to use in the identification of ICME
lated for Geotail CPI assuming that the helium alpha particle iy en storms.

number density of the solar wind is constantly 5% of the pro-
ton number density. From the limited data set available from
ACE SWEPAM, it can be seen that the ratio of helium al-

pha number density to proton number density exceeds thi
for extended periods throughout the event, reaching levels o
approximately 0.34. Therefore, tiRyy, will at times be un-

derestimated in the Geotail data set. Lftp://ftp.ngdc.noaa.gov/STP/SOLARATA/RELATED
INDICES/Geomagneti®DF Files/GeomagnetiStorm Sudden
Commencement8501.pdf

The storm develops in two phases with partial recovery
between minima; Kamide et al. (1998) termed this a type 2
storm as opposed to a sharp decreade,jrand a gradual re-

overy (type 1). The firsD;, minimum occurs at 16:00 UT
n the 7 January, with a magnitude -e#16 nT. It should be
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Table 1. GLORIA stations used in this study ordered by descending magnetic latitude.

Code  Station Geographic Latitude  Geographic Longitude  Magnetic Latitude  MLT (at 00:00 UT) L Shell
TAL Taloyoak 69.54N 93.56 W 78.59 N ~17:19
CON  Contwoyto 65.75N 111.26 W 73.0C N ~15:43 11.86
RAN  Rankin Inlet 62.82N 92.1PW 72.53 N ~17:35 11.25
FCH Fort Churchill 58.76N 94.09 W 68.62 N ~17:28 7.63
RAB  Rabbit Lake 58.23N 103.68 W 67.08 N ~16:37 6.68
KIL Kilpisj arvi 69.05 N 20.79 E 65.98 N ~02:44 6.12
DAW Dawson 64.05N 139.1P W 65.92 N ~13:32 6.09
ABK  Abisko 68.40 N 18.9C E 65.4°P N ~02:31 5.86
IVA Ivalo 68.55° N 2728 E 65.17 N ~02:59 5.75
SOD  Sodank@ 67.42 N 26.39 E 64.06 N ~02:53 5.30
ROV  Rovaniemi 66.78N 2594 E 63.42 N ~02:50 5.07
OUL  Oulu 65.09 N 25.89 E 61.69 N ~02:47 4.51
PIN Pinawa 50.20N 96.08 W 60.248 N ~17:22 4.12
JYyv Jyvaskyg 62.42 N 25.28 E 58.95 N ~02:40 3.81
084 095 01A 02A 97A
7eonE \ \ \ T ]
720N | NORSTAR Chain SGO Chain B
. 8 TAL o T8 ] ®
BONT ¢ paws  CON° ANS a
60°N[~ ‘ RAB® EFCH ¢ ‘ ‘ ]
54°N— -
b 2PIN
N[ \ \ \ \ ]
180°W 120°W 60°W 0° 60°E 120°E 180°W

Fig. 1. Geographic location of the GLORIA stations used in this study. The geographic longitude of the five LANL satellites in orbit on the

7 January 2005 are shown in red for all riometer latitudes. Red dots indicate the approximate footprint of a geomagnetic field line mapped
from the equator at 6.8 at the longitude of each of the LANL satellites. The field line mapping was performed using the Tsyganenko 89C
model (Tsyganenko, 1995).

noted thatDy, also reaches the value 646 nT at 18:00 UT  (Wanliss and Showalter, 2006) and is derived from the hor-
after a slight recovery at 17:00 UT. The secabg mini- izontal component of the geomagnetic field recorded at six
mum occurs at 02:00 UT on the 8 January, with a magni-mid to low latitude ground based magnetometers. As it pro-
tude of —96 nT. Between the two minima, the,; recovers vides one minute resolution, this index can be used to inves-
to —34nT at 21:00 UT on the 7 January, a recovery of 12 nT.tigate the effects oPyyn pulses (e.g. Takeuchi et al., 2002).

From observations of the onset of the declinédin prior Th_e q_uic_k look values for the upper and Iow_er aL_lroraI elec-
to each minimum, it can be inferred that ring current en- trojet indices (AU an_d AL, respectively) are given in the bot-
hancement begins between 14:00 and 15:00 UT and agaiwm two panels of Fig. 3.
between 22:00 and 23:00 UT. As Geotail shows extended Figure 4 shows the electron flux intensity measured by the
negative B, from ~13:38 UT until ~15:47 UT and from  SOPA instrument on the LANL satellites during the period
~21:41 UT on the 7 January 2005 unti02:00 UT on the  of the 7 and 8 January 2005. The flux intensity is given for
8 January 2005 it, therefore, seems probable in this casenergy channels in the range of 50 to 500 keV. From top to
that the two phase development of the storm is linked to thebottom, the panels show the electron flux recorded by the
two significant periods of southward IMF in the ICME pas- LANL-97A, 084, 095, 01A and 02A satellites. The mag-
sage. Prior to the second enhancement, the storm would haveetic local times (MLT) for these satellites at 00:00 UT are
been classified as small or weak, ily;>—-50nT (Gonzalez ~09:19,~12:31,~21:03,~00:09 and~04:11, respectively.

etal., 1994). During the storm, two periods of substorm activity with
The third panel of Fig. 3 presents the SYM-H index. The multiple particle injections were identified in the electron
SYM-H index can be considered a high-resolutioy index flux intensity at geosynchronous orbit. The LANL SOPA

Ann. Geophys., 25, 2053-2068, 2007 www.ann-geophys.net/25/2053/2007/
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Table 2. Magnetometer stations recording an SC signature at 09:22 UT on 7 January 2005, ordered by descending magnetic latitude.

Code  Station Geographic Latitude  Geographic Longitude Magnetic Latitude Class SC Type
LER Lerwick 60.13 N 118w 57.92N B SC*
NUR  Nurmijarvi 60.50 N 24.65 E 56.97 N C SC*
ESK Eskdalemuir 55.3N 3.20W 5257 N B SC*
HAD  Hartland 50.99N 4.48 W 47.48 N B SC*
BDV  Budkov 49.08 N 14.02E 44.43 N C SC
MMB  Memambetsu 43.9IN 14419 E 37.26 N C SC
SPT San Pablo Toledo 3958 4.3 W 32.1CN C SC
KAK  Kakioka 36.22 N 140.19 E 29.46 N C SC
KNY  Kanoya 31.42N 130.88 E 24.85 N C SC
GUI Guima 28.32N 16.48 W 13.02 N B SC

Solar Wind and IMF Data: 7 to 8 January 2005
T T T

T T T T . A
20F a |
IMF |B] (nT) N

IMF By (nT)

Geotail

IMF Bz (nT)

-450
SW Vx (km/s) =

-550

80

SW Np (#/cc) 4 I

0F

SW DP(nPa) |

0

T T T T T

| ]
SW NafNp °3" 8  |CME Onset y ',':8 ‘ | 7
02 : | / A i ]
&1j~"~ L _;__,‘MLnMn.xﬁh“uwa’ ‘WEWMﬁ \ | lﬁwwpm,»”MVWm*ﬁJA N o]
O00 06 12 18 00 06 12 18 00
UT (hh)
7 January 2005 8 January 2005

Fig. 2. Solar Wind and Interplanetary Magnetic Field Data from the ACE and Geotail satellites on the 7 and 8 January 2005. ACE data has
been adjusted to the time of observation at Geotail. Fi@no (g), the panels show total magnetic field strength of the IMF, IRIFGSM,

IMF B; GSM, solar wind speed in X direction GSM, solar wind proton number density, solar wind dynamic pressure and the ratio between
helium number density and proton number density in the solar wind.
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Geomagnetic Indices: 7 to 8 January 2005 A seemingly dispersionless injection can be seen in the
electron flux intensity at LANL-02A a+22:27 UT on 7 Jan-
uary (~02:39 MLT), indicating the onset of the second pe-
riod of substorm activity at this time. The electron flux in-
tensity from the LANL SOPA instruments between 22:15 UT
and 23:30 UT on the 7 January 2005 are shown in Fig. 5b.
This activity follows the second decreaseliy,, occurring
between 22:00 UT and 23:00 UT, and a period of southward
IMF. This was followed by more activity at around 22:50 UT,
with a seemingly dispersionless injection signature at LANL-
095 (~19:53 MLT) and 01A £22:59 MLT) at this time. The
dispersed signature of drifting electrons is evident at LANL-
02A (~03:00 MLT). A clear injection signature can also be
seen at LANL-095 at~03:33 UT on the 8 January 2005
(~00:35 MLT), with dispersed signatures evident at the other
satellites. The geosynchronous electron flux intensity during
this injection is shown in Fig. 5c.

5 Observations of particle precipitation

The ionospheric CNA data observed by seven of the SGO ri-
ometers and IRIS at Kilpigjvi throughout the ICME event

AL !
(nT) ~1o00p 1CMEOnset 1 is shown in Fig. 6a. From top to bottom, the plots relate to

these stations ordered by descending geomagnetic latitude.
~2000 - " s s o " s 5 o The SGO riometers and IRIS have operating frequencies in
7Jzagg§ry UT (hh) BJggggry the range 29.9 MHz to 38.2 MHz. As frequency can be con-

sidered to be a scaling factor for absorption magnitude (e.g.
Hargreaves, 1969), all absorption data have been scaled to a

Fig. 3. Geomagnetic indices on the 7 and 8 January 2005. Fromfrequency of 30 MH_2- The scaling was perform_ed according
top to bottom, the panels show tlg, index, theDs, index, the  t0 EQ. (1), wherefsg is a frequency of 30 MHz(, is the op-

SYM-H index, the AU index and the AL index. erational frequency of the riometer aAds the absorption at
a given frequency.
_ _ _ _ (fo)?
data during the onset of the first period of substorm activ-A(/30) = A(fo)m (2)

ity is shown in Fig. 5a, covering the period of 14:00 UT to
15:15 UT on the 7 January 2005. From Fig. 5a, the injeC_Flgure 6b shows the CNA data for the event from seven of

tion signature of a substorm is evident in the electron fluxt® NORSTAR riometers. From top to bottom, the plots re-

data of LANL-97A at~14:12 UT. At this time. the satellite late to these stations ordered by descending geomagnetic lat-
was located at an MLT 0f-23:56, inside the injection re- itude. AIlNORSTAR riometers have a frequency of 30 MHz.

gion. After approximately three minutes, the onset of a dis_The vertical lines on Fig. 6 indicate the timing of the SC, at
persed injection signature of drifting electrons was observed™09:22 UT, and the onset of two substormspd4:12 UT

in the electron flux of LANL-084, located at03:12 MLT. and~22:27 UT, for both the SGO riometers and IRIS and
The dispersed signature results from electrons with differenfn® NORSTAR riometers.

energies orbiting at different velocities away from the injec-
tion region; the drift velocity of a particle is directly propor-

tional to its energy (e.g. Hargreaves, 1992). Both satellitesyhe GLORIA riometers provided simultaneous dayside
show evidence of a second enhancement in electron flux ang nightside coverage of the ionosphere at the time of
~14:53 UT. the SC. The SGO and IRIS riometers were around lo-
This substorm activity follows the first decreasdiy, af- cal noon, in a suitable position for the detection of SCA.
ter 14:00 UT, and a southward turning of the IMF. Conditions The NORSTAR riometers were located in the night sector
remain disturbed following the substorm onset. Large en-(22:50-03:00 MLT) and so would be less likely to observe
hancements of electron flux are not evident afté6:43 UT, precipitation effects (e.g. Ortner et al., 1962; Brown et al.,
although depletions can be seen at later times by LANL-97A1972). No significant CNA is detected by any of the riome-
and 02A. ters following the SC. The absence of SCA is expected as the

5.1 Precipitation prior to substorm onset

Ann. Geophys., 25, 2053-2068, 2007 www.ann-geophys.net/25/2053/2007/
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LANL SOPA Electron Flux: 7 to 8 January 2005

T T T T
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Fig. 4. Electron flux for particles with energies in the range of 50 to 500 keV from the LANL satellites used in the study on the 7 and 8
January 2005.

conditions for SCA (Osepian and Kirkwood, 2004) are not tion and the CARISMA Pinawa station filtered for Pi2 pulsa-
met; K , <2 and geomagnetic perturbatier80 nT. tions. The data show that there is little geomagnetic activity
in the period prior to substorm onset. The vertical lines mark

During the first fours hours of passage of the ICME, prior , ;
the time of the SC and the onset of the two substorm periods.

to the onset of the first substorm-ai4:12 UT on 7 January,

CNA is limited. The majority of the riometers show only
small fluctuations in CNA of the order of 0.15dB, which is
consistent with CNA fluctuations prior to the ICME. A Step a¢ he time of onset of the first period of substorm activity

increase of-0.22 dB can be seen at Abisko @14:05 UT  (._14:12 UT on the 7 January 2005), the NORSTAR riome-
on 7 January, although this is most likely to be due to the,, stations are in the local morning-Q3:44—07:47 MLT)

small error in CNA calculation stated in Sect. 2. Isolated g the SGO riometers and IRIS are located towards dusk
instances of CNA are evident at this time at Rabbit Lake, UP(~16:43-17:11 MLT). Figure 8 shows the CNA data for the
t0~0.63dB, and at Dawson, of the order of 0.3 dB. event from 14:00 UT until 22:00 UT on the 7 January 2005,
The horizontal component of the geomagnetic field covering this period of activity. Figure 9a shows the IMAGE
recorded by ground based magnetometer stations in the IMmagnetometer data during this period.
AGE chain (panel a) and the CARISMA chain (panel b) are Dawson, the most westerly NORSTAR station, observes
shown in Fig. 7. The plots show the stations ordered by de-CNA from ~14:16 UT ¢(~03:44 MLT). The CNA is sus-
scending magnetic latitude. The bottom panels show the hortained, not reaching pre-onset levels until8:03 UT, and
izontal magnetic field component of the SAMNET York sta- reaches levels above 4 dB. A further three stations, Rabbit

5.2 Precipitation during the first period of substorm activity
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Fig. 5. Electron flux for particles with energies in the range of 50 to 500 keV from the LANL satellites used in the study(aPaheivs
data during the period of 14:00 UT to 15:15 UT on the 7 January 2005. RBaretlows data during the period of 22:15 UT to 23:30 UT on
the 7 January 2005. Par(e) shows data during the period of 03:15 UT to 04:30 UT on the 8 January 2005.

Lake, Pinawa and Fort Churchill, show the onset of a sus-01A) of the position of these riometers do not show an in-
tained period of CNA around-14:26 UT (at~06:49 MLT, crease in electron flux intensities consistent with particle in-
~07:34 MLT and~07:40 MLT, respectively). Of the three jection. They also do not show a significant variation across
riometers located above 78 geomagnetic latitude (Rankin energy channels consistent with drifting particles at the time
Inlet, Contwoyto and Taloyoak) only Contwoyto shows sig- of the CNA.

nificant CNA during the substorm. However, the onset at this . _ - _

station does not occur untit14:48 UT (~06:31 MLT), de- The CNA is sporadic and exhibits a different tempo-
spite being the second most westerly station from the chainr@l signature at each riometer station, although the profiles
The location of the riometers and the duration of the CNA in- & Rovaniemi and Sodankyl(30 MHz) are similar. The
dicate that this is likely to be Slowly Varying (Morning) Ab- CNA appears to end following a peak that moves latitudi-
sorption (SVA) caused by the hardening of eastward driftingn@lly northward from Rovaniemi (onset at16:05 UT) to

electrons from the substorm injection (e.g. Stauning, 1996 KilPisjarvi (onset at-16:35 UT). CNA largely disappears at
and references therein). ~16:50 UT. Some small impulsive CNA is seen at IRIS un-

til ~18:00 UT. IMAGE magnetometer observations (Fig. 9a)

CNA is evident in IRIS and all SGO riometer stations show disturbed conditions at all stations during the peri-
except Jyaskyh after~14:35 UT (~17:05-17:34 MLT at ods of CNA, from~14:25 UT. They show recovery from

CNA onset). Jyaskyh is located at the lowest magnetic lat- ~16:35 UT, although minor fluctuations continue, consistent

itude of the SGO stations (58.98, L~3.81). LANL satel-  with the end of the CNA period. The disturbance originates

lites located eastward (LANL-02A) and westward (LANL- at high latitude and propagates southward. The initial small
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SGO Riometers and IRIS Absorption: 7 to 8 January 2005 NORSTAR Riometers Absorption: 7 to 8 January 2005
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Fig. 6. lonospheric CNA from the selected GLORIA stations on the 7 and 8 January 2005. The stations are ordered by descending magnetic
latitude. Pane{a) shows data from the SGO riometers and IRIS at Kilpigj. Panelb) shows data from the NORSTAR riometers.

increase in CNA is associated with the appearance of the sub- The global geomagnetic field at this time can be investi-
storm current system overhead and precedes the increase gated via the SYM-H index. An overall decrease in SYM-
Payn; this may influence the subsequent increase in CNA butH can be observed from the time of the substorm onset at
that is inconclusive. The lack of electron flux at the local ~14:12 UT. Some deviations from the trend of SYM-H that
LANL satellite can be explained if the electrons responsibleseem to reflect changes Ryyn can be seen. However, there
for the absorption are of lower than usual energy and if theare manyPgyn variations that appear to have no effect on
current system is confined earthward of geostationary orbitaBYM-H. The sudden decrease Ry, observed by Geotalil
that magnetic local time. Inspection of a north-south alignedat ~17:56 UT is mirrored by a sudden decrease in SYM-H
row of beams in IRIS indicates that the CNA drops away with at ~18:00 UT, indicating rapid expansion of the magneto-
increasing latitude such that the footprint of geostationary or-sphere. The decreasesRa, and SYM-H occur at the time
bit corresponds to essentially background CNA. at which the period of CNA also finally tails off at both chains
Variations in solar wind pressure can be observed at Geoef riometers and IRIS.

tail from ~14:30 UT, with an impulse at14:57 UT. These  yhile the CNA at SGO and IRIS occurs during a period of
variations occur during the first period of .substorm activity, py . variations, there is no evidence that the CNA is directly
when CNA is also observed at the SGO riometers and IRIS griven by Pyyn at this time. For example, the most significant

The Pgyn increase is due to an increase in the proton numbepeak in CNA at IRIS, observed from16:30 UT, does not

variable. At this time, th&, index indicates active condi-

tions (K »=5). CNA related to magnetospheric compression is difficult to

identify in the NORSTAR riometers, which are located in the
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IMAGE Magnetometers: 7 to 8 January 2005 CARISMA Magnetometers: 7 to 8 January 2005
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Fig. 7. The horizontal component of the geomagnetic field from ground based magnetometers on the 7 and 8 January 2005. The stations
are ordered by descending magnetic latitude. P@ethows data from the IMAGE magnetometer chain. P@neshows data from the
CARISMA magnetometer chain. Pi2 filtered data are shown for the SAMNET York station and the CARISMA Pinawa station.

morning at this time, as the impulses occur during ongoingwhile the NORSTAR riometers were in the local afternoon
substorm related precipitation. Following the end of the sub-(~11:59-16:02 MLT). Figure 10 shows the CNA data for the
storm activity, CNA is still evident at some of the NORSTAR event from 22:00 UT on the 7 January 2005 until 02:00 UT
riometers at latitudes below 70l. However, this does not on the 8 January 2005, covering this period of activity.
appear to be linked t&qyn, variations as coincident impulses The IMAGE magnetometer data for this period is shown in
in SYM-H are not evident. Fig. 9b.

At ~720:3_0 UT, a twq-step increase in SYM-H of around The SGO riometers (except Bskyt) and IRIS begin to
_30 nT IS evident fol_loyvmg &dyn dec_reas_e f_ollowe_d almos_t show enhanced CNA from22:28 UT. There is evidence of a
immediately by rapid increases. This coincides with a period, g jongitudinal motion westward in the CNA. It is first ob-
of enhanced CNA at NORSTAR with multiple peaks. As ggryeq in the most easterly station, Ivalo, before progressing
precipitation is observed prior to the impulse, the CNA may  the most westerly station, Abisko, after a time delay of the
simply be a continuation of the previous activity. order of two minutes. This CNA occurs after the onset of the
second period of substorm activity with the apparently dis-

5.3 tIiDVrite);:lpltatlon during the second period of substorm ac'persionless injection a¢22:27 UT at LANL-02A (Fig. 5b).

The CNA remains enhanced (with discrete increases) from
At the time of onset of the second period of substorm activ-the start of the substorm activity until14:34 UT on 8 Jan-
ity (~22:27 UT on the 7 January 2005), the SGO riometersuary 2005. The signature is similar in riometers in which
and IRIS were located post-midnight©0:58-01:26 MLT)  CNA is observed, although timings of individual features
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SGO Riometers and IRIS Absorption: 7 January 2005 NORSTAR Riometers Absorption: 7 January 2005
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Fig. 8. lonospheric CNA from the selected GLORIA stations during the period of 14:00 UT until 22:00 UT on the 7 January 2005. The
stations are ordered by descending magnetic latitude. RgreHows data from the SGO riometers and IRIS at Kilpigj. Panelb) shows

data from the NORSTAR riometers. Solar wind dynamic pressure data from Geotail and the SYM-H index are shown at the bottom of each
panel.

vary on a timescale of the order of five minutes. CNA is electron flux intensities observed by LANL-01A and 02A.
primarily seen at the higher latitude stations of the SGODuring the progression of the substornfyn is elevated
chain and IRIS. However, betweer23:32 and 23:55 UT, and impulsive signatures in the SYM-H index appear coinci-
CNA reaching levels greater than 1.5 dB can even be seen atent with CNA, for example at the time of CNA at BAskyB.
JyvaskyB. This indicates an expansion of the auroral oval toHowever, at these times some riometers in the SGO chain and
latitudes below 69N during this time. IRIS exhibit CNA prior to the impulse and so it is not pos-
The CNA over Fennoscandia also coincides with localsible to attribute the CNA to the impulse due to the ongoing
geomagnetic disturbances identified in the IMAGE magne-precipitation.
tometer data (Fig. 9b). The later periods of CNA coincide Throughout this substorm, the NORSTAR riometers see
with impulsive short-lived disturbances in the local geomag-litle CNA. When CNA is present, it is at individual sta-
netic field. tions and is limited in time. The most significant CNA is
Prior to 23:30 UT on 7 January 2005, the global geomag-recorded by Pinawa, the most equatorward of the riometers
netic field in the form of the SYM-H index appears to be in the chain, with onset at22:35 UT (~15:57 MLT). There
dominated by the effects of the substorm activity. After this, is evidence of enhanced electron flux at LANL-97A across
compression and expansion of the magnetic field can be seeail energy channels which does not exhibit a dispersed signa-
following some of the largéqyn pulses observed at Geotail. ture. The other NORSTAR riometers lying in a meridional
Initially, while the riometers are located in the night sec- chain with Pinawa do not show any enhancement in CNA at
tor, the precipitation appears to be directly related to the subthis time. Therefore it is unlikely to be the result of substorm
storm activity. Much of this CNA occurs at times of elevated related precipitation. Despite the impulsive profile, this CNA
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IMAGE Magnetometers: 7 January 2005 IMAGE Magnetometers: 7 to 8 January 2005
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Fig. 9. The horizontal component of the geomagnetic field from selected IMAGE magnetometer stations. The stations are ordered by
descending magnetic latitude. Pa(@lshows the data during the period of 14:00 UT until 22:00 UT on the 7 January 2005.(Pestedws

the data during the period of 22:00 UT on the 7 January 2005 until 02:00 UT on the 8 January 2005. Pi2 filtered data are shown for the
SAMNET York station.

is not coincident withPgyn, variations and there is no impulse of isolated instances of rapid magnetospheric compression
in SYM-H at this time, ruling out SIA. Dawson also observes on precipitation while geomagnetic activity is still high can
CNA at ~23:16 UT (~12:48 MLT) that is unrelated to im- be investigated.

pulses in SYM-H. Signatures of the substorm are clear in For example, at~04:19 UT on the 8 January 2005, the
the IMAGE magnetometer data (Fig. 7). The second bayPqyn at Geotail began to rapidly increase, reaching a peak
at~03:45 UT indicates a double onset or intensification butvalue of~39 nPa at~04:30 UT, an increase of over 30 nPa.
may simply be a continuation of the earlier substorm relatedThis was followed by a 48 nT positive impulse in SYM-H.

precipitation. The onset of the impulse in SYM-H occurred-a®d4:21 UT,
reaching a peak value at04:36 UT. At this time K, was
5.4 Precipitation following the substorm activity 6~, well above the activity threshold found by Osepian

and Kirkwood (2004). Four of the SGO riometers show
The last clear dispersionless injection signature indicatingan increase in CNA simultaneously at04:22 UT where
substorm activity was observed in the LANL SOPA electron they had previously shown recovery to quiet levels follow-
flux intensity at~03:33 UT on the 8 January 2005. Fig- ing the preceding activity. Two further riometers also show
ure 11 shows the CNA data for the event from 04:00 UT an increase in CNA from this time on a background of
until 10:00 UT on the 8 January 2005, covering the perioddecreasing CNA. At the onset of this CNA, the riometers
following the previous activity. Instances of CNA are still were located in the morning sector@6:53-07:21 MLT).
evident at both chains of riometers. At this time, the effectsCNA from this impulse can also be seen at the NORSTAR
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Fig. 10. lonospheric CNA from the selected GLORIA stations during the period of 22:00 UT on the 7 until 02:00 UT on the 8 January 2005.
The stations are ordered by descending magnetic latitude. Rarsklows data from the SGO riometers and IRIS at Kilpigi. Panelb)

shows data from the NORSTAR riometers. Solar wind dynamic pressure data from Geotail and the SYM-H index are shown at the bottom
of each panel.

riometers, located in the dusk-midnight sector. CNA in- From Fig. 11, a period of excellent coincidence between
creases occur simultaneously at Dawsed§:00 MLT) and  dayside CNA, the SYM-H index anélayn at Geotail can be
Churchill (~21:56 MLT) at~04:28 UT. There is a slight de- seen from 06:00 UT until 08:30 UT. Throughout this period,
lay (~4 min) at higher latitudes, for example at Rankin Inlet the SGO riometers and IRIS at Kilp#sji were at MLTs in
and Contwoyto. It should be noted that there is no longitu-the range~08:31 to~11:29 and so were ideally located to
dinal progression between stations. This appears to be eviebserve any SIA effects.

dence of global scale particle precipitation followinggn
driven geomagnetic impulse. It should be noted that impulses in SYM-H are observed

A number of Py, increases can be mapped to CNA in- without coincident CNA at any riometers and CNA is seen
creases at the SGO and IRIS riometers in this manner, witlPn occasions without signatures of magnetospheric compres-
corresponding geomagnetic impulses in SYM-H. There-sion, indicating instances of both external and internal con-
fore, it seems that the CNA observed from 04:22 UT, un-trol of precipitation. Many of the impulses in SYM-H are
til ~12:45 UT is SIA. However, no more clear examples of small and have not been confirmed as Sudden Impulses.
global scale SIA have been identified with particle precipi- However, the observations of CNA relative the timing of
tation evident in NORSTAR riometers as well, likely due to impulses in SYM-H imply that Slis will not always induce

the local time positions of the instruments, under the magneSIA when they occur during active periods. In the Osepian
totail. and Kirkwood (2004) study, 88.2% of storm SCs observed

during an active period resulted in SCA at a single riometer
(Loparskaya, B=5.3). The impulses during the geomagnetic

www.ann-geophys.net/25/2053/2007/ Ann. Geophys., 25, 2053-2068, 2007



2066 N. Longden et al.: Particle precipitation during 7 January 2005 storm

SGO Riometers and IRIS Absorption: 8 January 2005 NORSTAR Riometers Absorption: 8 January 2005
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Fig. 11. lonospheric CNA from the selected GLORIA stations during the period of 04:00 UT until 10:00 UT on the 8 January 2005. The
stations are ordered by descending magnetic latitude. Paretlows data from the SGO riometers and IRIS at Kilpigj. Panelb) shows

data from the NORSTAR riometers. Solar wind dynamic pressure data from Geotail and the SYM-H index are shown at the bottom of each
panel.

storm of the 7 and 8 January 2005 differ from storm SCs a6 Summary and conclusions

they are not isolated incidents and occur during ongoing geo-

magnetic activity. Also, the storm SCs are related to the paswe have presented a case study of energetic electron precip-

sage of interplanetary shocks whereas the impulses duringation during a moderate geomagnetic storm driven by the

this ICME are due tdPqyn variations, controlled by changes passage of an ICME. Observations were made by riometers

in density. in Canada and Fennoscandia that comprise part of GLORIA,;
At the time of thePyyn pulses coincident with CNA, the  the |ocations of the instruments at the time of the storm on-

electron flux intensity at the LANL satellites show small in- set were particularly advantageous for studying both external

creases simultaneously across all energy channels. Studigsd internal precipitation trigger mechanisms during the pe-

conducted have shown a broad correlation between geosyniod of elevated geomagnetic activity.

chronous electron flux intensity and CNA during substorms  The storm that began on 7 January 2005 was prefaced by a
(e.g. Parks et al., 1968; Amoldy and Chan, 1969; Rosenperind of very low geomagnetic activity, leaving the magne-
and Winckler, 1970). Baker et al. (1981) present a numbet,gphere in an unprimed state in terms of the trapped electron
of events where riometers record CNA rises at the time o, jation. A small increase in solar wind dynamic pressure
geosynchronous flux intensity increases at conjugate LANLjgq (g 3 weak sudden commencement as recorded by mid and
satellites during the near midnight and morning sectors oy |aitude magnetometers. Riometers located close to local
again during substorms. noon recorded zero increases in CNA; this is consistent with
the findings of Osepian and Kirkwood (2004).
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