JOURNAL OF GEOPHYSICAL RESEARCH/OL. , XXXX, DOI:10.1029/,

Geotail observations of plasma sheet ion composition over 16 years: On
variations of average plasma ion mass and Otriggering substorm model
M. Nose

Data Analysis Center for Geomagnetism and Space Magnetism, Graduate School of Science, Kyoto University, Kyoto,
Japan.

A. leda

Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya, Aichi, Japan.

S. P. Christon

Focused Analysis and Research, Columbia, Maryland, USA.

Abstract.

We examined long-term variations of ion composition in the plasma sheet, using energetic
(9.4-212.1 keV®) ion flux data obtained by the suprathermal ion composition spectrometer (STICS)
sensor of the energetic particle and ion composition (EPIC) instrument onboard the Geotalil
spacecraft. EPIC/STICS observations are available from 17 October 1992 for more than 16
years, covering the declining phase of solar cycle 22, all of solar cycle 23, and the early phase
of solar cycle 24. This unprecedented long-term data set revealed that (1) tiid*Hand
OT/HT flux ratios in the plasma sheet were dependent on the F10.7 index; (2) the F10.7 in-
dex dependence is stronger for I+ than He/HT; (3) the O/HT flux ratio is also weakly
correlated with theKp index; and (4) the He /H* flux ratio in the plasma sheet appeared
to show no long-term trend. From these results, we derived empirical equations related to plasma
sheet ion composition and the F10.7 index, and estimated that the average plasma ion mass
changes from~1.1 amu during solar minimum te-2.8 amu during solar maximum. In such
a case, the Alfén velocity during solar maximum decreases~t60% of the solar minimum
value. Thus, physical processes in the plasma sheet are considered to be much different be-
tween solar minimum and solar maximum. We also compared long-term variation of the plasma
sheet ion composition with that of the substorm occurrence rate, which is evaluated by the
number of Pi2 pulsations. No correlation or negative correlation were found between them.

This result contradicts the Otriggering substorm model, in which heavy ions in the plasma

sheet increase the growth rate of the linear ion tearing mode and play an important role in
localization and initiation of substorms. In contrast @ns in the plasma sheet may prevent

occurrence of substorms.

1. Introduction Moreover, heavy ions may also change physical processes dur-
’ ing substorms, because of their large gyroradius. Adopting the
lon composition is an important issue in terrestrial plasma en@owth rate of the linear ion tearing mode instability derived by
ronment. Plasma around the Earth predominantly consiststof H>chindler[1974], which is proportional to the 3/2th power of the

but it also includes other ion species such ds#dd H&*. Since lon gyroradiusBaker et al[1982] insisted that the existence of O

. . ions in the plasma sheet increases the growth rate of the linear ion
these ions are heavier than"Heven a small amount of them Cantearing mode and makes favorable conditions for substorm occur-

modify the properties of the plasma. For instance, the mass d‘?@hce In a subsequent studaker et al.[1985] reported ISEE-1

sity of plasma with 93% H and 7% O is about twice that of gpsenvations of substorms that were consistent with tHist@-
plasma with 100% H. In such a heavy plasma, the velocity ofgering substorm model. They also proposed a positive feedback
Alfv én waves decreasestd 1% of that in 100% H plasma. The mechanism of substorm triggering; that is, once a substorm oc-
Alfvén velocity represents a fundamental physical property of tle@rs, mass-loading takes place by outflow of heavy ions from the
plasma; thus, the decrease in the Alfvvelocity is expected to ionosphere to the plasma sheet, and more favorable conditions for
result in changes in a number of phenomena occurring in the tsabstorm triggering are established.

restrial plasma.Singer et al[1979] reported that periods of geo-  As shown above, ion composition has striking influences on var-
magnetic pulsations observed by geosynchronous satellites becdpss phenomena of the solar-terrestrial physics. From the view-
consistent with model predictions when heavy plasma (.9 5 point of space weather forecasting and space climate, we need to
amu (atomic mass unit)) is taken into accouttakamura et al. investigate how ion composition changes in the long term, for ex-
[1995] performed numerical simulations of the slow shock for @MPple, in the 11-year solar cycle. There are some previous studies

amu plasma (100% H) and 1.3 amu plasma (98% ‘Hand 2% examined ion composition changes near geosynchronous altitude

O*). They found that structures of the slow shock become diffefl‘rggl gémégﬁ {InﬁggnnuertnolgiLlﬁ)gﬁs%tito?léég%]i §§§Q£f‘?i rgglesgelgi-

ent and an Alfenic precursor preceded the slow shock in the latt%rctivity. In an analysis of ion flux data in the energy range of 0.9-

case. 15.9 keV from the GEOS-1 and -2 satellites, it was found that the
He™ and O" densities had a good correlation with the F10.7 index.
Stokholm et al[1989] also used data from GEOS-2 and reported re-
sults similar to those ofoung et al[1982]. Using the Polar satel-
lite, Pulkkinen et al[2001] examined variations of energetic (1-
200 keV) ion composition dt=3-8 as a function of solar activity.
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Their result showed that the FigH™ and O'/H* energy density study are H, He", O, and H&". We calculated the integral flux
ratios increase as solar activity increadesnnartssorf1989] used (l) for each ion species by the following equations:
ISEE-1 satellite data to study how ion composition in the plasma

sheet(=10-23Rg) is controlled by solar activity. The Heand O | 8 (18 3 ). AR/ 1
densities in the energy range of 0.1-16 keV were found to depend o ; 6 Z A B @
on the F10.7 index. These studies showed that the &ted O = =

densities (or energy densities) are correlated with the F10.7 index; AE/ = 0.44E; )

however, the result was derived from a data set covering a period . . . . X

much shorter than one solar cycle, that is, 4.5 years for Young¥pereJ; is the spin-averaged differential flux measured atithe
al., 2.5 years for Pulkkinen et al., and 2 years for Lennartsson. AN€rgy step of thgth telescope. Within the parentheses of the
though Stokholm et al. used data covering 7 years, there was a g% equation, the average differential flux over six telescopes is

P L0 - culated. The factor of 0.44 in the second equation indicates
gap of~2 years (see their Figure 2), resulting in an available d.afﬁat the energy band width used in this calculatit;qﬁi() is much

period of~5 years. To confirm the solar activity dependence of i0f}iqer than the actual energy band widk&~0.02%;). The fac-
composition, it is desirable to use long-term data covering 1onggy, is decided such that energy ranges of two adjacent energy steps
than 11 years. . become continuous; in other words,+AE;'/2 becomes equal to
The Geotail spacecraft was launched on 24 July 1992, and is sfill , _AE;,,//2. We assumed that the observed differential flux
operational as of March 2009. Figure 1 shows the orbit of the GeQ}Ij) is constant in the energy band Bf—AE{'/2 to E+AE;'/2.
tail spacecraft after its launch in geocentric solar magnetosphepiccording to the above equations, the calculated integral flux is
(GSM) coordinates. In the early phase, the spacecraft surveyed fitnethe energy range of 7.3-259 keV(ee., 9.4-(0.44x9.4)/2 to
distant tail ofXgspy=—50 Re to —210Re. In the next phase, the 212.1+(0.44:212.1)/2 keVé).
spacecraft was maneuvered into an orbit with an apoge&6Re We checked whether the EPIC instrument was degraded during
[Nishida, 1994]. In March 1995, the apogee was lowered furthgolar cycle 23 by comparing average spectra of ions in the region
and Geotail was placed in near-Earth orbit having a perigee of 89XgsmM=—8~—20Re, [Yosm <8 Re, and|Zgsm <3 Re between
Re, an apogee of 3Bg, an orbital period of-5.3 days, and an ap- 1997 and 2008, both of which are at solar minima. Both energy
sidal period of-1 year. Geotail carries an instrument that can mﬁ%‘zcltﬁewa;ﬁgﬁwugdf;&g?‘g? ;ImlTlﬁLzhsv%ez l?;p?ots)g 'trr‘];??hséagglgux
sure energetic ion flux with mass and charge state information. L oL e ' . - .
energetic%on flux data were accumulatedgfor more than 16 yeérpgtrument has had no significant degradation during its operation.

without data gaps. It is unprecedented that energetic plasma . ;

are obtained by a single spacecraft for such a long period. Tf?t?stél Surveying Region

this unique data set makes it possible to investigate variations inSince we are interested in the terrestrial plasma environment,

the ion composition of the plasma sheet over one solar cycle for tthe surveying regions are limited to boxes labeled 1-3 with differ-

first time. ent colors (red, blue, and yellow) in Figure 1, where the plasma
The purpose of this paper is twofold. First, we analyze the Gegheet is expected to be positioned. Regions 1-3 correspond to

tail data, examine variations in the ion composition during solafcsm=—8~—20 Re and|Yesm|<8 Re, Xgsm=—20~—32Re and

cycle 23 and longer, and estimate changes in the plasma ion mdesv <8 Re, andXgsm=—32~—100Re and|Ygsv|<14 R, re-

in the plasma sheet. Second, comparing the ion composition in g@ectlvely. A green curve designates the model magnetopause by

plasma sheet with the occurrence of substorms, we argue a roleF€ t al[1997] with Bz of 0 nT and a solar wind dynamic pres-

heavy ions in triggering substorms. The rest of the paper is as fghre ©f 1 nPa. In each surveying region, we calculated the 27-day
Iow;/.y In sectiongg, Wegdescribe the instrumentatioﬁ apnd data Ayerage of the integral flux measured by Geotail/EPIC/STICS. The

Section 3 sh lona-t i in the i i Tiod of 27 days is selected because we want to eliminate effects
ection 5 Shows long-term variations in the 1on Composition, Sd¢ 45y rotation, the period of which at the solar equator is about
lar activity index, and geomagnetic index. Section 4 compares 19¢ 4ays and to enhance statistical significance with dataSo6r-
plasma sheet ion composition and substorm occurrence rate Whighi| periods (note that the orbital period of Geotaikis.3 days).
is evaluated by Pi2 pulsations. In section 5, we discuss the tWahe spacecraft entered or left the surveying region in the middle
issues raised above (i.e., changes in the average plasma ion nghasday, we ignored the data before the entry or after the leave. We
and the role of heavy ions for substorm onset). Section 6 gives also removed data in geomagnetic lobes where the calculated H
conclusions. integral flux is zero.

2.3. Solar Activity Index and Geomagnetic Index

2. Instrumentation and Data Set he dailv F10.7 ind g | A
. The daily F10.7 index was used to see solar activity. This in-

2.1. Geotail/EPIC/STICS dex is derived from solar radio flux at a frequency of 2800 MHz

We used the energetic ion flux data obtained by the suprath&-wavelength of 10.7 cm) observed at local noon of Penficton,
mal ion composition spectrometer (STICS) sensor of the energeicC., Canada; and is measured in solar flux units (sfu, 1 sfa=10
particle and ion composition (EPIC) instrument onboard the Ge)ﬂ\ggg /Hz). We used the F10.7 index for January 1992 to December
tail spacecraft\[\lllllams etal, 1994}, The STICS sensor measures Th'e Kp index was chosen to measure geomagnetic disturbances
e ol i enry g o212 e mass a1 e e
ergy steps evenly spaced in logarithmic scale, each of which ha@o%gwmg analysis, we uselKp which is a total of the eight Kp

narrow energy bands(, 1/Ei~1.56 andAE;/E;~0.023, where; is 2%08.5. ThexKp index was available for January 1992-February

the center energy of then energy step andE; is the energy band £ gasy comparison with the Geotail/EPIC/STICS data, both

width). The energy steps are varied every one spitigec); thus, it jndices were averaged over the 27-day period identical to that for
takes~24 sec to obtain one complete energy spectrum. The senges Geotail data.

has an almost full {4 sr) directional coverage with six identi-
cal telescopes having polar anglest(0°-26.7), +(26.7-53.3), i
and=+(53.3°-80.0°) with respect to the spacecraft spin plane. 3. Long_—t_erm Variation of Plasma Sheet lon
EPIC/STICS observations started on 17 October 1992. The 15&0mposition

est data when this paper was prepared are for 21 February 20:9%
We used all of the available data ranging owel6.3 years, which =
cover the declining phase of solar cycle 22, all of solar cycle 23, Figures 2a and 2b show time profiles X¢sy and Zgsw, re-

and the early phase of solar cycle 24. lon species examined in thectively, of the Geotail location after its launch. As mentioned

Integral Flux
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in section 1, Geotail surveyed the distant tail before spring 19938;3. Correlation Analysis Between Integral Flux Ratio and

thus,Xgsm varied in the range 0f 210Re to 20Rg. After 1995, it  |ndices

was in a near-Earth orbit of 84 x30 Rg, resulting in periodical . . . .

variations ofXgsy. Geotail has been operated to stay in the central 10 confirm the results from Figure 3, correlation analysis was

plasma sheet (CPS) as long as possible before 2002; Zaus performed. Figure 4 shows how the_ |n‘_[egral flux ratios in regions 1

has varied around RE After 2002, however’ such an operatiorﬁ.nd 2 are related to the F10.7 ai1dp indices for 1995-2009. From

was impossible because of the exhaustion of fuel for orbit contr@P to bottom, panels show the H&i™, O*/HT, and Hé /HT

leading to gradual orbital change in the negafiveirection. Fig- flux ratios, respectively. Left panels are against the F10.7 index,

ure 2b indicates that Geotail largely flew off the equatorial plar@nd right panels are against thip index.

(Zesv=—20 Re to 5 Rg) in 2007-2009, where the plasma sheet Figures 4a and 4b indicate that the'Hi* integral flux ratio is

boundary layer (PSBL) and the magnetic lobe are more likely thaorrelated well with the F10.7 index (correlation coefficient (c.c.)

the CPS. of 0.88), whereas it has no clear correlation with Hi€p index
Figures 2c-2f show the 27-day average of integral fluxes ¢¢.c.=0.35). The correlation coefficient between the/ld" inte-

HT, He™, OT, and H&™, respectively, for October 1992-Februarygral flux ratio and the F10.7 index is also as high as 0.84 (Figure

2009. Data are designated as follows: region 1, red dots; region2). It seems from Figure 4d that the"®i™ ratio is related to the

blue dots; and region 3, yellow dots. All ion species have a jump FKp index (c.c.=0.57), but the coefficient is smaller than that for

integral flux around 1995, followed by sinusoidal variations with ghe F10.7 index. Because of the large correlation coefficients, we

period of~1 year. These flux variations resemble thos&@ém can draw linear regression lines in Figures 4a and 4c, which are

of Geotail location (Figure 2a). We found that the integral fluxegypressed as

can generally be sorted by regions, being larger for region 1 and

smaller for region 3. Therefore, such flux variations are due to a _ _

gradient of ion fluxes in th&ggp direction. It can also be noted 10g10(Riie/p+) = 0.00274x frao7 - 3.21, 3)

that the integral fluxes started to decrease slowly after 2002. We

consider that this decrease is due to a change of Geotail position in l0g10(Ro+/H+) = 0.00651x fr10.7—2.50, )

Zgswm (Figure 2b), because the ion fluxes in the PSBL and lobe afthereR e+ 4+ andRo. -+ are the integral flux ratios of HeH ™

lower than those in the CPS. Therefore the observed integral fluxgs O'/H*, and fe107 is the F10.7 index. The slopes of these

strc;\lngly ;ﬁﬂleCt th$ _spatlatlhdlstrtl_butlt?]n totfheefgﬁe“c lp?lrtlclehs. equations indicate that the'@H ratio is more sensitive to solar

evertheless, it is worth noting tha egral flux shows o TFomti Iy

an increasing trend clearly from 1995 to 2002, as found in Figu %tg'\f%ihar; the leié/H tr_atl_o. Fltgures I48t %nd _étlgln%gcat?hth[a:tlgg

2e. There is also a subtle increasing trend in thé Hex (Figure h n eg_ra uxratio Its) no gorre a S fW' el elr he ff

2d), although no such trend seems to appear in theahtd Hé+ or the>Kp indices, as can be understood from correlation coeffi-

fluxes (Figures 2c and 2f). cients of 0.27_and 0.42. Th_L_ls, we sybstantlated the results found in

section 3.2 (Figure 3); additionally, it was revealed that tHeHD"
3.2. Integral Flux Ratio ratio is weakly dependent on geomagnetic activity.

To remove the effects of spatial distribution of ion fluxes in thﬁ -

Xesm and Zosw directions, we calculated the ratio of the averd- Long-term Variation of Substorm Occurrence
age integral flux of heavy ions to thgijlverage integral flux of HRate

i.e., the integral flux ratio). Here the™Hflux is chosen as a refer- .
(ence becausge itisa pringry constituent of the plasma sheet plas‘Ha Number of Pi2 Onsets
and appears to have no long-term trend (Figure 2c). The/kie, To examine whether the existence of heavy ions causes frequent
O*/H*, and H&*/H™ integral flux ratios are shown in Figures 3a-occurrence of substorms as proposedayer et al.[1982, 1985],
3c, respectively. The display format is the same as in Figures 2c-@k compared long-term variations of ion composition in the plasma
The jumps or sinusoidal variations are no longer present. Figursiseet with those of substorm occurrence rate. Here, the substorm
3d and 3e show the 27-day averages of the F10.Z#&pdindices, occurrence rate is evaluated by the number of Pi2 pulsations ob-
respectl_vely. _T_he F10.7_|n_de?( distinctly indicates an 11-year SO_|§érved at the Kakioka observatory (27.deomagnetic latitude,
cycle with minimum activity in 1995-1996 and 2008, and maxi2pg8.& geomagnetic longitude) at 2100-0100 magnetic local time
mum activity in 2000-2001. The data period covers the decliningy T). Pi2 pulsations were selected from 1-second geomagnetic
phase of solar cycle 22, all of solar cycle 23, and the early phaggy data by an automated detection program. This program ap-
TBlies wavelet analysis to the 1-second data and detects Pi2 pulsa-
ions with a peak-to-peak amplitude larger than 0.6 nT. The rate

'successful detection is94% for 2100-0100 MLT [No< et al,

lations with solar activityZKp remained at a high level of 20-30
during the declining phases of F10.7 (1992-1994 and 2003-200
This is consistent with the results of previous studies [0,

. ) O 1998]. Details of the detection algorithm are describedNos
%g;g],Venkatesan et 311991 Vennerstram and Friis-Christensen et al. [1998, 2006]. The number of detected Pi2 pulsations was

In Figures 3a and 3b we found that the HElt and O /H* counted once every day (i.e., the daily number_ of Pi2) and_aver-
integral flux ratios changed over a long timescale. They decrea 4 ;1 over 27-day intervals that are the same as in the Geotail/EPIC
gradually from 1993 to 1995 and stayed at minimum levels in 19985 . .
followed by increases in 1997-2001. After peaks in late 2001, Figures 5a and 5b display the Hili™ and O/H integral flux

flux ratios started to decrease again. Minimum and maximum rtios, which are the same as Figures 3a and 3b, for easier compari-
tios were~1x10-3 and ~2x10-2 for He"/H*, and~1x10-2 SO between ion composition and substorm occurrence rate. Figure

and~5x10-2 for OT/H*, indicating that the change in'@H* is  5¢ shows the 27-day average of the daily number of Pi2 pulsations

larger than that in H&/H*. These long-term changes are well corappearing at Kakioka at 2100-0100 MLT. This daily number shows

related with that of F10.7 rather than thatx€p. Furthermore, as long-term variations betweenl and~5 with a minimum around

indicated by arrows in Figures 3a, 3b, and 3d, small dents appeaP&$0-2001 and maxima around 1994 and 2004. No clear correla-

in the He"/H™ and O"/H™ flux ratios in the middle of 2001 and tion appears between the ion composition and the substorm occur-

they corresponded to a small decrease of the F10.7 index. Thusnemlce rate.

conclude that both the HéH™ and O/H™ integral flux ratios are

controlled by solar activity. . . 4.2. Number of Pi2 Onsets Normalized by Solar Wind-
_Onthe other hand, the Re/H integral flux ratio demonstrated Magnetosphere Coupling Function

different features. It seems to stay at an almost constant level of

0.5x1072-1.0x1072. There is no similarity in time profile be-  In section 4.1, we compare between the ion composition and the

tween the flux ratio and the indices. We believe that thé'i#é™  substorm occurrence rate, but the substorm occurrence rate may de-

flux ratio is not correlated with solar activity. pend on the amount of energy supplied from the solar wind to the
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magnetosphere. Even if favorable conditions for substorm triggehe range to which the model is applicable). However, during solar
ing are set in the magnetosphere, no substorm will occur if themeaximum, ion density at the same altitude increases tox7126

is no energy supply from the solar wind. This idea leads us tm~3 for Ht, 59.1 cnv 3 for Het, and 17.1 cm? for O*, resulting
normalize the substorm occurrence rate by the amount of eneigya rate of increase of 1.9 for'H 15.6 for He", and larger than
from the solar wind. The energy is estimated by the solar wind71 for O". lons in the topside ionosphere will further accelerate
magnetosphere coupling function. Here we adopted Kan and Leaisd flow out from the Earth to the magnetosphere. Thus, the above
electric field €) [Kan and Lee, 1979] as the coupling function,model predicts that the amount offGons supplied to the magne-

which is expressed as tosphere will drastically increase during solar maximum, whereas
that of He" ions will increase a little and that of Hwill have al-
£ = VBsir? (9) , (5) mostno change. Such features have been observed by satellites at
2 high altitude (8000 to 23000 km altitudeyqu et al., 1985a, 1988].

. ) L . Thus, results 1 and 2 can be explained by the above scenario.
whereV is the solar wind velocityB is the magnitude of the IMF, Strangeway et a[2005] proposed two primary energy sources
andg is the polar angle of the IMF in tNéssyrZasm plane. Vari- ot jon outflow in a rather short timescale (about a few hours):
ations in¢ are shown in Figure 5d and each data point means a?wnward Poynting flux and soft electron precipitation. The for-
average value over the same 27-day interval. Figure Se shows ih& o4 cause ion upwelling via Joule dissipation at the lower
result of normalization, that is, the daily number of Pi2 pulsatlor]g

-2 ; . . . nosphere, whereas the latter would cause ion upwelling through
divided bye. The normalized daily number of Pi2 pulsations als%e ambipolar electric field that accompanies ionospheric electron

changes in the long term. It has peaks around 1996 and 2008.%%%ting at high altitudes. The upwelling ions need to be further

a minimum around 2000-2001. Comparing Figure 5a (or 5b) wn% :
. . . . celerated by transverse electromagnetic waves to escape from
Figure 5e, we noticed that the correlation looks negative rather th ionosphere. Both energy sources increase in a geomagneti-

positive. cally disturbed condition; thus, we can expect many iOns to
4.3. Correlation Analysis Between Integral Flux Ratio and escape from thg |onospher¢ to the mggnetosphere.durlng pe'.“OdS
Number of Pi2 Onset of large Kp. This expectation is confirmed by previous satellite
observations showing a good correlation betweenddtflow flux

To confirm the above results, a correlation analysis was petnd the Kp (or Dst) index [e.gYau et al, 1985b, 1988Abe et al,
formed between the integral flux ratios and the daily number (4996]. Therefore we found another correlation betweernflox in
normalized daily number) of Pi2 pulsations. From Figures 6a arnikle plasma sheet arxKp (result 3).
6b, we see no clear correlation between the integral flux ratios andHe?* originates in the solar wind [Bochs|et987].Bame et al.
the daily number of Pi2 pulsations (c.e:8.29 and-0.20, respec- [1983] andOgilvie et al.[1989] compiled long-term averages of
tively). However, as shown in Figures 6¢ and 6d, the normalizele HE* abundance (i.e., He/H™) in the solar wind reported by
daily number of Pi2 is negatively correlated with the integral flugrevious studies. They found that the#eabundance follows so-
ratios (c.c.=-0.57 and-0.64), consistent with the result of sectioniar activity, though its variation is as small as a factordf.6. This
4.2. Thus, we suppose that heavy ions may not play a crucial re/griation factor may be too small to resolve with the EPIC observa-

in triggering substorms, but may prevent their occurrence. tions. These features of the solar wind ion composition may be the
reason Geotail observed a rather constant ratio f et in the

5. Discussion plasma sheet (result 4).

5.1. Variations in Plasma Sheet lon Composition 52 Estimation of Plasma lon Mass

With respect to the plasma sheet ion composition we found from One of the purposes of this study was to find how the plasma
Figures 2-4 that (1) the HEH™ and O"/H™ flux ratios were de- ion mass in the plasma sheet changes during a solar cycle. From
pendent on the F10.7 index; (2) the F10.7 index dependenceFigures 4a and 4c we revealed that the integral flux ratio is strongly
stronger for O/H* than He' /HY; (3) the OF/H™ flux ratio is also  controlled by the F10.7 index and derived empirical equations be-
weakly correlated with th&Kp index; and (4) the H&"/H* flux  tween them (equations 3 and 4). Using these equations, we can
ratio appeared to show no long-term trend. estimate the typical ion composition in a plasma sheet. However,

Let us begin by discussing results 1 and 2. It is well knowsne may argue that the equations give the integral flux ratios in the
that He™ and O' in the plasma sheet originate in the ionosphergigh energy range of 7.3-259 ked//and the computed values do
[e.g.,Shelley et a].1972;Chappell et al. 1987;Moore, 1991]. Al- not represent number density ratios of Hfid™ and OF/H*. To
though the F10.7 index is a direct measure of the 10.7 cm solgtamine this argument, we investigated changes of energy spectra
radio flux intensity, it is a good substitute for the solar UV/EUVqyring the growth phase of solar cycle 23. The left panel of Figure
irradiance as shown biytoyd et al.[2005], who reported c.c.=0.93 g jj|ystrates energy spectra of Hons in region 1 in 1996 (open cir-
between F10.7 and Lg- emission (121.6 nm) and c.c.=0.95 begjes), 1998 (open triangles), 2000 (filled circles), and 2002 (filled
tween F10.7 and He Il emission (30.4 nm). Solar UV/EUV '3riangles); the middle and right panels showHand O' ions. The
diation is fbsorbed in the ionosphere and increases the ion dgRergy spectra of Hdo not show any significant changes, whereas
sity of He" and O in the F region and the topside ionospherene differential fluxes of He and OF ions are enhanced overall,
[e.g., Truhlik et al, 2005]. It also increases the ion temperaturgny thejr spectral shapes are almost unaltered. This implies that
and corresponding scale height. Figure 7 gives vertical profilgss gifferential flux of He and OF ions at energies lower than 7.3
of ion density calculated from empirical models Bgnilov and o\ \was also increased during solar maximum. Because of these
Smllrnove{1995] andTFiskoa et al. [200.3] embedde.d' in the Inter- features of the energy spectra, we may assume that the integral flux
national Reference Ion_osphere_ZOtBZh[za a_nd Reinisch, 2.008]' ratios estimated from equations 3 and 4 reflect the density ratios.
Each panel shows the ion density of Hthin line), He" (medium _ —
line), and O (heavy line) at 00 LT at a geomagnetic latitude o When fr107=50 sfuand fg107=250 sfu were taken as

;o) . X . Eypical values of the F10.7 index at solar minimum and
75° and geomagnetic longitude of @or three different solar ac- solar maximum, respectively, the empirical equations give
tivity levels, that is, solar minimum (April 1, 1997, left panel), theﬁH —103‘07—,8 51x10-4 an’d =10-217=0.00676 for
growth phase (April 1, 1999, middle panel), and solar maximumHe'/H* ™ - 2520*/H*' - 0.87
(April 1, 2001, right panel). As solar activity increases, the iogolar minimum, an®e+ /- =10-°=0.00295 an®Rg+ - =107"/=0.135
density increases and the distribution is shifted upwards, in partfer solar maximum. These flux ratios can be regarded as density
ular, for Ot ions. During solar minimum, ion density at 2000 kmratios, and then we derive a plasma ion mass of 1.10 amu for so-
altitude is 3.7410? cm3 for H*, 3.80 cnm for He™, and less lar minimum and 2.79 amu for solar maximum. If we consider

than 0.10 cm? for O* (the O" density is too small and outside a contribution of H&" (R« ;- ~1x10"), the plasma ion mass
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becomes 1.13 amu for solar minumum and 2.80 amu for solar maccurrence rate is estimated by the number of Pi2 pulsations or the
imum. These results indicate that the plasma in the plasma sheetber of Pi2 normalized by the solar wind-magnetosphere cou-
consists mostly of protons during solar minimum, and that it beyling function (Kan and Lee’s electric field). We found no clear
comes nearly 2.5 times as heavy as the proton plasma during s@@frelation or negative correlation between ion composition and
maximum. Moreover, using these results to calculate theéhIfv supstorm occurrence rate. This result indicates that heavy ions do

velocity, we found that the Alfen velocity during solar maximum not play a crucial role in triggering substorms, but rather prevent
decreases to60% of that during solar minimum. Since the A 1 oir occurrence.

velocity is one of the primary parameters in the plasma, physica
processes in the magnetosphere and plasma sheet are expected to
differ greatly between solar minimum and solar maximum. Appendix

5.3. Role of Heavy lons in Substorm Triggering The Geotail satellite is still in operation, and the EPIC/STICS
instrument is working well as of March 2009. Thus, Figures 2-6

be updated in future. Updated figures are available from the
eb site (http://wdc.kugi.kyoto-u.ac.jp/"nose/public).

Baker et al.[1982, 1985] proposed the™Qtriggering substorm
model, where heavy ions in the plasma sheet increase the gro
rate of the linear ion tearing mode, playing an important role iff
the localization and initiation of substorms. Howeusnnartsson
et al. [1993] analyzed the ISEE-1 and AMPTE/CCE data statisti
cally, and argued that Dions have no destabilizing effects on theACknowmdg(‘:‘ments
plasma sheet. The controversy continues in the studipdylis
and Sarris[1998], which rebutted the argument of Lennartsson . . : .
al. and cor[lsider]ed ‘Oions as a catalytic%gent of magnetosphe%' R. Nylund for their help in processing the Geotail/EPIC data.
activity. Kistler et al.[2006] could not find the expected effects of! "€ Kp index was provided by H.-J. Linthe at Helmholtz Cen-
O* of decreasing the threshold of substorm onset from the Clusi§ Potsdam, GFZ German Research Centre for Geosciences. The
data and stated that a triggering mechanism other than ion tearinif-7 index was provided by Penticton, B.C., Canada through the
mode instability may be responsible. As shown above, the discddOQAA/NGDC SPIDR (Space Physics Interactive Data Resource)
sion regarding the © triggering substorm model is tangled, and AVWW site. We are thankful to S. Machida for his helpful com-
new approach from a different point of view is needed to unraveients. This work was supported by the Kurata Memorial Hitachi
the role of O ions. Science and Technology Foundation (grant 844), the Japan Securi-

In the present study we intended to tackle this issue by conies Scholarship Foundation (grant 1368), Inamori Foundation, and
paring the ion composition in the plasma sheet with the substoffie Ministry of Education, Science, Sports and Culture, Grant-in-
occurrence rate throughowtl6 years. Figures 6a and 6b showed\id for Young Scientists (B) (grant 17740327 and 19740303).
no clear correlations between the integral flux ratios and the daily
number of Pi2 pulsations (c.c0.2~-0.3). When the daily num-
ber of Pi2 pulsations is normalized by Kan and Lee’s electric field,
the correlation coefficients become negatively larger and have ve§eferences
ues of—0.6~-0.65 (Figures 6¢ and 6d), implying that heavy ions
tend to prevent occurrence of substorms. Thus the result seemgaie, T., S. Watanabe, B. A. Whalen, A. W. Yau, and E. Sagawa (1996),
be against the model &aker et al.[1982, 1985].Shay and Swis-  Observations of polar wind and thermal ion outflow by Akebono/SMS,
dak[2004] examined the effect of Oions on the reconnection rate  J. Geomagn. Geoelegt48, 319-325.
in the magnetotail, using both linear analysis and numerical simgaker, D. N., E. W. Hones, Jr., D. T. Young, and J. Birn (1982), The pos-
lation. They found that O ions reduce the speed of downstream sible role of ionospheric oxygen in the initiation and development of
plasma flow and thus makes the reconnection rate small. This indi-plasma sheet instabilitie§eophys. Res. Lett9(12), 1337-1340, doi:
cates that either the substorm expansion phase takes a longer tim#0.1029/GL009i012p01337.
or less of the lobe field reconnects in ari-@ch plasma. If the Baker, D. N., T. A. Fritz, J. Birn, W. Lennartsson, B. Wilken, and H. W.
small reconnection rate causes a decrease in the number of subKroehl (1985), The role of heavy ionospheric ions in the localization of
storm occurrences, the result in the present study may support thesubstorm disturbances on March 22, 1979 - CDAW.&eophys. Res.,
model proposed bghay and SwisdgR004]. 90(A2), 1273-1281, doi:10.1029/JA090iA02p01273.

Bame, S. J., W. C. Feldman, T. J. Gosling, D. T. Young, and R. D. Zwickl
(1983), What Magnetospheric Workers Should Know about Solar Wind
6. Summary Composition, inEnergetic lon Composition in the Earth’s Magneto-
. o . o sphere, edited by R. G. Johnson, pp. 73-98, Terra Scientific Pub., Tokyo.

We examined long-term variations of ion composition in thgjjtza, ., and B. W. Reinisch (2008), International Reference lonosphere
plasma sheet, using the energetic (9.4-212.1 keV/e) ion flux datazoo7: improvements and new parameteXdy. Space Res42, 599—
obtained by the EPIC/STICS instrument onboard the Geotail space-09, doi:10.1016/j.ast.2007.07.048.

craft. Data coverage is from 17 October 1992 to 21 February 20@@,chsler, P. (1987), Solar wind ion compositidthysica Scripta Volume

ranging over~16.3 years. This is an unprecedentedly long-term T 18 55-60.

observation by a single instrument. It was found that (1) the abu@nappell, C., T. Moore, and J. W. Jr. (1987), The ionosphere as a fully ade-

dance of ionospheric ions (Fied* and OF/H_*') depends on the  guate source of plasma for the Earth’s magnetosplefaeophys. Res.,

solar activity; (2) this dependence is strong in case ofi@ns; (3)  92(A6), 5896-5910, doi:10.1029/JA092iA06p05896.
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tions estimate the plasma ion mass during solar minimumas  Danilov, A. D., and N. V. Smirnova (1995), Improving the 75 to 300 km
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that the Alfven velocity during solar maximum decreases 0% 10.1016/S0273-1177(99)80044-1.

of that during solar minimum. Since the Alfven velocity is one ofloyd, L., J. Newmark, J. Cook, L. Herring, and D. McMullin (2005), Solar

the primary parameters in plasma, physical processes in the plasm&UV and UV spectral irradiances and solar indicegytmos. Solar-Terr.

sheet are expected to differ greatly different between solar mini- Phys.,67, 3—15, doi:10.1016/j.jastp.2004.07.013.

mum and solar maximum. Kan, J. R., and L. C. Lee (1979), Energy coupling function and solar
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Figure 1. Orbit of the Geotail spacecraft in geocentric so-
lar magnetospheric (GSM) coordinates for 17 October 1992
to 21 February 2009. Surveying regions are indicated by
boxes labeled 1-3 with different colors (red, blue, and yel-
low). Regions 1-3 correspond t¥gsy=—8~—-20 Re and
[Yosm <8 Re, Xgsnw=—20~-32 Re and [Yosm|<8 Re, and
Xesv=—32~—-100 Re and |Ygswv|<14 Rg, respectively. A
green curve designates the model magnetopause.

Figure 2. Geotail location in (a)Xgsm coordinates and (b)
Zgsm coordinates for October 1992-February 2009. Integral
fluxes averaged over 27 days of (¢} H(d) He", (e) O", and

(f) He2* for October 1992-February 2009. Data are designated
as follows: region 1, red dots; region 2, blue dots; and region 3,
yellow dots.

Figure 3. Ratios of the 27-day average integral flux of (a)
Het/Ht, (b) OT/HT, and (c) H&T/H ions for October 1992-
February 2009. Red, blue, and yellow dots correspond to region
1, 2, and 3, respectively. (d) F10.7 index averaged over 27 days.
(e) ZKp index averaged over 27 days. Vertical arrows indicate
simultaneous occurrence of small decreases in theglie and
O™/H™ flux ratios and the F10.7 index in the middle of 2001.

Figure 4. Relation between the HéH™ flux ratio and (a) the
F10.7 index and (b) thEKp index for 1995-2009. (c-d) Same
as Figures 4a and 4b, except for ®I*. (e-f) Same as Figures
4a and 4b, except for He/H.

Figure 5. Integral flux ratios of (a) H&/H™ and (b) O"/HT,
which are identical to Figures 3a and 3b. (c) Daily number of
Pi2 pulsations appearing at Kakioka at 2100-0100 MLT. The
number is averaged over 27 days. (d) Kan and Lee’s electric
field (¢) averaged over 27 days, which is adopted as the solar
wind-magnetosphere coupling function. This electric field is
calculated bye = VBsir?(6/2). (e) Normalized daily number

of Pi2 pulsations, that is, the daily number of Pi2 pulsations
divided bye.

Figure 6. Relation between the daily number of Pi2 pulsations
and (a) the H&/H™ flux ratio and (b) the O/H™ flux ratio for
1995-2009. (c-d) Same as Figures 6a and 6b, except for the
normalized daily number of Pi2 pulsations.

Figure 7. Vertical profiles of ion density at a local midnight

at high latitude, which are calculated from empirical models by
Danilov and Smirnov#1995] andTFiskow et al.[2003] in the
International Reference lonosphere 2007. Each panel shows ion
density for three different solar activity levels (solar minimum
on the left, the growth phase in the middle panel, and solar max-
imum on the right).

Figure 8. Energy spectra of H, He™, and O" ions in region
1in 1996 (open circles), 1998 (open triangles), 2000 (filled cir-
cles), and 2002 (filled triangles).
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