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Magnetic field depression at the Earth’s surface
during ENA emission fade-out in the inner magnetosphere
Nost, M.1'S. Ohtan? P. C:son Brandf,T. lyemori! K. Keika? and D.-Y. Leé

Abstract.

Using data from the high-energy neutral atom (HENA) imager onboard the IMAGE satel-
lite, we examined the relation between the SYM-H index and the ring current energy during
a storm main phase. The energy range of the energetic neutral atom (ENA) flux data used here
is 16-120 keV for hydrogen ane180 keV for oxygen. From the data for the period 2000-
2002, we selected 24 storm main phase events during which the IMAGE satellite was located
at a geomagnetic latitude ¢f45° and a geocentric distance of6 Rg. According to the Dessler-
Parker-Sckopke (DPS) equation, the ring current energy is expected to increase as the SYM-
H index decreases. When the ENA energy flux is superimposed as a function of the SYM-
H index for all 24 events, their overall correlation is negative; that is, the relation between the
ENA energy flux and the SYM-H index is generally consistent with the DPS equation. How-
ever, an analysis of individual events showed only 10 events (42%) in which the ENA energy
flux was negatively correlated with the SYM-H index (negative correlation events). There were
10 events showing no clear correlation between the ENA energy flux and the SYM-H index
(no correlation events), and 4 events which contradicted the DPS equation (positive correla-
tion events). In the superimposed plot, we noted that a smooth curve can be drawn for an up-
per limit of the data distribution, and data from the no correlation or positive correlation events
create downward branches in the distribution. These observational results are not explained
by the conventional DPS equation but by the “generalized” DPS equation, which includes a
term representing energy stored in the stretched magnetic field. We can reasonably presume
that the stretched magnetic field prevents energetic particles from being injected into the ring
current. From the generalized DPS equation, we conclude that the total (kinetic and magnetic)
energy stored in the stretched field and ring current loss mechanisms are important for un-
derstanding the relation between the ground magnetic field variation and ring current energy
variation.

1. Introduction 1.24-1.29 byLangel and Este§1985]. Thus, equation 1 can be
' rewritten as u
Dessler and Parkef1959] derived a simple equation that relates _EABG = 2Uk. )

changes in the magnetic field at the center of the E&fg ) to the ) ) ] )
total energy of the ring currentg) for three different types of Equation 2 predicts a negative correlation between the ground mag-
pitch angle distributions: an equatorially mirroring distribution, &etic field variation and the ring current energy; that is, when the

field-aligned distribution, and an isotropic distribution. The equéround magnetic field is decreasing (increasing), the ring current
tion is expressed as is expected to be developing (decaying). However, it should be

—uABc = 2Ux, (1) noted that in deriving the DPS equation; (1) the Earth’s magnetic

where i is the Earth's dipole momentSckopke1966] showed field is ass.umed to be dipole anq not distorted by the ring current;

that arllJ equatorial pitch angle distribution expressed by sin and (2)Uk is assumed to be the ring current energy integrated over
y €q P 9 P infinite volume Pessler and Parker1959; Sckopke1966]. Both

(y>0) can satisfy this equation. Thus, equation 1 is now generagé : L : ;
) ) . umptions, however, are unrealistic. The ring current will deform
known as the Dessler-Parker-Sckopke (DPS) equation. Becaus ‘§Earth’s magnetic field lines, and the ring current energy should

an effect_ of induction current flowing in th? diamaﬂ Bgnoetic Earth, thﬁe confined to a limited region (e.g., within the magnetosphere).
lcahrar;?(tehlgggcmbaggefggtgfIgf?t(tih: i%rth:‘:izgrcf) wh e?ggovr\gis Therefore, in the actual magnetosphere, the relation between the
g y P ’ ground magnetic field variation and the ring current energy den-

gﬁgmsaéﬁgt?lg?g}'ibg? g(;tzlégsir;ﬁ ir?;[j@lc?r? ggﬁgﬁ%%?r?nedn sity might be more complicated than that expected from the DPS
o ' equation.

Nevertheless, a number of previous studies have used the DPS
—_— ) ) equation to estimatABc from the total ring current energy dur-
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data by using the DPS equation accounts for 30-50% of the meddower-energy (higher-energy) hydrogen flux covering an area of
sured Dst index. From a statistical analysis of energetic ion fl20°(polar)x360°(azimuth) with a 6x6° (3°x3°) angular reso-
data obtained by the Polar/fCAMMICE instrumeiiyrner et al. lution every 2 min. The energy band is divided into 6 steps for
[2001] showed that the estimatAf: contributes, on average, 48-lower-energy hydrogen and 3 steps for higher-energy hydrogen.
52% of the Dst depression with a large deviation of 25% among in- The flight software was modified in August 2001, and after that
dividual events. In the past decade or so, numerical calculation H4ENA was able to separate oxygen emissions from hydrogen emis-
been used to simulate evolution of the ring current in a dipole fiekions in multiple energy steps (i.e., 7 steps covering the energy
[e.g.,Ncgl, 1997; Ebihara and Ejiri 2000; Kozyra et al, 1998a; range of 29-264 keV)Nlitchell et al, 2003]. Before August 2001,
Jordanova et a].1998;Liemohn et al.1999]. In such studies, the the HENA imager could measure the oxygen ENA flux but only
DPS equation is also adopted to estimaBe from the total ring with a single energy step 6f160 keV. (The lower limit of the en-
current energy obtained by the numerical calculations. The estrgy range is approximately 50 keV.) The temporal and spatial res-
matedABc¢ is compared with the observed Dst index to test thelution of oxygen ENA data are the same as those of lower-energy
relevance of the ring current simulation. hydrogen ENA data (i.e., 2 min and $6°) throughout operation.
Therefore, the aim of this study is to investigate this relatioBecause of this flight software modification, the HENA-deduced
statistically by using satellite data and to examine the validity dfydrogen ENA flux after August 2001 became about 70% smaller
the DPS equation, which has been widely used as described abdlran that before August 200K¢ika et al, 2006].
The ring current energy is evaluated from the energetic neutral The measured ENA flux is the result of a line-of-sight convolu-
atom (ENA) flux in the energy range of 16-180 keV measured lion of trapped magnetospheric ion flux, the geocorona density, and
the high-energy neutral atom (HENA) imager onboard the Imagthre charge exchange cross section. The geocorona density strongly
for Magnetopause-to-Aurora Global Exploration (IMAGE) sateldepends on geocentric radial distancegnd increases exponen-
lite. High-energy (a few tens to a few hundreds of keV) neutrdially toward Earth Rairden et al. 1986, Jstgaard et al. 2003].
atoms are created from ring current ions by charge-exchange infBhe charge exchange cross section decreases rapidly fabblve
actions; they then travel directly from the ring current region to theeveral tens of keV, while it is rather constant for ©ver the ring
IMAGE satellite. This process enables us to obtain a global viegurrent energy $mith and Bewtral978]. Thus the ENA flux is
of the ring current by ENA imaging. Thus, the IMAGE/HENA dependent not only on the ring current intensity but also on spa-
data are useful for investigating how the ring current develops dutal/energy distributions of ions. The ENA flux depends on the
ing magnetic storms and have been used by previous studies [€ch angle distribution of ring current ions. When the pitch an-
C:son Brandt et al. 2002a, 2002bMitchell et al, 2003, 2005; gle distribution changes, the ENA flux possibly changes even if the
Ohtani et al, 2005, 2006]. In the present study, we examined tenfing current energy density stays at a constant valusdn Brandt
poral variations in the ENA flux during the main phase of 24 gest al, 2002aOhtani et al, 2005].
omagnetic storm events. Results showed that some events followNevertheless, recent numerical simulation studies give grounds
the DPS equation; in other words, the ENA flux increased duririg consider the ENA flux as a proxy for the ring current inten-
the main phase. However, others (more than half of the 24 everfiy. Fok et al. [2003, 2006] andlones et al[2006] computed
cannot be explained by the DPS equation. We argue that the e ring current ion distributions using the Comprehensive Ring
ter events were caused by a combined effect of magnetic enefgyrrent Model or the test particle code, reproduced the ENA im-
generated by field distortion and ring current decay. ages from the computed ion distributions, and compared the im-
This study is organized as follows. In section 2, we describe tigges with the IMAGE/HENA images. Both images appeared to be
instrumentation and data set used in this study. In section 3, we &jmilar with regard to spatial distribution and temporal evolution.
plain how magnetic storm events were selected. In section 4, tAbere were also attempts to extract the equatorial ion fluxes from
typical storm events are studied. One event follows the DPS eqid@ ENA images by inversion techniques [eferez et al. 2001;
tion, whereas the other seems not to. Section 5 provides the resiadat et al, 2004]. The consistency between ion fluxes extracted
of statistical study of the selected storm events. In section 6, we ffgm the HENA and measured locally by the Cluster satellite was
to explain the observed features in terms of the generalized DFeported byvallat et al. [2004], although the extracted ion fluxes
equation. The effects of the total (kinetic and magnetic) enerd@d a substantial scatter and a limited dynamic range resulting from
stored in the stretched field and the decay of the ring current R limitations of the inversion technique.
discussed, and a simple model calculation is performed to exam-Therefore, in the following analysis, the ENA flux integrated
ine temporal variations in the ring current energy and the magne@¥er the inner magnetospheric region is used as an alternative mea-
field at the Earth’s surface. Section 7 provides the conclusion. sure of the ring current intensity.

2.2. SYM-H Index

2. Instrumentation and Data Set The SYM-H index is essentially the same as the Dst index ex-
2.1. IMAGE/HENA cept that it has a high time resolution of 1 min and it is derived
The IMAGE satellite was launched on 25 March 2000 into a pdfo™ the average of geomagnetic field variations measured at six
lar orbit with a perigee of 1000 km altitude, an apogee offs2 10W- and mid-latitude stationdyiemori et al, 1992]. We used the
and an orbital period of 14.2 hours. The apsidal line of the orbY M-H index to measure the longitudinally averaged geomagnetic
was initially inclined at a latitude of 40 moved over the pole, and /'€!d variations on the surface of the Earth, which can be consid-
returned to 40 after 2 years. The satellite spins at a rate-6t5 ered a proxy for the magnetic field changes at the center of the
revolution per minute and its spin vector is antiparallel to the ofFa'th (i-6.ABc). They are related by SYM-k {ABc.
bital angular momentum vector. Overview of the IMAGE satellite
can be found in the work d8urch[2000]. The HENA imager on 3 Event Selection
board the IMAGE satellite is designed to detect neutral hydrogen
atoms in the energy range f20-500 keV Mitchell et al, 2000]. From March 2000 through December 2002, we selected mag-
Its field of view is£60° from the satellite spin plane that is di- netic storms that satisfy the following three selection criteria: (1)
vided into 20 polar sectors for lower-energy hydrogei®@ keV) the minimum value of the SYM-H index is less than -50 nT; (2)
and 40 polar sectors for higher-energy hydroge6@ keV). As the during the main phase of the storm, the IMAGE satellite made
satellite spins, the imager sweeps out 380the azimuthal direc- observations at a geomagnetic latitude>gf5° and a geocentric
tion, which is divided into 60 azimuthal sectors for lower-energgiltitude of >6 Rg; and (3) during the time intervals that the IM-
hydrogen (10-60 keV) and 120 azimuthal sectors for higher-ener§E satellite satisfied the above criterion, the SYM-H index was
hydrogen (60-198 keV). This results in one complete 2-D imagkecreasing by more than 30 nf[A8YM-H|>30 nT). Criterion 2
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is required because we intended to restrict the satellite positionslid angle along the line-of-sight. Since the actual HENA data are
near high geomagnetic latitude and high altitude, where the HEN#screte in energy and solid angle, equation (3) can be rewritten by
imager can detect ENAs generated from the entire ring current amging summation:
avoid contamination due to solar illuminatioBljtani et al, 2005,
2006;Keika et al, 2006]. Criterion 3 is adopted to make the corre- ® =73 > n-(0idj)EjAQAE;, 4)
lation analysis between the SYM-H index and the ENA flux statis- ]
tically significant, which will be shown in later section. We found
24 storm main phase events using these selection criteria. where subscriptsandj represent physical quantities in title pixel
(polarxazimuth) and thgth energy step measured by HENA, and
E; (AE;j) is the center energy (the energy band width). The sum-
4. Event Study mjagionjf)orQ is confined to aggo(lar angle%%" and an ezzimuthal
) i angle of £36° excluding the near-Earth area (i.e., a polar angle
Of the 24 selected storm main phase events, we will show v 318> and an azimuthal angle af18°), that is, the “doughnut-
typical examples in this section. Event 1, which occurred at 103@haped” area outlined in purple in Figures 1b and 2b. This area
1345 UT on 5 October 2000, showed a negative correlation Bgyyersr~3-6 Re in the equatorial plane. The summation range for
tween the SYM-H index and the ENA flux, as expected from the is 16.60 keV for lower-energy hydrogen ENA and 60-120 keV
DPS equation (equation (1)). However, Event 2, which occurred g higher-energy hydrogen ENA. For oxygen ENA, itid60 keV
0630-1119 UT on 28 October 2001, indicated a clear positive cqgy data before August 2001 and 52-180 keV for data after August

correlation seems to contradict the DPS equation. flux (®n) from the energy flux derived above®), as measured at a
radial distance of &g, by
4.1. Event1 (1030-1345 UT on 5 October 2000)
2
Figure 1a shows the SYM-H index for 5 October 2000. A two- o, = (é) o, (5)

step magnetic storm was initiated by a sudden commencement at

0327 UT. The SYM-H index reached a local minimum of -185 n : P . L :

at 0718 UT, followed by a temporary recovery until around 103&1/ her(t'-,jr Is the radial td tlﬁtarll:?\ler]flthet s%telllte p05|t|_?hrR@(.j_ln| tc:“i

1100 UT and a subsequent decrease. The minimum of the symzguaton, wgzexpec ne ux to gecrease with radial distance
roughly asr—< [Ohtani et al, 2006]. The above procedure is ap-

index was found to be -187 nT at 1345 UT. The event selection ¢ ; L . . .
Y ; . SN lied to a series of original ENA images that have a time resolution
teria give a time interval of 1030-1345 UT, which is indicated by g¢ "« Finally, we o%tain time seri%s of the normalized ENA en-

horizontal bar in the bottom of Figure 1a. : . : . .
X . ergy flux with a 2-min resolution, which can be considered a proxy
Figures 1b-1e are the IMAGE/HENA images of hydrogen at e or the total energy of the ring current aroulnd3-6, because ENAs

ergies of 16-60 keV at 4 time intervals of 1100-1102 UT, 1150; _ y -
1152 UT, 1240-1242 UT, and 1330-1332 UT, respectively. The%erg SXp‘E:thrd Itotimr?SBt'%x”g'n”gtsJ? t:gq';ear equatorial plane.
O£ orrelatio etwee -Ha n

time intervals correspond to open circles shown in the bottom . .

Figure 1a. In each image, the dipole magnetic field lines at 0000, V& compared the SYM-H index wittb, for Events 1 and 2.
0600, 1200, and 1800 magnetic local time (MLT) are drawrifor 2ince the original time resolution of the SYM-H index is 1 min,
values of 4 and 8. We found that the ENA flux in the ring curs YM-H was averaged over a 2-min time interval corresponding to

rent region was increasing gradually when the SYM-H index wd§at of the HENA measurement. Figures 3a and 3b show the vari-
decreasing. This result confirms that the SYM-H index was neftion in SYM-H and®,, respectively, for Event 1. Red, green,
atively correlated with the ENA flux, which is considered as afnd blue lines in Figure 3b represeny of 16-60 keV hydrogen,
alternative measure of the ring current energy. Thus, the evenffk 120 keV hydrogen, anet160 keV oxygen. (Here and there-
consistent withrexpectation from the DPS equation. arter,®, is displayed separately in the different species and energy
ranges rather than in a combined total flux. This is because the
4.2. Event2 (0630-1119 UT on 28 October 2001) charge exchange cross section strongly depends on the ion species
o and energy ranges, as stated in section 2.1.) These figures show
Figure 2 shows the SYM-H index and the IMAGE/HENA im-that @, is negatively correlated with the SYM-H index for all 3
ages of 16-60 keV hydrogen for 28 October 2001, in the same fd&NA types. Figure 3c gives the result of correlation analysis of
mat as Figure 1. The SYM-H index showed a sudden commendbese data. The colors of the data points have the same meaning as
ment at 0320 UT and subsequent development of a magnetic stamkrigure 3b. The correlation coefficients were found to be -0.974,
until its minimum of -150 nT at 1119 UT. A time interval of 0630--0.972, and -0.694 for 16-60 keV hydrogen, 60-120 keV hydrogen,
1119 UT was determined by the event selection criteria and is inéind <160 keV oxygen, respectively, indicating a strong negative
cated by a horizontal bar in the bottom of Figure 2a. correlation. (Throughout the present paper, the correlation coeffi-
Figures 2b-2e show the HENA images at 0800-0802 UT, 0900ient means the Pearson’s correlation coefficient between SYM-H
0902 UT, 1000-1002 UT, and 1100-1102 UT, respectively, whicand ®,.) These results are consistent with the prediction of the
correspond to open circles in Figure 2a. From these figures, W&S equation.
noticed that the SYM-H index was decreasing when the ENA flux In Figures 3d-3f, the SYM-H index ardi, for Event 2 are dis-
was clearly decreasing. This can be interpreted as the ground mplgyed in the same format as in Figures 3a-3c. We can see that both
netic field being depressed even though the ring current energy waéM-H and ®, show similar variation (Figures 3d and 3e). Cor-

decreasing, which is inconsistent with the DPS equation. relation coefficients of 0.765, 0.897, and 0.952 were derived for
16-60 keV hydrogen, 60-120 keV hydrogen, and 52-180 keV oxy-
4.3. Correlation Analysis gen, respectively (Figure 3f). These results disagree with the DPS

. . equation.
4.3.1. Calculation of Norrr_lallzed ENA Energy Flux _GD”) In Appendix A, we tried to deduce the total energy density from
In order to see the relation between the SYM-H index and thﬁn of 3 ENA channels for Events 1 and 2. We also found a good

ENA flux in more detail, we performed correlation analysis for thgegative/positive correlation between SYM-H and the deduced to-
above two events. First, we calculated the ENA energy fibx ( g energy range.

integrated over the ring current area in a similar walléika et al.
[2006], using 5. Statistical Stud

o= //ﬁ-(aJ)EdeE, @ > >tatstcal study
wherefi is the unit vector pointing from the center of the Eartf?'l' Classification of Storm Events
to the IMAGE satelliteJ is the unit vector in the direction of the  For the 24 selected storm events, we calculated correlation co-
ENA flux, J is the ENA flux, E is the ENA energy, an@ is the efficients between the SYM-H index ady, for 3 ENA types (i.e.,
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low-energy H, high-energy H, and O). Then the events were claghoice of boundary, the generalized DPS equation can be expressed
sified into 3 categories: negative correlation (NC), positive corres

lation (PC), and no correlation (NoC). The NC category includes _ _ _

storm events in which correlation coefficients are negatively larger HABe = 2Uk +Um —Us, (6)

than -0.40 for at least two ENA types. The PC category includgghereUy, is the total energy content in the disturbance magnetic
storm events showing correlation coefficients larger than 0.40 forgi|g. Ug expresses the contribution from the boundary current (i.e.,
least two ENA types. Storm events that do not fit either the PC gfe magnetopause current or the Chapman-Ferraro current). Now,

the NC categories are classified into the NoC category. For exafl- reflects the total kinetic energy of plasma within the bound-
ple, Event Lisin the NC category and Event 2 is in the PC categolyy '\ hich can be considered as g)gum%f the kinetic energies from
The classification results are summarized in Table 1. It was fou&gﬁy’

that only 42% (=10/24) of the events are classified into the NC ¢ e ring current, and other regions (or other currents). Although it

g . : : difficult to differentiate the ring current from other currents, we
egory, which is consistent with the DPS equation. In other words, - ) ’
more than half of the events (i.e., 14 events in the PC and NGEPPOse that the ring current enerbig) is evaluated by the ENA

categories) cannot be explained by the DPS equation. (One measured by IMAGE/HENA. This means tha¢r represents

be interested to see how the classification results shown in TaB} kinetic energy of plasma in the energy range of 16-180 keV and

1 change if the event selection criterion|ASYM-H]| is changed. aroundL=3-6. The residual kinetic energy within the boundary

Results in the cases @SYM-H|>50 nT and/ASYM-H|>70 nT is stated as the energy from the near-Earth tail curiégi), be-

are displayed and discussed in Appendix B.) cause we can expect that most of the residual energy is contributed
Here we briefly give a justification for using 0.40 as a minimunby the near-Earth region at> 6 on the nightside. Thus, we obtain

value for declaring a correlation. A linear correlation 0.40 or largéyx = Ukr+UkT, by which equation 6 can be reformed as follows:

in an absolute value has less than 1% of occurring for uncorrelated

parent population if the number of data pairs is larger tharBéi/{ —UABg = 2(Ukr+UkT) 4+ Uy —Ug

ington and Robinsgn992]. All but 2 of our events include more

than 41 data pairs. The number of data pairs of the 2 exceptional = 2Ukr+ (2UkT +Um) —Us

events is 23 and 30, and the corresponding probability is less than = 2Ukr+Us—Ug. 7

6% and 3%, respectively.

) We rewrote Pkt +Upm asUs, where the subscript “S” represents
5.2. Overall Relation Between SYM-H and®; “stretched”, because botbixt andUy, are considered to be re-

We drew a superimposed plot 6f, versus SYM-H for all 24 !ated to the strgtched mggn.etic.field. (When the talil current energy
selected events. The results are given in Figure 4. Each panel i§garge, the tail magnetic field is stretched and a large amount of
resentsby, of low-energy H, high-energy H, and O for periods bethe magnetic energy is held, and vice versa.) Weldglihe total
fore/after August 2001. Colors differentiate the 3 categories: blikinetic and magnetic) energy stored in the stretched tail magnetic
for NC, red for PC, and orange for NoC. In all the panels, we cdield.
see that overalfp, is low when the SYM-H index is close to 0, In the next subsections, we test whetherltheandUg terms in
and®y, becomes high when the SYM-H index becomes negativetiie generalized DPS equation (equation (7)) are responsible for the
large. This result is consistent with that©htani et al.[2006]. It observed signatures between the SYM-H index and the ENA flux,
may be possible to draw a smooth curve for the upper limit of thg particular, for the 14 events in the PC and NoC categories (Table
data distribution, as indicated by a dotted black line. (No dotteg)
black line is shown in the left panels because the number of events
was small.) However, events in the PC and NoC categories (red I
orange) have lowe®, than events in the NC category (blue), angng' Contribution from Ug
form downward branches in the distribution. These results suggestFirst, we examine whether the contribution frdsg is essen-
that in more than half of the events, the relation between SYM-titil to creating the observed signatures. If so, the events in the

and®;, deviates from that expected from the DPS equation. PC and NoC categories are expected to disappear by removing the
contribution fromUg. Many previous studies found thdg is cor-
6. Discussion related withzthe square root of the solar wind dynamic pressure
) ) (Psw = pswV&y» Wherepsy is the solar wind density and is the
6.1. Generalized Dessler-Parker-Sckopke Equation solar wind velocity) and wrote it in the following form:
As described in section 1, the DPS equation was originally de-
rived under the assumptions that the Earth’s magnetic field is dipole Ug = p(bvPsw—c), (8)

and not distorted by the ring current, and that the ring current en-

ergy is integrated over infinite volum®gssler and Parkerl959; with b=9-17 (nT/(nPa%) and c=15-22 (nT) Biscoe et a).1968;
Sckopkel966]. These assumptions have been eliminatgdlbgrt  Ogilvie et al, 1968; Verzariu et al, 1972;Su and Konradi1975;

et al.[1968], Siscog1970], andCarovillano and SiscofL973], re-  Burton et al, 1975; Gonzalez et a).1994; lyemori and Rap
sulting in the generalization of the DPS equation, which include_%97- Kamide et al. 1998]. We adoptet=13 (nT/(nPa%) and
contributions from the energy in the disturbance magnetic field apd, g ’5 (nT) whichy are intermediate values reported by the pre-
from the current flowing on the closed bounddgemori and Rao viou§ studiés For the 24 selected everRs, was calculated

[1996] andSiscoe and Petsch§k997] interpreted variations in the o . : ,
Dst index at substorm onsets with the generalized DPS equatigrgm the 1-min resolution data for the solar wind at the Earth's

Recently,Liemohn[2003] pointed out that in the DPS equation, W.ShOCk. nose, which are proylded on the OMNIWEB page
Uk integrated within a limited volume implicitly includes a con-(NttP://omniweb.gsfc.nasa.gov/owin.html). Then we corrected
tribution from a current flowing on the boundary surface of thi!® SYM-H index by removing the contribution frob as fol-
limited volume, whereas the contribution appears explicitly in th®Ws:

generalized DPS equatioxasylunas[2006] thoroughly discussed

the generalized DPS equation for a volume bounded by closed in-SYM-He = SYM-H — éUB =SYM-H—&(by/Psw—c), (9)

ner and outer surfaces, which are respectively taken as the Earth’s H

surface and a combination of the magnetopause and a plane per-

pendicular to the Sun-Earth line %t=-10 Re. Following Siscoe Where SYM-Ht represents the magnetopause-current-corrected
and Petschek1997], we here chose the boundary to be the mag@YM-H index. In the above correctio=1.3 was used. As in
netopause which is closed byraZ plane located far enough down Table 1 and Figure 4, we classified the events according to the cor-
the tail where currents flowing on/beyond the plane generate neg#lation coefficients between SYMd-and®,,, and drew a super-
gible magnetic field variations at the center of the Earth. With thimposed plot of®, versus SYM-K. We found that two of the
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24 events have a decrease in the SYM-Hdex less than 30 nT; sheet into the ring current in the stretched magnetic field. This will
thus, these 2 events were omitted from the statistics. The resu&crease the input rate 0k, that is, suppress the development of
are shown in Table 2 and Figure 5. We still found from Table 2 th#e ring current. Next, we consider that the ring current energy is
more than half of the events-69%(=13/22)) are classified into thelost by mechanisms such as charge exchange gagnjlton et al,

PC and NoC categories. Also, Figure 5 shows the same charact®88;Jordanova et al.1998;Jorgensen et al2001;Kozyra et al,
istics as Figure 4; that is, (1) it appears that a smooth curve cand@?2], Coulomb collisions [e.gFok et al, 1991, 1993;Jordanova
drawn for an upper limit of the data distribution, (2) events in thet al, 1996;Ebihara et al, 1998], ion outflow through the dusk-
PC and NoC categories (red and orange) have I@yghan events side magnetopause [e.gakahashi and lyemaril989; Liemohn

in the NC category (blue), and (3) they form downward brancheg al, 1999;Keika et al, 2005], and ion precipitation into the upper
in the distribution. These results indicate thigtin the generalized atmosphere [e.gKozyra et al, 1998b:Walt and Voss2001, 2004].
DPS equation does not play a crucial role in the creation of events Therefore, to summarize the argument, if the input rateaf

in the PC and NoC categories. decreases in the stretched magnetic field (i.e., incredsihgnd
. ) . becomes comparable to or smaller than the loss ratdkgf the
6.3. Contribution from Us: Conjecture generalized DPS equation gives a constant or decre&kipgsi-

The discussion in section 6.2 leads us to consider thatlghe Multaneously with a decreasid@c (or ABg). The SYM-H index
term in the generalized DPS equation is essential to explaining thgd®n measured by IMAGE/HENA are considered as proxies for
observational results. WhekBc (or ABg) is decreasing, the DPS 8Bg andUkg; thus, it is possible under the generalized DPS equa-
opment), but the generalized DPS equation gives a possibility th&decreasing. In this case, NoC or PC events can be understood.
Ukr can remain constant or decrease (i.e., a stable ring currentNsite that the above argument assumes energy infiianly by
ring current decay, as seen by IMAGE/HENA)U§ is increasing. Plasma convection and ignores energy redistribution betwgen
We presume that this possibility may happen on the basis of th8dUs, which may occur during substorms.
following argument.

The increase ibls means that the geomagnetic field is stretche@.4. Contribution from Us: Model
and the configuration changes from dipolelike to taillike. Such a The above coniecture is tested by constructing a simole model
stretched geomagnetic field influences the motions of energetic L i Jt the ri y ¢ parti Ig p " :
ticles in the magnetosphere. Under the guiding center approxinjeg 0"€ Magnetic storms, the ring current particle enetgyr(t)
tion, particle motion can be described by the curvature dig & ) and the total energy stored in the stretched fiellt( (J)) are
2w, . ) W set to 0. During the main phase of magnetic storms, we assume
ges (B (B-0)B)), the gradient drift Wog = ggs (B UB)), and ¢ the solar wind has a constant value of the energy input rate
the ExB drift (We..s = E32), wherew; andw, are the kinetic en- (up (Js°1)) into the magnetosphere. The solar wind energy is dis-
ergies of particles paral?el and perpendicular to the local magnetiibuted to bothUkg(t) andUg(t) with the energy input rates of
field, q is the charge of particlef is the electric field vector, and uggr(t) (Js 1) andug(t) (Is™1), respectively (i.e.ug = ukr(t) +
B is the magnetic field vector. Thus, we obtéitic| 0B ~*-pc?,  ug(t)). Initially, we assume thatkr(0) = 3u andus(0) = Lup.
\Wrg| O (‘%5 .B1).B~L, and|Wg,g| DE-B~1, wherepc is the  T0 include the effect of the stretched magnetic field on the rate of
curvature ra energy input to the ring current, as argued in sectionukg(t) is

dB o : ) taken to depend dds(t) by ukr(t) = ukr(0) exp(—aUs(t)), where

pc, and‘;ﬁ change along th& axis in the nightside magneto- 5 js a positive constant representing the degree of the effect of the
sphere for a dipole magnetic field and the modified Tsyganenko 8®etched magnetic field. = 0 represents no effect of the stretched
model magnetic field (T89c)Tkyganenko1989]. The dipole tile magnetic field, and a largerindicates that the stretched magnetic
angle was set to“Ofor simplicity. The results are shown in Figurefield strongly prevents particles from being injected into the ring
6. A black line and five color lines (from purple to red) denote theurrent region. The ring current energy loss is assumed to have

dipole field and the T89c model field with Kp=0-4, respectivel Ukr(t) ; iotic ti
First, regardingW¢|, Figures 6a and 6b show that the stretchgtfge form of =~ , wheret is the characteristic time of the energy

magnetic field (i.e., the T89c model field with large Kp) generalhéirisuﬁ:r:g)guitglf:fgrgeﬁi]élzgi;?ig(rj]?' is described by the following
has a smalleB and a smallepc than the dipole field in the equato- '

rial plane. Thus|Wc| increases in the stretched field. Second, re-
garding|Wpg|, Figure 6¢ shows th %% decreases in the stretched

magnetic field than in the dipole magnetic field. However, its de-

ius of the magnetic field lines. We calculated Bow

Up = UKR(t) +us(t),
Ukr(t) = Uukr(0) exp(—aUs(t)),

crease is expected to be overcompensatei Bybecaus® shows dUkr(t) — UkR(t) Ukr(t) (10)
a more significant decrease th)aﬂ%‘ (Figure 6a). Furthermore, it dl(jt ) T
s

includes an additional factor & . Thus,|Wg| also increases in
the str_etched ma_gnetic field. Third, we consifi&k .g|. Recent
Geotail observations showed that the duskward convection el§trese equations are integrated over time to examine temporal vari-
tric field atr~9-12Rg is ~0.3 mV/m on an average even duringation in Ukg(t) andUs(t) with ug = 3 x 1011 (Js2), which cor-

the main phase of magnetic storms, which is almost comparabignonds to Akasofu’s parameter, adopting a solar wind speed of

to that during quiet timesHori et al,, 2005, 2006]. It is also well- 5g0 km/s and a southward IMF of -18 nT. We selec@ahdr from
known that newly injected plasma in the ring current region tends {ge following sets:a = (0,3.0 x 10-16,6.0 x 10-16,9.0 x 10-16)

create the dusk-to-dawn electric field and shield the near-Earth {§-1) andt = (0,10,5) (hr). Integration was made frotn= 0 (hr)
gion from the external convective electric field [eghihara et al, tot = 8 (hr). OnceUkr(t) andUs(t) are obtained, we can model
2005]. Thus,E can be considered almost constant, Bus de- ; £
creasing, as seen in Figure 6a; so we can expeciWatg| also 2Bc(t) from the equation oABg = — 53 (2Ukr+Us).

increases in the stretched magnetic field. However, note\hgt ~ The relation betweenBg(t) andUkr(t) is shown in Figure 7
and |Wqg| are proportional to the product of two factors that inwith different values ofa and 7. As shown in Figure 7a, if the
crease in the stretched magnetic field, whit: , g| includes only ~ stretched magnetic field has no effect (i@~ 0 (J°1)), ABg(t)

one such factor. This indicates tHe¥g . g| becomes comparatively andUkr(t) are negatively correlated for all values of The blue
smaller tharfW¢| and|Wg| in the stretched magnetic field. Sincecurves in Figures 7b-7d indicate that even if the stretched magnetic
We andWg point azimuthally westward, anfg g points toward field suppresses particle injectica=£ 0 (J-1)), zero energy loss in

the Earth on the nightside, it becomes more difficult for energetibe ring current { = « (hr)) leads to negative correlation or pos-
particles to be injected by convection from the near-Earth plasrsbly no correlation betweefBg(t) andUkRg(t). The yellow and

a ug(t).
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red curves of Figures 7b-7d indicate that a positive correlation b&s meaning that the tail magnetic field was stretching rapidly dur-
tweenABg(t) andUk (t) can be realized only by a combination ofing this time interval, which induced a dusk-to-dawn electric field
the effects of the stretched magnetic field and ring current enerdjjat opposes the convection electric field. Then the overall electric
loss. In this case, we can see that no correlation is also possif#ield is reduced and thexBB transport of plasma from the tail to the
Furthermore, Figures 7b-7d show that the blue curves give an @aSma sheetinner magnetosphere decreases. They called the phe-
per limit for the region where thABg(t)-Ukg(t) curves run, and 1omenon “choking” of the B drift from the tail. Our idea is that
that the yellow and red curves form downward branches. The§:§ inward ExB drift increases in the stretched magnetic field, but

b

. ; h o azimuthal curvature and gradient drifts increase even more, re-
signatures obtained by this model are very similar to those of tging that it becomes harder for energetic particles to be injected

IMAGE/HENA results shown in Figures 4 and 5. Thus, we SUpPOsfo the ring current. This is similar to the idea Gfson Brandt
that the conjecture in section 6.3 is plausible, if both the suppresral. [2002c] in terms that the plasma transport to the inner magne-
sion of energy input to the ring current by the stretched magnetigsphere is “choked,” although a different mechanism weakens the
field and the ring current energy loss become effective. Ex B drift relatively.

One may cc_)nsider that the above model is oversimplified agd.2. Validity of @y, as a proxy of the ring current intensity
somewhat arbitrary. In an actual solar wind-magnetosphere cou-The evolution of the pitch angle distribution (PAD) of the ring
pling, up is probably not constant and depends on solar wind coourrent ions affect®,. As stated in section 2.1, if the PAD was ini-
ditions. The initial partitioning of the solar wind energy to the ringdially isotropic and it gradually changed to become more rounded at
current and the stretched field may be different from the values use@0° (like a pancake distribution) during the main phase, the IM-
here (i.e.,3 and}). Second equation of the simultaneous differerAGE/HENA imager may observe decreases in the ENA intensity
tial equations is solely a postulate, and actual relation betwegn from a polar vantage point. ) ) ,
andUs may be expressed in more complicated form. Although !t should be also noted that in calculatidg, we omitted the
the present simple model reproduced general features betweenrg} r-Earth flux, which is generally considered to arise from the in-

; P P ction between mirroring ions and the dense neutral atmosphere
SYM-H index and®, as shown in Figure 7, more realistic mOdet\t low altitude. However, as a magnetic storm develops, the loca-

is needed to ensure the conjecture. A direct test of the conjgfsiy of the ring current shifts Earthward [e.ylcEntire et al, 1985;
ture can be performed if the magnetic and electric field measujgy; 1993], causing the origin of the ENA flux created from the ring
ments become available in multiple locations in the magnetospheigrent ions to shift toward the near-Earth area. Since the ENA flux
or the near-Earth plasma sheet. This is left for future studies usiitthe near-Earth area was excluded in calculaigthis method-
multiple satellites such as Energization and Radiation in Geospastegy may underestimat®,, in case of intense magnetic storms.

in Japan and the Radiation Belt Storm Probe in the United States,

which plan to measure the magnetic and electric fields along with Summary

energetic ion flux in the inner magnetosphere.

. . . We examined the relation between the SYM-H index and the
6.5. Possible cause for different correlation ring current energy during a storm main phase, using data obtained

In this section, we briefly discuss mechanisms that sufficiently the IMAGE/HENA imager. The ring current energy was evalu-
stretch the magnetic field to give rise to NoC and PC events. Figied bythe ENA flux at 16-180 keV, which is predominantly gen-

: : . ted al.~3-6. In Event 1 (1030-1345 UT on 5 October 2000),
ure 8 displays the SYM-H index for all of the 24 storm main phas ra . ; e
events in chronological order. Horizontal bar in each panel in e found a negative correlation between the SYM-H index and the

L ; e ENA energy flux, as expected from the DPS equation (equation
cates a time interval determined by the event selection in sectlgg). However, in Event 2 (0630-1119 UT on 28 October 2001), a
3. Colors mean the 3 different categories, same as Figures 4 andjagr positive correlation between the SYM-H index and the ENA
blue for NC, red for PC, and orange for NoC. We notice that 7 Nenergy flux was found, which contradicts the DPS equation. We ex-
events (blue) out of 10 occur within a rapid decrease of the SYMmined the correlation between SYM-H and the ENA energy flux
H index within several hours (Exception is event 1, 11 and 24for 24 magnetic storms and classified them into 3 categories: neg-
All of them are preceded by a clear sudden increase of the SYMdtve correlation (NC), positive correlation (PC), and no correla-
index. These are basic features of magnetic storms generated byien (NoC), according to their correlation coefficients. Only 42%
terplanetary coronal mass ejections (ICMEs) [é[gurutani etal, (=10/24) of the events are in the NC category like Event 1. More
2006]. On the other hand, aimost all of NoC and PC events (oraﬁn half of the events (i.e., 4 events in the PC category and 10

and red) show gradual decreases of the SYM-H index with a ting¥€nts in the NoC category) cannot be explained by the DPS equa-
. . n.
scale of about 0.5-1 day (Exception is event 22 and 23), They Zi}%The original derivation of the DPS equation assumed that the

preceded by no sudden increase or a small increase of the SYM-

X ) . . rth’'s magnetic field is dipole and not distorted by the ring cur-
H index. We find that these events are associated with magnqfiyt and that the ring current energy is integrated over infinite vol-

storms caused by corotating interaction regions (CIRSs) [B));  yme Dessler and Parker1959; Sckopke1966]. Since these as-
rutani et al, 2006] and ICMEs with a weak pressure enhancemerfumptions are incorrect in the actual magnetosph@iteert et al.
Turner et al.[2006] report that geoeffectiveness (the efficiency 0f1968], Siscog1970], andCarovillano and Siscof973] removed
energy coupling from the solar wind into the magnetosphere) tisem and derived the generalized DPS equation, which includes ad-
larger for CIR-driven storms than for ICME-driven storms, indiditional contributions from the energy stored in the stretched mag-
cating that more power is supplied to the magnetosphere for CIRetic field and from the current flowing on the closed boundary
driven storms under the same solar wind Poynting flux. We spe@guations (6) and (7)). The generalized DPS equation can explain
ulate that the differences in the solar wind structure or the geodfie events in the PC and NoC categories, in which the ring cur-
fectiveness are related to degree of stretch of the magnetic fidf@t particle energyUkr) decreases or stays constant, and the total
causing the different correlation between SYM-H abgl More energy stored in the stretched fields] increases. This could hap-

T P O ; : pen, because we can reasonably presume that the stretched mag-
detailed investigation is needed to justify this speculation. netic field prevents energetic particles from being injected into the

. ring current; and the ring current energetic particles are lost due
6.6. Issues to be considered to various mechanisms. We described an interaction betiwggn
In the previous subsections, we proposed a mechanism to &kdUs with a simple model and computed numerically the tem-
plain the positive correlation between the SYM-H index and theoral changes g, Us, and magnetic field disturbances on the
ENA energy flux. However, it is worth briefly stating here thaB0E B3l T2 CUG 08 R SR e S B
some other e_ffects may contribute to this positive correlation. between SYM-H aneb,), indicating that the above presumption is
6.6.1. Choking of the E<B transport of plasma plausible. Thus, we conclude that tbig term in the generalized
C:son Brandt et al[2002c] found that the ENA flux at > 4  DPS equation, along with ring current loss mechanisms, plays an
decreased when the IMB; kept decreasing at 0800-0909 UT on 4mportant role in governing the development and decay of the ring
October 2000, which is similar to our Event 2. They interpreted thurrent as well as its relation with ground magnetic field variations.
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Appendix A: Deduction of Total Energy Density  total energy density and SYM-H are shown in Figure Al. The cor-
relation coefficient was found to be -0.935 for Event 1 and 0.899
With some assumptions, we tried to combine the ENA fluxes é6r Event 2.
three channels and deduced the total energy density for Events 1
and 2. . . o
The ENA measurement by HENA,) is a result of the inte- APPendix B: - Change of Event Selection Criterion
gration through a line-of-sight: ) . o
Changing the event selection criterion to|ASYM-H|>50 nT
and|ASYM-H|>70 nT, we classified again the events into the NC,
JENA = _/G'nH ~Jon-ds (Al)  pc, and NoC categories. Results are shown in Table B1. This ta-
ble indicates that even in larger change of SYM-H, we find NoC
whereo is the charge exchange cross sectippjs the density of events. There are still 2 PC events fASYM-H|>50 nT. These
geocoronaJion is the ring current ion flux, andis the distance results confirm the existence of events that cannot be explained by
from the HENA imager to the position of ENA production. By asthe DPS equation.
suming that the ring current is flowing only in the equatorial region
and has a thickness df, the above equation can be simplified as
follows: Acknowledgements
,JE‘[\'A . 9eq Meq JlON?q as (A2) We thank D. G. Mitchell and E. C. Roelof for their help in
where a subscript “eq” means a quantity at the equator. The ENfy,cessing the IMAGE/HENA data. Computation of the geomag-
energy flux () is given by equation (3) of text. If we asSUReNA  petic field using the Tsyganenko model was done with Fortran
is constant over the integration ranges of the enefgyahd the  GEopACK routines developed by N. A. Tsyganenko and the GSFC
solid angle Q), itis simplified as follows: modeling group, and IDL GEOPACK DLM provided by H. Korth.
This study was supported by Inamori Foundation and the Ministry

® =Jena-E-AE-AQ of Education, Science, Sports and Culture, Grant-in-Aid for Young

= 0 NHeq- JoNeq- AS- E-AE-AQ. (A3) Scientists (B) (grants 19740303 and 22740322). One of coauthors
(P.C.B.) is suppoeted by the National Aeronautics and Space Ad-
The energy densitye] of ring current is calculated by ministration (grant NNX06AC29G) to the Johns Hopkins Univer-
sity Applied Physics Laboratory.
1
£ ///Emvzf(v)dvg, (A4)

wheremis the ion massy is the ion velocity, and is the velocity References
distribution function. With help of the equation relatifigo Jon, ) )
that is, f=n12/(2E)JION, and with an assumption of isotropic jonAkasofu, S., and S. Chapman (1973plar-Terrestrial Physics629 pp.,

distribution, we can derive the following equation: Oxford University Press, London. . .
9edq Anderssen, R. S., and E. Seneta (1969), New analysis for the geomagnetic

Dst field of the magnetic storm on June 18-19, 1936Geophys. Res.
£= Zﬁnﬁ / \@J@N -dE. (A5) 74,2768-2773, doi:10.1029/JB074i010p02768.
. Bevington, P. R., and D. K. Robinson (199P)ata reduction and error
analysis for the physical sciences, 2nd,édcGraw-Hill, Boston.

Burch, J. L. (2000), IMAGE mission overvieBpace Sci. Re\W1, 1-14.
Burton, R. K., R. L. McPherron, and C. T. Russell (1975), An empirical re-
lationship between interplanetary conditions and DsGeophys. Res.

€ =2v2m/mVE - Joneq- AE. (A6) 80, 4204-4214, doi:10.1029/JA080i031p04204.
Carovillano, R. L., and G. L. Siscoe (1973), Energy and momentum the-
By Substituting]|ONeq of equation (A3) into equation (A6), we fi- orems in magnetospheric processBeyiews of Geophysics and Space

Further assumptions thapy has a finite value only at the equator,
and is constant over the integration energy range give

C:son Brandt, P., D. G. Mitchell, Y. Ebihara, B. R. Sandel, E. C. Roelof,
) J. L. Burch, and R. Demajistre (2002a), Global IMAGE/HENA obser-
£= 2\/§n\/ﬁ1\/ﬁ- -AE vations of the ring current: Examples of rapid response to IMF and ring

Oeq- NHeq- AS-E-AE-AQ current-plasmasphere interactiah, Geophys. Res107(A11), 1359,

221 \/ﬁ ® doi:10.1029/2001JA000084.

=\ = C:son Brandt, P., S. Ohtani, D. G. Mitchell, M. Fok, E. C. Roelof,
Nheq-AS-AQ Y E Oeq and R. Demaijistre (2002b), Global ENA observations of the storm
m o mainphase ring current: Implications for skewed electric fields in

E o the inner magnetospheré&seophys. Res. Lett2920), 1954, doi:

eq 10.1029/2002GL015160.

P (A7) C:son Brandt, P., S. Ohtani, D. G. Mitchell, R. Demajistre, and E. C. Roelof
vgeq' (2002c), ENA observations of a global substorm growthphase dropout

in the nightside magnetosphefeeophys. Res. LetR9(20), 1962, doi:
Therefore, we can deduce the total energy density by sumging_10-1029/2002GL015057.

; s Tt -1 Dessler, A. J., and E. N. Parker (1959), Hydromagnetic theory
from the three HENA channels with a weighting facto(edieq) . of geomagnetic storms,). Geophys. Res.64, 2239-2252, doi:

vcan be computed frone,/ 2<E)/m, Where(E) is atypical energy 10.1029/3Z064i012p02239.

of the channel, that isyEmin-Emax. The charge exchange crosspremukhina, L. A., Y. I. Feldstein, I. I. Alexeev, V. V. Kalegaev, and
sections for B and O™ on H are given bytindsay and Stebbings M. E. Greenspan (1999), Structure of the magnetospheric magnetic field
[2005]. For the 16-60 keV hydrogerE)=31 keV, v=2.44x 108 during magnetic storms]. Geophys. Res104, 28,351-28,360, doi:
km/s, andoe=3.14x10716 c?.  For the 60-120 keV hydro- _ 10.1029/1999JA900261. _ ,

gen, (E)=85 keV,v=4.04x 108 km/s, andaeq:O.212< 10716 o, Ebihara, Y., and M. Ejiri (2000), Simulation study on fundamental prop-

For the 52-160 keV oxygenE)=91 keV,v=1.04x10° km/s, and ig'gzomdtor}?lS_tcl)gg;/lgzggfgggggg » Geophys. Res105 15,843~

Oeq=3.80x 1016 cn?. . . Ebihara, Y., M. Ejiri, and H. Miyaoka (1998), Coulomb lifetime of the ring
Using these values and equation (A7), we estimated the total en-current ions with time varying plasmaspheEayrth Planets and Spage
ergy density for Events 1 and 2. Results of comparison between the50, 371-382.




X-8 NOSE ET AL.: SYM-H DECREASE DURING ENA FADE-OUT

Ebihara, Y., M. Fok, R. A. Wolf, M. F. Thomsen, and T. E. Moore (2005)Langel, R. A., and R. H. Estes (1985), Large-scale, near-field magnetic
Nonlinear impact of plasma sheet density on the storm-time ring current, fields from external sources and the corresponding induced internal
J. Geophys. Resl10, A02208, doi:10.1029/2004JA010435. field, J. Geophys. Re€0, 2487-2494, doi:10.1029/JB090iB03p02487.

Fok, M., J. U. Kozyra, A. F. Nagy, and T. E. Cravens (1991), Lifetime oLiemohn, M. W. (2003), Yet another caveat to using the Dessler-
ring current particles due to Coulomb collisions in the plasmaspliere, Parker-Sckopke relation]. Geophys. Res.10§A6), 1251, doi:
Geophys. Res96, 7861-7867, doi:10.1029/90JA02620. 10.1029/2003JA009839.

Fok, M., J. U. Kozyra, A. F. Nagy, C. E. Rasmussen, and G. V. Khaziemohn, M. W., J. U. Kozyra, V. K. Jordanova, G. V. Khazanov, M. F.
anov (1993), Decay of equatorial ring current ions and associated Thomsen, and T. E. Cayton (1999), Analysis of early phase ring current

aeronomical consequencel,Geophys. Res98, 19,381-19,393, doi:  recovery mechanisms during geomagnetic stodm&eophys. Re26,
10.1029/93JA01848. 2845-2848, doi:10.1029/1999GL900611.

Fok, M., et al. (2003), Global ena Image SimulatioBpace Sci. Revl09,  Lindsay, B. G., and R. F. Stebbings (2005), Charge transfer cross sections
77-103, doi:10.1023/B:SPAC.0000007514.56380.fd. for energetic neutral atom data analysisGeophys. Resl10, A12213,

Fok, M., T. E. Moore, P. C. Brandt, D. C. Delcourt, S. P. Slinker, and doi:10.1029/2005JA011298.

J. A. Fedder (2006), Impulsive enhancements of oxygen ions duringi, A. T. Y. (1993), Radial transport of storm time ring current iods,
substorms). Geophys. Resl11, A10222, doi:10.1029/2006JA011839.  Geophys. Res98, 209—-214, doi:10.1029/92JA02079.

Gonzalez, W.D., J. A. Joselyn, Y. Kamide, H. W. Kroehl, G. Rostoker, B. McEntire, R. W., A. T. Y. Lui, S. M. Krimigis, and E. P. Keath (1985),
Tsurutani, and V. M. Vasyliunas (1994), What is a geomagnetic storm?, AMPTE/CCE energetic particle composition measurements during the
J. Geophys. Re€99, 5771-5792, doi:10.1029/93JA02867. September 4, 1984 magnetic stor@eophys. Res. Lettl2, 317-320,

Greenspan, M. E., and D. C. Hamilton (2000), A test of the Dessler-Parker- doi:10.1029/GL012i005p00317.

Sckopke relation during magnetic storrdsGeophys. Resl05 5419 \itchell, D. G., et al. (2000), High energy neutral atom (HENA) imager for
5430, doi:10.1029/1999JA000284. ] the IMAGE missionSpace Sci. Re\1, 67—112.

Hamilton, D. C., G. Gloeckler, F. M. Ipavich, B. Wilken, and W. Stuedepitchel, D. G., P. C:son Brandt, E. C. Roelof, D. C. Hamil-
mann (1988), Ring current development during the great geomagneticton, K. C. Retterer, and S. Mende (2003), Global imaging
storm of Febru_ary 1986). Geophys. Res93, 14,343-14,355, doi: of Ot from IMAGE/HENA, Space Sci. Rev.109, 63-75, doi:
10.1029/JA093iA12p14343. _ o 10.1023/B:SPAC.0000007513.55076.00.

Hori, T., et al. (2005), Storm-time convection electric field 'n,thEMitcheII D. G, P. C. . Brandt, and S. B. Mende (2005), Oxygen in the
near-Earth plasma shee]. Geophys. Res.110, A04213, doi: ring current during major stormédv. Space Res36, 1758-1761, doi:
10.1029/2004JA010449. o _ 10.1016/j.asr.2004.03.025.

Hori, T., et al. (2006), Convection electric field in the near-Earth tail d“rNoéI, S. (1997), Decay of the magnetospheric ring current: A Monte Carlo
ing the super magnetic storm of November 20-21, 2@&)phys. Res. i jation,J. Geophys. Resl02, 2301-2308, doi:10.1029/96JA03275.

Lett, 33, L21107, doi:10.1029/2006GL027024. i ;
i ! ) Qgilvie, K. W., L. F. Burlaga, and T. D. Wilkerson (1968), Plasma ob-
lyemori, T., and D. R. K. Rao (1996), Decay of the_Ds? field of geomagnet'cgservations on Explorerg34J. Geophys. Res73 (680936824 doi:
disturbance after substorm onset and its implication to storm-substorm 10.1029/JA073i021p06809. ' ’

relation,Ann. Geophys14, 608-618, doi:10.1007/s005850050325. Ohtani, S.. P. C. Brandt, D. G. Mitchell, H. Singer, M. NosG. D
lyemori, T., and D. R. K. Rao (1997), Reply to the comments by Rostoker Ree’ves.: aﬁd S B. Méndé (2605), Sto’rm--substgorrﬁ re-IationsI'.lip:. Vari-
etal., Ann. Geophys15, 851-853. ations of the hydrogen and oxygen energetic neutral atom intensities

lyemori, T., T. Araki, T. Kamei, and M. Takeda (199lid-latitude ge- . i ,
omagnetic indices “ASY” and “SYM” for 1989-1990 (Provisional) %rin§2§§5g4g§§1§gg§tormﬂ' Geophys. Res110, A07219, doi:

vol. 1, Data Analysis Center for Geomagnetism and Space Magnetis&,nani S., P. C. Brandt, H. J. Singer, D. G. Mitchell, and E. C. Roelof

Kyoto Univ., Kyoto, Japan. (2006). Statisti . -
. i , Statistical characteristics of hydrogen and oxygen ENA emis-
Jones, S. T., M. Fok, and P. C. Brandt (2006), Modeling globalsDb sion from the storm-time ring curreni, Geophys. Res111, A06209,
storm injection using analytic magnetic field modél,Geophys. Res. d0i:10.1029/2005JA011201.

111, A11S07, doi:10.1029/2006JA011607. Olbert, S., G. L. Siscoe, and V. M. Vasyliunas (1968), A Simple Derivation

Jordanova, V. K., L. M. Kistler, J. U. Kozyra, G. V. Khazanov, and A. F. ;
Nagy (1996), Collisional losses of ring current iodsGeophys. Res. of the Dessler-Parker-Sckopke Relatidh,Geophys. Res73, 1115-

101, 111126, doi:10.1029/95JA02000. 1116, doi:10.1029/JA073i003p01115.

Jordanova, V. K., et al. (1998), October 1995 magnetic cloud and accog{§t(92%%r3d), N’\'l'e Et'rsl m?j?ggeénﬂ dgﬁs':itr;yﬁrSf’ileRé %ﬁ?\fégnﬁb;ﬂ%s&cﬁﬁgf
i i tivity: Ri ent evolutiod, Geophys. Resl0 ) > h
B2 i 10 1020/07 IA00867 o MO phys. Res103 imaging,J. Geophys. Res108, 1300, doi:10.1029/2002JA009749.

Jorgensen, A. M., M. G. Henderson, E. C. Roelof, G. D. Reeves, and H.28"€Z, J. D., G. Kozlowski, P. C:son Brandt, D. G. Mitchell, J. Jahn,
9 C. J. Pollock, and X. X. Zhang (2001), Initial ion equatorial pitch

Spence (2001), Charge exchange contribution to the decay of the ring DUV ? : -
current, measured by energetic neutral atoms (ENAS3eophys. Res. angle distributions from medium and high energy neutral atom im-
106, 1931-1937, doi:10.1029/2000JA000124. ages obtained by IMAGEGeophys. Res. Lett28, 1155-1158, doi:

Kamide, Y., et al. (1998), Current understanding of magnetic storms: _10-1029/2000GL012636- .
Storm-substorm relationships, Geophys. Res103 17,705-17,728, Rairden, R. L., L. A. Frank, and J. D. Craven (1986), Geocoronal imag-
doi:10.1029/98JA01426. ing with Dynamics Explorer]). Geophys. Res91, 13,613-13,630, doi:

Keika, K., M. No#, S. Ohtani, K. Takahashi, S. P. Christon, and R. W, 10-1029/JA091iA12p13613. _ _ ‘
McEntire (2005), Outflow of energetic ions from the magnetosphere afkitake, T., and S. Sato (1957), The geomagnetic Dst field of the magnetic
its contribution to the decay of the storm time ring curréntGeophys. storm on June 18-19, 193Bull. Earthquake Res. Inst. Tokyo Unig5,

Res, 110, A09210, doi:10.1029/2004JA010970. 7-21.

Keika, K., M. Nog, P. C. Brandt, S. Ohtani, D. G. Mitchell, and E. Cc.Roeder, J. L., J. F. Fennell, M. W. Chen, M. Schulz, M. Grande, and
Roelof (2006), Contribution of charge exchange loss to the storm time S. Livi (1996), CRRES observations of the composition of the ring-
ring current decay: IMAGE/HENA observations,Geophys. Resl11, current ion populationshdv. Space Resl7, 17-24, doi:10.1016/0273-
A11S12, doi:10.1029/2006JA011789. 1177(95)00689-C.

Kozyra, J. U., V. K. Jordanova, J. E. Borovsky, M. F. Thomsen, D. Jickopke, N. (1966), A general relation between the energy of trapped parti-
Knipp, D. S. Evans, D. J. McComas, and T. E. Cayton (1998a), Effects cles and the disturbance field near the Ealtkgeophys. Resi1, 3125—
of a high-density plasma sheet on ring current development during the 3130, doi:10.1029/JZ071i013p03125.

November 2-6, 1993, magnetic storth,Geophys. Res103 26,285— Siscoe, G. L. (1970), The virial theorem applied to magnetospheric dynam-
26,306, doi:10.1029/98JA01964. ics.,J. Geophys. Resz5, 5340-5350, doi:10.1029/JA075i028p05340.
Kozyra, J. U., M. Fok, E. R. Sanchez, D. S. Evans, D. C. Hamilton, arfsiscoe, G. L., and H. E. Petschek (1997), On storm weakening dur-

A. F. Nagy (1998b), The role of precipitation losses in producing the ing substorm expansion phasénn. Geophys.15, 211-216, doi:
rapid early recovery phase of the Great Magnetic Storm of February 10.1007/s005850050434.
1986,J. Geophys. Resl03 68016814, doi:10.1029/97JA03330. Siscoe, G. L., V. Formisano, and A. J. Lazarus (1968), Relation be-

Kozyra, J. U., M. W. Liemohn, C. R. Clauer, A. J. Ridley, M. F. Thom- tween geomagnetic sudden impulses and solar wind pressure changes—
sen, J. E. Borovsky, J. L. Roeder, V. K. Jordanova, and W. D. Gon- An experimental investigation]. Geophys. Res73, 4869-4874, doi:
zalez (2002), Multistep Dst development and ring current composition 10.1029/JA073i015p04869.
changes during the 4-6 June 1991 magnetic staknGeophys. Res. Smith, P. H., and N. K. Bewtra (1978), Charge exchange lifetimes for ring
107, doi:10.1029/2001JA000023. current ionsSpace Sci. Rex22, 301-318, doi:10.1007/BF00239804.



NOSE ET AL.: SYM-H DECREASE DURING ENA FADE-OUT X-9

Figure 1. (a) SYM-H index for 5 October 2000. Horizontal
bar represents the time interval of 1030-1345 UT during which
IMAGE/HENA data were analyzed. Open circles correspond
to times when the IMAGE/HENA images shown in Figures 1b-
1le were taken. (b-e) IMAGE/HENA images of hydrogen in an
energy range of 16-60 keV at 1100-1102 UT, 1150-1152 UT,
1240-1242 UT, and 1330-1332 UT, respectively. In each im-
age, the dipole magnetic field lines at 0000, 0600, 1200, and
1800 magnetic local time are drawn fbrvalues of 4 and 8.
“Doughnut-shaped” area outlined in purple in Figure 1b shows
where the ENA energy flux is integrated in section 4.3.1.

Figure 2. (a) Same as Figure la, except for the storm main
phase on 28 October 2001. Horizontal bar represents the time
interval of 0630-1119 UT. (b-e) Same as Figures 1b-1e, except
for times of 0800-0802 UT, 0900-0902 UT, 1000-1002 UT, and
1100-1102 UT, respectively.

Figure 3. Variation in (a) the SYM-H index and (b) the nor-
malized ENA energy flux®y) for 1030-1345 UT on 5 Octo-

ber 2000. Red, green, and blue lines in Figure 3b reprebgnt

of 16-60 keV hydrogen, 60-120 keV hydrogen, andi60 keV
oxygen, respectively. (c) Results of correlation analysis for data
shown in Figures 3a and 3b. Colors of data points have the same
meaning as in Figure 3b. (d-f) Same as Figures 3a-3c, except for
the time interval of 0630-1119 UT on 28 October 2001.

Figure 4. Superimposed plot of the normalized ENA energy
flux (®p) versus SYM-H for all 24 selected events of the storm
main phase. Each panel represebgsfor low-energy H, high-
energy H, and O before/after August 2001. Color differentiates
the 3 categories, that is, blue for NC, red for PC, and orange for
NoC. These categories are defined in text. Dotted black lines
are possible smooth curves for an upper limit of the data distri-
bution.

Figure 5. Same as Figure 4, except for the magnetopause-current-corrected SYM-H index (the Sivikliek).

Figure 6. Variation in B, pc, and %%’ along theX axis in

the nightside magnetosphere for a dipole magnetic field and
the modified Tsyganenko 89 model magnetic field (T89c). The
dipole tile angle was set td’dor simplicity. Black line and five
color lines (from purple to red) denote the dipole field and the
T89c¢ model field with Kp=0-4.
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Figure 7. (a) Relation between the ground magnetic field vari-
ations QABg(t)) and the ring current particle energyyRr(t))
computed with the model proposed here. The degree of the ef-
fect of the stretched magnetic field)(and the rate of energy
input into the magnetosphereg] were assumed to be= 0
(31 andug = 3x 101 (Js1). Blue, orange, and red curves
represent the characteristic time of energy lag=f («,10,5)

(hr), respectively. (b-d) Same as Fl%ure 7a, except for different
values ofa= (3.0 x 10716,6.0 x 1071°,9.0 x 10r16 Y (@1).

Figure 8. The SYM-H index for all of the 24 storm main phase
events in chronological order. Horizontal bar in each panel indi-
cates a time interval determined by the event selection. Colors
mean the 3 different categories: blue for NC, red for PC, and
orange for NoC.

Figure Al. Results of correlation analysis between the deduced
total energy density and SYM-H (top) for Event 1 and (bottom)
for Event 2.

Table 1. Classification of 24 selected storm events according to correlation coefficients between the SYM-H indgx and

Category Number of Events
Negative Correlation (NC) 10
Positive Correlation (PC) 4
No Correlation (NoC) 10

Table 2. Classification of 22 events according to correlation coefficients between the SYMdex anddy,.

Category Number of Events
Negative Correlation (NC) 9
Positive Correlation (PC) 4
No Correlation (NoC) 9

Table B1. Reclassification of events when the selection criteriofA\8fYM-H| is changed.

Number of Events

Category [ASYM-H|>30 nT |[ASYM-H|>50 nT |ASYM-H|>70 nT
Negative Correlation (NC) 10 6 4
Positive Correlation (PC) 4 2 0

No Correlation (NoC) 10 5 3
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