Solar cycle variation of ion outflow observed by Akebono/SMS
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Abstract. The Suprathermal ion Mass Spectrometer (SMS) onboard EXOS-D
(Akebono) satellite has measured low energy26 eV) ion energy distribution in the polar
ionosphere from 1989. We constructed a database on plasma parameters such as velocity,
density, temperature, and flux of'HHe", and O based on SMS data in the period of
1989-2000. The database includes also solar flux and geomagnetic index. We investigated
statistically the distribution of polar ion outflow for altitude, invariant latitude, magnetic
local time, and the solar and geomagnetic activities. The ion outflow with velocity over 2
km/sec occurs frequently in the region of topside polar ionosphere near Auroral and polar
cap boundary regions (invariant latitude60 degrees, altitude 6000 km). The ion outflow
comes from both polar wind and low energy ion conies20eV) heated perpendicular to
local magnetic field line in the cusp and near the aurora region. During the geomagnetic
disturbance, the region occurring large ion flux shifts to low latitude region. The flux was also
dependent upon the solar activit km altitude , the fluxes of H, He", and O"'were~10'!
ions nT2s7!, ~10" ions nT2s7!, ~10' ions nT2s~!during the solar maximum in 1990-1991
and~10" ions n2s7!, ~10° ions m2s7!, ~10’ ions nT2s 'near the solar minimum
condition in 1993-1994, respectively. For all ion species, the flux decreased with decrease of
solar activity but the flux increased again during the solar minimum. We suggest that neutral
hydrogen density increased at altitudes of ion heating region in the solar minimum condition
and H"was produced by a charge exchange reaction in the region of polar topside ionosphere.
The ion velocity increased during the solar minimum. The drift energy may come from low
collision frequency between ion and neutral particles in the low solar activity condition or the

enhancement of wave activity accerelating the ions.



1. Introduction

lon outflow from topside polar ionosphere is important as a loss of atmosphere and a
source of magnetospheric plasma. Young et al. [1982] showed that the magnetospheric plasma
density such as Hand O are correlated with both Kp index and solar EUV flux. Particularly
the density was associated with increase of EUV flux during the rising phase of solar cycle.
They suggested that thetldnd O observed in the magnetosphere were resulted in the high
latitude ionosphere.

Light ion (H"and O") escape from topside polar ionosphere along a geomagnetic field
line was studied as an evaporative process of thermal ions [Bauer, 1966; Dessler and Michel,
1966]. Banks and Holzer [1968] and Axford [1968] suggested that the ion outflow with
supersonic speed was possible in the open magnetic field line aft@rOmust be negligibly
small compared to H. The flow is referred as "polar wind”.

The first direct observation of the polar wind was made on Explorer 31 and ISIS 2
satellites [Brinton et al., 1971; Hoffman et al., 1974]. Dynamics Explorer 1 (DE-1) found the
frequent outflow of hot Hand O over the polar cap [Shelley et al., 1982, Chappell et al.,
1982, Gurgiolo and Burch, 1982]. Gurgiolo and Burch [1982] interpreted the ion with energy
of 10 - 100 eV as the polar wind heated perpendicularly to local magnetic field line at lower
altitudes. After that, ion outflows including™®ave been confirmed by various observations
by radar [Wu et al., 1992], rockets [Arnoldy et al., 1996] and satellites [Abe et al., 1993;
Norgvist et al., 1998; Lund et al., 1999]. Those observations showed that nonthermal ion

heating forming ion beam and ion conic is important process of ion outflow in the polar



topside ionosphere.

To investigate the spatial and temporal distribution of ion outflow phenomena in the
polar topside ionosphere and its dependence on geomagnetic and solar activities, statistical
analyses based on long-term observation are needed. The early studies based on the data of
S3-3 and DE-1 showed the occurrence frequency of ion outflow at altitudes of 2000 — 8000
km and 8000 — 23000 km, respectively. From the ion composition data on S3-3, Ghielmetti et
al. [1978] showed that there was some relationship between statistical Auroral oval and the
region where ion outflow phenomena with energy range from 0.5 keV to 16 keV occurred.
Gorney et al. [1981] analyzed the electrostatic analyzer data on S3-3 and concluded that ion
beam and conic were common phenomenon in Aurora region. The occurrence frequencies of
ion beam and conic in latitude, local time and altitude showed the dependence on geomagnetic
activity. The data from the energetic ion composition spectrometer (EICS) on DE-1 provided
us information on ion outflow [Yau et al., 1984; Kondo et al., 1990]. The occurrence frequency
was dependent upon solar activity as well as geomagnetic activities [Yau et al., 1985a,
1985b]. From 100000 data obtained by DE-1, Yau et al. [1985a] showed also the variation
of occurrence frequency of ion outflow in the declining phase of solar cycle 21 from 1981
to 1984. They indicated that the occurrence dfoDtflow was higher in the solar maximum

condition than that in the solar minimum condition.

2. Construction of thermal ion database

Akebono satellite, which was launched on February 1989 in elliptic orbit with an apogee

of ~10000 km, a perigee of 270 km, an inclination of Z5and an orbital period of 212



minutes, has observed Aurora and its related phenomena over 10 years. The suprathermal
lon Mass Spectrometer (SMS) on Akebono measures ion energy distribution function of
f(E) with the energy from 0 to 25 eV in the satellite spin plane for every one spin period

of 8 seconds [Whalen et al., 1990]. From large amount of data obtained by the SMS, we
constructed a database which includes plasma parameters such as parallel velocity, density,
temperature and flux for H Hetand O, satellite position, Iﬁindex and ;. Watanabe et

al. [1992] established a calculation algorithm of plasma parameter based on the SMS data. By
the use of the method, ion density N, ion velocity, ¥émperature Jand satellite potential are
estimated in the satellite spin plane from calculations of moment of the ion energy distribution
function. We have modified their method to calculate plasma parameters in three dimensional
velocity space, where we assume that ion energy distribution fungtimnsymmetry to a

local magnetic field line by cyclotron motion. The following integrals for each ion species are,

therefore, used in our present study:

N = [ f(V.e)Vavdeds (1)
Vo = [V x AV e)avdods @
Voo = ©
T = o [(V = Vol f(Vie)avdeds @

wheres is a unit vector in spin axis directiom,is a unit vector perpendicular to bosh
and local magnetic fields is the Boltzmann constanty; is ion mass, Vg andd are the
velocity in the spin plane, pitch angle from direction of local magnetic field line and azimuth

angle, respectivelySince the ion energy distribution function is measured in the satellite



spin plane, the ion density is lower than the real density when the ion has the velocity
component perpendicular to the satellite spin axis. The angle between the spin plane and
the magnetic field line is less than 30 in the polar region because the spin axis directs

to the sun. The angle arises the accuracy of ion density calculations. lon drift by polar
cup convection or satellite velocity component to the spin axis iss 2km/s or less at mid
altitude of topside ionosphere in the polar cup region. Since the velocity is smaller than
the local ion thermal velocity, the accuracy of density or flux estimations is lower than a
factor of 2. The velocity and temperature do not have such effect but they may have some
error if the ion energy distribution function would have different high energy component
such as high energy tail.

Figure 1 shows an example of ion energy distribution obtained by SMS near the northern
cusp on February 20, 1990 and plasma parameters calculated with equations (1)-(3). Figure
1 (a)-(c) show color-coded energy/spin angle spectrograms oHg"and O as functions
of universal time (UT), altitude (ALT), magnetic latitude (MLAT) and magnetic local time
(MLT). The energy range is from 0 to 25 eV. Spin angle of O degree in the spin plane
corresponds to the minimum pitch angle For all ion spe to the local magnetic field line. lon
flow at O degree means downward flow in the northern hemisphere. Figure 1 (d)-(f) show drift
velocity, VV, (km/s), perpendicular to magnetic field line, field-aligned velodify(km/s),
and ion temperature, T (K), calculated with equations (1)—(4). Characters of 'H’, '4’ and 'O’
represent M, Hetand O, respectively. Positive perpendicular and parallel velocities means
eastward and upward flows. Transverse ion energization occurred through cusp region in

1638 — 1643 UT for all ion species. lon upward velocities and temperatures around the cusp



increase in comparison with the value at low latitude. Ion outflow like a polar wind occurred
in the polar cap regionX 1655 UT). ((; 0 0 O O Drakouetal 0 0O 0)

Figure 2 shows another example obtained in nightside auroral region on March 16, 1993.
The display format is same to figure 1. The satellite was in the auroral electron precipitation
region in the period of 1735 — 1814 UT and all ions flew upward with both high velocity and
temperature. We have constructed a database-v3#0,000 data sets covered the time period
from February 1989 through 2000.

We used the database to reveal the characteristics of ion outflow phenomena occurred in

the polar topside ionosphere.

3. Characteristic of ion outflow
3.1. Altitude distribution of ion velocity and flux

Figure 3 shows altitude distribution of'ttHe"and O velocities (km/sec) parallel to
magnetic field line in the invariant latitude larger than°7%Red and green dots represent the
velocity measured in northern and southern hemispheres, respectively. Positive velocity means
upward flow from ionosphere to magnetosphere. The velocities in both hemispheres increase
with increasing of altitude and reaet0 km/s for H", ~6 km/s for He"and~3 km/s for O"at
~10000 km altitude. Altitude distribution of H He"and O fluxes (og (m~2s~1)) parallel to
magnetic field line in the polar cap region is shown in Figure 4. Since both production and

loss rates are negligible in the topside ionosphere, ion filixnust be conserved in the steady



state condition as
F A = constant (5)

whereF represents ion densityM) times ion bulk velocity ) which are measured by SMS
and A is cross section of a local magnetic fiel)( Cross section, A, is written a$ oc i3
whereR is a distance from center of the earth, Then equation (5) is rewritten to following:

FyR}
F == (6)

where R} Fy, represents reference flux as which we used averaged fluxes of 9000 - 10000 km.
The fluxes ar@.1 x 10'° ions nT2s~'for HT, 3.4 x 10° ions m2s~for Hetand1.0 x 10*° dens
for O*. In figure 4, blue line shows average upward flux and black line is the flux calculated
by equation (5). We note that the calculated lines agree with the measured upward flux. It
means that the ion flux is conserved along a magnetic field line in the topside ionosphere.
As shown in figure 3. the different ion species have significant upward velocities. The
velocity increase with increasing of altitude indicates that there is the continual acceleration
below 10000 km altitude for both light and heavy ions. It agrees with the results of Chandler
et al. (1991) and Abe et al. (1993). However, theoretical works predict significant outflow
of H and He but negligible outflow of Odue to the large gravitational force (Banks and
Holzer, 1968) and charge exchange ofudth neutral hydrogen (Banks et al., 1974; Raitt
et al., 1975). Satellite observations showed clearly the energétaiow from the polar
ionosphere due to ion heating (Ghielmetti et al., 1978; Collin et al 1981; Shelley et al., 1982;
Yau et al., 1984, 1985a; Waite et al., 1985; Moore et al., 1986; Lund et al., 2Q¢@)\ (1 [

0 ,sms0 0 ~10eV) We suggest that acceleration of heavy ions observed by Akebono/SMS



come from ion heating and conics (see figure 1 and 2; Yoshida et al. 2000), and the flux is

approximately constant in the topside polar ionosphere.

3.2. Dependence on geomagnetic activity

Figure 5 shows H, Hetand O upward velocities in invariant latitude — magnetic local
time space in the northern hemisphere for different magnetic activities. We used the data
at 6000 — 9000 km altitudes in 1989 — 1998. Figure 5 (a), (d) and (g) showHe"and
O™ velocity distribution in the low geomagnetic activity conditiongK 27), respectively.

Color bar represents a magnitude of upward velocity (km/sec). We note that ions flow upward
everywhere in the polar region (invariant latitude50 deg), and ions with high velocity occur
near auroral oval and in the poleward region of averaged auroral oval. Figure 5 (b), (e), (h)
and (c), (f), (i) show H, He"and O velocity distribution in middle§~ >Kp> 4*) and high

(5~ >Kp) geomagnetic activity conditions, respectively. The region occurring large flow
shifts to low latitude during geomagnetic disturbance.

Abe et al. (1993) carried out similar analyses by use of SMS data obtained in the period
of 1990 — 1991. However, they showed the distribution during the solar minimum Yau et al.
(1984) showed invariant latitude — local time distribution of the occurrence frequencies for
both H and O outflow with 0.01 - 1 keV with DE-1 data. Our result shown in figure 5 is
consistent with Yau et al. (1984). However, we point out that average ion velocity is positive
in the polar topside ionosphere. It means that polar ion flows outward anytime in the polar
region. We suggest also that high velocity occurring near Aurora region results in mainly ion

heating and conics as shown in figures 1 and 2. Yau et al. (1985b) and Kondo et al. (1990)
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showed that both the occurrence frequency and the averaged flux increase with increasing
geomagnetic activity. From Vikinig ion data, Oieroset et al. (1999) showed ion flux resulted
in ion beams and conics observed in the dayside ionosphere and obtained a strong increase of
the occurrence in the cusp region during substorm. The flux and the dependence on magnetic

activity agree with our statistical study.

3.3. Solar cycle variation

Figure 6 shows H, He"and O upward fluxes averaged by every 45 days at 5000 —
10000 km altitudes in invariant latitude lager than°@@ring 10 years. f; - is also plotted in
the bottom of figure 6. Red and Green dots in the top three panels represent fluxes estimated
in northern and southern hemispheres, respectively. Periodic variations of ion fluxes with
~9 months (270 days) are due to the satellite altitude variations; apogee changes from one
hemisphere to another hemisphere & months. The fluxes of H Hetand O are~10"!
ions nT2s7!, ~10% ions nT2stand~10'" ions nT2s~'during the solar maximum in 1990
—1991. lon flux measured in 1993 — 1994 was one order less than that in 1990 — 1991. The
flux decreases with decrease of solar activity but the flux increases again during the solar
minimum.

As shown in figure 7 and 8, ion flux variation is mainly due to ion density variation while
the averaged ion velocity at 5000—9000km altitudes is approximately constant during 10 years.
However, ion velocity increases slightly during the solar minimum (see figure 8). It is due to
that collisions between ions and ions and between ions and neutral particles control ion flow

velocity in the polar topside ionosphere. If collision frequency of ions would be large in the
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high solar activity condition, it is difficult for ions to be accelerated in the topside ionosphere.
The another accerelation mechanism is low energy ion conics generated by low frequency
waves. The waves may be important acceretion source in the topside ionosphere (Kasahara et
al., 2001).

Density ratios between different ion species are shown in figure 9. We note that both
H*/Otand H'/He"density ratios increase in the low solar activity but't42" ratio dose
not change largely during 10 years. It shows that neutral hydrogen density increases in ion
heating/acceleration region in the low solar activity andsfroduced by a charge exchange

reaction as
Hf +O<=H+ 0" (7)

in the region of polar topside ionosphere.

4. Summary

The Suprathermal ion Mass Spectrometer (SMS) on Akebono satellite measures low
energy K 25 eV) ion energy distribution in the satellite spin plane. We have calculated plasma
parameters of velocity, density and temperature for He"and O and satellite potential
to the ambient plasma from SMS data in the period of 1989 — 2000. We investigated the
dependency between the parameters and solar and geomagnetic activities.

From our statistical analyses, we summarize the following;

1. H, He"and O'ions flow upward in polar region (invariant latitude60 degrees) with

velocity of ~10 km/s,~6 km/s and~3 km/s near 10000 km altitude.
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2. Region with high velocity occurs near the Aurora region and in the poleward of averaged
Aurora oval. lon velocity is high near the cusp region. lons with high velocity are

mainly associated with the ion heating and conics.

3. The region with high velocity shifts to low latitude during the geomagnetic disturbance.
The heating region near cusp shifts from invariant latitude of 78 degrges &) to

that of 75 degrees (> 5%).

4. Upward ion flux is conserved along a magnetic field line in the topside ionosphere. The
flux was dependent upon the solar activity. The fluxes of He", and O were~ 10'!
ions m2s7!, ~ 10'% ions nT2s7!, ~ 10'% ions nT2s™!, during the solar maximum in
1990-1991 and- 10'% ions nT2s7!, ~ 10? ions nT2s7 !, ~ 10° ions nT2s!, near the

solar minimum condition in 1993-1994, respectively.

5. The flux decreases with decrease of solar activity but the flux increases again during
the solar minimum. It suggests that neutral hydrogen density increases in ion
heating/acceleration region in the low solar activity andsHproduced by a charge

exchange reaction in the region of polar topside ionosphere.

6. lon velocity increases slightly during the solar minimum. It indicates that collision

frequency between ion and neutral particles is low in the low solar activity condition.

The ion acceleration mechanism is the subject of detailed analyses of an extensive data
set of thermal ions, energetic electron and ion and waves from Akebono satellite. This study

is currently in progress.
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Figure 1: An example of ion energy distribution obtained by SMS near the northern cusp

on February 20, 1990 and the estimated plasma parameters. Panel (a)-(c) show color-coded
energy/spin angle spectrograms of HHe"and O"as functions of universal time (UT),

altitude (ALT), magnetic latitude (MLAT) and magnetic local time (MLT). The energy range is
from 0 to 25 eV. Spin angle of O degree in the spin plane corresponds the minimum pitch angle
to the local magnetic field line. Panel (d)-(f) show drift velocity, (km/s), perpendicular to
magnetic field line, field-aligned velocity; (km/s), and ion temperature, T (K). Characters

of 'H’, ’4’ and 'O’ represent H", He"and O, respectively. Positive parallel velocity means
upward flow.

Figure 2: SMS data obtained in nightside Aurora region on March 16, 1993 and the estimated
plasma parameters. The satellite was in the Aurora electron precipitation region in the period
of 1735 — 1814 UT and all ions flow upward with both high velocities and temperatures.
Figure 3: Field aligned velocities for H+, He+ and O+ in the invariant latitude larger

than 75 degrees. Red and green dots represent the velocity measured in northern and
southern hemispheres, respectively. Positive velocity means upward flow from ionosphere to
magnetosphere.

Figure 4: Field aligned fluxes for H He"and O'in the invariant latitude larger than 75
degrees. Blue line shows average upward flux and black line is the calculated flux with
equation (5).

Figure 5: H", He"and O upward velocities in invariant latitude — magnetic local time space

in the northern hemisphere for different magnetic activities. The data at 6000 — 9000 km

altitudes in 1989 — 1998 are used. The region occurring large flow shifts to low latitude during
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geomagnetic disturbance.

Figure 6: H", He"and O upward fluxes at 5000 — 10000 km altitudes in invariant latitude
lager than 60 deg during 10 years. Sunspot numbers are also plotted in the bottom of figure.
Red and Green dots in the top three panels represent fluxes estimated in northern and southern
hemispheres, respectively.

Figure 7: H", He"and O densities at 5000 — 10000 km altitudes in invariant latitude lager
than 60 deg during 10 years.

Figure 8: H", Hetand O velocities at 5000 — 10000 km altitudes in invariant latitude lager
than 60 deg during 10 years. lon velocity is approximately constant during 10 years but the
velocities increase slightly during the solar minimum.

Figure 9: Density ratios between different ion species are shown in figure 9. Bd®i'lend
H*/He" density ratios increase in the low solar activity but'f@*ratio dose not change

largely during 10 years.
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