Ann. Geophys., 27, 31853201, 2009 ~ "*

www.ann-geophys.net/27/3185/2009/ G An n_ales
© Author(s) 2009. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Survey of cold ionospheric outflows in the magnetotail

E. Engwalll2, A. I. Eriksson?, C. M. Cully2, M. Andr &, P. A. Puhl-Quinn?, H. Vaith®, and R. Torbert3

IDepartment of Physics and Astronomy, Uppsala University, Uppsala, Sweden
2Swedish Institute of Space Physics, Uppsala, Sweden
3Space Science Center, University of New Hampshire, Durham, NH, USA

Received: 24 February 2009 — Revised: 8 June 2009 — Accepted: 20 July 2009 — Published: 14 August 2009

Abstract. Low-energy ions escape from the ionosphere andwe will here refer to them only as high-latitude ion outflows.
constitute a large part of the magnetospheric content, espdn addition to the low-energy outflows, there exist energetic
cially in the geomagnetic tail lobes. However, they are nor-outflows, such as ion beams and conics. The general charac-
mally invisible to spacecraft measurements, since the potenteristics of the bulk and energetic outflows were summarised
tial of a sunlit spacecraft in a tenuous plasma in many cases Yau and Andée (1997).

exceeds the energy-per-charge of the ions, and little is there- Supersonic low-energy outflows from the polar ionosphere
fore known about their outflow properties far from the Earth. were first predicted byxford (1968 andBanks and Holzer
Here we present an extensive statistical study of cold ion out{1968, and were named the polar wind because of similar-
flows (0-60eV) in the geomagnetic tail at geocentric dis-ities to the solar wind. The first direct measurements of the
tances from 5 to 1&p using the Cluster spacecraft during polar wind were achieved in the late 1960s by Explorer 31,
the period from 2001 to 2005. Our results were obtained bywhich found H™ outflows at 500 and 3000 km with veloci-

a new method, relying on the detection of a wake behind theies up to 15 km/sHoffman 1970. Since the first measure-
spacecraft. We show that the cold ions dominate in both fluxments of the polar wind, a number of different spacecraft
and density in large regions of the magnetosphere. Most ohave probed the high-latitude ion outflows close to their out-
the cold ions are found to escape from the Earth, which im-flow region in the ionosphere. 1SIS 2 confirmed the outflow
proves previous estimates of the global outflow. The localof H, but also found evidence for outflows of Hand O
outflow in the magnetotail corresponds to a global outflow of (Hoffman et al, 1974 Hoffman and Dodsan1980. With

the order of 18%ionss™t. The size of the outflow depends DE-1 the first extensive studies of the polar wind were made
on different solar and magnetic activity levels. (Nagai et al, 1984 Chandler et a).1991). The current under-

Keywords. Magnetospheric  physics ~ (Magnetosphere- standing of the high-latitude ion outflows, including the po-

ionosphere interactions; Magnetotail; Polar cap phenomenajar wind, can mainly be attributed to a wealth of studies from
Akebono @be et al, 1993 1996 2004 Cully et al, 20033

and Polar (e.gMoore et al, 1997 Su et al, 1998 Chappell

et al, 200Q Lennartsson et gl2004 Liemohn et al. 2005
Huddleston et aJ.2005 Peterson et 312006. More details

on the previous measurements of the high-latitude ion out-
flows can be found in the recent review articlesYay et al.
(2007 andMoore and Horwit22007).

1 Introduction

Low-energy outflows from the high-latitude ionosphere con-
sist of ion bulk outflows, such as the polar wind and auroral
bulk outflows. The outflows in the cusp region form the cleft ’ o )
ion fountain (ockwood et al, 1985, which is transported _ USing Polar and Akebono measurements as initial condi-
over the polar cap by anti-sunward convection and mixedions in global outflow simulations, the high-latitude iono-

with the other low-energy outflows. When travelling farther SPheric outflows have been predicted to continue far out
out along the magnetic field lines into the lobes, it will be dif- trough the magnetotail lobes and feed the plasma sheet

ficult to distinguish the different sources of the outflows, and ©" €Scape beyonChappell et al.200Q Huddleston et a|.
2005 Moore et al, 2005 Cully et al, 2003. The plasma

sheet feeding by the ionospheric outflows is especially ev-
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northward IMF, the convection stagnates, and the intensity ofinalysis of the method. The next section describes the selec-

the ion outflows decreases. At these times the plasma sheébn criteria for the data used, and Setiives the general

is essentially fed by the low-latitude boundary lay&iopre properties and the distribution in space of the outflow. In

etal, 19993. Sect.5 we examine the dependence of the outflow on solar
Even though simulations have suggested the continuatiomnd magnetic activity. Further, in Seétwe discuss possi-

of the high-latitude outflows far out in the magnetotail, de- ble error sources and our results in the context of previous

tections of low-energy ions in this region have been rare.measurements at lower altitudes.

The main reason is that the potential of a sunlit spacecraft

in this low-density region will reach several tens of volts

positive, and thus prevent low-energy ions from reaching the2 Method

spacecraft. Most of the few measurements far away from the

Earth have been conducted by the Geotail spacecraft at hun; .

dreds of Rg downtail. Mukai et al.(1994), Hirahara et al. r}'l Method description

(1996 and Seki et al.(1998 found cold ion streams with ) )

high enough energy to overcome the spacecraft potential. 1] 1€ NéW method is based on measurements from two differ-

2001 the Polar orbit had precessed to the equatorial planeem electric field instruments on-board the Cluster satellites
making it possible to measure outflowing ions with energyto detect the enhanced ion wake arising behind a positively

below 300 eV as far as 9% down the tail Liemohn et al charged spacecraft in a cold tenuous plasma. The direction

2005. However, the ions with the lowest energies were still _Of t_he wake gives t_he flow direction of the ion outflow and

hidden because of the high positive spacecraft potential, typ'—ndIreCtIy the magnitude of the flow velocity.

ically above 20 V in the tail lobes. An enhanced wake will form if the bulk ion flow energy
The ions with the very lowest energies have seldom beerf?v{/2 not only exceeds the thermal eneryf;, but also is

detected in the magnetotail. With Geotail in eclipse, renderlower than the equivalent energy of the spacecraft potential

ing a negative spacecraft potentiSieki et al.(2003 were ¢ Vsc I-€.

able to detect cold ions coexisting with the hot plasma sheet

population. Olsen (1982 made similar measurements of _ mvi2

cold ions when two different spacecraft (Applied Technol- T < 2 < €Vso @

ogy Satellite 6 and SCATHA) were in eclipse. By atrtificially

regulating the potential of PolaBu et al.(1999 were able  The ion wake will be filled with electrons, whose thermal

to make a statistical study of the low-energy ion outflow at €nergy, in contrast to that of the ions, is higher than the ram

8 R above the northern pole. kinetic energy. When the wake is enhanced by the space-
Engwall et al.(20063 reported the first measurement of craft potential, the wake becomes sufficiently large for the

low-energy ion flows with energy of the order of 10 eV at a nNegative charge density to create an appreciable negative po-

geocentric distance as far asRg using two different meth- tential, and thus also a substantial local wake field close to

ods on the Cluster spacecraft: (1) using a conventional iorihe spacecraft. The electric field instrument EF@uétafs-

detector in a special low-energy mode, and under simultason et al. 1997 with probes mounted on wire booms sepa-

neous operation of artificial spacecraft potential control, andrated by 88 m is able to detect this wake fiettiksson et al.

(2) using a new method, which detects the ions through elec2006 Engwall et al, 2006l). Figurel shows a schematic

tric field measurements of the large wake created behind th@icture of the wake formation. Its physical properties as well

spacecraft in this flowing plasma. In a recent stutygwall as its effect on a double probe instrument have been verified

et al. (2009 used the latter method for a statistical study in by particle-in-cell simulationsEngwall et al, 20068. The

the lobes during 2002. This study reached much higher altiother electric field instrument on Cluster, EMRgschmann

tudes and covered a much larger volume in space than eveital, 1997, is based on a completely different technique: the

before. It was shown that the high-latitude ion outflows re- €lectric field is inferred by measuring the drift of artificially

main cold far out in the lobes and dominate in this region in€mitted high-energy (keV) electrons as they gyrate back to

both flux and density. The total outflow from the Earth was the spacecraft under the influence of the ambient magnetic

found to be of the order of £8ions/s. field. In the lobes the gyroradius of the EDI electrons is sev-
In this paper, we extend the work Engwall et al. (2009 eral km while the wake length scale is on the order of 100 m,

to include substantially more data covering several years durand EDI will be left essentially unaffected by the local wake

ing the declining phase of the solar cycle: 2001-2005. Wefield (Eriksson et al.2008.

also investigate the distribution in space of cold flowing ions  The wake electric field is thus given Y= EFFW_ EED!

and the dependence of their outflow properties on differentand can be used to derive the flow velocity of the ions.

controlling parameters, such as geomagnetic and solar activFhese cold ions are normally invisible to conventional ion

ity. The paper is structured as follows: SeZexplains the  spectrometers on-board spacecraft, since the ion energy per

method of detection, its limitations and the basis for errorcharge seldom exceeds the spacecraft potential. Assuming
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Fig. 2. Method to derive ion flow velocity on Cluster. The flow ve-
locity can be derived from the negative wake created behind a posi-
tively charged spacecraft with knowledge of three quantities (shown
in green): (1) the direction of the wake, (2) the ambient magnetic
Fig. 1. Sketch of wake formation in supersonic ion flows field, B, and (3) the velocity perpendicular B The direction of
(KTi<mvi2/2? KTe>mv2/2). (a) For ion flow energies much the wake, which is in the flow direction, is given by the wake elec-
higher than the equivalent spacecraft potentiad, the wake has the  tric field E¥=E=FW_EED! The EFW double probes separated by
typica| transverse size of the Spacecraﬁ (narrow wake CMQ[’ 88 m wire booms will be affected by the wake f|e|d, whereas the
ion flow energy belowVsc, ions will scatter off the positive elec- ED! electron beam will not. The magnetic field is obtained from
trostatic potential from the spacecraft, creating an enhanced wakéhe FGM instrument on-board Cluster and the perpendicular veloc-
In both cases, the electrons will fill the wake, since their thermal ity is inferred from EDI:u; =EEP'xB/B2. Equation §) is used to
energy is higher than the ram kinetic energy. derive the parallel velocity), and the total ion flow velocityy, is

thus also obtained. (The sketch shows the simplified case, when the
magnetic field and the wake is in the spacecraft spin plane.)

that the ions are unmagnetized on the wake length scale, the

wake electric field is in the flow direction, i.e. special circumstances: low spacecraft potential due to opera-
w tion of the artificial spacecraft control, ASPOMfkar et al,
E” = gu, ) 2001), and operation of CODIFRéme et al.2001) in low-

whereu is the flow velocity ang a scalar function dependent €Nerdy mode (0.7-25eV). Events where these circumstances

on e.g. spacecraft potential and ion temperature. Provide@"® fulfilled on one spacecraft at the same time as wakes are
that EDI data is good and the frozen-in condition applies, theS€€n in the electric field signature on another spacecraft are
perpendicular velocity is given by, =EEP'x B/B2. The rare. However, this event study includes enough data to es-
parallel velocity can then be obtained by decomposition oft@Plish the model as a good method to derive the ion flow
E" in the two measured componentsaand y in the space-  VElOCity.

craft spin plane, and by subsequent divisiorE¥f with E": To obtain the ion fluxpu, we need a measure of the ion
? densityn. Since the ion population is invisible to the particle

detectors, we use the spacecraft potentigl,to estimate the
ion density. Pedersen et a(2008 have recently derived a
) ) ) . formula for low-density plasmas and it has been used for a
The x-axis points as close to sunward as possible, while thgyayistical study of the total density distribution in the lobes
y-axis is perpen.d|cu|ar to the xTa.1x|s.and is dll’eCted.towards(SveneS et al2008. We refine the total density relation of
dusk. Rearranging Eq3)and writing in vector form gives  pegersen et a2008 with a daily normalization to the solar
EVuy y— Evau,x ultraviolet (UV) flux to compensate for the effect of daily
EWE. _EWE (4)  solar variations Eriksson and Winkler2008, and apply it

y °X x =7y : .

) to the cold ion data set. (The solar UV flux is represented
Figure 2 describes the method schematically. The validity by the F 7 index, which is the integrated emission from the
of the model was verified for one case in the magnetotail atsolar disc at 10.7 cm wavelength (2800 MHz) measured at
18 Rg (Engwall et al, 20068, comparing the derived flow local noon at Penticton, Canada.) For 2002 through 2005 we
velocity with simultaneous measurements from the ion de-use the formula for 2004 iRedersen et 82008 normalised
tector CIS (CODIF) on another of the Cluster satellites underto the mean value of{g7 during 2004

EY _ gui.+guB/B
EY gui,y+guBy/B’

©)

up =
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(4) there is no possibility to detect cold ions coexisting with
Fro7(d) Vse hot plasma, since the hot ions will fill the wake and cancel
[ (—8 8 V) the wake electric field, and (5) we have no provision to dis-
' tinguish between different ion species.
+0.05 exp<— Vso )} cm3. (5) If the “frozen-in” condition applies and centrifugal accel-
30V eration dominatesQadis 1986, point (5) poses no prob-
This can be justified by the fact that for high spacecraft po-lem for the velocity calculation, since both the perpendicular
tentials the relations froRedersen et 82008 for the years ~ and parallel velocities are independent of mass. However,
2002 through 2005 normalised to the respective yearly meaft is possible that the ion species are subject to different ac-
of F1g7 deviate very little from each other. However, for Celeration processes resulting in mass-dependent velocities.
2001, there is a substantial difference, which can be ex-The derived parallel velocity is then a weighted average of
plained by the short period of operation up to that date. Thethe parallel velocities of the different particles. However,
surface coating of a spacecraft and its conducting propertie§ur method is much more sensitive to lighter ion species,
will change during the first year of operation in space, giving Since their lower energy will make them more affected by
slightly different spacecraft potential for a given plasma den-the spacecraft potential and thus create a larger wake. More-
sity than during later years. For 2001 we therefore adopt the?ver, hydrogen is the dominant ion species in the low-energy
formula for 2001 ofPedersen et a{2008 normalised to the  high-latitude ion outflows%u et al, 1998. Our calculated

nEFW() =

< F107 >2004

mean value of fp7 during that year: velocity can thus be regarded as the proton velocity, and later
Fio7() V. comparison of the properties of the outflowing ions to pre-

ngggX(t) — _ 1wt [10 exp(— sc ) vious measurements will therefore only regard the hydrogen
< F107 >2001 7.4V component of the flow. However, the measured density is

V. . . )
1005 exp(— sc )} cm 3. (6) the total of all ion species, and when calculating the proton

30V flux we lower the density by a factor of 0.8, since protons
From Egs. 4) through 6), the ion flux is determined, and the ©ON 8verage constitute around 80% of the cold plasma density

method can be used for a statistical study of ion flux far outat high altitudes %u et al, 199§. The factor of 0.8 gives

in the geomagnetic tail lobes, where it has previously beerPnly a rough estimate of_t_he proton_ density, ‘_'de it should
invisible to spacecraft. The results are shown in Skct. be noted that the composition of the ionospheric outflow can

To quantify the global outflow from the Earth we map vary substantially with geomagnetic and solar activity (e.g.

the local flux values to a reference altitude of 1000 km. (At gully st al, 20|03"’)' This me;ms tr?at tr|1e calculated flux can
this altitude, the magnetic field is around @7 (£1.T) e subject to larger errors than the velocity (see St

for all relevant magnetic latitudes.) The mean value of the In addition to these limitations, there is no possibility

mapped flux is then multiplied by the estimated area of thet_0 dlstlr_wgmsh between two count_erstreamlng ion popula-
ions, since we only see the resulting wake. To know what

two polar caps. Assuming that the polar cap extends td

70° geomagnetic latitude, the area at 1000km is given byour method yields in a situation with counterstreaming ion

2% 27 (R 541000 km2(1— cog90° —7CP))=4.1x 1017 cn. beams, we would need to know the functigf) in Eq. (2)

The global outflow can also be estimated from the meanabgvel' Lit us assume t'hat Th's Ihs WeakI;Iy dzpen.der:]t,on

of the local flux values multiplied by the area of the cross- and also that 't_ IS proportlona to the ambient enletW €
section of the tail lobe, where Cluster detects cold ions (sed2tter assumption is reasonable as the smallest dimension of
Fig. 3). This area can be described as a circle with diamete|the yvake st.ays F’e'OW the Debye length. In t_h|s case, Pois-
28Ry minus a rectangle of 2B width and 2R height to son’s equation directly leads to a wake potential that depends

account for the plasma sheet. Since the region where Colgnearlyhon thi EXCESS .ellec.:tronlder)sny, V‘;]h'Ch 'ﬁ wéﬁe- h
ions exist could extend beyond the Cluster orbit, this gives g-ause the wake potenpa (in volts) is much smaller t an the
good lower estimate of the total outflow. The two estimates€/eCtron temperature (in electronvolts), as can be seen in the

give very similar results, and we therefore choose to use théimulation_s byEngwall ?t al.(20060. It fOHOWS, thgt the
first method in this paper. wake forming on each side of the spacecraft will give an ap-

parent electric fieldE,, approximately proportional to the
2.2  Method limitations flux nu of the population causing it. As the wake potentials

are considerably smaller than both the spacecraft potential
Even if the method is very powerful, there are a few limi- and the ion bulk energy, the trajectories of counterstreaming
tations: (1) EDI data must exist, which requires sufficiently ion beams are not much affected by the wakes generated by
strong magnetic fields, (2) measurement is not possible durtheir opposite partner. Therefore the wakes superpose lin-
ing ASPOC operation, since it removes the wake signaturesarly, and under the assumptions above, this would be true
that the method relies on, (3) the wake must not be com-also for the wake electric field signatures in our data. The
pletely perpendicular to the spin plane, since we need to meaorm of the functiong (1) is not known, but as long as it does
sure a component of the wake direction in the spin planenot depend strongly om, we will still get an estimate of the

Ann. Geophys., 27, 31853201, 2009 www.ann-geophys.net/27/3185/2009/
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net flux, particularly if the bulk speeds of the counterstream- The effects of the error removal on the statistical study are
ing populations are similar. We therefore expect that our fluxdiscussed in Sech. 1

estimates are reasonable first approximations to the net flux,

even in cases of counterstreaming ions, or indeed for any su- )

perposition of cold ion streams, whatever their direction. 3 Data selection

For a statistical study we use data from Cluster 3 from 3 July
to 3 November during 2001-2005. This gives four months of
§lata each year, centred on 3 September, when the spacecraft
apogee of 19.& was in the geomagnetic tail exactly be-
gards points below 10010-22Wm~2Hz 1, since the low hind the Earth. All parts of orbits with geocentric distances

photoemission during such conditions sometimes causes tHa€YONd SR are chosen for the analysis. We consider cold
EFW probes (fed with a 140 nA bias current) to saturate. OfionS t0 be detected when the wake field exceeds 2mV/m,
the total data set 30% of the data points are removed, and g¥hich is well above the noise level.

the data points from 2005 as many as 82% of the data points The original data set consists of almost 1100000 data

had to be removed. Each data point is the average value duRCiNts. After removal of spins whered7 is too low, the
ing one spacecraft spin with period of 4s. number of spins is reduced to around 765 000. Out of these,

Equation @) is analysed for each point to get an estimate over 540000 data points contain wakes. The total data set

of the mean error in the velocity calculation. If the error ex- fOF Velocity analysis consists after error removal of almost

ceeds 40% the data point is removed. For the EFW error estit80 000 data points. Since each data point is the average

mates, we base these on findings from comparisons of EF uring the 4 s spacecraft spin period, all 180 000 data points

to EDI and CIS data and statistics obtained during the pro_Which have been used for the statistics of the flowing ions

duction of the EFW data set for the Cluster Active Archive correspor!d to almost 2_00h of data. FiguBes are based
(Khotyaintsev et al.2009 and Yuri Khotyaintsev, personal 2N detection of wakes in the 765000 data points, whereas
communication, 2009). The accuracy of tHe component Figs.6—12contain |nf0rmat|on on the velocity and thus based
is very good, with a typical difference to EDI or CIS mean °" the 180 000 data points.
values of better than 0.1 mV/m. Th&, component is sub-
ject to a higher uncertainty, due to va_riation of th_e observed, Properties and distribution in space of ion outflow
sunward offset caused by asymmetric photoemissiRed{
ersen et al.1999. For Cluster 3, which we will use inthe 4.1 Distribution in space
subsequent statistical study, an average value of the sunward
offset is around 1.6-1.7 mV/m with a spread (double stan-Figure3displays the data we have analysed in the G&M,
dard deviation) less than 0.5 mV/m. The sunward offset hasx-Y, andY-Z planes. The measurements cover a large vol-
been compensated for before the analysis and the spread afne in the geomagnetic tail lobes, where the ions previously
0.5mV/m is used for the uncertainty i\.. In the EDI data  have been invisible. In the upper panel, each dot corresponds
each data point contains not only information about the electo 30 min of data and the colour shows the occurrence per-
tric field and the perpendicular velocity, but also magnitudecentage of cold flowing ions. Missing data points can mainly
and angle errors on the drift step, which is used to calculatebe attributed to lack of EDI data, which is especially fre-
the electric field and perpendicular velocity. We transform quent in the plasma sheet. In this region, EDI operation is
these errors to errors on the electric field and perpendiculalimited by the weakness and variability of the magnetic field
velocity for use in the analysis. For the total error on the and by high ambient electron fluxes at the EDI beam energy
wake field,AEW, EFW contributes more (median values of of 1keV. The lower panel shows the same data as in the up-
AEEP andA EEP! are slightly below 0.04 and 0.1 mV/m, re- per panel but projected on the coordinate planes. The grid is
spectively). The errors in the magnetic field data from FGM divided in 2R by 2 R bins. Each bin has to contain at least
is assumed to bA B, , ,=0.1nT. 1% of the mean number of points in a bin to obtain a colour.
Some of the ions with lowest velocity will be missed by  As can be clearly seen, the cold flowing ions are in general
our method, since we need a drift energy in the spin planevery frequent: in total over 71% of the data points contain
larger than the ion temperature-Q.2—0.3eV in the polar cold ions. However, on the flanks (larg¥ssm|), there are
wind (Yau et al, 2007) to detect a wake. To reduce sta- few wakes detected. This suggests that the cold flowing ions
tistical errors in the velocity calculation, we have therefore originate in the polar cap proper at high-latitudes. Magnetic
applied a 10 km/s (0.5eV for protons) limit on the bulk ion field lines in the flanks map back to the auroral region, where
speed in the spin plane. Also, when the drift energy is wellion outflows are common, but then at much higher energies
above the spacecraft potential, we will not detect any wakethan those we are able to observe.
field. This puts an upper limit at around 60 eV (110km/s for In Fig. 4, the percentage of all events where cold ions
protons). have been detected are displayed as a functiofaefcsm,

2.3 Error analysis

To reduce errors in the data set, we remove potentially ba
data. First, we adopt a threshold ongF, which disre-

www.ann-geophys.net/27/3185/2009/ Ann. Geophys., 27, 3852009
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Fig. 3. Occurrence of cold ions. Detection of cold ions in the geomagnetic tail in the ®SAM X-Y, andY-Z planes. In the upper panel,

each point corresponds to 30 min of data. The colour shows the occurrence percentage of cold ions at the point. The lower panel shows the
same data grouped in bins ok by 2R . A bin is coloured if it contains at least 1% of the mean number of points per bin. (The total data

set consists of 765 000 points.)

Yeswm, and Zgsm. The number of data points in each bin heating, the hot plasma sheet population will prevent the cre-
is shown in red. As was identified in Fi@, the occur- ation of a wake inhibiting measurement of cold ions. Detec-
rence of cold ions is lower toward the geomagnetic tail flankstion of cold ions coexisting with the hot plasma sheet popu-
(middle panel). However, the variation with distance is evenlation, as revealed b@Isen(1982 andSeki et al.(2003 is
more obvious when sorting dfigsy, with many more wakes  therefore not possible with our method.
detected for highZgsm|. We examine this relation more We now examine the dependence of velocity, density and
closely by plotting the wakes detected as a function of theflux as a function of distance from the Earth (see Bjg-The
distance alongZgsm from the neutral sheet (see Fif), velocity increases almost linearly with distance, which is ex-
which is estimated using the Tsyganenko 1995 motisy{  pected due to centrifugal acceleration. Simulations of out-
ganenko 1995 (scaling parameters iRg set to: Ry=8, flow under centrifugal acceleration have shown that the ions
AX=4,G=10, andL,,=10). The variation is smoother than will attain comparable velocities as in our study when reach-
in Fig. 4 and it is clear that around the neutral sheet the de-ing high altitudes and continue to flow out with a moderate
tection probability is very low. velocity increase with distanc€ladis 1986. The density
Closer to the neutral sheet it is more probable that theand flux, on the other hand, decrease approximately expo-
ions already are energised in the outflow source region. Thisentially with distance. Examining the total outflow from
happens for example for ion outflows from the auroral re-the ionosphere in ions/s as a function of distance, we see that
gion, which are directly connected to the plasma sheet. Alsothis quantity remains more or less constant, especially if we
the probability for the ions to get heated once they enter thalisregard the first and the last five data points. This can serve
plasma sheet is high. Thus, in the central plasma sheet, dats a self-consistency check of the method, showing that mass
points are not only fewer, but there are also very few wakess conserved along the outflow trajectory.
detected. In addition, even if the cold ions are exempted from

Ann. Geophys., 27, 3183201, 2009 www.ann-geophys.net/27/3185/2009/
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Fig. 4. Detection probability as a function of distance. Percentage of all events where cold ions have been detected as a function of
XGsgGsm Yesms andZgsm. The red points show the total number of data points in the respective region. (The total data set consists of
765 000 points.)

4.2 Density and velocity map 100——M8Mm™ ————————————————5¢5
In Fig. 7, a spatial map of the density and flow velocity of the 80! - 1465 o
cold flowing ions is shown in the GSM-Z andX-Y planes. - o ‘g
The planes are divided in a mesh with grid sizR2in each % ol ] 1365 &
direction. For each plane we average over all data at par- = kS
ticular values ofX andZ, andX andY, respectively. To get § 5
enough counting statistics, only bins containing over approx- 40 /\ 2e8 2
imately 350 points (30% of the mean number of points in a o £
bin) are taken into account. This high threshold is applied 200 1) 1[N {res2
in order to suppress random effects from single orbits. The

figure confirms the results from Fig.with higher densities 01512 -0 -6 -3 ? 3 6 9 0
closer to the Earth and higher velocities farther away. The Distance along Z ., from neutral sheet [R.]

flow pattern is very much what would be expected of iono-
spheric outflow, and is in accordance with previous simula-Fig. 5. Detection probability as a function of the distance from the
tions (e.gDelcourt et al, 1989 andHuddleston et a]2005). neutral sheet. Percentage of all events where cold ions have been
However, the current study is the first to use measurements idetected as a function of distance aldfigsy. The red points show
situ in the lobes beyond Bx to map densities and velocities the total number of data points in the respective region. (The total
of the high-latitude low-energy (order 10 eV) outflow. data set consists of 765000 points.)

In the GSM X-Z plane there is an asymmetry in both
velocity and density with higher values in the Northern
Hemisphere. This could be explained by orbital asymmetry

N In the GSMX-Y plane, the line where the velocity points
and seasonal variations; the measurements are centred on 3, . C : g

. . only in the Xgsu-direction is shifted towards negative val-
September, which means that the data are shifted by around " :
- ues ofYgsm. This is explained by the fact that the outflow-
20 days from autumnal equinox towards northern summer, "~ . ! : ; .
. : ing ions will ExB-drift along equipotential contours con-
During summer the amount of escaping photoelectrons from o
. S . _nected to the cross-polar cap electric field. As has been
the upper atmosphere increases, resulting in aIargeramb|p(%:—Iearl mapped out bylaaland et al(2007), the symme

lar electric field and thus also a larger ion outfldvai et al, y mapp ' y

L . try line of the potential contours is rotated toward dusk on
1995. Large seasonal variations of the electron density have[he night-side for positive (negative) IMBy on the North-
been seen at high altitude above the polar cap with Polarern (Southern) Hemisphere. For negativé (positive) IBJF
and the variations are particularly steep around the equinoxegn the Northern (Southern). Hemisphere, the convection is
(Laakso et a].2002. '

either symmetric along the noon-midnight line or becomes
stagnated. The net drift will therefore be directed from dawn

www.ann-geophys.net/27/3185/2009/ Ann. Geophys., 27, 3852009



3192 E. Engwall et al.: lonospheric outflows in the magnetotail

40 10°
@
€
= 35
2 —
g o &
g 30 o §
= —1
B 2 10
= @) =
S 25 009 o © 2 Don 06
g o a
5 o
g 20 o
3
15 107
5 10 15 20 5 10 15 20
Geocentric distance [R.] Geocentric distance [R.]
(a) (b)
10%
‘Tw 10° T
i 2
IS ]
S, =
% 2 | 2 )
3 g 10 00 000Gy | O
B 3 o o
= ©
=] gs)
o [
10° 10%°
5 10 15 20 5 10 15 20
Geocentric distance [Rd] Geocentric distance [R_]
() (d)

Fig. 6. Altitude dependence. Dependence on altitude of the outward parallel ve(ajkithe ion densityb), the outward fluxc), and the
global outflow(d). (The total data set consists of 180 000 points.)

to dusk, which is what we see in the lower panel of Fig. density inferred from the spacecraft potential, the outward
and also in Fig.3e, where more cold ions are detected on flux and the outward flux mapped back to the ionosphere.
the dusk side. The asymmetry in velocity will also result in The measured density is the density of all ion species, so
a density asymmetry. Comparing to electron densities fronthe outward proton flux is obtained from the outward paral-
Polar Laakso et al.2002, we see the same behaviour with lel velocity times the density corrected by a factor of 0.8, as

higher densities for positive GSM. explained previously. The ionospheric flux has been mapped
to 1000 km and can be used to quantify the global outflow, as
4.3 General properties described in Sec®.1

The mean (median) values of the outward velocity, den-
The general properties of the cold outflowing ions are sum-sity, and outward flux of 26km/s (24 km/s), 0.18tfn
marised in histograms in Fi@. As explained in Sec.2,  (0.10cnT3), and 35x10°Pcm2s™! (21x10Pcm2s7?)
the measured velocity is the proton velocity and the derivedshow that we measure a tenuous and moderately outflow-
properties displayed in the histograms pertain therefore to théng plasma. The mean (median) value of the mapped iono-
protons. Figur@a shows the parallel velocity along the mag- spheric flux is 18x 108 cm™2s71 (1.2x10Bcm~2s71). This
netic field and Fig.8b displays the magnetic-field-aligned is consistent with the theoretical limiting flux value for pro-
velocity away from the Earth. Negative (positive) parallel tons on the order of 810®cm=2s~! at 1000km at solar
velocities shown in yellow (blue) in FigBa correspond to  minimum. The flux is limited by the rate of production
outflows in the Northern (Southern) Hemisphere, while neg-of protons in the topside ionosphere, as well as the rate of
ative outward parallel velocities (Figb) correspond to in-  Coulomb collisions with other ionsrau et al, 2007). The
ward moving ions. Note that we miss some of the ions with mapped ionospheric flux corresponds to a global outflow of
lowest velocity, since we need a drift energy in the spin plane0.74x 10?®ions/s (050x 10?®ions/s).
larger than the ion temperature to detect a wake, as discussed The density is low, but it is still much higher than ex-
in Sect.2.3. The second row of Fig8 shows the plasma pected from particle detectors, which detect very few ions.
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This is also higher than measured in the studySwenes

et al. (2008, who obtained plasma densities in the range
0.007-0.091 cm? for two thirds of the measurement points.
It is natural that our values are higher, since we identify
events with outflowing ions and estimate the density for those
events, whileSvenes et al(2008 estimate the mean of the
density for all events during the observation time.

The low mean value of the outward parallel velocity shows
that we indeed measure the continuation of the high-latitude
ion outflows, since 26 km/s corresponds to a kinetic energy
of 3.5eV for protons. To be able to detect the ions, a wake
must exist and the temperature of the cold ions must therefore
be lower than the flow energy. Thus, the temperature cannot
be higher than a few electronvolts, which excludes all other
ion sources except the ionosphere. The low outflow energy
also shows that the ions remain unenergised throughout the
lobes, which shows that the ions have been only very weakly
accelerated or heated along the outflow path.

The mean (median) value of the speed of 32km/s
(29 km/s) shows that the convection towards the plasma sheet
is slower than the velocity along magnetic field lines. As can
be seen in Fig8b, only a few events with inward flowing
ions are detected. This means that there are almost no return
fluxes of cold ions towards the Earth, which in turn implies
that those ions that eventually reach the plasma sheet are ef-
ficiently heated or escape tailward.

lon density [em?]

Zasm [Rel

5 Variations with solar and magnetic activity

5.1 Source data

Yasm [Rel

We now sort our data by different solar wind parameters
and geomagnetic indices. Variations due to these parame-
ters mainly arise in the ionosphere, and we therefore use the
mapped ionospheric flux for this analysis. First we examine
the dependence on solar radiation, represented by the daily

-10 = : : : :
F107 values. For the variations with magnetic activity we -20 -15 -10 -5 0
use the 3-hourly indeX,. The solar wind data is 1 h resolu-

tion OMNI2 data with ACE and WIND as source spacecraft. Xasm [Re

OMNI2 data is time shifted to the magnetopause, while our _ _ _ _
observations are made farther away from the magnetopauséig- 7- Density and velocity maps. The mean density and velocity
However, we apply no further time shift, because of the dif- € shown in the GSM-Z andX-Y planes. The data are grouped
ficulty to determine the time of flight from the ionosphere, ' 2RE by 2Rg bins. A bin is coloured if the number of points
where the solar wind variations mainly take effect, to the in the bin exceeds approximately 350 (30% of the mean number of
oint of observation. The time of fliaht could be ells lon points in a bin). The direction of the magnetic field is shown in
P : 9 be ¢ 9 white. (The total data set consists of 180 000 points.)
as a couple of hours, so the subsequent analysis will only be
sensitive to variations on the time scale of one hour or more.
The source data is interpolated to the time line of the Cluster

data. 22 5 1
71 to 285<10““Wm—“Hz -, with a mean value around

5.2 Solar radiation dependence 142X1(TZZW m*2 Hz 1. Unfortunately, as explained in
Sect.2.3, we have to remove data wherggF is below 100.
With data from 2001 through 2005, we have the possibility However, as can be seen in F&.a clear dependence for
to study the solar radiation dependence during almost halthe remaining values can still be seen. The mapped flux in-
a solar cycle; during this time the;§7 values range from creases by a factor of 3 from the lowest to the highest value.
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5.3 Magnetic activity dependence

The dependence of the mapped ionospheric flux on magnetic
activity is evident for the frequently used indicEg, AE and

Dy;. In Fig. 10, we display the outward flux plotted against

5 different values ofKp, for low and high ko7 values, re-
spectively. Both groups show an increase, even though it is
stronger for high kg7 values. Such a clear dependence on
K, has previously been observed on the Akebono and DE-1
spacecraft, as will be discussed in detail in S6A.

5.4 Solar wind parameter dependence

In Fig. 11, we display the dependence on different solar wind
parameters. Each parameter data set has been grouped into
5 different bins with equal number of data points. In each
bin we have calculated the mean value of the parameter as
well as that of the mapped ionospheric flux. The first column

Fig. 9. Solar radiation dependence. The mapped ionospheric fluxsf Fig. 11 shows that the flux is fairly constant for the solar
as a function of kg 7.

Ann. Geophys., 27, 3183201, 2009

wind speed, but increases with increasing density, which is
also evident when calculating the solar wind dynamic pres-
sure,nmv?. In the second column, the dependence on the
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interplanetary magnetic field (IMF) is shown. There is a 10° ‘ ‘
strong dependence on the magnitude of the IMF. We also ~o F,q,<150
see that the outflow is higher for negative (southward) val- o F 150
ues of IMF Bz gsm, and when examining the parameter :
—|v|Bzggy, Which approximates the dusk-ward (y) compo-
nent of the solar wind electric field, we see an increase for
positive values, which is expected. For higher values of
—[v|Bzssy, the reconnection rate at the magnetopause will
be higher, which will lead to larger anti-sunward convection
of the outflowing ions and thus larger flux. In addition, the
geomagnetic activity is higher, which also yields an elevated
flux.

The next column shows the dependence on the hourly stan-
dard deviation of the IMF, the solar wind density and temper- ‘ ‘ ‘ ‘ ‘
ature, respectively. We see an increase with the standard de- 1 2 3 4 S+
viations of the IMF and the solar wind density, whereas with Kp
that of the solar wind temperature the increase is more mod-
erate. In the last column we examine the dependence on thegig. 10. Magnetic activity dependence. The mapped ionospheric
clock angle §.= arctar{By /Bz)), and two magnetosphere- flux as a function o p.
ionosphere coupling functions. There is a strong dependence
for large positive clock angles, which corresponds to large
negative values of IMFBz. However, the dependence on The error in the original density estimate Bédersen et al.
negative IMFB should also translate to large negative val- (2008 is around 10-20%, but this is mainly due to varia-
ues of the clock angle. The difference between negative antions in the solar radiation. Our normalization to the daily
positive values of the clock angle should then be attributedvariations of Fg7 should thus reduce this error. The possible
to the sign of IMFBy, though we have no clear explanation errors (1)—(4) could add up to at most a factor of just above
why this should be the case. The coupling functigyy is 2, which is small compared to the statistical variance in the
defined ag Bt sin4(0c/2), whereBr is the transverse com- data.
ponent of the IMF. This gives a good measure of the cross- The operation of EDI on Cluster 3 could possibly lead to
polar cap potentialNewell et al, 200§. Anti-sunward con-  an underestimation of the inferred density from the space-
vection, and thus also centrifugal acceleration, of outflow-craft potential. The high-energy electrons emitted from EDI
ing ions is directly related to the cross-polar cap potential,will result in a higher spacecraft potential, and this is trans-
and therefore a strong dependence of the fluxEQry is  lated to a lower plasma density. In the investigated data set,
expected. The correlation we find for low valuesf@fay, ~ the EDI current ranges from a few nA to 500 nA. Even for
shown in Fig.11k, is less evident compared to the results by the highest currents the effect on the density estimate should
Newell et al.(200§. Thee parameterRerreault and Aka-  be small. This can be understood, if we consider the current
sofy 1978, e=vB?sir*(6./2), is another magnetosphere- balance equation for the spacecraft:
ionosphere coupling function, which shows the same in-
crease from the lowest to the highest parameter values as fdpn + Ierw + Iepl = Ie, )
Ewav, but the increase is somewhat smoother.

Mapped flux [cm_2 3_1]

—_
o

where I, is the photoelectron current from the spacecratft,
Iepw is the bias current from the EFW probes akg, is

6 Discussion the EDI beam current/e is the electron current, which for
a spacecraft smaller than the Debye length equresiérsen
6.1 Error discussion 1999

When quantifying the velocity and flux, variations should 2 | KTe eVsc) _ eVsc
. 4 - - X le=4 1 =Cnl1l , (8
mainly be attributed to the statistical variance in the data, € TTTsc? ann + KTe Tt KTe ®)

which can clearly be seen in Fi§. Possible error sources ) ) ]
are: (1) the estimate of the outflow area and the magnetidl We approximate the spacecraft as a spherical body with

field mapping €50%; the correction should mainly be to- radius.rsc. The density can then be related to the spacecraft
wards larger areas as discussed in S2g}, (2) errors inthe ~ Potential as

velocity calculation £40%, as described in Se2t3), (3) the
impossibility to distinguish between different ion species n =
(~25%), and (4) uncertainties in the total density estimate. c <1+ ZL;;) C <1+ i(L;;)

Iph + Iepw Iepi

)
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Fig. 11. Outflow dependence on different solar wind parametéa¥.Solar wind speed(b) Solar wind density.(c) Solar wind dynamic
pressurezmv?. (d) Magnitude of interplanetary magnetic field (IMFg) IMF Bz cswm- (f) Approximation of the y-component of the solar
wind electric field,Ey~—|v| Bz, (9—) Standard deviation of the IMF, the solar wind density and temperagjjiréhe IMF clock angle.
(k) The parameter gy, Which is a measure of the cross-polar cap poterlialhee parameter oPerreault and Akasof{i978. (The total
flux data set consists of 180 000 points.)

The first term in Eq.9) is modelled by the density relations on solar minimum data with averagegr values well be-
in Egs. 6) and @), while the second term is responsible for low 100. The geomagnetic activity during April-May 1996,
the error in the density estimate due to EDI operation. In thewhen the measurements were conducted, was alsoAgw (
lobes typical values ofsc and K 7, are 20-40V and a few around 2). In our data set, we have been forced to remove
eV, respectively. For such conditions, a current on the ordedata with Fg7 below 100 (see Secf.3). However, our
of 100 nA will give rise to an underestimation of the density mean values of {57 and K, for the remaining data set are
on the order of 0.01 crr?. When examining the data, we can around 16&10-22Wm~—2Hz~1 and 2.6, which shows that
also confirm that the density distributions at different EDI the overall activity still is moderate, justifying a low aver-
currents only show small differences. We therefore considerage oxygen content in the ionospheric outflows. In addition,
errors related to the EDI current negligible; in any case theyfor high oxygen content in the ionospheric outflow the wake
could only lead to a slight underestimate of density and flux.signature will be small, since the ram kinetic energy of the
oxygen ions is 16 times higher than for protons at the same
As pointed out in SecR.2 the H" /O* ratio in the iono-  velocity. The energy-per-charge of the"Gons will there-
spheric outflow (error (3)) depends on geomagnetic and sofore normally be close to or even above the typical space-
lar activity with higher oxygen content during active times. craft potential. This results in a less enhanced wake and a

The high-altitude study of the polar wind IBu et al(1998,  smaller wake potential. As a consequence, our limit on the
who observed a proton content of around 80%, was based
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wake electric field of 2mV/m will favour detection of cold The Polar survey reports meartHiensity of 0.3cm?®
ion flows with higher proton content than the real composi-and velocity of 45km/s. Our results are in general agree-
tion of the outflows. With these arguments in mind and sincement with these values, even though our values are some-
we have no good model of thetHO* ratio as a function  what lower (ny+) =0.18 cn3, (vy+)=26 km/s). As pointed
of F1p07 and Kp, the ratio from theSu et al.(1998 study,  out by Engwall et al.(2009, the speed in our study should
which overlaps in altitude with our measurements, is a rea-be higher than in the Polar study, since we measure farther
sonable choice. It should also be noted tBatet al.(1998 down the tail and the speed should increase due to centrifu-
most probably underestimate the proton content due to thgal acceleration and flux tube expansion. The explanation by
potential screening effects as described in the next section. Engwall et al.(2009 was thatSu et al (1998 probably miss
Due to the dependence of the"HO™ ratio on geomag- a large part of the low-energy ions due to spacecraft poten-
netic and solar activity, a qualifier is needed for the resultstial shielding effects. Polar is equipped with a plasma source
in Figs.9 and 10, where the outflow increases clearly with instrument, which reduces the spacecraft potential to around
Fi07 andKp. Part of this increase could result from overesti- +2V to alleviate the shielding effects. However, 2 eV corre-
mating the proton content during high geomagnetic and solasponds to a flow speed of 20 km/s for Hind protons with
activity. this flow velocity or below will not reach the spacecraft. As
An alternative way to interpret our flux values, which cir- can be seen in Fidb, the majority of the flows we measure
cumvents the uncertainty in ion composition is to assume thabave such low velocities.
the velocities of the ion species are similar, which is the case When comparing the proton densities from the two stud-
for centrifugal acceleration. In that case our flux values (di-ies, we see that our mean density (corrected by a factor of
vided by 0.8) can be seen as a lower limit to the total ion0.8) at 8Rg in Fig. 6b is around the mean value of Polar
number flux. It is a lower limit since our method is less sen- of 0.3 cnT3, which could at first seem to be in contradic-
sitive to flows with high oxygen content. tion with our previous conclusion that Polar would miss the
The error analysis performed on the velocity calculationions with lowest energy. However, the Polar measurement
and the limit of 40% reduce the number of data points to awas made essentially right above the poles, where the den-
third. To investigate whether this exclusion of points could Sity should be higher, whereas our measurementskat i
introduce any systematic errors, we have reproduced all regeneral was made tailward from the Earth.
sults using the total data set before error removal. The overall For comparison to other published values we use the
results are the same, showing that no systematic errors hav@obal outflow of cold ionsPeterson et a(2006 2008 has
been introduced. put much effort in comparing measurements from spacecraft
As described in SecR.2, the method relies on the ex- at different altitudes. The tables includedReterson et al.

istence of EDI data, which requires strong enough mag-{(2008 andEngwall et al.(2009 show that the cold ion flow
netic fields (above 30 nT). This will introduce a bias towards is higher than the ion flow with higher energy. Our mean
observations during stronger magnetic fields, and since th@utflow of 0.74x 10?® confirms this conclusion. The value is
magnetic field decreases tailward more points are exclude@lso very close to the cold ion outflow measured previously
the farther away the observations are made. The bias towarc® 0w altitudes Kluddleston et al 2005 Cully et al, 2003a
stronger magnetic fields in the tail could in turn favour ob- Nagai et al. 1984 (see Table 1 oEngwall et al.(2009)
servations during high negative values of IME. Since the ~ and the total outflow at high altitude measured as fluShy
flux is higher for negative values of IMB, the bias could €t al.(1998 and equated as total outflow [Reterson et al.
result in a slight overestimation of the median and mean val{2008. This has several implications: (1) The cold ion out-

ues of the flux. flows from the high-latitude ionosphere extend far back in
the geomagnetic tail (to at least B@). (2) This provides
6.2 Comparison to previously published results extensive evidence for the ionosphere as a major supplier of

magnetospheric plasmas, as was first proposeGhappell
As was mentioned in the introductory section, there haveet al.(198%), and then supported in a number of global sim-
been a large number of studies on ion outflow from the polarulations Chappell et al.200Q Cully et al, 2003k Huddle-
caps at low altitudes using different spacecraft: DEN&-(  ston et al. 2009. (3) The good agreement of the rate of ion
gai et al, 1984 Chandler et a).1991), Akebono Abe et al, outflow measured by two completely different methods also
1993 1996 2004 Cully et al, 20033, and Polar oore cross-validates both methods.
et al, 1997 Su et al, 1998 Chappell et a].200Q Lennarts- Huddleston et ak2005 performed numerical simulations
son et al. 2004 Liemohn et al. 2005 Huddleston et al.  with initial conditions from Polar data to estimate the tail
2005 Peterson et gl2006 2008. The study at highest al- lobe density. The proton density was calculated to be 0.010—
titude so far was conducted ISu et al.(1998 using Polar  0.16 cnt? during quiet times, and 0.050-0.78 cénduring
data at apogee altitude atRg above the polar caps. Since active times. Since measurements of cold ions with ion de-
we somewhat overlap with this study geographically, this istectors are problematic, they provided no comparison to in
a good starting point for a comparison. situ measurements other than from ISHEagtman et al.

www.ann-geophys.net/27/3185/2009/ Ann. Geophys., 27, 3852009



3198 E. Engwall et al.: lonospheric outflows in the magnetotail

107 ‘ ‘ ‘ ‘ ‘ ‘ ‘ dance with our findings in Figd0and11. Lennartsson et al.
(2009 presented a study on solar wind control of ion out-
flow, where significant enhancement of the ion outflow dur-

2 .- 2 ing southward IMF (increase by a factor of 2 for Hwere
@ 10} - ?: - A -A 1 observed. There was also a strong dependence on the solar
g Z_ o oET i " wind kinetic flow density and the Poynting flux. Those are
; 5 Cluster related to the solar wind kinetic pressure and the parameter
3 10 ¢ " Eway, respectively, for which we found strong outward flux
o €1 correlation.
§ Cluster %’ 8 The flux dependence on g7 has the same shape as mea-
SR Ak“ be ., e sured with AkebonoGully et al, 20033 for high values of
i A_DEe_1°n° O%j Fio7. The slight increase of the outward flux for low values
0 20 40 60 80 100 17,000 of F107 is not observed, but we are not able to accurately
102 ‘ ‘ ‘ ! Energy range (eV) measure for Fy7 values below 100.Abe et al.(2004 in-
0 1 2 3 4 5 6 stead examined the ion outflow velocity dependence;gn F
Kp in Akebono data, which in contrast to the flux did not show

any clear trend. This indicates that the solar radiation con-
Fig. 12. Comparison to Akebono and DE-1. Comparison of the to- tro|s mainly the ion density, with higher ionization rates, and
tal ion outflow (ions/s) to measurements from DE-1 and Akebonoy g higher plasma densities, during periods of elevated solar
for high F10.7 (F107>150). The instrument energy ranges and al- 5 jiasion flux. Examining our data set, this hypothesis holds,
titudes covered by the spacecraft are displayed in the lower right ince there is just a small difference (25 to 29 km/s) from

corner. (Note that the spacecraft potential screening effect is no . .
taken into account for Akebono and DE-1.) .he lowest to the highestf7 values, whereas the density
increases from 0.11 to 0.30 cth

We now follow the example irCully et al. (20033 and
make a comparison of the dependence of the total ion outflow

1985, which detected densities between—3@m—2 and  ©n K for different spacecraft; DE-Ivau et al, 1988, Ake-
10-*cm3. The conclusion oHuddleston et al2005 was ~ Pono Cully et al, 20033, and Cluster (current study). We
that a large fraction of the cold tail lobe ions are obscured to'€Strict the comparison to highig7 (Fi07>150), since this
measurements by the spacecraft potential and that there ei§ the only region where our data overlap with the previously
ists a significant population of cold ions with energies of tensPublished results. The displayed values from Cluster are cal-
of eV or less in the tail lobes. Our measured mean density ofulated from the mapped ionospheric flux times the constant
0.18cnT3 is consistent with the numerically computed val- Polar cap area of 43110 cn. In reality, the polar cap area
ues and supports this conclusion. !nc_reases with increasingjp, which means that the increase
DE-1 observed an altitude dependence of the velocity af” lons/s should have a stronger dependencepn Cully :
low altitudes, where the velocity increased roughly from 3 et al. (20033 have adopted a variable polar cap area, while

to 11km/s from 1000 to 4000 knChandler et a),1997,  Yau et al. (1989 also integrate over a constant area. How-
S ... ever, it should be noted that this area is bounded by invari-
Abe et al.(1993 reported similar results from Akebono with :
" 4 ant latitudes above B6thus much larger than the area used
velocities ranging roughly from 1 to 10 km/s from 2000 to

10000km. In a more recent studgbe et al.(2004 used in this study £70°). In Fig. 12, it can clearly be seen that
. : all three spacecraft measurements give evidence for a strong

Akebono data from almost ten years and got very similar re- .
Y 9 y Kp dependence. We see that they show the same qualita-

sults for high solar radiation, whereas the increase is lower, o !
L : . tive, as well as quantitative, dependencekn Akebono is
for low solar radiation. In Figéa, we see a clear increase of

the velocity, even though it is not as steep as at lower alti_eqmpped with a suprathermal ion instrument detecting even

2 . . . the ions with lowest energies, whereas DE-1 misses the ions
tudes. This is consistent with the faster expansion of the ﬂuxwith lowest eneraies. due to the low-eneray cut-off of the ion
tube and larger curvature of the magnetic field lines at lowinstrument (10 egl) a,nd the spacecraft o?gntial screening ef-
altitudes than farther away from the Earth. P P 9

) ) fect, but instead includes ions with much larger energies (up
The dependencies on solar wind parameters and geomags 17 keV).

netic indices should be compared to similar studies on other

spacecraftCully et al. (20033 made an ambitious study of

Akebono data sorting it to different solar wind conditions and

geomagnetic indices. The strongest dependencies are found Conclusions

in the solar wind kinetic pressure, solar wind electric field,

the IMF variability and the IMF magnitude. Strong corre- The current study confirms the conclusionginmgwall et al.
lation is also found toKp. This is qualitatively in accor- (2009 with an extended data set collected during 5 years in
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the declining phase of the solar cycle. They can be sum-10. As for the solar wind influence, the driving parameters
marised as follows: seem to be the solar wind dynamic pressure and the in-

. L terplanetary magnetic field strength.
1. A cold ion population is detected throughout the lobes.

As was shown byengwall et al.(2009, this cold pro-  AcknowledgementsMiagnetic field data from the Cluster FGM in-

ton flux dominates over the outflow of more energetic strument (Pl E. Lucek) have been used in the analysis. OmniWeb

(>100¢€V) protons. (http://omniweb.gsfc.nasa.ggvthe ACE and Wind teams, as well

as NOAAs National Geophysical Data Center are acknowledged

2. The dominance in density is even stronger, since thefor making solar wind, solar radiation and magnetic activity data

low-energy ions have lower velocity. Our extensive dataaccessible. We also thank S. Haaland for valuable comments on the

set has shown that there is a significant population ofmanuscript.

|0w_energy ions CO”tinuous'y present in the |obesy pre- TOpical Editor 1. A Dag'ls thanks A. Yau and another anony-

viously only predicted in simulations. The mean density Mous referee for their help in evaluating this paper.

from 5 to 20Rg of the cold ions is 0.18 cm?, which

is_mL_lch highgr than exp_ected from previous spacecrafiystarences

missions, which have missed the large bulk of the cold

ions. Abe, T., Whalen, B. A., Yau, A. W.,, Horita, R. E., Watanabe, S.,

) and Sagawa, E.: EXOS-D (Akebono) SMS Observations of the
3. There are almost no return fluxes in our measurements pojar wind, J. Geophys. Res., 98, 11191-11203, 1993.

at high altitudes, which shows that most of the ions areape, T., Watanabe, S., Whalen, B. A., Yau, A. W., and Sagawa, E.:
escaping and not returningiggwall et al, 2009. This Observations of Polar Wind and Thermal lon Outflow by Ake-
was not known before, since the outflow previously only  bono/SMS, J. Geomag. Geoel., 48, 319-325, 1996.

has been measured close to the Earth. Therefore, wébe, T., Yau, A. W., Watanabe, S., Yamada, M., and Sagawa, E.:
now have a better estimate of the total loss than ever. Long-term variation of the polar wind velocity and its implica-

The total outflow from the polar ionosphere is inferred ~ tion for the ion acceleration process: Akebono/Suprathermal ion
to be of the order of 1’ ions/s mass spectrometer observations, J. Geophys. Res., 109, 9305—

9317, 2004.
4. The low energy of the ion outflow shows that it must Axford, W. I.: The polar wind and the terrestrial helium budget, J.
originate in the ionosphere, and thus that the high- G€ophys. Res, 73, 6855-6859, 1968.
latitude ionospheric outflow continues far back in the Banks P- M. and Holzer, T. E.: The polar wind, J. Geophys. Res.,

. . . . 73, 6846-6854, 1968.
tail. Our study also gives evidence for the ionosphere asChandler M. O., Moore, T. E., and Waite Jr., J. H.: Observations of
a major supplier of magnetospheric plasma. X y j y !

polar ion outflows, J. Geophys. Res., 96, 1421-1428, 1991.
Chappell, C. R., Moore, T. E., and Waite, J. H.: The ionosphere as
a fully adequate source of plasma for the Earth’s magnetosphere,
J. Geophys. Res., 92, 5896-5910, 1987.
Chappell, C. R., Giles, B. L., Moore, T. E., Delcourt, D. C., Craven,
P. D., and Chandler, M. O.: The adequacy of the ionospheric
source in supplying magnetospheric plasmas, J. Atmos. Solar-
Terr. Phys., 62, 421-436, 2000.
Cladis, J. B.: Parallel acceleration and transport of ions from polar
ionosphere to plasma sheet, Geophys. Res. Lett., 13, 893-896,
1986.

5. The low velocity and temperature of the ions even at
high altitudes puts a strong limit on any acceleration or
heating.

In addition, we have examined distribution in space of the
outflow, as well as dependence on solar and magnetic activ-
ity, leading to the following conclusions:

6. The high-latitude low-energy outflow is concentrated in
the central lobes, as can clearly be seen in Bigrhe Cully, C. M. Donovan, E. F, Yau, A. W, and Arkos,

rate of outflow is very low on the flanks. Alongesm G. G.: Akebono/Suprathermal Mass Spectrometer observations
the occurrence Of CO|d ons deCI‘easeS tOW&I‘dS the neu- of |0w_energy ion outflow: Dependence on magnetic activ-

tral sheet, where they get heated. ity and solar wind conditions, J. Geophys. Res., 108, 1093,

o . _ doi:10.1029/2001JA009200, 2003a.

7. The outflow velocity increases approximately linearly Cully, C. M., Donovan, E. F., Yau, A. W., and Opgenoorth, H. J.:
with geocentric distance, while the density and flux de-  supply of thermal ionospheric ions to the central plasma sheet, J.
creases more like an exponential. This is consistentwith Geophys. Res., 108, 1092, doi:10.1029/2002JA009457, 2003b.
centrifugal acceleration and increasing flux tube area. Delcourt, D. C., Chappell, C. R., Moore, T. E., and Waite Jr., J. H.:

A three-dimensional numerical model of ionospheric plasma in

8. The outflowing ions are convected in the dawn-to-dusk the magnetosphere, J. Geophys. Res., 94, 11893-11920, 1989.

direction, due to the potential pattern in the polar cap. Eastman, T. E., Frank, L. A., and Huang, C. Y.: The boundary layers
as the primary transport regions of the Earth’s magnetotail, J.

9. The rate of ion outflow is dependent oinF, as well as Geophys. Res., 90, 9541-9560, 1985.
on Kp. TheKp-dependence shows very good agreementengwall, E., Eriksson, A. I., Andr, M., Dandouras, |., Paschmann,
with previous measurements at lower altitudes. G., Quinn, J., and Torkar, K.: Low-energy (order 10 eV) ion flow

www.ann-geophys.net/27/3185/2009/ Ann. Geophys., 27, 3852009


http://omniweb.gsfc.nasa.gov/

3200 E. Engwall et al.: lonospheric outflows in the magnetotail

in the magnetotail lobes inferred from spacecraft wake observa- wind control of Earth’s H and O outflow rates in the 15-
tions, Geophys. Res. Lett., 33, 6110-6113, corrected in Geophys. eV to 33-keV energy range, J. Geophys. Res., 109, A12212,
Res. Lett., 33, 14102 (2006), 2006a. doi:10.1029/2005RG000194, 2004.

Engwall, E., Eriksson, A. ., and Forest, J.: Wake formation behind Liemohn, M. W., Moore, T. E., Craven, P. D., Maddox, W., Nagy,
positively charged spacecraft in flowing tenuous plasmas, Phys. A. F., and Kozyra, J. U.: Occurrence statistics of cold, streaming

Plasmas, 13, 2904-2913, 2006b. ions in the near-Earth magnetotail: Survey of Polar-TIDE obser-
Engwall, E., Eriksson, A. I., Cully, C. M., Ané; M., Torbert, R., vations, J. Geophys. Res., 110, 7211-7226, 2005.

and Vaith, H.: Earth’s ionospheric outflow dominated by hidden Lockwood, M., Chandler, M. O., Horwitz, J. L., Waite Jr., J. H.,

cold plasma, Nature Geosci., 2, 24-27, 2009. Moore, T. E., and Chappell, C. R.: The cleft ion fountain, J.

Eriksson, A. I. and Winkler, E.: Photoemission current and solar Geophys. Res., 90, 9736-9748, 1985.

EUV radiation: Cluster and TIMED observations, in: Proceed- Moore, T. E. and Horwitz, J. L.. Stellar ablation of
ings of the 10th Spacecraft Charging Technology Conference, planetary atmospheres, Rev. Geophys., 45, RG3002,
2008. doi:10.1029/2004JA010563, 2007.

Eriksson, A. I., Ande, M., Klecker, B., Laakso, H., Lindgvist, Moore, T. E., Chappell, C. R., Chandler, M. O., Craven, P. D., Giles,
P.-A., Mozer, F., Paschmann, G., Pedersen, A., Quinn, J., Tor- B. L., Pollock, C. J., Burch, J. L., Young, D. T., Waite Jr., J. H.,
bert, R., Torkar, K., and Vaith, H.: Electric field measurements Nordholt, J. E., Thomsen, M. F., McComas, D. J., Berthelier,
on Cluster: comparing the double-probe and electron drift tech- J. J., Williamson, W. S., Robson, R., and Mozer, F. S.: High-
niques, Ann. Geophys., 24, 275-289, 2006, altitude observations of the polar wind, Science, 277, 349-351,
http://www.ann-geophys.net/24/275/2006/ 1997.

Gustafsson, G., Bostrom, R., Holback, B., Holmgren, G., Lundgren,Moore, T. E., Chandler, M. O., Chappell, C. R., Comfort, R. H.,
A., Stasiewicz, K., Ahlen, L., Mozer, F. S., Pankow, D., Harvey, Craven, P. D., Delcourt, D. C., Elliot, H. A., Giles, B. L., Hor-
P., Berg, P., Ulrich, R., Pedersen, A., Schmidt, R., Butler, A., witz, J. L., Pollock, C. J., and Su, Y.-J.: Polar/TIDE Results on
Fransen, A. W. C., Klinge, D., Thomsen, M.althammar, C.- Polar lon Outflows, in: Sun-Earth Plasma Connections, Geo-
G., Lindgvist, P.-A., Christenson, S., Holtet, J., Lybekk, B., Sten,  physical Monograph 109, pp. 87-101, American Geophysical
T. A,, Tanskanen, P., Lappalainen, K., and Wygant, J.: The Elec- Union, 1999a.
tric Field and Wave Experiment for the Cluster Mission, Space Moore, T. E., Fok, M.-C., Chandler, M. O., Chappell, C. R., Chris-

Sci. Rev., 79, 137-156, 1997. ton, S. P., Delcourt, D. C., Fedder, J., Huddleston, M., Liemohn,
Haaland, S. E., Paschmann, Gorster, M., Quinn, J. M., Torbert, M., Peterson, W. K., and Slinker, S.: Plasma sheet and (non-
R. B., Mcllwain, C. E., Vaith, H., Puhl-Quinn, P. A., and Klet- storm) ring current formation from solar and polar wind sources,

zing, C. A.: High-latitude plasma convection from Cluster EDI J. Geophys. Res., 110, A02210, doi:10.1029/2006JA011731,

measurements: method and IMF-dependence, Ann. Geophys., 2005.

25, 239-253, 2007, Mukai, T., Hirahara, M., Machida, S., Saito, Y., Terasawa, T.,

http://www.ann-geophys.net/25/239/2007/ and Nishida, A.: Geotail observation of cold ion streams in the
Hirahara, M., Mukai, T., Terasawa, T., Machida, S., Saito, Y., Ya- medium distance magnetotail lobe in the course of a substorm,

mamoto, T., and Kokubun, S.: Cold dense ion flows with mul-  Geophys. Res. Lett., 21, 1023-1026, 1994.

tiple components observed in the distant tail lobe by Geotail, J.Nagai, T., Waite, J. H., Green, J. L., Chappell, C. R., Olsen, R. C.,

Geophys. Res., 101, 7769-7784, 1996. and Comfort, R. H.: First measurements of supersonic polar
Hoffman, J. H.: Studies of the composition of the ionosphere with  wind in the polar magnetosphere, Geophys. Res. Lett., 11, 669—

a magnetic deflection mass spectrometer, Int. J. Mass Spectrom. 672, 1984.

lon Phys., 4, 315-322, 1970. Newell, P. T., Sotirelis, T., Liou, K., Meng, C.-l., and Rich, F. J.:
Hoffman, J. H. and Dodson, W. H.: Light ion concentrations and Cusp latitude and the optimal solar wind coupling function, J.

fluxes in the polar regions during magnetically quiet times, J. Geophys. Res., 111, A09207, doi:10.1029/2007JA012636, 2006.

Geophys. Res., 85, 626-632, 1980. Olsen, R. C.: The hidden ion population of the magnetosphere, J.
Hoffman, J. H., Dodson, W. H., Lippincott, C. R., and Hammack, = Geophys. Res., 87, 3481-3488, 1982.

H. D.: Initial ion composition results from the ISIS 2 satellite, J. Paschmann, G., Melzner, F., Frenzel, R., Vaith, H., Parigger,

Geophys. Res., 79, 4246-4251, 1974. P., Pagel, U., Bauer, O. H., Haerendel, G., Baumjohann, W.,
Huddleston, M. M., Chappell, C. R., Delcourt, D. C., Moore,  Scopke, N., Torbert, R. B., Briggs, B., Chan, J., Lynch, K.,

T. E., Giles, B. L., and Chandler, M. O.: An examina- Morey, K., Quinn, J. M., Simpson, D., Young, C., Mcllwain,

tion of the process and magnitude of ionospheric plasma sup- C. E., Fillius, W., Kerr, S. S., Mahieu, R., and Whipple, E. C.:

ply to the magnetosphere, J. Geophys. Res., 110, A12202, The Electron Drift Instrument for Cluster, Space Sci. Rev., 79,

doi:10.1029/2004JA010401, 2005. 233-269, 1997.

Khotyaintsev, Y., Lindqvist, P.-A., Eriksson, A., and AgdrM.: Pedersen, A.: Solar wind and magnetosphere plasma diagnostics by
The EFW Data in the CAA, in: Cluster CAA book, in press, spacecraft electrostatic potential measurements, Ann. Geophys.,
2009. 13, 118-129, 1995,

Laakso, H., Pfaff, R., and Janhunen, P.: Polar observations of elec- http://www.ann-geophys.net/13/118/1995/
tron density distribution in the Earths magnetosphere. 1. StatistiPedersen, A., Mozer, F., and Gustafsson, G.: Electric Field Mea-
cal results, Ann. Geophys., 20, 1711-1724, 2002, surements in a Tenuous Plasma with Spherical Double Probes,
http://www.ann-geophys.net/20/1711/2002/ in: Measurement Techniques in Space Plasmas: Fields, Geo-
Lennartsson, O. W., Collin, H. L., and Peterson, W. K.: Solar physical Monograph 103, pp. 1-12, American Geophysical

Ann. Geophys., 27, 31853201, 2009 www.ann-geophys.net/27/3185/2009/


http://www.ann-geophys.net/24/275/2006/
http://www.ann-geophys.net/25/239/2007/
http://www.ann-geophys.net/20/1711/2002/
http://www.ann-geophys.net/13/118/1995/

E. Engwall et al.: lonospheric outflows in the magnetotail 3201

Union, 1998. Su, Y.-J., Horwitz, J. L., Moore, T. E., Giles, B. L., Chandler, M. O.,
Pedersen, A., Lybekk, B., Anér M., Eriksson, A. I., Masson, A., Craven, P. D., Hirahara, M., and Pollock, C. J.: Polar wind sur-

Mozer, F. S., Lindqvist, P., Decreau, P., Dandouras, |., Sauvaud, vey with the Thermal lon Dynamics Experiment/Plasma Source

J.-A., Fazakerley, A. N., Taylor, M., Paschmann, G., Svenes, K., Instrument suite aboard POLAR, J. Geophys. Res., 103, 29305—

Torkar, K. M., , and Whipple, E. C.: Electron density estima- 29337, 1998.

tions derived from spacecraft potential measurements on ClusSvenes, K. R., Lybekk, B., Pedersen, A., and Haaland, S.: Cluster

ter in tenuous plasma regions, J. Geophys. Res., 113, A07S33, observations of near-Earth magnetospheric lobe plasma densities

doi:10.1029/2008JA013059, 2008. — a statistical study, Ann. Geophys., 26, 2845—-2852, 2008,
Perreault, P. and Akasofu, S.-I.: A study of geomagnetic storms., http://www.ann-geophys.net/26/2845/2008/
Geophys. J. R. Astron. Soc., 54, 547-573, 1978. Tam, S. W. Y,, Yasseen, F., Chang, T., and Ganguli, S. B.: Self-

Peterson, W. K., Collin, H. L., Lennartsson, O. W., and Yau, A. W.:  consistent kinetic photoelectron effects on the polar wind, Geo-
Quiet time solar illumination effects on the fluxes and charac- phys. Res. Lett., 22, 2107-2110, 1995.
teristic energies of ionospheric outflow, J. Geophys. Res., 111 Torkar, K., Riedler, W., Escoubet, C. P., Fehringer, M., Schmidt, R.,
11-25, 2006. Grard, R. J. L., Arends, H., Rdenauer, F., Steiger, W., Narheim,

Peterson, W. K., Andersson, L., Callahan, B. C., Collin, B. T., Svenes, K., Torbert, R., Anglr M., Fazakerley, A., Gold-

H. L., Scudder, J. D., and Yau, A. W.. Solar-minimum stein, R., Olsen, R. C., Pedersen, A., Whipple, E., and Zhao, H.:
quiet-time ion energization and outflow in dynamic bound-  Active spacecraft potential control for Cluster — implementation
ary related coordinates, J. Geophys. Res., 113, A07222, and firstresults, Ann. Geophys., 19, 1289-1302, 2001,
doi:10.1029/2007JA012636, 2008. http://www.ann-geophys.net/19/1289/2001/

Réme, H., Aoustin, C., Bosqued, J. M., et al.: First multispacecraftTsyganenko, N. A.: Modeling the Earth’s magnetospheric magnetic
ion measurements in and near the Earth’s magnetosphere with field confined within a realistic magnetopause, J. Geophys. Res.,
the identical Cluster ion spectrometry (CIS) experiment, Ann. 100, 5599-5612, 1995.

Geophys., 19, 1303-1354, 2001, Yau, A. W. and Ande, M.: Sources of ion outflow in the high lati-
http://www.ann-geophys.net/19/1303/2001/ tude ionosphere, Space Sci. Rev., 80, 1-25, 1997.

Seki, K., Terasawa, T., Hirahara, M., and Mukai, T.: Quantification Yau, A. W., Peterson, W. K., and Shelley, E. G.: Quantitative
of tailward cold O" beams in the lobe/mantle regions with Geo-  Parametrization of Energetic lonospheric lon Outflow, in: Mod-
tail data: Constraints on polariOoutflows, J. Geophys. Res., eling Magnetospheric Plasma, Geophysical Monograph 44, pp.
103, 29371-29382, 1998. 211-217, American Geophysical Union, 1988.

Seki, K., Hirahara, M., Hoshino, M., Terasawa, T., Elphic, R. C., Yau, A. W., Abe, T., and Peterson, W. K.: The polar wind: Recent
Saito, Y., Mukai, T., Hayakawa, H., Kojima, H., and Matsumoto, observations, J. Atmos. Sol.-Ter. Phys., 69, 1936-1983, 2007.
H.: Cold ions in the hot plasma sheet of Earth’'s magnetotail,

Nature, 422, 589-591, 2003.

www.ann-geophys.net/27/3185/2009/ Ann. Geophys., 27, 3852009


http://www.ann-geophys.net/19/1303/2001/
http://www.ann-geophys.net/26/2845/2008/
http://www.ann-geophys.net/19/1289/2001/

