N

N

Origin of type-2 thermal-ion upflows in the auroral
ionosphere
L. M. Kagan, J.-P. St.-Maurice

» To cite this version:

L. M. Kagan, J.-P. St.-Maurice. Origin of type-2 thermal-ion upflows in the auroral ionosphere.
Annales Geophysicae, 2005, 23 (1), pp.13-24. hal-00317477

HAL Id: hal-00317477
https://hal.science/hal-00317477
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00317477
https://hal.archives-ouvertes.fr

Annales Geophysicae (2005) 23: 23~ — "*—
SRef-ID: 1432-0576/ag/2005-23-13 G Annales
© European Geosciences Union 2005 Geophysmae

Origin of type-2 thermal-ion upflows in the auroral ionosphere

L. M. Kagan®? and J.-P. St.-Maurice*

IDepartment of Physics and Astronomy, University of Western Ontario, London, ON, Canada
2on extended leave from Radiophysical Research Institute (NIRFI), Nizhniy Novgorod, Russia

Received: 21 January 2004 — Revised: 28 June 2004 — Accepted: 15 July 2004 — Published: 31 January 2005

Part of Special Issue “Eleventh International EISCAT Workshop”

Abstract. The origin of thermal ion outflows exceeding magnetic field, while the north-south motion ensures that the
1 km/s in the high-latitude F-region has been a subject of con€onversion never stops.

siderable debate. For cases with strong convection electri%ey words. lonosphere (Auroral ionosphere; Electric fields

fields, the “evaporation” of the ions due to frictional heating and currents: lonosphere-magnetosphere interactions)
below 400-500 km has been shown to provide some satis- ' P 9 P

factory answers. By contrast, in the more frequent subclass
of outflow events observed over auroral arcs, called type-2,
there is no observational evidence for ion frictional heating. ;
Instead, an electron temperature increase of up toGREH

observed over the outflow region. In this case, field—alignedSince their discovery 30 years ago (Shelley et al., 1972), nu-
electric fields have long been suspected to be involved, buﬁwerous papers have been written on the presence of heavy
this explanation did not seem to agree with expectations frorr]OnS (OF mostly) throughout the magnetosphere and on how
the ion momentum balance. In the present work we providethey get there (e.g. Tsunoda et al., 1989; Hultquist, 1991:
a consistent scenario for the type-2 ion upflows based on OWyahlund et al., 1992; and references therein). Since large

case study of an event that occurred on 20 February 199Gy s o5 of F_region ions have been seen moving upward along

Wehmtrodtljcg, for the flrslt t'r'?_‘e' the glectrpﬂ ineygy balancpe geomagnetic field in the topside ionosphere, there is good
in the analysis. We couple this equation with the ion momen-.o.» 5, 1 pelieve that such flows are at least initiated at rela-

turz balarllc;: tohstudy th; 'sallentﬂfeaturesd 0:] the observationgy e\ |ow ionospheric altitudes. It is also believed that actual
and conclude that type-2 lon outflows and the accompanying,, jniection into the magnetosphere requires a second ion
electron heating events are indeed consistent with the exis; ..ajeration mechanism operating at higher altitudes. De-

tence of a field-aligned electric field. However, for our ex- tailed studies of diurnal, seasonal, solar cycle and geomag-

planation to work, we have to require that an allowance be, o yariations of ion outflows from F-region ionosphere

made for electron scattering by high frequency turbulencemay be found in Foster et al. (1998) and Liu et al. (2001).
This turbulence could be generated at first by the very fast re- Examples of relatively low altitude upward ion veloci-
sponse of the electrons themselves to a newly imposed ele fes (Vi) up to 2km/s in magnitude have been reported by
tric field that would be partly aligned with the geomagnetic Whalelrl et al. (1978) from rocket observations at altitudes
field. The high frequencies of the waves would make it im- of 400 to 600.km More recently, Wahlund and Opgenoorth
possible for the ions to react to the waves. We have found th ' i

electron collision frequency associated with scattering from?1989) and Wahlund et al. (1992) have also presented E.IS'
AT incoherent-scatter radar measurements of thermal ion

the waves to be rather modest, i.e. comparable to the ambierlldI flows (TIU) above the F-layer peak, with values in-
electron-ion collision frequency. The field-aligned electric -~ yer peax, I

field inferred from the observations is likewise of the same® o9 rapidly with altitude and achieving speeds of the or-
order of magnitude as the normal ambipolar field, at least forder of Lkm/s.
9 P X Wahlund et al. (1992) have classified the TIU events

the case that we have studied in detail. We propose that the Th 1 TIU . iated with
field-aligned electric field is maintained by the north-south Into two types. e type- event Is associated with a

motion of an east-west arc. The magnetic perturbation asStrong convection electric field, elevated ion tlempfaran-ue'
sociated with the arc itself converts a small fraction of the & lifted F-layer”, and almost no auroral precipitation. This

perpendicular electric field into a field parallel to the total type seems to account for an en_hanced pressure grad|ent di-
rected along the geomagnetic fiddd The gradient is pro-

duced by ion frictional heating and results in an upward mo-
Correspondence td-. M. Kagan tion of the expanding thermal plasma (Loranc et al., 1991;
(lkagan@uwo.ca) Loranc and St-Maurice, 1994; Wilson, 1994).
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hanced electron temperatures, auroral arcs with precipitating
particles in the 100 eV to 10 keV energy range, and with an
1000 08 06 04 02 © altitude extent covering the upper F-region between 300 and
700km. The arcs were also observed to move southward
. with a velocity of about 100 m/s. This is very much in line
with the morphology of type-2 ion outflow, as classified by
Walhlund et al. (1992). Indeed, Forme and Fontaine (1999)
analyzed the electron temperature profiles when such tem-
peratures had pronounced local maxima during enhanced ion
. acoustic echo events and came to the conclusion that there
were two parameters which were enhanced well above the
normal level, namely, the electron temperature and the ion
N (2r20190) | field-aligned velocity. Both are signatures of type-2 TIU
events.
. Note that since the standard procedure couldn’t be used
for regions of enhanced ion acoustic echoes, Forme and
Fontaine (1999) developed a special algorithm to estimate the
electron temperature located within the regions of ion acous-
tic turbulence by identifying the position of each ion-acoustic
peak during unstable situations. Their method showed that
Y ey e Uy in the turbulent regions the electron temperature may reach
UPWARD ION VELQCITY, mis up to 11 000 K while the ion outflow velocities were able to
reach 1300 m/s at 800 km. The ions seemed to be accelerated

Fig. 1. Profiles of the field-aligned ion drift/;, and of the electron  y, the field-aligned electric field that was due to the electron
density, N, for two type-2 TIU events, one from 17:57 UT on 13 temperature gradient

December 1986, during a period of low solar activity and the other In thi back to | t ¢ > TIU
from 22:13 UT on 20 February 1990, for a period of high solar n this Paper we gp ack 1o less ex re_me ype- .
activity. From (Wahlund and Opgenoorth, 1989) and (Wahlund etfavemS which have neither been accompanied by prominent

al., 1992). ion-acoustic turbulence nor have exhibited clear maxima in
the electron temperature altitude profiles. We give a quick
overview of type-2 TIU events in Sect. 2. We present a quan-

The type-2 TIU event is associated with energetic electrontitative.} analysis of one TIU_event p_rocess_ed on 20 Februf'iry

precipitation, auroral arcs, a weak convection electric field,.1990 in Sect. 3. We end with our discussion and conclusion

an elevated electron temperatufebut no elevated;, and in Sect. 4.

with either a decreased or a normal looking plasma density

in the topside F-layer. Of the two types, the second is usually2

stronger and occurs more frequently than the first.

Wahlund et al. (1992) suggested that type-2 events wergn Fig. 1 we produce examples of ion outflows;;, and
perhaps a result of an enhanced field-aligned electric fielthf the electron density data from published TIU events ob-
E) and speculated that such a field could be produced byerved with the EISCAT radar. The two events shown were
anomalous resistivity associated with low-frequency plasmapbtained at 17:57 UT on 13 December 1986, during a pe-
turbulence. However, this conclusion was not consistent withyjod of low solar activity (Wahlund and Opgenoorth, 1989)
the pressure gradients being observed, and there was no dignd at 22:13 UT on 20 February 1990, for a period of high
cussion as to the origin of the mysterious field-aligned elec-solar activity (Wahlund et al., 1992). The profiles illustrate
tric field or its value, for that matter. The source of turbu- the Signiﬁcant increase in the magnitude‘/qf with altitude.
lence, furthermore, was not identified. The UpShOt is that thqh both cases the magnitude ﬁlfH increases dramatica”y a
mechanism that drives type-2 TIU events, a major supplier offew hundred km above the F-peak, in spite of very different
heavy ions to the magnetosphere, isn't yet identified clearlydensity peak values and positions.
and/or convincingly. A feature that distinguishes type-2 from type-1 TIU events

Additional clues as to the origin of type-2 TIU events is their close association with enhancementg,ifut not in
might be found in what seems to be very much a related7;. This relationship can be seen in Fig. 2, where we have
phenomenon (perhaps differing in the strength of the driv-reproduced the observed valuesTofand 7; for the events
ing mechanism), namely, enhanced ion-acoustic fluctuashown in Fig. 1 and for another event as well. On 20 Febru-
tions in the F-region. Forme et al. (1995) and Forme andary 1990, in particulaf], reached 6000K at 900 km altitude
Fontaine (1999) have studied the occurrence of these fluctuwhile 7; varied between 1000 and 200K, which is typical
ations and identified two types. Their first type, in particular, for periods of high solar activity in a quiet ionosphere. Like-
was associated with large upward ion velocities, strongly enwise, on 13 December 1988, reached 4000K while T;

PLASMA DENSITY x 10° elicm®

V,, (220790}

800 |

600 |

400

ALTITUDE, km

V,, (12/13/86)

N (1213186)

200

An overview of type-2 TIU events
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remained below 100K (Wahlund and Opgenoorth, 1989). T TT T T T T T T T T T T T
The latter is typical of quiet periods with low solar activity.
In both instances, the low values @f, particularly below

400 km, indicate that there was little ion frictional heating 800 L
and that the regions were therefore devoid of large perpendic-
ular convection electric fields during the type-2 TIU events. -

The most plausible explanations for the enhanteual- £ s00 | |
ues during the TIU events would have to be one of the fol- =
lowing: heating in association with soft electron precipita- = i -
tion, heat conduction from above, or heating by friction with 2 20 February 1920
ions in the presence of acceleration by a field-aligned electric < 400 -

field or some other force responsible for the creation of in-

tense field-aligned current densities. Of these three possibili-
ties, soft electron precipitation has to be ruled out because the 200 |
temperature keeps increasing with height well above the F-
peak and well above the region where soft electrons normally i -

13 December 1986
N 23 October 1986

deposit their energy. Likewise, we show below that conduc- ol v v v v
tion from above also has to be ruled out because the vertical 0 2000 4000 6000 8000
temperature gradients seem to be too weak to account for Temperature, °’K

a transfer of heat that would be fast enough to provide the

observed temperatures. This leaves localized field-alignegtig. 2. profiles of the electron temperaturg,, and the ion tem-
electric fields (and attendant regions of intense field-alignecperature, 7;, associated with the/;; and N profiles in Fig. 1.
current densities) as the next most plausible alternative. We\lso, temperature profiles for 23 October 1986. From Wahlund and
show below that the observations on 20 February 1990 ap©pgenoorth (1989) and Wahlund et al. (1992).

pear to be consistent with this notion.

While ground-based observations are able to provide a
quantitative determination of ion and electron temperatures
and ion upflows, the determination of intense field-aligned B
current densities is more indirect and, therefore, debatable.
However, the correspondence between magnetic perturba-'c
tions and simultaneous ion outflows is obtained less ambigu- 4 [ ———
ously and far more precisely with in-situ satellite or rocket %?‘
observations. We provide an example of a satellite obser- ™ -500
vation of the connection between; and the localized up- 1618 1619 1620 1621 1622
ward field-aligned current (FAC) regions in Fig. 3, where we TIME -- UT (Latitude)
have reproduced the downward component of the ion veloc-
ity (Vdown) and the simultaneous eastward magnetic pertur+ig. 3. Downward component of the ion velocityfown) and si-
bation, B,, measured by the Hilat satellite on 1 March 1984, multaneous eastward magnetic perturbatiBp, measured by the
This was one of two specific examples presented in Tsunod4ililat satellite on 1 March 1984. From (Tsunoda et al., 1989).
et al. (1989). For the purpose at hand we can interpret the in-
crease in universal time (UT) as an increase in geomagneti
latitude (from left to right). The region of enhanc&gown is
then seen to be bounded in latitude. The time interval from
16:19:30 to 16:20:00 UT corresponds to a latitudinal width
of about 2. Negative values o¥yown are essentially equal
to upwardV; values. The triangular shaped magnetic per-

o
"é'own -~ kms

frend for a connection between large ion outflows and in-

tense upward field-aligned currents was noted by Tsunoda

et al. (1989) on a study of several Hilat passes on the day-

side near 800 km. Interestingly enough, stro¥g| values,

in excess of 1 km/s, and their occurrence in a region of in-

turbation curve is usually interpreted simply in terms of two tense field-al_igned cgrrents, are highly reminiscent of radar
TIU observations while both sets of observations do suggest

infinite FAC (j) sheets, withj; directed downward in the . e ) - ) .
. . . . a connection with field-aligned electric fields at ionospheric
positively sloped region and upward in the negatively SIOpedheights

region (e.g. lijima and Potemra, 1976). These signs are in-

dicated by the arrows in Fig. 3 (the zonal magnetic perturba-

tion By is eastward when the upward FAC is poleward of the 3  Detailed case study analysis of one TIU event

downward FAC, but is westward when their relative locations

are reversed). In order to further our understanding of TIU events we have
The obvious point about Fig. 3 is that the upwarg made a detailed quantitative study of the spectacular type-2

region, accentuated by the shaded band, is spatially coinTIU event observed on 20 February 1990 at 22:13 UT. We al-

cident with the upward current region. A similar strong ready introduced this eventin Figs. 1 and 2. The observations
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of the topside ionosphere were carried out with the UHFmodels from the NASA/Goddard Flight Center web site
(933 MHz) and VHF (224 MHz) EISCAT radars pointing, http://nssdc.gsfc.nasa.gov/space/modélé also have pro-
respectively, along the magnetic field and vertically. More duced a quadratic interpolation of thg and7; altitude pro-
details on the experiment may be found in Wahlund etfiles, and have interpolated the plasma denaitgata using

al. (1992).

a Chapman layer type of description. This fitting has been

We start our study with the simplest possible mathematicaldone to make it possible to obtain the necessary derivatives
model that could be used to describe such a system, namely,feee of artificial noise. The electron temperatdteprofile
steady-state quasi-neutral two-fluid plasma description basedould be fitted equally well with a second order polynomial
on the ion and electron momentum balance and the electroand a logarithmic interpolation. We chose the logarithmic fit
energy balance (type-2 TIUs are devoid of ion heating sig-to avoid a sudden and probably artificial change in the sign
natures and do not require the inclusion of the ion energyof the first and secondl, derivatives. Put in another way: we

balance).
We consider electron and ion momentum equations:

— eV pe — Ne’E + Nmge = mw,je x b — eRy + eR7 (1)

— eVp; + NeE + NMge = —Mwij; x b+ eRy + Mvij; — eRr, (2)
where

Vi = Vin + Vi - V; 3)

To this we add the constraint of divergence free currents:

V.NVe=V-NV,, (4)

the electron energy balance equation:

3 aT,
EN](T T +V, VT, )+ Nkt T,V -V, +V -Qe

3m
M

Nveikr (T — T;) + (Ru+Rt) - u ()

and Ampere’s law:
V x B = uoj. (6)

Heree denotes the magnitude of the electron chaygeand

saw no reason to assume tlfatreached a maximum near
the highest altitudes available. This being stated, since these
two T, interpolations did fit the data equally well, we have
presented the consequences ofthguadratic interpolation

in Appendix A.

3.1 Questions raised by the standard ion momentum bal-
ance

In the two-fluid model for thermal electrons and ions, the
field-aligned ion velocity can be found by summing Eds. (
and @) and taking the component of the ion velocity along
the total geomagnetic field:

Vi (pe + pi)

g cosD
MNV v '

5 @)

in

Vieb=Vy =

Herev}, includes both ion-neutral collisions through the col-
lision frequency;, and ion inertia while the subscrifitde-
notes the geomagnetic field direction.

The advantage of using Ed)(is that the variations in the
ion density and the ion and electron temperatures are pro-
vided by the incoherent radar data. We can therefore check if
the balance predicted by Ed)(s consistent with the obser-
vations of density and temperatures along the geomagnetic
field lines. The result of that part of our study is shown in
Fig. 4 under the assumption that the observed pressure vari-

pi, N, andE are the electron and ion pressure, the plasmaations indicate changes that are occurring strictly along the

density and the vector electric field, respectivelyis the

gravitational accelerationiz and M are electron and ion

massese is the magnitude of the electron charggeseNV,

magnetic field. That is not strictly true, since the radar beam
is rigorously parallel to the geomagnetic field lines only near
250 km altitude. Near the higher altitudes of the observa-

andj;=eNV; are the electron and ion current densities, so thattiions, the radar actually targets other magnetic field lines ap-

j=Ji—]e: vei @andv;, are electron-ion and ion-neutral colli-
sional frequenciesy, andw; are the electron and ion gyro-
frequenciesb=B/By is a unit vector along the total magnetic

field; wo is the permittivity of free spac&,, is the frictional

force; Ry is the thermal forceu=V; -V, is the current ve-

proximately 150 km away by the time we reach 900 km alti-
tude.

From Fig. 4 it can be seen that, for the event at hand, at
least, there was a reasonably good balance up to 750 km alti-
tude between the gravitational acceleration term (bottom line

locity, i.e. the relative velocity between ions and electrons,with hollow triangles) and the pressure gradient-driven term

so thatj=eNu; g, is the electron heat flux and ang is the

that contained both the ion and electron pressures (top line

Boltzman constant. Note that we have neglected electronwith hollow squares). This is reflected by the fact that the

neutral collisions in Egs.1) and @) sincev,;>v,, at the
altitudes of interest.

sum of these two terms (solid line) should have to produce
flows of the order of100 m/s. According to that balance,

In the following we find the altitude behavior of the field- furthermore, the ions should have been moving downward

aligned current density and of the field-aligned electric field above 750 km altitude. This is in stark contrast with the ob-
based on the observations of the type-2 TIU event on 20servation of a steady increase in the upward ion drift, which
February 1990. For this purpose, we have calculated colreached as much as 1200 m/s (black dots) at the upper alti-
lision and gyro-frequencies using the MSIS-E and IGRFtudes.


http://nssdc.gsfc.nasa.gov/space/model/
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We can only conclude at this juncture that there is some- Momentum balance between pressure gradient and gravity
thing fundamentally wrong with the simple, yet very stan- 100
dard, model of ion and electron momentum balance. This is
not an artifact of our interpolation procedure or of our model
parameters. Wahlund et al. (1992) also found that the pres- 5y ¢
sure gradient could not account for the thermal ion outflows

1000 |

n
and concluded from this that the mechanism responsible for£ 5 o
TIU-2 remained basically unknown, in spite of the factthat 3 ¢
. . . . Q
they strongly suspected that field-aligned electric fields were > + Viz(mis) data-smooth
involved. +1000 ~o-V(gradP), mis
The trouble with our momentum equations as they cur- ¢ o Viarady), mis
- —Vi(gradP-grav), m/s

rently stand is that the ions feel the presence of any field-
aligned electric field through the electron pressure gradient -2000
term: when we take a sum of the electron and ion momentum
balances, the effects of currents cancel one another (there ¢ ig. 4. Contributions to the field-aligned ion velocity found in a
be no acceleration of the center of mass through mutual col-

- . . ’ . steady-state quasi-neutral two-fluid plasma description. A reason-
lisions) while the effect of gravity on electrons is negligible able balance is seen up to 750 km altitude between the gravitational

when compared to ions. Since the observations are tellingcceleration term (bottom line with hollow triangles) and the elec-
us that the electron pressure gradient is not large enough t@on plus ion pressure gradient term (top line with hollow squares).
account for the ion motion, we then have only two possibil- A balance between gravity and the pressure gradient term (solid
ities left. Either there is a third species in the system, asidédine), should have to produce flows of the ordet#00 m/s with a
from thermal electrons and ions, or there is a form of scat-downward ion motion above 750 km altitude. This is in stark con-
tering that does not involve a direct interaction between ionsirast with the observation of a steady increase in the upward ion drift
and electrons. In the first instance we can think of precipi-(Plack dots).

tating and “runaway” (that is, superthermal) electrons being

accelerated by a field-aligned electric field without colliding . i _
with the ions, owing to the small collision cross sections as-N€ating between electrons and ions, which can create ele-

sociated with their large speeds. In the second case we ha\)@te_d electron tempe.ratu_res. Th? eIe(_:tror_l heating process in

to postulate some high-frequency turbulence that would bdh€ ionospheric F-region is described in this case by the elec-

able to scatter the very electrons that are trying to short ouffon thermal conductivity Eq3) in which the various forcing

the field-aligned electric field but that doesn't affect the ions. &"d heat flow terms are (e.g. Huba, 2000)

The high frequencies mean that the turbulence has no impacFE

on the ions (with their large inertia, the ions are unable to

react to high frequency fields). As a result, the ions would

pe capable of responding directly to thg field-aligned electricr; =~ —0.7ANkr V) T, — :—gNﬁkT(b x V. T,), (9)

field because the electrons would be impeded by the turbu- 2w

lent wave fields. To study our two hypotheses in more detail,

we need more information. Otherwise, we have, for exam-de = d; +d7. (10)

ple, too many combinations of field-aligned electric fields

and effective electron collision frequencies to choose from.Where

This is where a study of the electron energy balance comesin 3.

handy. The electron temperature is telling us about the elecd;, = 0.7INkr T,u; + > < NkrT,(b x uy) (11)

tron frictional rate, which in turn tells us something about We

the relative electron-ion drift and, therefore, the field-alignedis the frictional heat flux and

electric fields. Therefore, before continuing with our inves-

tigation of the ion momentum balance we turn first to the Qe = _3_2NkTTe kr V)T, — 4_7NkTTe”ei krV.T,

electron energy balance, in order to see what constraints it MVej maw?

introduces on the acceleration mechanisms that we wish to

study. Once this is done, and once we have uncovered the

magnitude of the field-aligned fields involved, we can try to

figure out the origin of these field-aligned electric fields, a

task that we carry out in the final part of this paper. is the thermal gradient heat flux. Here the subsctj@ad_L
denote the components along and perpendicular to the total

3.2 What is learned from the electron thermal balance magnetic fieldB. With Eqg. (8) we can easily recognize the
first and the second terms on the RHS of ER). s being

Upper F-region electrons are collisional. In the absencethe collisionally-driven electron cooling and heating rates,

of plasma turbulence Ohmic heating comes from frictional respectively.

Altitude, km

u = Nmv,; (0.51UH +uy), (8)

Nk T,
25 tTe

kr(b x V. T,) (12)

e
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2200 as long as,; is expressed ing, N isin cmi 3 and7, is in
! °K.
Equation (3) is a quadratic equation that can be solved for

20000

T =T u since all other parameters are either measured or may be
e e calculated from models and/or from the data. In other words,

1co0o Co AL in the absence of turbulent effects, the altitude dependence of
""""" o, e u is given by

5000

4400

Current velocity, m/s

1
12 /42
3400 u = E {_Al + A]_ - 4AOAZ} s (15)
where
1400
400 Az = 0.51le)el‘ (16)
-EUDZ 0 350 450 550 B0 750 850
Altitucle, km aT 8N
A1 = 1L5Nkr 3 - kTTeF (17)
Fig. 5. The twou solutions (lines with full triangles and squares) < Z

found from the electron energy balance (Eth)f as functions of
altitude at 22:13 UT on 20 February 1990. Calculations made usingA0 = A1V, — 3_mNVeikT(Te —T)
altitude profiles forvN, T, T; andV; interpolated from Fig. 9 in - M

Wahlund et al. (1992). The approximate solutions to B§) (lines

with hollow triangles and squares) show a very good fit to the exact
ones. The two solutions for the current velocity in the presence of
high-frequency turbulence (broken and dashed lines) are very simi-
lar to those obtained without the turbulent contributions (lines with
full triangles and squares).

Bz 972

2 2
+0.059 [2.5 732 (”e) + TE/ZBZD} . (18)

Here we used the symbegl to describe the gradients along
the total magnetic fiel® (z is the direction along the unper-
turbed geomagnetic fieHp).

In Fig. 5 we plot the tway solutions given by Eq.1() as
functions of altitude for 22:13 UT. The solutions were cal-
culated using the interpolated altitude profilesNof T,, T;
andV;; from Fig. 9 in Wahlund et al. (1992) and usimng

Current density, microAfm”2

» o e from Eqg. (14). However, one of the solutions,| 1, (black
- e e curve with full triangles) gives an unrealistically high cur-
. ‘ rent densityj=eNu ), namely, gives a field-aligned current
e ey K S SSS A S N N | varying between 354 and 743\/m? (Fig. 6). Given that we
KA A el G are not dealing with a particularly narrow region or currents

here, we have excluded this solution from further consider-
Fig. 6. Current densities corresponding to the twp solutions  ation. The other solutiony 2, is associated with a current
shown in Fig. 5, without (lines with hollow triangles and squares) density varying between 24 and B&/m?. From Fig. 5 it is
and with (broken and dashed lines) high-frequency turbulence.  seen that electron frictional heating (the term proportional to

u?) is not important for this solution.

The great advantage of having used the electron energy
With the above expressions, using E4), (ieglecting per-  balance is that, knowing; and neglecting the effect of grav-

pendicular gradient terms and substitutiig=V;,—u; we ity on electrons, we may also derive the field-aligned electric

can rewrite Eq.3) as field from Eq. Q):

0.5INmv,uf + (LENkr V)T, — Tokr Vi N)uj By = _Vipe _gpkrViTe | mvei . (19)

—(1.5];7kTV|| T, — T,kr V| N) 13 Ne e e

N1
Vit = g Nveikr (Te = 1) ( This field-aligned electric field is shown in Fig. 7. The line
+3.2.LV (A‘fT Vi Te) =0. with hollow squares corresponds to the, solution; the line
with hollow triangles is for ther 1 solution.

The electron-ion collision frequency in EQ.) is a function With this information on the field-aligned electric field, we

of ion density and electron temperature, and may be writtercan now return to the ion momentum balance and study the

as (Shunk and Nagy, 2000) possibility that runaway or even precipitating electrons could
42 be responsible for the large field-aligned ion drifts that were

Vei =545NT, 7, (24) observed.
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3.3 The third species possibility g

field,

Since the radar measurements come from the ion line, wes
pretty much have to assume that any missing species from
our equations has to be made of non-thermal electrons. Suclz
electrons have no influence on the spectral shape, unless the
trigger low frequency plasma instabilities (not seen in this )
instance anyway). These non-thermal electrons could eithel 2
be precipitating electrons or “runaways”. Altitudte, km
Using the symbolsv™ for the non-thermal electrons and
N for the density of the thermal electrons the three-fluid Fig. 7. Field-aligned electric field corresponding to the tyosolu-

set of momentum equations along the geomagnetic field betions from Fig. 5 without (lines with hollow triangles and squares)
comes and with (broken and dotted lines) high-frequency turbulence.

4

—&—E_z1, micraVim
—o—E_z2, micraVim

— —E_zT4ur, microtim

microVim

,,,,,,, E_z-2-tur, microv/m

Field-alig

480 660 B&0 780 860

— N"eE| =mN" (VI - V)VH

el (20)

field-aligned ion drift, we can obtain from this the density
; | ) ) of non-thermal electrons, namely,

— VHp” - N ek = —O.51mve,~N”u|| - 0.71N”kTVHTe, (21)

e

. Nt — i M v, (25)
—Vpi+ NeE| + NMgcosD = 0.51mv,; N"u - eE)|
+ MVi, NV + 0.7IN"kr V| T, (22)  Forthe smaller electric field derived from the electron energy

balance (our second current velocity solution with its reason-

whereN=N""+N"" is the ion density. In Eq.20) the pres-  able field-aligned current magnitudes less than.58m>2)
sure gradient term has been replaced, for the non-thermahis gives N*//N>80%. This is unreasonable since it is
electrons, by the nonlinear acceleration term, while friction equivalent to stating that the majority of the electrons are not
has been dropped owing to the very small collision frequencythermal, which is a contradiction, although it is consistent
of fast electrons. In effect, we are assuming by writing with the notion of a field-aligned potential drop of the or-
Eq. 20) that the non-thermal population involved would be- der of only 1/2 voltV. Both results, nevertheless, contradict
have the same way as individual particles falling through athe starting hypothesis. If we choose instead the other solu-
field-aligned potential drop. tion from the electron energy balance, we would have to deal

There are two problems that immediately make the non-with much higher field-aligned current density, in the range
thermal electrons a very doubtful possibility. The first has to 350—74QuA/m2, but would obtainV/N =20%. This may
do with the potential drop associated with the electric fieldsbe a more realistic number for the non-thermal situation, but
derived in Fig. 7. Even for the larger of the two possible it still amounts only to a 2-volt drop in the region of inter-
values the total drop is less than 2 V. With the more likely est. In addition, with this solution, we would have to sustain
small parallel electric field possibility it is actually less than very high field-aligned current densities over a wide region
0.5V. These values are too small to consider that electrongf latitudes (or times).
undergoing such a change in potential should be considered Given that both solutions bring more problems than they
as truly suprathermal. solve, we are led to conclude that the third species, i.e. non-

The second problem is related to the first but provides ahermal electrons, scenario is not a good explanation for up-
different view point, namely, we obtain a suprathermal pop-welling ions in TIU-2 events. This leaves turbulent scattering
ulation that is too large to make sense. To reach this resultof electrons by high frequency waves as our final alternative.
we start by adding Eqs20)—(22) so as to obtain an expres- However, the inclusion of turbulence forces us to reprocess
sion for the field-aligned ion velocity. Since the sum of the the thermal electron momentum and energy balances. Thus,
pressure gradients from thermal electrons and ions is roughlywe return to both the momentum and energy equations and
balanced by gravity (Sect. 3.1) we arrive at consider the differences that high frequency turbulence may

NV (m Ven\\tz/z) bring to the system.

Vij = -

23
MNv}, @3) 3.4 The effect of high frequency wave-particle interactions
Using Eq. 20) we can replace the numerator of EB3) by

We propose that during the TIU-2 events, at least some of
the field-aligned electric field to obtain prop g

the field-aligned current is carried by ions (observed leav-
_ eEj N™ ing the ionosphere), owing to electron deceleration by high
Vi = My N (24) frequency turbulent waves. This assumption suggests that
m we should introduce a frictional force between electrons and
Since the electric field has been obtained from the thermahigh frequency plasma waves in the electron momentum
electron energy balance, and with the observations of thdeq. (1). We introduce the effect of high frequency turbulence
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species). Assuming that this is the only contribution from
turbulence (i.e. no significant anomalous heat flow, for ex-
2000 >~ B ample) then, using the fact thatmv}V, is a fixed quantity
> related to the observations through E2j7)(we arrive at the
™ following modified electron energy balance:

7000 B

N - — Ve ltur, mis

N - Velunms Azuﬁ + Au+ Ag=0, (28)

e ' where the new coefficients; for the equation are now given
AN by the known quantities

Electron velocity, m/s
-

17000 \\ Az = 0.51INmv,; (29)

- A1 = (A5NkrV|T, — Tok7V|N) — le): V. (30)

-22000
Altitude, km

3m
Fig. 8. Field-aligned electron velocity corresponding to the tyyo Ao = —A1Viy — ﬁNV@ikT(Te -T)

solutions of Fig. 5, but in the presence of high-frequency turbulence.
k2 T, \? 9T,
+0.059-C [2.5 732 (—) LrRPllel (3
m

a7’ 372
150
 WUet 1 Our two new solutions for the current velocities are very
Co - NUen2, 15 similar to what we had obtained without the turbulent contri-
oo — NUei1/s) butions. This can easily be seen by comparing in Fig. 5 the

dashed line with the line linked by triangles and the dotted
line with the line linked by squares. The dashed and dotted
lines are the results obtained with the inclusion of turbulence
while the triangles, and squares are from original solution
discussed earlier. Likewise, the results for the current den-
sities themselves are not modified greatly by the presence of
turbulence, as can be seen from Fig. 6 where we used the
460 510 560 810 660 710 760 810 860 same kind of display as in Fig. 5 to intercompare various so-
Altitude, km |Uti0ns.
A similar formatis also used in Fig. 7, this time to compare

Frequency, 1/s

50 |

Fig. 9. Effeqnve collision frequgncy for eleptron_-wave Interactions the electric field solutions. Figure 7 clearly shows that, once
corresponding to the twe solutions from Fig. 5 in the presence of

high-frequency turbulence (broken and dashed lines). The Coulom@ga'_n’ the mOd'f,'CatlonS to the calculated f'eld'a_“gn_ed elec-
collision frequency between electrons and ions is shown by the Sonc_;nc field that are introduced by the turbulent contributions are

line. indeed minor. The final parameters derived from our analysis
are the field-aligned electron velocity, usifg=V;j—u,
and the effective collision frequency, which in turn is easy
through an effective collision frequeney. Doing this pre-  to determine using Eq. (21), once we know the field-aligned
supposes that the hypothesized waves are stationary (mokgectron drift. These results are displayed in Figs. 8 and 9.
on this in the next section). As a result, the ion field-aligned They show the electrons counterstreaming with the ions. The
velocity from Eq. ) would take the form: electrons are also drifting at speeds not even twice as large as
* those of the ions. The parallel electric field is also relatively
“V.-b.  (26)  modest, of the order of AV/m. Finally, the wave-induced
i electron collision frequency is of the same order of magni-
The new parametert V,| therefore has to satisfy the relation tude as the electron-ion collision frequency.
Finally, we recall that we have assumed that the waves
% Vii(pe + pi) M M, - - gt b,
ViV, = ————"= + gcosD— — —v} Vi (27) responsible for electron scattering were “stationary”, i.e.
mN m-m slowly moving. If they had been drifting, we would have
The electron-turbulence interactions also have to affect the-mNv}(V,—Vy,) replacing —Nmv}V, in the modified
electron energy balance (Eqg. 9). At the very minimum, if we electron momentum, wher¥,, is the wave speed. This
assume once again that the waves interacting with the elederm would still have had to balance the RHS of Eq. (21)
trons are “stationary” (i.e. moving at speeds less than 1 km/s)(times Nm), that is, would still be such as to account for
the frictional heating contribution from the interaction of the the observed ion drift. However, the determination of the
electrons with the waves has to be givenMy v} Ve2 (sim- anomalous collision frequency would be affected by the
ilar to the interactions that would be felt with a stationary wave speed.

~Vii(pe £ pi) N gcosD  my
MNV* U* Ml)

in in

Vieb=Vy =

=
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Turning to the energy equation next, the extra term on the :
right-hand side of Eq. (24) would be unaffected, while the Horizontal plane
wave drift would modify theV;; term, which would now con-
tain (V;—V,) instead of jus¥;;. Since the RHS of Eq3(l) west east north
is dominated by the second (electron cooling) and third (elec- =% 5, ,roral arc X z2X

tron heat conduction) terms, this means that, for wave drifts .
less than a few km/s, neither the derived electric fields nor ONONONONONONON0, lII

the electron drifts would be affected much. Within this limit — B (K—m-
of a few km/s, however, the wave speed has to be considerec Eq Eq X By 0 By Y
a free parameter of the problem that, in the present analy- * v south

sis, affects our extraction of the magnitude of the anomalous

electron collision frequency more than anything else.
Therefore, we reach the surprising conclusion that, in the

end, rather large, km/s, ion outflows can be achieved with

Arc-geomagnetic field plane

just a little bit of quasi-stationary turbulence to slow down the By
electrons, and with a rather modest field-aligned electric field
(in comparison with the regular ambipolar field) to accelerate : E =E~.B./B
the charged particles. a04 I~ =0T o
S ST [
3.5 Origin of the field-aligned electric field :
Ox

The final part of the riddle requires finding a common ori-

gin for the stationary waves and for the parallel electric field,

modest as they both might be. To this end, we have reex- BD
amined the observations by Wahlund et al. (1992) and re-

lated events, looking for additional clues. One feature that

we found is that TIU-2 events were accompanied by a southFig. 10. Schematic diagram describing the formation and role of

ward motion of the auroral arc, similar to the events reportedpara”el eIeptric fields in the presence of a single, i.solated, northl-
by Forme et al. (1995). Specifically, for the particular TIU- SOUth moving arc. The arc is assumed to extend in the magnetic
2 event studied in detail here, we could determine that th east-west direction. A westward component of the electric field in

hward velocity of th fh d £ 220 m/ qhe Northern Hemisphere produces an equatorward drift for the arc
southward velocity of the arc was of the order o mis. (horizontal plane). With upward currents the magnetic perturbation

We propose that the southward motion of the arc whichgp, the equatorward side is pointing to the east. The arc-geomagnetic
actually forces the east-west convection electric field thatfield plane (which greatly exagerates the perturbed magnetic field
pushes the arc south, is also responsible for the generatiotbmponent) shows that the westward electric field acquires an up-
of the field-aligned electric field. In addition, we suggest thatward component parallel to the total magnetic field. In the absence
this phenomenon is part of a stationary Afvwave pattern of a complete shielding by the electrons (see text), this field is such
generation, which would explain why the turbulence appearss to expel ionospheric ions, i.e. to push them upward.
to be stationary.

We use Fig. 10 to illustrate and answer the conversion
question first. As the diagram illustrates, the magnetic perturtherefore be considered as an upper limit. This is indeed what
bation associated with the precipitation-induced field-alignedwe find.
currents in a single, isolated, east-west arc will be tilting the In terms of magnitude, we recall that magnetic perturba-
magnetic field towards the east on the equatorward side ofions of the order of 100nT can easily be expected around
the arc. The component of the electric field that drives thearcs (e.g. Fig. 3). In addition, for our case study, the south-
arc south will have, on the other hand, to point west. Thisward drift velocity of Vp= 220 m/s implies a westward con-
means that a small part of the horizontal (originally “perpen-vection electric fieldE, = —10 mV/m. This produces an up-
dicular” prior to the arc appearance) electric field will now ward E|=E, b, of the order of 2Q«V/m, using our 100 nT
have an upward component. This upward component willfor the magnetic perturbation. This is one order of magnitude
indeed drive the ions upward and the electrons downwardgreater than the LV/m that we obtained from our analysis
and heat the electrons (Erukhimov and Kagan, 1994; Kagamand consistent with the expectation of at least a partial short-
etal. (1996), just as we have seen/deduced from the observéng out of E;|=E,b, by the very thermal currents that we
tions. Again, from the simple geometry shown in Fig. 10 we have inferred. The high frequency turbulence itself might
can see that the parallel field should originally be equal toalso be generated by the large current densities found im-
Eoxby, Whereb, is the east-west magnetic perturbatiBp mediately following the occurrence of the parallel field. In
divided by the total magnetic fiel#y. However, through the effect, the decay of the high frequency turbulence on a field
very field-aligned currents that we have inferred, the actualine would therefore be responsible for the remnant electric
parallel field would have to be less th&g, b, which should fields and the ion outflows.

Y B=B,+B,
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For the case that we have studied in detail, the ion outflow
1001 reaches 1.2 km/s near 900 km altitude and is predominantly
due to the field-aligned electric field. This is illustrated in
Fig. 11, where we compare the ion outflow computed from
our field-aligned electric field with the velocities that were
actually observed.
As far as we can tell, the above analysis of a TIU-2 event
: is the first one to have investigated the electron energy bal-
ance as a key element to the solution of the problem. The
energy balance was what led us to conclude that a field-
aligned electric field is indeed responsible for the observed
electron temperature increases accompanying this type of ion
. . . - o - . outflow. Another novel aspect of our study is our suggestion
Altitude, km that quasi-stationary high frequency turbulence has to be ul-
timately responsible for the observed ion outflows by imped-
Fig. 11. Field-aligned ion velocity: measured (black dots) and ob- ing the shorting action of the electrons. A final new contribu-
tained from the field-aligned electric field described by the dOttedtion is with respect to the Origin of the ﬁe|d_a|igned electric
line in Fig. 7 (solid line). field, which we have linked to the perpendicular electric field
conversion described in Fig. 10.
It is worth noting that the type-2 ion outflows described
Our TIU-2 scenario reminds us of the stationary inertial here precede, as a rule, the more extreme case of TIU-2
Alfvén waves scenario thought to be responsible for auroevents where enhanced ion-acoustic lines are observed (Anja
ral arc formation, at least sometimes (Knudsen, 2001). Thisstrgmme, private communication). This connection could
model is similar to the notion of stationary Afm waves  possibly have something to do with the high frequency turbu-
(Seyler, 1990; Knudsen, 1996), except that the southwardence that we have inferred from our analysis. In particular,
drift of the arc across the geomagnetic field replaces the roleorme (1993) has proposed that strong high frequency Lang-
of time variations and leads to the field-aligned electric field muir turbulence could be at the origin of the enhanced ion-
and the stationary turbulence. According to the stationaryacoustic lines through a mode-coupling mechanism. It also
Alfv én waves picture, a steady-state electron acceleration iseems likely that the system, through the field-aligned elec-
produced within multiple parallel sheets along the geomag+ric field mechanism suggested here, could generate field-
netic field lines. The plasma drift across the stationary struc-aligned electric fields much stronger than the\/m that
tures therefore replaces the role of time variations and leadg/e deduced for our particular case study and correspondingly
to field-aligned electric fields. larger field-aligned current densities. We have seen that fields
20 times larger could be triggered along arcs without much
difficulty. This could lead to a much stronger counterstream-
i ) , ing of electrons with ions and much greater electron tempera-
4 Discussion and conclusions tures. As mentioned in the review by Sedgemore-Schelthess
and St.-Maurice (2001) the stronger electric fields can also
From our study of the data, we have evolved the following generate topside current instabilities (e.g. Kindel and Ken-
scenario for the class of ionospheric ion outflows referrednel, 1971) which, in turn, would ultimately destabilize the
to as TIU-2 in this paper. We first obtain a conversion of ajon-acoustic lines that have been seen under conditions simi-
small part of the perpendicular westward component of thelar to type-2 TIU events (e.g. Rietveld et al., 1991; Wahlund
electric field, into a field-aligned electric field as a result of et al., 1992; Forme et al., 1995; Forme and Fontaine, 1999).
the westward magnetic perturbation associated with an arc.
The partial conversion of the westward electric field into a
field-aligned electric field is sustained by the very southwardAppendix A Correctness of T, interpolation
motion of the auroral arc that is triggered by the westward
electric field. The field-aligned electric field thus generatedIn Fig. A1 we show that equivalently good fits f@y, sec-
provides counterstreaming of electrons and ions in which theond polynomial and logarithmic (upper panel), give very dif-
ions go up and the electrons go down. The presence of turferent results for the gradient of heat flux involving second
bulence slows the electrons down, which in turn enhancegslerivatives (lower panel). In the lower panel of Fig. A1 we
the ion motion. In our case study, the current densities reaclshow the gradient of heat flux calculated accordingly to the
values of the order of 5@A/m? in the process. At the same formula using the second derivative &f interpolated as a
time, the electrons are heated, partly through friction, and insecond polynomial fit (curve with hollow circles) and taking
our case study, mostly through heat advection. This producethe derivative of the heat flux after interpolating it with an-
the large increases in electron temperatures that accomparother polynomial fit (curve with full circles). One can see
the TIU-2 events. that the results are very different while the same procedure
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Extrapolation of Te data
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Fig. Al. lllustration of correctness df, interpolation.

made for the logarithmic fit shows very close results for the Hultqvist, B.: Extraction of ionospheric plasma by magnetospheric
second derivative calculated using the formula (curve with processes, J. Atmos. Terr. Phys,, 53, 3,1991. _
hollow triangles) and interpolation of the heat flux via either lijima, T. and Potemra, T. A.; The amplitude distribution of field-

full triangles) fits. Geophys. Res., 81, 5971-5979, 1976.

Kagan, L. M., Kelley, M. C., and Doe, R. A.: lonospheric electric
AcknowledgementsThis research was supported by the Canadian heating by structured electric fields: Theory and experiment, J.
Natural Sciences and Engineering Research Council, which in- Geophys. Res., 101, 10893-10907, 1996.

cludes funding for the e-POP project. LKM’s research was alsoKindel, J. M. and Kennel, C. F.: Topside current instabilities, J.
funded in part by the Russian Foundation of Basic Investigations Geophys. Res., 76, 3055, 1971.

grant 01-05-65025. The authors are grateful to R. T. Tsunoda folKnudsen, D. T.: Spacial modulation of electron energy and den-
his initial involvement in this work. They also thank Drs Schlegel, ~ Sity by nonlinear stationary Alen waves, J. Geophys. Res.,
Blelly, Moorcroft, MacDougall, Forme and Semeter for helpful dis-  101(A5), 1076110772, 1996.

cussions on the EISCAT and Sondrestrom data. Knudsen, D. T.: Structure, Acceleration, and Energy in Auroral
Topical Editor M. Lester thanks a referee for his help in evalu- Arcs and the Role of Alfén Waves, Space Science Reviews,
ating this paper. 95(1-2), 501-511, 2001.

Liu, H., Ma, S.-Y., and Shlegel, K.: Diurnal, seasonal and geo-
magnetic variation of large field-aligned ion upflows in the high-

References latitude ionospheric F-region, J. Geophys. Res., 106, 24 651—

24661, 2001.

Boehm, M. H., Carlson, C. W., McFadden, J. P., Clemmons, J. H.,Loranc, M., Hanson, W. B., Heelis, R. A., and St.-Maurice, J.-P.:
and Mozer, F. S.: High-resolution sounding rocket observations A morphological study of vertical ionospheric flows in the high-
of large-amplitude Alfén waves, J. Geophys. Res., 95, 12157—  |atitude F-region, J. Geophys. Res., 96, 3627-3646, 1991.
12171, 1990. Loranc, M. and St.-Maurice, J.-P.: A time dependent gyro-kinetic

Erukhimov, L. M. and Kagan, L. M.: Thermomagnetic effects in  model of thermal ion upflows in the high-latitude F-region, J.
ionospheric plasma, J. Atmos. Terr. Phys., 56, 133-140, 1994. Geophys. Res., 99, 17 429-17 451, 1994,

Forme, F. R. E.: A new interpretation on the origin of enhanced Rietveld, M. T., Collis, P. N., and St.-Maurice, J.-P.: Naturally en-
ion acoustic fluctuations in the upper ionosphere, Geophys. Res. hanced ion acoustic waves in the auroral ionosphere observed
Lett., 20, 2347-2350, 1993. with the EISCAT 933-MHz radar, J. Geophys. Res., 96, 19291—

Forme, F. R. E., Fontaine, D., and Wahlund, J. E.: Two different 19305, 1991.
types of enhanced ion acoustic fluctuations observed in the uppesedgemore-Schelthess, F. and St.-Maurice, J.-P.: Naturally en-

ionosphere, J. Geophys. Res., 100, 14 625-14 636, 1995. hanced ion-acoustic spectra and their interpretation, Surveys in
Forme, F. R. E. and Fontaine, D.: Enhanced ion acoustic fluctua- Geophysics, 22, 55-92, 2001.

tions and ion outflows, Ann. Geophys., 17, 182-189, 1999, Seyler, C. E.: A mathematical model of the structure and evolution

SRef-ID: 1432-0576/ag/1999-17-182 of small-scale discrete auroral arcs, J. Geophys. Res., 95, 17 199—

Foster, C., Lester, M., and Davies, J. A.: A statistical study of di- 17215, 1990.
urnal, seasonal and solar cycle variation of F-region and topsideshelley, E. G., Johnson, R. G., and Sharp, R. D.: Satellite obser-
auroral outflows observed by EISCAT between 1984 and 1996, vations of energetic heavy ions during a geomagnetic storm, J.
Ann. Geophys., 16, 1144-1158, 1998, Geophys. Res., 77, 6104, 1972.
SRef-ID: 1432-0576/ag/1998-16-1144


http://direct.sref.org/1432-0576/ag/1999-17-182
http://direct.sref.org/1432-0576/ag/1998-16-1144

24 L. M. Kagan and J.-P. St.-Maurice: Origin of type-2 thermal-ion upflows

Shunk, R. W. and Nagy, A. F.: lonospheres: Physics, PlasmaNahlund, J. E., Opgenoorth, H. J.aggstdm, I., Winser, K. J., and
Physics and Chemistry, Cambridge University Press, 2000. Jones, G. O. L.: EISCAT observations of topside ionospheric ion
Tsunoda, R. T., Livingston, R. C., Vickrey, J. F.,, Heelis, R. A., Han-  outflows during auroral activity: revisited, J. Geophys. Res., 97,
son, W. B., Rich, F. J., and Bythrow, P. F.: Dayside observations 3019-3037, 1992.
of thermal-ion upwellings at 800-km altitude: An ionospheric Whalen, B. A., Bernstein, W., and Daly, P. W.: Low altitude accel-
signature of the cleft ion fountain, J. Geophys. Res., 94, 15277— eration of ionospheric ions, Geophys. Res. Lett., 5, 55, 1978.
15290, 1989. Wilson, G. R.: Kinetic modeling of ® upflows resulting from
Wabhlund, J. E. and Opgenoorth, H. J.: EISCAT observations of ExB convection heating in the high-latitude F-region iono-
strong ion outflows from the F-region ionosphere during auroral  sphere, J. Geophys. Res., 99, 17 453-17 466, 1994.
activity: preliminary results, Geophys. Res. Lett., 16, 727-730,
1989.



