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Abstract. A model developed several years ago by Huusko-ing database is now available, which allows not only for anal-
nen et al. (1984) predicted that vertical transport of ions inysis of long-term trends over many years, but also for investi-
the nocturnal auroral E-region ionosphere can shift the elecgation into effects which are buried under the dominant pro-
tron density profiles in altitude during times of sufficiently cesses. In this work, some 12000 E-region electron density
large electric fields. If the vertical plasma transport effect profiles were used in conjunction with concurrent F-region
was to operate over a sufficiently long enough time, thenelectric field measurements to look for experimental verifi-
the real height of the E-region electron maximum shouldcation of what is called in the following the VPT (vertical
be shifted some km upwards (downwards) in the eastwarglasma transport) effect. With the electric fielland the
(westward) auroral electrojet, respectively, when the elec-ambient magnetic field the plasma convectiol x B im-

tric field is strong, exceeding, say, 50 mV/m. Motivated plies a vertical component; if B is inclined with respect to

by these predictions and the lack of any experimental verthe vertical. This inclination effect is principally the same in
ification so far, we made use of the large database of thé¢he E as well as the F-region, but the phenomenon has in the
European Incoherent Scatter (EISCAT) radar to investigateE-region less of a chance to leave a measurable signature.

if the anticipated vertical plasma transport is at work in the  As is well known VPT plays a crucial role in the physics
auroral E-region ionosphere and thus to test the Huuskoneand chemistry of the F-region. On the other hand, there is
et al. (1984) model. For this purpose a new type of EIS-some speculation that VPT effects might also be of impor-
CAT data display was developed which enabled us to ordetance in the E-region under conditions of low electron den-
a large number of electron density height profiles, collectedsity and large electric fields. This was suggested by Huusko-
over 16 years of EISCAT operation, according to the electricnen et al. (1984) in a theoretical analysis on how the electric
field magnitude and direction as measured at the same timgield induced vertical plasma convection could influence the
at the radar's magnetic field line in the F-region. Our anal-precipitation E-layer in the auroral ionosphere. According
ysis shows some signatures in tune with a vertical plasmao their model, a distinct re-shaping of the electron density
transport in the auroral E-region of the type predicted by theheight profile is to be expected in the presence of a suffi-
Huuskonen et al. model. The evidence brought forward isciently large E-field. If this effect exists, it will have sub-
however, not unambiguous and requires more rigorous analsequent consequences on all derived ionospheric parameters

ysis. and also on the excitation of E-region plasma instabilities
Key words. lonosphere (auroral ionosphere; plasma con-(€-9- S€€ HaIFjoup|s et al..,. 2090)-
vection; electric fields and currents) The experimental verification of VPT effects on the E-

region precipitation layer is, however, not as straight for-
ward as the involving principles would suggest. The diffi-
culty arises from the fact that, in principle, any measured
electron density height profile can be attributed totally to the
Since 1984, European Incoherent Scatter radar, EISCAT, hagroperties of the precipitating _particles. Unless thgre are di-
rect measurements of the particle spectra for sufficiently long

been producing in regular intervals, through its Commont iod the field li t which the E . lect
Program (CP) experiments, measurements of basic plasm € periods on the field fine at which the E-region electron
ensity measurements are carried out, one cannot discern a

arameters of the auroral ionosphere. A large and still grow-". .
P P 9 9 discrepancy between what should be observed (due to parti-

Correspondence tor. Bosinger cle precipitation) and what is actually observed (presumably
(tilmann.bosinger@oulu.fi) because of VPT). Therefore, it is not surprising that a report
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Fig. 1. Each panel shows auroral electron density profiles generated by precipitating electrons of three different flux densities. The continuous
curves are valid in the absence of an electric field and the dotted and dashed ones correspond to a field of 50 mV/m directed towards magneti

north and south, respectively. The characteristic energy of the incident electron spectrum is 1 keV (a)@areB keV in panelb) (from
Huuskonen et al., 1984; Copyright 1984, with permission).

on experimental verification of the VPT effect on E-region 2 Review of the proposed VPT effects
precipitation layers has not yet become available. The dif-
ficulties for such an investigation are to be considered everfhe starting point of Huuskonen et al. (1984), hereafter re-
more severe when it is realized that the presumed VPT effecferred to as paper H, is that, in addition to the ion production
is expected to work along the same direction as the natuand losses, E-region plasma density can also be affected by
rally occurring particle precipitation patterns, that is, softer vertical ion motions driven by large electric fields. In this
particle precipitation in the auroral eastward electrojet (EJ),scenario, vertical plasma transport is expected to be impor-
and harder partic|e precipitation in the westward e|ectrojettant if the distance travelled by an ion before recombination
(WJ); see, e.g. the early work by Hartz (1971). As shown byiS comparable to, or longer than, the scale length of the elec-
Huuskonen et al. (1984), the northward (southward) E-field tron density profile. At E-region altitudes the lifetimes of di-
which drives the EJ (WJ), would push the electron densityatomic ions range from about 10 to 100 s for electron densi-
maximum upward (downward) because of VPT, just like the ties between 510 and 5<10'° m~3, if an effective recom-
soft (hard) partide precipitation is doing as well. bination coefficient ofk=2x 10~ m3s~1is used. As shown
by Nygrén et al. (1984), during periods of strong E-fields
in the range from 50 to 100 mV/m, which occur often in
the auroral ionosphere during disturbed conditions (e.g. see
Opgenoorth et al., 1990 and references therein), the plasma
The paper proceeds as follows: in Sect. 2 the approaclilow can reach maximum vertical speeds between 250 and
by Huuskonen et al. (1984) is briefly reviewed. In Sect. 3500 m/s (see also Fig. 1 in paper H). As discussed in paper
reference is made to EISCAT measurements, and the datd, at these speeds the ions may travel during their lifetimes
archives, and some arguments are given for the choice of dateertical distances comparable to the thickness of the E-layer;
presentation and the type of statistical analysis. In Sect. 4herefore, VPT can lead to significant modifications of the
the statistical trends in the EISCAT database which are ofelectron density profile. It is important to stress that VPT is
relevance to the present study are visualized in a series cd dip-angle effect, since the vertical plasma flow is a conse-
plots so that a decision can be made in favor or against VPTquence of a horizontally stratified ionosphere permeated by
Finally, since the evidence for VPT effects in EISCAT data the Earth’s magnetic field lines which form an oblique angle
turned out to be weak, in Sect. 6 our findings are discussedo the vertical and act as equipotentials.
with the emphasis placed on the possible reasons behind the Based on these estimates, paper H investigated quanti-
apparent difficulties in our experimental approach and/or intatively the VPT effects in the auroral zone by adopting
a deficiency in the mechanism envisaged by Huuskonen ethe simplified E-region ionosphere model of Jones (1974),
al. (1984). comprising of 9 ion reactions. The neutrab,ON> and
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O molecules (densities given by CIRA-72) were taken to be EISCAT CP1 Occurrence Distribution
ionized by precipitating electrons, which leads to the produc- | o o100 11> O roerm
tion of Of, NJ, O and N" ions, whereas the NO concen-

tration was assumed to be unchanged and given by MacLeod
et al. (1975). The semiempirical method of Rees (1963) = ¥
was used in order to obtain the total ionization rate profile,
and the incident electron spectrum was assumed to obey ag
Maxwellian shape with a given characteristic energy. Also,
ion drag and strong heating, as well as neutral wind effects,
were neglected. A stationary state was assumed throughout;
the calculations, which were obtained by solving numerically
the ion continuity equation at 7%nagnetic dip, correspond- ,
ing to the field line at the Tromsg EISCAT site. For details, % 0 0
see Huuskonen et al. (1984). E-field azimuth (deg E of N)
As shown in paper H, the computed electron density pro- o o )
files can be altered significantly by VPT effects in the pres_Flg. 2. The occurrence d|str|but|_on plot of the _electnc field magni-
ence of large electric fields. This is illustrated in Fig. 1, tude versus its azimuth for the night hours, which have been defined

. . as those between 17:00 and 07:00 MLT (16:00 to 06:00 UT). East-
which was reproduced from Fig. 2 of paper H for the sake ( )

. , ﬁ/ard electrojet (EJ) conditions correspond to a northward directed
of convenience. Shown there in each panel are computeg fe|q (azimuth~0°), while westward electrojet (WJ) conditions

electron density height profiles for three different flux densi- correspond to a southward directed E-field (azimut8(°). The
ties; the solid curves represent the situation when no electrigin size for E-field magnitude is 5 mV/m, and for E-field directions

field is present, whereas the rest refer to an electric field ofse.

50 mV/m directed either to the north (N) or south (S). Note

that profiles in panels (a) and (b) refer to incident electron en-

ergies of 1 keV and 3 keV, respectively. Inspection of Fig. 1 perature, ion drift velocity and temperature, and electric field
shows that VPT effects on electron density profiles can beneasurements, since that time. The electron densities used
clearly identifiable in the auroral E-region, especially during in our analysis are corrected to account for unequal tempera-

conditions of lower, rather than higher, electron densities.  tures and Debye-length effects (e.g., see Schlegel, 1988) and
are regularly calibrated with the help of ionosonde data. In

general, the uncertainties in the incoherent scatter measure-
3 database and processing ments are expected to be in the range of 5 to 10%, depend-

ing on the signal-to-noise ratio (SNR). In the analysis only
In the present analysis a large number of EISCAT CP-1 ob+those profiles are considered for which the SNR was reason-
servations are used. The CP-1 experiment (there are sewbly high (SNR>0.02). This threshold has also been applied
eral versions: F, H, I, J, and K during the years from 1984to the electric field measurements: SNR(SOD) had to be
to 1998) is the most frequently used configuration, both in>0.02; SNR(TRO) and SNR(KIR) are generally higher. The
the EISCAT Common Programme series (used here throughdatabase of CP-1 measurements for this study was obtained
out) and in the EISCAT Special Programme series. CP-1 idrom the CP-1 data archived at the Max-Planck-Institurt
a field-aligned, moderate spatial (3 km) and moderate temAeromonie in Lindau, Germany.
poral (2 min; in early versions 5 min) resolution experiment.  For every valid E-region profile in the EISCAT data set,
It covers for the high range resolution modes (multi-pulsebesides the electric field (both magnitude and azimuth) mea-
before version J, alternating code for J and K) the heightsurements, the “mean” electron densiiy.) yeqax, and the
from about 90 to 240 km (CP-1-F had a maximum height of “mean” height or altitudeé{(n.) peqi}, OF Simply A peqi, Of
~170 km), and is scheduled to run regularly for 24 or morethe electron density peak or maximum, were calculated and
continuous hours. The radar antenna at Tromsg, Norway istored. Then different combinations of these parameters
oriented to observe along the direction of the local magnetiovere plotted against one another as self-normalized occur-
field line. In addition, remote receiver radars at Kiruna, Swe-rence distributions (2 dimensional histograms), i.e. data are
den (KIR) and Sodankil Finland (SOD), along with the binned and counted with respect to how often they are ob-
Tromsg (TRO) radar, measure the plasma drift velocity inserved.
the F-region at an altitude 0£280 km. At this altitude the The following is a comment on this type of statistical
plasma driftsE x vec B and, as such, the electric field can be analysis. Having at our disposal a large database, the most
easily calculated and assumed to map down to the E-regionstraight forward parameter to be extracted from it would be

Although CP-1 has undergone various modifications andthe “number of occurrence” or “occurrences frequency”. Itis

improvements (e.g. the multi-pulse data was replaced by ain fact this parameter, which in all our 3-dimensional plots,
alternating code scheme in versions J and K), since its impleeonstitutes one of the dimensions. That is to say, it is our per-
mentation in 1984 this experiment has regularly provided E-sistent perspective to look at the data from the point of view
and F-region parameters, such as electron density and tenof how often something was observed. This is important to
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EISCAT CP1 Occurrence Distribution bin. That IS,
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wheren,.(p+i), and p have the same meaning as above and
h(p+i) is the actual height in km at height bjp+-i. Al-
though the search for the electron density maximum was car-
ried out up to a maximum altitude of 180 km, in our analysis
0 plots were created only to an altitude of 150 km.
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4 EISCAT statistics in search for VPT
Fig. 3. The occurrence distribution plot of the altitude of the elec-
tron density peak .. (i.€. the altitude at the, peak or maximum,  During the EISCAT operation, the magnetic field line tan-
h{(ne) peak}) as a function of the E-field azimuth for the night hours. gential to the radar’s field of view covers a certain range of
The bin size for altitude is 3 km, and for E-field directior?s 3 L-values (L=6.0 to 12) in all local time sectors due to vary-
ing magnetic activity according to Tsyganenko’s TS89 model
Tsyganenko (1989). This coverage of L-values is also the

keep in mind since the number of occurrence is a differentcase for low altitude polar orbiting satellites, such as those
property of the physical quantity than the quantity itself. The from the DMSP and NOAA programmes. From the prop-
width of a distribution should not be mixed with the width of erties of precipitating particles detected by these satellites,
the quantity (whatever it is, e.g. electron density maximum). electron density height profiles have been derived on a rou-
The electric field vector is calculated frob=E x B / B2 tine basis, providing data suitable for large statistical studies
whereB is the geomagnetic field along the EISCAT viewing (e.g. Hardy et_ al., 1985, 1987; Newell et al., 1996). Slnce_
direction (assumed fixed) arkd is the plasma drift velocity each observational platform has its own advantages and dis-
vector at an altitude 0f-280 km computed from the mean advantages (e.g. the L-value range of EISCAT measurements

Doppler shifts at the three EISCAT receivers (TRO, KIR, g Ar;‘”(‘)ebrs'gr’:/';?%)asri‘r? mzy "’i‘j'e‘rjoéggfeife\fv";icc?e\:\'/titﬁ‘;ﬁt'Sé;
and SOD). The electric field vector is defined using a right- 9 ' ’

handed coordinate system (norh, east, down). Fromthis, g IR 5 SEE T ERRATEERC e e
horizontal E-field magnitudd E|, given in units of mV/m, precip P

, , . . : t be easily ordered according to electric field proper-
and the (horizontal) E-field azimuth, given in degrees east ofanno ) "
(horiz ) B ZImuth, given | g tfes. Another strong merit of EISCAT is its long-term obser-

north, are calculated from the north and east components of . .
the electric field vectoE. vatlor]s, although one may argue that some of the mentloned
satellite programmes also have long-term observations.

In order to define more accurately the electron density As such, we begin our picture presentation by examining
peak and the height at which it occurs, “mean” values wereghe electric field properties, as shown in Fig. 2. In this and
determined. The “mean” electron density at the electron denxy)| following color figures, the scale of the color code is to
sity peak(n.) pear Was calculated by averaging the electron pe ynderstood as follows: The plots are normalized in the
densities,+2 height bins about the peak electron density sense that the maximum number of occurrences for a given
height bin. That is, plot is assigned to red (maybe it is more red to black) and

then all the other number of occurrences for all the other

2 bins are scalgd with respect to this. As s_uch, on the leg-
Z no(p +1) ends the maximum number of occurrences is assigned to red
(red to black) and then scaled to zero. Figure 2 shows the

(1) occurrence distribution of the E-field magnitude versus its
azimuth for the night hours, defined as those between 17:00

) ) . ] and 07:00 MLT (16:00 to 06:00 UT). Conversely, day hours
wheren, (p+i) is the electron density at height or altitude g those which are not night hours. At a later state of data
bin p+i and p is the height bin of the peak or maximum  4n4)ysis we will also distinguish between a sunlit and a dark

electron density. ionosphere. The following can be noticed: 1) the E-field is

Similarly, the “mean” height yeqk=h{(n¢) pear} at the surprisingly symmetrically distributed over the auroral elec-
electron density peak is calculated by performing a heighttrojets; 2) large electric fields are almost as frequent in the
average, which is weighted by the corresponding electroreastward jet (EJ) as in the westward jet (WJ); 3) the most
density,£2 height bins about the peak electron density heightfrequently observed E-field magnitude is surprisingly small

i=—2

(ne)peak = T,
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EISCAT CP1 Occurrence Distribution EISCAT CP1 Occurrence Distribution

night hours; number of profiles: 9781 Eastjet; night hours; number of profiles: 4203
(Ne)peak < 10 x 10™ ‘m'ﬁ; IEl >0mV/m (Ne)peakc < 10 x 101 m3; | E| >0mv/m

® < o

60

n, at altitude peak (10" m~)
Altitude at n, peak (km)

40
20

0 T T T
0 20 40 60 80 100
E-field magnitude (mV/m)

E-field azimuth (deg E of N)

EISCAT CP1 Occurrence Distribution
Westjet; night hours; number of profiles: 5539

Fig. 4. The occurrence distribution plot of the electron density peak xm@@{mﬁﬂ s0mv/m
(ne) peax @s a function of the E-field azimuth for the night hours.
The bin size for electron density is?10'1 m—3, the one of E-field
directions 3.

(~5 mV/m); and 4) large electric fields are either northward
or southward (at least at the EISCAT latitude). Therefore,
judging from the electric field properties alone, E-region
electron density height profile modification by large electric
field driven VPT can be expected equally well during EJand %7
WJ conditions. This suggests a high preference for a VPT ef- o 2o w e s 10
fect to occur in the local time sectors centered around 01:00 Efield magnitue (mv/m)

and 16:00 MLT (00:00 and 15:00 UT). . N .
In Fid. 3. the occurrence frequency of the altitude of the Fig. 5. The occurrence distribution plot of the altitude of the elec-
g5 q Yy tron density peak ,..« as a function of the E-field magnitudg |

electron density maximurtn,) pear, hereafter referred to as  ¢or the night hours during eastward electrojet conditions (top) and

h peak 1S displayed as a function of the E-field azimuth, again the one for westward electrojet conditions (bottom). The bin size
for the night hours. Two features are clearly noticed: 1) thefor altitude is 3 km, and for E-field direction€ 3

most probablé ,.q; in the EJ is~120 km, which is about
12 km higher than the most probable height in the WJ wherecharacteristic energy in the EJ. Two things should, nonethe-
itis ~108 km; and 2) moreover, the,.. is less well defined  less, be realized: (1) the EISCAT electron density profile
with respect to altitude (height) in the EJ (width of height does not differentiate between an E-region precipitation and
distribution is~20 km) than in the WJ (width~10 km), a photoionization peak, (2) our definition of day and night
while the opposite is the case with respect to E-field azimuthhours is ordering the data primarily into two LT sectors; re-
wheren .4 in the EJ is confined to a smaller range of E-field call that at times the ionosphere is sunlit or dark for 24 h of
azimuths (width of angle distributior20°) than in the WJ  the day.
(width ~50°). Also apparent from Fig. 3 (as well Fig. 2), and less gener-
It is a well-known fact, confirmed by many statistical sur- ally realized, is the high degree of E-field alignment in the EJ
veys on particle precipitation properties obtained from low (strongly northward aligned) as compared to that in the WJ
altitude polar orbiting satellites (e.g. Hardy et al., 1985), that(less strongly southward aligned). This may be attributed to
the difference between the,.. in the EJ as compared to the fact that the WJ is more irregular in its large-scale east-
the WJ, is due to the difference in the hardness of the prewest elongation (i.e. it is more affected by large-scale turbu-
cipitating particles. This also shows up in the mean altitudelent processes associated with, for example, substorms) than
of the electrojets (Kamide and Brekke, 1977; Sugino et al.,the EJ. In Fig. 3, the occurrence/of.. for E-field azimuths
2002). If we take the values @f,..x given above (Fig. 3), between 20 (north-northeast) and 12(southeast) is rare.
and assume for the sake of simplicity solely electron precipi-We understand this as a property of the Harang Discontinuity
tation, the difference in the characteristic energies, assumingHD) at the EISCAT Tromsg radar latitude (geographic lati-
isotropic pitch angle and Maxwellian energy distributions, is tude 69.9). As time proceeds, the electric field rotation does
of the order of 2 keV in the EJ versust2 keV in the WJ  not cover a full clock angle when first approaching and then
(Auroral Physics Program for Science and Education). Thisleaving the HD on the nightside. As such, when presenting
is compatible with values given in the literature for electron plots solely for the night hours, a distribution of this range of
precipitation (Hardy et al., 1985), though a bit high for the E-field azimuths is only seldom met (and s@jg.x).

150

Altitude at n, peak (km)

100
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EISCAT CP1 Occurrence Distribution 40 mV/m) and tends to level off at an altitude ©fL.12 km
e o oms o1 Somrm for large electric field valueg £|>40 mV/m).

‘ 3 Figure 5 should be seen visvis Fig. 4 of paper H. One
cannot but admit that the overall impression in the contrast-
g ing features of Fig. 5 exhibits some similarity in the contrast-
3 ing features (lifting and lowering of ;.. With |E[) seen in
E Fig. 4 of paper H. The shifts are not on scale but qualitatively
they are there and in the right direction.

Altitude at n, peak (km)

f 2 It is interesting that for large E-field values the height of
3 3t hpeak S€EMS tO level off at the same altitude in the WJ, as
e Fofw well as in the EJ, at about 112 km (cf. Fig. 5). This property
o N is a persistent feature of all otaf,..« distribution versusk|,
. . . . E 0 . . . .
0 % © o a0 100 regardless of LT and solar illumination (dark or sunlit). It
E-field magnitudie (mV/m) will be discussed in greater detail below.
EISCAT CP1 Occurrence Distribution Let’'s now have a closer look to the situation in the EJ but

Eastjet; sunlit hours; number of profiles: 2550
(Ne)peak > 0.0 x 101 m™; |E| >‘ omv/m

choosing specifically the situation of a dark ionosphere and
: the one of a sunlit ionosphere (due to the high latitude, the
= ionosphere, at an altitude of 100 km above the EISCAT radar,
is sunlit for 24 h from about 13 April to 26 August and dark
for almost 24 h from 24 November until 31 January) In Fig. 6
: the occurrence frequencies/of. . are displayed for purely

: dark (top) and purely sunlit (bottom) ionospheric conditions.

0T

Altitude at n, peak (km)

IR Figure 6 contains new detalils:
oy N Regarding the EJ of the sunlitionosphere, Fig. 6 (bottom),
SR the first to be noticed is &,.. at 93 km. We associate it
* 3 with energetic particle precipitation and partially with pho-
0 2 E_ﬁefﬁjomagnnude(nég”m) 80 100 toionization of the D-region. The main contribution to this

peak comes from the local morning time sector which can be
OIeasily verified from Fig. 7 (note that there is a high latitude
EJ in the morning sector). This peak has no “access” to VPT,
since vertical ion transport is limited to heights above 100 km
under any E-field direction (cf. Fig. 1 in paper H). Moreover,
o _ the 05:00 to 10:00 UT local time sector is characterized by
~ VPT effects should be more effective in regions and pe-gmga|| electric field values because of the large ionospheric
riods of low electron density. The chances of meeting theconductances (figure with electron density not shown).

low electron density criterion is definitely higher for EJ (dif-  The second to be noticed in Fig. 6 (bottom) is the — al-
fuse auroras) than for WJ (substorms) conditions. This isready earlier focused — levelling-off df,..; at an altitude
evident in Fig. 4, which shows the occurrence distribution of ¢qse to 112 km, from medium to large electric fields. Itis a

the electron density profile maximum,) eax as a function  pronounced signature in contrasting evidence to the situation
of E-field azimuth. As is seen.) peqr Values are smaller  of the dark ionosphere (Fig. 6, top).

and more confined in azimuth in the EJ than they are in the ¢ h peak @t 110/113 km in Fig. 6 (bottom and top) for
WJ. vanishing E-fields we associate primarily with photoioniza-
A closer look at EJ conditions alone in Fig. 5 (top), where tion which could be easily verified by running the Interna-
the occurrence distribution af,..« versus E-field magnitude tional Standard lonosphere (IRI) model for the EISCAT site
is plotted, reveals the following. The height distribution of coordinates, and LT sectors of the EJ for various solar activ-
hpeak is centered at-117 km for low electric field values ity levels.
and tends to become bifurcated around 30 mV/m (113 and Regarding the EJ of the dark ionosphere, Fig. 6 (top), the
123 km), and for large electric field$H|>40 mV/m) tends first to be noticed is that the levelling-off aéf,..« at around
to level off at 112 km. The bifurcation could be associated112 km is less distinct and disappears practically for very
with different mechanisms, and the slight trend to go up andarge E-fields. Second, there is clear evidence for an ascend-
down in altitude for moderate fields in particular, to the VPT ing & ..« With increasing E-field magnitude, starting from
effect. We will discuss these findings in greater detail below~120 km, reaching~125 km for 20 mV/m, and 130 km for
and proceed to the counter example, the WJ situation, as pret0 mV/m. The trend continues up to 60 mV/m, with poor
sented in Fig. 5 (bottom). Here a VPT effect should act in thestatistics, however.
downward direction. As can be seen, the height distribution The# ... around 120 km we associate with auroral parti-
of h,eqr in the WJ exhibits a tendency of decreasing heightcle precipitation (it is present both in the dark, as well sunlit
with increasing E|, again for moderate electric fields (0 to ionosphere). The bifurcation is in Fig. 6 (top and bottom)

Fig. 6. The same as Fig. 5 (top) but for a dark ionosphere (top) an
a sunlit ionosphere (bottom).
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more pronounced than in Fig. 5 (top). Figure 6 (top and EISCAT CP1
bottom) shows an assent and descent of a peak, starting 5° T
from ~30 mV/m E-field values, and consequently, a widen-
ing/deepening of the bifurcation. Such a behavior is con- '
sistent with a VPT effect acting on a low density,. in

a proper height range. Why does this effect not show up
as clearly in Fig. 5 (top)? Well, actually it is also present in
Fig. 5 but a superposition of photoionization and particle pre-
cipitation may result in a smearing out of preferential peaks.
There is a greater plasma supply from low altitudes in the
sunlit ionosphere (cf. Fig. 6, bottom).
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The experimental findings presented above can be summa-
rized as follows: we were able to pinpoint signatures in theFig. 7. A scatter-plot of ... as a function of local time
h peak height distribution as a function ¢f|, which can be  (LT=UT+1.25h). Each point indicates the altitude of the electron
interpreted in terms of a VPT effect. We focused finally on density maximum of an individual height profile.
the EJ and could show there is an ascend f; with in-
creasing E-field strength, as predicted by theory, and a grow-
ing/deepening bifurcation in thee,,.. distribution, starting ~ creasing E-field, starting from some 20 to 30 mV/m onwards
around 20 to 30 mV/m. These signatures are more pro{Figs. 5and 6).
nounced in the dark as compared to the sunlit ionosphere, Since our algorithm identifies only the main maximum in
but they are present in both. Also, the WJ exhibit a declinethe electron density height profile, the question arises of how
of hpear, accompanied by an increase|ify. All these sig-  can we address/discuss a “secondary” peak. Even a quick
natures are compatible with VPT. Our experimental findingssurvey of the EISCAT CP1 density height profiles could
in favor of VPT are, however, not unambiguous. A verifica- show that the data is usually too noisy to identify fine struc-
tion of VPT requires large electric fields, preferentially ex- tures in the profile. Under these conditions it is of utmost
tremely large fields, as the best test case. Those fields argoncern to look for an absolute maximum, especially when
unfortunately rare. Our statistics can be regarded as beingsing an automatic algorithm. A brief exercise can further
still good in the intermediate E-field range, let’s say from 30 demonstrate: when adding random noise of discriminating
to 60 mVv/m. amplitude to an analytic double peak structure and determin-
One may ask: is the statistical approach at all appropriaténg the absolute maximum, statistically it will yield an oc-
for the type of questioning? In general, a random distribu-currence frequency with a maximum at the higher twin peak
tion around a mean value will average to zero when takingand a second maximum at the lower twin peak. Thanks to
the overall average; a systematic shift to either side of thenoise, a double peak structure is statistically resolvable even
mean will, however, not average out. If VPT is to exist, it by looking for an absolute maximum alone.
will produce a systematic shift on either side of the zero E- A double peak structure, however, is not necessarily proof
field peak. Moreover, we have effective tools to sort the dataof VPT. A twin or even multi-peak structure may reflect the
by all relevant parameters. It allows one to study the stainhomogeneity of our data. It may also be a consequence of
tistical properties of the relevant quantities as such (E-fieldtwo different ionization processes (particle precipitation and
magnitude and its direction, the E-region peak height andphotoionization), each of it operating with largest efficiency
its electron density values). Thereafter, we can distinguishin a different height range. Also, VPT acts differently de-
between local time sectors (dayside and nightside) and bepending on the height of maximum ion production relative to
tween, either precipitation layers alone, or a combination ofthe height of maximal operative VPT (for northward E-field
precipitation and photoionization layers (dark versus sunlitthere is a maximum vertical ion speed at 120-125 km, which
ionosphere). This helps us to find the optimal conditions fordrops down by close to one order of magnitude to 10 km on
revealing VPT effects, if they exist. either side of this height (cf. paper H, their Fig. 1). Therefore,
We interpret Fig. 6 (top) as follows. The peak at 120 km is VPT is not necessarily associated with a growing/depending
submit to VPT, resulting in an upward shift towards 130 km bifurcation when the E-field increases. If the maximum pro-
at around 60 mV/m. The peak at 113 km is not very muchduction height coincides with the height of maximum VPT
affected by VPT and gains only some km in height, if any. efficiency, an enhanced northward E-field would not produce
Moreover a secondary peak is produced from the upshifted secondary peak, but instead increase the primary peak’s
one which is a consequence of an erosion of the primary pearlectron density by thinning it (cf. paper H, their Fig. 3a).
at 120 km. This secondary peak is asymptotically approach- The fact that for large electric fields,... tends to level
ing the peak at 112 km. The bifurcation is widening with in- off at a height of~112 km, irrespective of whether we deal
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with the EJ or WJ (cf. Fig. 5), is an important experimental the EJ is always smaller than the upward shifted. It remains
finding. The following options exist for an interpretation: a mystery why in Fig. 6 (bottom) the levelling-off peak at
Interpretation A: it is due to photoionization which is in- 113 km exhibits the highest occurrence frequency. It may
dependent of the E-field in direction and strength and canpe due to the coincidence of two peaks, a down-shifted sec-
therefore, easily provide an explanation as to why it is en-ondary peak with a photoionization peak of constant height
countered in the EJ as well as the WJ. A quick run of the IRI(cf. Fig. 6; bottom).
model for the EISCAT electron density height profile can fur-  In an earlier stage of our investigation we believed that
ther tell that photoionization controls the electron density atthe height of maximum ion production due to (soft) particle
E-region heights to a considerable extent. precipitation is in the EJ not getting down enough in the E-
Interpretation B: ther ..« tends to level off at a height of region to make a noticeable VPT effect. As Figs. 5 (top) and
~112 km becausé,) peqk is SO high that VPT cannot affect 6 (top) can tell us, thé . distribution includes the height
the peak height even in the case of very large electric fieldsrange from 110 to 130 km and covers nicely the most effec-
Therefore it is independent ¢f| and levels off at the most tive height range for VPT (125 km). It may look surprising
probable peak altitude. that in the EJ an electron density peak is frequently encoun-
Interpretation C: levelling-off of .. at ~112 kmis to  tered at an altitude so low as 112 km (cf. Fig. 6; top). In the
be seen in the context of anomalous heating due to Farley15:00 to 19:00 UT time sector the ionospheric trough is fre-
Buneman instability in association with Hall currents which quently intersected by the EISCAT magnetic field line. In the
flow preferentially at this altitude (Schlegel and St.-Maurice, trough region the electron density height profile at the EIS-
1981; Wickwar et al., 1981). The fact that this feature ap- CAT field line is determined mainly by proton precipitation
pears in our statistics shows the high occurrence of this inwhich produces, according to Hardy et al. (1991) an electron
stability (cf. Hussy et al., 2002). density maximum at120 km for Kp=3, the best represented
Interpretation D: it is a by-product of VPT. Kp value in our data. This may be the reason for the “pre-
To interpretation A: it can be checked by comparing the existing” twin peak of the dark (only precipitation affected)
dark ionosphere of Fig. 6 (top) versus the sunlit ionosphereonosphere.
of Fig. 6 (bottom). Théi ... around 112 km is much less Summarizing, it can be said: EISCAT CP-1 data statistics
pronounced in the dark as compared to the sunlit ionosphergrovides some evidence for the existence of a VPT effect. In
although it has not entirely disappeared. Note that abovespite of considerable efforts, we were, however, not able to
EISCAT, at an altitude of 100 km, the ionosphere is evendemonstrate the existence of VPT beyond any doubt. Other
on 21 December, at local noon, not entirely dark (the Sun ismethods and/or data have to be developed/found for the final
only 3.5 below horizon). A further check (not shown) by answer.
choosing a really dark ionosphere, at the local time sector Some problems inherent to the EISCAT radar measure-
16:00 to 17:00 UT, told us that for large electric fieltg,. ment should be here mentioned: the CP-1 data altitude reso-
still tends to level off at a height 6112 km. Thus, itcannot  lution of 3 km is, in fact, not enough to infer shifts bf.c.«
be due to photoionization (cf. Figs. 5 and 6). Interpretationwhich are of the same order. An upward shift from 120 to
A'is wrong. something like 135 km, as encountered in Fig. 6 (top), in-
To interpretation B: can be excluded right away. Large,volves in any case more than 2 discrete steps (cf. Fig. 7) and
especially, very large electric fields are not encountered wherllows access tb ., values even in between.
the electron density is high. We ordered our statistics also We finish by addressing some critical points of the VPT
according to(.) pear (NOt shown). The peak at112 kmis  theory itself, some of them were already mentioned by Hu-
a persistent signature in all o#ir,..x distributions even for  uskonen et al. (1984). The authors of paper H estimated the
(ne) peak <10*m~3. Interpretation B is also wrong. lifetime of the ions assuming a value of the effective recom-
To interpretation C: the context might be right but it is not bination coefficient ofr=2x10"13 m3s1. In 1992, Nygén
clear how a small-scale instability such as Farley-Bunemaret al. (1992) published a report on a novel EISCAT measure-
can largely affect the electron density. The increase in elecment ofa, using the decay of the electron density after peri-
tron temperature and associated decrease in the recomhids of short-lived {4 s) auroral precipitation bursts. Their
nation coefficient and resulting increase in electron densitymeasurement (for a review on earlier works, see Eggst
should modify the electron density by some percent only. In-al., 1992 and references therein) was at this time the most
terpretation C is not sufficient. precise measurement in the height range from 85 to 115 km.
To interpretation D: As outlined above VPT may generate Re-analysis of the same data by Ulich et al. 2000 yielded an
a double peak structure (cf. Fig. 1). A secondary maximumeven higher precision by allowing a time dependeduring
may be generated. In the EJ (WJ) the primary peak is pushethe precipitation events and the process of electron density
up (down), whereas the secondary peak is going down (up)decay. This approach was made possible by the use of the
In all our i .4, height distributions (cf. Figs. 5 and 6) signa- Sodankyh lon Chemistry model of Turunen et al. (1996).
tures of a bifurcation are encountered. In addition, the bifur-Now, if we use this most recent value@t=4x 1013 m3s~1
cation is widening/deepening with increasing E-field. Inter- for a height of 100 km, as given by Ulich et al. (2000), and
pretation D is at least compatible with VPT, however, accord-compare it with the value used in paper H (see above), we
ing to the modelling in paper H — the down-shifted peak in see thatx would have “increased” by a factor of two. This,
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in turn, means that the lifetimes of the ions estimated in papea narrow height range (see above). Finally, there are — to
H now could “decrease” by a factor of two, yielding 5 to 50 s our knowledge — no quantitative estimates available whether
(instead of 10 to 100 s) for the ion lifetimes calculated usingor how much, neutral wind induced vertical ion velocities
their assumed electron densities. The effective recombinaehange the scenario of VPT.
tion coefficient is a function of height and temperature. The The emphasis of our study lies on the usage of CP-1 data.
authors in paper H were certainly not wrong in their order of We are asking what can we learn from its statistics in view
magnitude estimate, but a more realistic valuexdélls us  of VPT. It is not within the scope of this paper to go through
that the chances for a VPT effect to be detected are smallesther possible scenarios of VPT verification. It became obvi-
than paper H suggests. ous in the course of our study that it is difficult to demonstrate

In the modelling of paper H a static neutral atmospherea VPT effect beyond any doubt but we forwarded — to our
is assumed, particularly a constant NO concentration takemnind — rather intriguing signatures in favor of the existence
from MacLeod et al. (1975). Recent model calculations of VPT which should provide enough motivation for a more
based on an updated version of the Sodankgh Chem-  rigorous analysis. Everything that we are discussing here
istry model (Turunen et al., 1996) also including now neutral could be, in fact, modelled, including realistic geophysical
chemistry ( Ulich et al., 2001), showed that the NO concen-conditions with electron and proton precipitation and pho-
tration is accumulating by a persistent electron precipitation.toionization. Also, a more realistic up-to-date ionospheric
However, since NO is a minor constituent of the E-region E-region model is necessary, that is capable of providing
neutrals and the major constituent NO+ within the E-regionnon-steady-state solutions for vertical plasma transport under
ions is not formed from the neutral NO population (Rees, time varying conditions of E-region plasma recombination.
1989) we believe that in paper H the assumption of a constant The study of the VPT effect is not only of academic inter-
NO concentration (although not realistic) is not signaling aest. Even if VPT proves to be a very minor effect, it may have
major defect of the model. This also holds for neglecting ion further reaching consequences in the context of E-region in-
collisions with NO neutrals. Unfortunately the Sodarikyl stabilities (e.g. see Haldoupis et al., 2000). A thinning or fat-
lon Chemistry model does not yet include vertical transport,tening and/or upward/downward shift of the electron density
otherwise its use would have been the most straightforwargnaximum has a magnifying effect on the vertical gradient of
approach to check the validity of the ionosphere model inthe electron density height profile and its “operating” altitude
paper H. for e.g. the Farley-Buneman instability.
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