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Abstract. This paper investigates the roles of electric field 2000). It has been shown that Es layers are observed even
and neutral wind in the generation of sporadic-E layersinside the polar cap, despite the very high inclination of the
within the polar cap. Two Es layers above Svalbard, observedieomagnetic field there (Wan et al., 1999; MacDougall et
by the EISCAT Svalbard Radar (ESR), were chosen for in-al., 2000a; Voiculescu et al., 2006). Experimental and theo-
vestigation. The radar experiment contains four beam direcretical findings support the idea that the electric field is the
tions, and this was used for determining the electric field.main driving factor of Es layer formation within the polar cap
The neutral wind was obtained from the HWM93 model. (Parkinson et al., 1998; Wan et al., 1999; Bedey and Watkins,
Formation of Es layers was calculated by integrating the con2001; MacDougall and Jayachandran, 2005; Voiculescu et
tinuity equation under the action of driving forces due to neu-al., 2006; Nygen et al., 2006), although there are calcula-
tral wind and electric field. A flat height profile of metal ions tions showing that gravity waves might also play a role (Mac-
was assumed in the beginning. The calculation gives the tim&ougall et al., 2000b).

variation of the layer, which can be compared with observa- In their study of southern polar cap Es layers, Wan et
tions. In one case the electric field was shown to be the mairal. (1999) investigated the link between ionospheric electric
driving agent in layer generation. In the other case the elecfields, interplanetary magnetic field (IMF) and Es layers at
tric field was weak and the layer was produced mainly by Casey (-81° CGM Lat). They concluded that most of the
the neutral wind, but the electric field had influence on thecharacteristics of the relationship could be explained in terms
height of the layer. A fairly good agreement between theof the convective electric field effect on ion dynamics. Mac-
variations of the observed and calculated layer altitudes wa®ougall et al. (2000b) noted that, during Es observations, the
obtained and some agreement between the intensity variazonvection velocity was low, and attributed the Es forma-

tions was also found. tion to gravity waves. Later, MacDougall and Jayachandran
Keywords. lonosphere (Electric fields and currents; Plasma(2005) argued that Es layers observed a&tCGM Lat could
convection; Polar ionosphere) be explained by a two-step mechanism involving horizontal

convergence of ionisation followed by vertical convergence,
both under the effect of electric field. Voiculescu et al. (2006)
and Nygeén et al. (2006) investigated the statistical relation
of polar cap electric field and the occurrence of sporadic E

. . . . . at two polar cap sites, Longyearbyen and Thule, using elec-
Sporadic-E (Es) layers are thin horizontal layers with averti-i. co1ds given by the APL model based on IMF data (Ruo-

cal extent of 0.5-5km and densities at least two-three timeg, | .. i - Sreenwald 1996). It was shown in these stud-
higher than the background plasma. They are commonly ' :

. les that the layer occurrence was in most cases in reasonable
detected at heights between 95 and 130km. They form b%greement with the electric field theory of sporadic E.

vertical convergence of ionospheric plasma caused by appro- S .
priate structures in the vertical shear of neutral wind and/or. All of the apove proves that electrl_c field has amajor role
favourable electric field directions (Nyen et al., 1984: in the generation of polar cap sporadic E but it also rises some

Whitehead. 1989 Mathews. 1998 Kirkwood and Nilsson guestions about the effect of neutral wind, which obviously
' ' ' ' "has its own effect on ion motion (i.e. Voiculescu and Ignat,

Correspondence tof. Nygrén 2005). The aim of the present paper is to study how well
(tuomo.nygren@oulu.fi) the electric field and neutral wind are able to reproduce the

1 Introduction
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observed layers. Two examples of sporadic E observed by is the magnetic inclination angle, akg, ky andk; are the
the ESR incoherent scatter radar on Svalbard were chosen fétedersen, Hall and field-aligned ion mobilities. It is assumed
this study. In these two cases the radar experiment consisthat electric field is perpendicular to the geomagnetic field
of four different beam directions, which allows the determi- and neutral wind is horizontal. The mobilities can be cal-
nation of electric field from the F region ion velocities. The culated from the well-known formulas using the ion mass,
neutral wind was obtained from the HWM93 (Hedin et al., the ion-neutral collision frequency and the geomagnetic in-
1991, 1996). The development of sporadic E under the acduction. It is essential to take ambipolar diffusion into ac-
tion of these driving agents was calculated by integrating thecount when solving the continuity equation; otherwise the
one-dimensional continuity equation. ions would be quickly packed into an extremely thin sheet.
Ambipolar diffusion also makes the layer decay, if the com-
pression due to the driving forces disappears.

A constant metallic ion density profile at an altitude range

The sporadic E observations were given by the ESR incohergao_180 km with smoothed Gaussian ends both above and be-

et scater racaron Sulbad (19 16,05 75.2 CG_ 07,492 1520 Sl pofleafnegrato, he el
Lat, 112 CGM Lon). The experiment consisted of a cycle q y y y

I : . - Nygrén et al. (2006), assuming Fdons. The MSISE-90
of four beam directions; one vertical, one in the meridional . .
. : . i — model (Hedin, 1991) was used for neutral density and tem-
plane with an elevation of 82(field-aligned direction) and :
the remaining two at aximuths of 124nd 172 (SE sector) perature, and a constant value of 51bfor the geomagnetic

with elevations of 67 and 63, respectively. The E-region 't:zgtlon and an inclination angle of 8%as used at all alti-
range resolution was 3 km. '
The electric field was determined from the F-region
plasma velocity measurements using a program based %0 pesults
stochastic inversion. It applies velocity profiles form all
four beam directions and gives two perpendicular electric 1 Layeron 2 July 1999
field components and the field-aligned ion velocity profile.

In principle, the beam-aligned plasma velocities could alSOgjgre 1 shows a layer observed on 2 July 1999. The electron
be used to derive the E-region neutral wind velocities. ThiSyengity ohserved by the radar is shown in the top panel. Next
implies a model of ion-neutral collision frequency which is ¢ e the calculated Eéon density caused by the measured
needed in the calculation of the ion mobility tensor. A com- 4 jactric field only, then the layer caused by model neutral
puter program was created for this purpose, but the resultg;nq oniy and after that then the same due to the combined
turned out to be too inaccurate to be applicable in the cal-yion of the measured electric field and the model neutral
culatlo.ns. . The reason Is that, even after heavy SmQOth'ng\Nind. These densities are shown in arbitrary units. The time
the noise in the resulting wind profiles creates artificial ver- step in the integration was 1 s. Most of the ions are collected
tical wind shears. Since wind shears are important in layefp., 5 layer after some time from the start of integration, and

formation, the unrealistic wind shears prevented reasonablgsia, that the layer behaviour no more depends on the start
altitude variation of the layer in the numerical integration. density profile; i.e. the arbitrary start profile is not a limita-

Hence the only possibility was to rely on a wind model; the jo, * The two bottom panels indicate the direction and in-
HWM93 model (Hedin et al., 1991, 1996) was applied. It o gjty of the electric field. Field directions favouring the

takes into account the annual variation, the solar F10.7 ﬂ“’%\ppearance of a layer (i.e. directions from north to south via

and the magnetic activity in terms of ti, index. west, see e.g. Nygn et al., 2006) are indicated by gray shad-
The layer development was calculated by solving the con-

o ) ; e . ing.
tinuity equatlon as de_scrlbed in Nygr et al. (20.06)' A d'f' . The radar measurement in Fig. 1 indicates the presence of
ference is that, in this paper, the calculated ion velocity is

S . a faint layer just after 15:00 UT. It descends from 130 km al-
caused by both electric field and neutral wind rather thang e 15 120 km, where it is greatly intensified at 15:30 UT.

frp?crje elect:)tnc f!eld. The vertical ion velocity due to electric The layer then continues descending down to 95km at a
leld can be written as speed of about 20km/h. The layer is temporarily weak-

2 Method

v.g = e(kpEn 1 + kyEg) cosl (1)  ened at 16:25UT, but is again intensified at 16:45 UT. After
17:00 UT the layer practically disappears, although a faint
and that due to horizontal neutral wind is layer may still be present afterwards.
1 _ _ The electric field intensity varies between 10 mvV/m and
Vou = k_H(kPMN Sl I + kyug sinl) — uy cos 1. (2)  30mVIm. The field first points slightly westwards from

north and gradually turns to a nearly southward direction. At
HereEy,, Eg, uy andug are the local magnetic northward about 16:40 UT it starts turning back northwards and makes
and eastward components of electric field and neutral winda full round back to south via west, north and east. Between
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Fig. 1. Top panel: Radar observations of E region electron density above Svalbard on 2 July 1999. Second panel: Calculated time de-
velopment of F& ion density starting from a flat background under the action of electric field only. Third panel: Same as second panel
under the action of neutral wind only. Fourth panel: Same as second panel under the actions of both electric field and neutral wind. The
two bottom panels: The direction and intensity of the ionospheric electric field, respectively. Here S, W, N and E mean local geomagnetic
south, west, north and east. The electric field theory roughly predicts layer production when the field direction lies within the NW sector
(vertical compression towards some fixed height) or within the SW sector (downward flow at all altitudes). These sectors are indicated by
gray shading. For details, see the text.
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Fig. 2. Red line: Altitude of the peak of the observed layer in Fig. 1. Black line: Altitude of the calculated layer assuming the presence of
electric field only. Green line: The same assuming the presence of neutral wind only. Blue line: The same assuming the presence of both
electric field and neutral wind.

16:50UT and 17:20 UT the field points in directions where (see e.g. Nydgrm at al., 2006). A layer is expected, if the
the basic electric field theory does not predict layer produc-electric field points roughly in some direction between local
tion. geomagnetic north and west or in some direction between

When only the effect of the electric field is taken into ac- local geomagnetic south and west. In the former case the ions
count, the solution of the continuity equation first produces awill drift and converge toward a fixed altitude which depends
layer at about 130 km in height. Following the rotation of the on the field direction but is usually 110-115km or higher
electric field vector, the layer descends to 95 km. After the(Nygrén et al., 1984, 2006; Kirkwood and Nilsson, 2000),
field turns into the NE and SE sectors, the layer gets weakebut in the latter case the drift is continuously downwards.
but is again intensified when the field direction turns back toLow-altitude layers are expected only in the latter case. One
south. should, however, notice that these predictions are based on

A mere neutral wind can only create a slowly descend-an assumption of a constant electric field. In reality, the field
ing smooth layer with no features similar to the observations.intensity and directions change, and this has a major effect on
When both the electric field and the model neutral wind arethe layer behaviour. The vertical layer motions must follow
taken into account, the layer starts descending slowly fromthe vertical ion velocity at the layer altitude. Therefore, if the
105 km with a speed of less than 5km/h and shows a cleaglectric field direction changes rapidly, the layer may not be
upward drift at times, when the electric field points in the able to follow the altitude of maximum plasma convergence,
NE and SE sectors. After that, when the field direction turnsand it will appear at an altitude which does not agree with the
southwards, downward drift is again found. prediction of the basic electric field theory.

It seems obvious that mere electric field gives the best In the case of the present observation, the turn of electric
agreement with observations. This is shown more clearlyfield direction from north to south via west can well explain
in Fig. 2, which portrays the altitudes of the layer peak the downward motion of the layer calculated with a mere
taken from the four topmost panels of Fig. 1. Although neu- electric field assumption. However, the basic electric field
tral wind alone is able to make a layer, it has practically theory would indicate that, during the northward turn after
no resemblance with the observations. Between 15:00 and6:40 UT, the layer would lie at higher altitudes. The subse-
16:15UT the layer due to the electric field descends muchquent field directions in the NE and SE sectors would create
in the same way as the observed one but at somewhat highewo layer at all. The reason why this does not happen is that
altitude. After 16:15UT a good agreement between the obthe vertical ion velocity below 100-km altitude is too slow to
served and calculated layer is found. A much worse agreeallow the change. Therefore the layer remains close to 95 km
ment is encountered when both electric field and neutral wincand is slowly decayed there by diffusion. This is well visi-
are taken into account. The altitude of this layer is clearly tooble in the second panel of Fig. 1. The intensification before
low except after 16:45UT, when a good agreement is seenl8:00 UT is due to the fact that the layer turns back to the
Two conclusions can be drawn. For the first, the layer isSW sector.
caused mainly by the electric field. For the second, the ef-
fect of the neutral wind must be to shift the layer altitude 3.2 Layer on 7 July 1999
downwards. The shift due to the model wind is too big, and
therefore the model must depart from the true neutral windA second example, shown in Fig. 3, is from 7 July 1999.
in this case. Here the radar observation contains a layer close to 105 km,

To understand the results, one should first remember thatarting somewhere within the data gap and ending at
main predictions of the electric field theory of Es generationabout 19:15UT. There are also some faint indications of a

Ann. Geophys., 26, 3753¥63 2008 www.ann-geophys.net/26/3757/2008/
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descending layer before the data gap. The electric field ishe SW sector and, later, to the NW sector. The solution of
mostly very weak; during the presence of the layer the fieldthe continuity equation using only the electric field produces
strength is usually 5mV/m or below. First the electric field a thick and faint layer at great altitudes, except after 19:30,
points mainly in the NW sector, but after 18:30 it turns to when a thin layer close to 120 km is created.
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Fig. 4. Same as Fig. 2 for 7 July 1999.

The results change drastically when the neutral wind is in-altitude and intensity variations of individual layers could be
cluded in the calculations. Neutral wind alone makes a layemunderstood.
which is nearly horizontal at the time of the observed layer, Two examp|es were investigated_ In one of them, a rather
descending and decaying later in the evening. The effect ofood agreement with the observed layer was obtained, when
including the electric field is some vertical shift plus slight only the observed electric field was taken into account in the
helght variations. The Iayer starts jUSt below 110-km a'titUdeCa|Cu|ati0n. When the effect of model neutral wind was in-
and stays there up to 18:30 UT. After this there is a slightcluded, the result was essentially worse. Hence the true neu-
decrease in the layer altitude until, after 19:00 UT, the dOWﬂ-tra| wind must be weaker than that given by the model, and
ward drift speed increases to some extent. The layer is firsthe conclusion is that the main driving force producing the
weak, butis intensified just before 18:00 UT (this may match|ayer is due to electric field.
the start of the layer which lies somewhere within the data |, the second event the electric field is weak and it could
gap). After 19:15UT the layer again gets weaker during itSyne create only a thick layer at great altitudes. On the other
downward drift. _ _ hand, neutral wind and electric field together make a layer

A comparison of the observed layer altitude with those ob-pea1y precisely at a correct height. Hence we conclude that
tained by calculations is shown in Fig. 4. A marked differ- gjectric field is too weak to overcome the effect of neutral
ence between the observations and the results given by meiging o that the layer is caused mainly by the neutral wind.

electric field is seen, whereas the layer given by neutral wind, s case the role of electric field is to make a small shift
and electric field together lies nicely at a correct height. Neu, the layer altitude.

tral wind alone would make a layer at a somewhat lower

height. Thus the neural wind is indeed the most important . -
. oo ' known to have horizontal structures, it is not to be expected
factor of layer generation, but electric field field has also an

effect, shifting the layer to the observed altitude. Althoughthat one-dimensional calculations could properly reproduce

. the intensity variations of the observed layers. Especially,
the calculated layer does not show such a clear drop-off in . s
. . ) o sharp layer boundaries drifting through the radar beam can-
intensity as the observed one does at 19:05 UT, it still gets .

. not be reproduced. However, the results show how layer in-
clearly weaker after the observed layer has disappeared.

tensity can be reduced by ambipolar diffusion.

The conclusion is that, indeed, when the electric field is

4 Discussion and conclusions not too small, polar cap Es layers can be caused by elec-

tric fields, which may also control their time variations, as in
The previous statistical studies by Voiculescu at al. (2006)the first event of this study. This is in accordance with the
and Nygén et al. (2006) indicated that the occurrence of statistical studies by Voiculescu at al. (2006) and Nyget
sporadic E within the polar cap can be mainly explained byal. (2006) as well as studies by Bedey and Watkins (2001)
electric field. Of course, neutral wind must have its effectand Parkinson et al. (1998). Still, there are also cases where
in individual cases as well, as shown for instance by calcu-the neutral wind is the main reason for the appearance of the
lations of vertical ion convergence by Voiculescu and Ignatlayer even within the polar cap, as in the second event of this
(2005), but it was not investigated in these studies. study.

The purpose of the present paper is to demonstrate the rel- A limitation of this work is that neutral winds were taken
ative roles of electric field and neutral wind in the generationfrom the HWM93 model. Wind models are not necessar-
of polar cap sporadic E in individual events. Another goal isily representative for high latitudes at all times, since par-
to simulate the observed layers using measured electric fieldscle precipitation and drag of neutrals by ions can affect
and model neutral winds so that the time behaviour, i.e. theghe neutral air motion there. This is shown e.g. by Zhang

Since Es layers are drifting horizontally and they are

Ann. Geophys., 26, 3753¥63 2008 www.ann-geophys.net/26/3757/2008/
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et al. (2004). In the present paper the use of a model wasacDougall, J. W., Jayachandran, P. T., and Plane, J. M. C.: Polar
unavoidable, because neutral winds could not be determined cap sporadic E: part 1, Observations, J. Atmos. Solar-Terr. Phys.,
with a sufficient accuracy from simultaneous incoherent scat- 62, 1155-1167, 2000a.

ter observations. The first example of this work demostratedfacDougall, J. W., Jayachandran, P. T., and Plane, J. M. C.: Polar

a case when the true neutral wind must clearly depart from ¢aP sporadic E: part 2, Modeling, J. Atmos. Solar-Terr. Phys., 62,
the model. 1168-1176, 2000b.

MacDougall, J. W. and Jayachandran, P. T.: Sporadic E at cusp

Acknowledgement3ie are grateful to R. Kuula for plots of the latitudes, J. Atmos. Solar-Terr. Phys., 67, 1419-1426, 2005.

radar data. This work was supported by the Academy of FinlandMatheWS’ J. D.: Sporadic E: current views and recent progress, J.
(application number 43988) and the Space Institute at the University A\tMos. Solar-Terr. Phys., 60, 413-435, 1998. _
of Oulu. EISCAT is an international association supported by China\Y9rén: T., Jalonen, L., Oksman, J., and Turunen, T.: The role of
(CRIRP), Finland (SA), Japan (STEL and NIPR), Germany (DFG) electric field and neutral wind direction in the formation of spo-
Norway (NFR), Sweden (VR) and United Kingdom (PPARC). My 'adic E layers, J. Atmos. Terr. Phys., 46, 373-381, 1984. _
acknowledges Project No 81-009 SAFIR of the Romanian NationaNY9ren: T., Aikio, A. T., Voiculescu, M., and Ruohoniemi, J. M.:
for Research, Development and Innovation. IMF effect on sporadic-E layers at two northern polar cap sites:
Topical Editor K. Kauristie thanks B. Lanchester and two other ~ ~art Il —Electric field, Ann. Geophys., 24, 901-913, 2006,

anonymous referees for their help in evaluating this paper. http://www.ann-geophys.net/24/901/2006/ _
Parkinson, M. L., Dyson, P. L., Monselesan, D. P., and Morris, R. J.:

On the role of electric field direction in the formation of sporadic

References E-layers in the southern polar cap ionosphere, J. Atmos. Solar-

Terr. Phys., 60, 471-491, 1998.

Bedey, D. F. and Watkins, B. J.: Simultaneous observations of thinRuohoniemi, M. and Greenwald, R. A.: Statistical patterns of high-
ion layers and the ionospheric electric field over Sondrestrom, J. latitude convection obtained from Goose Bay HF radar observa-
Geophys. Res., 106(A5), 8169—8183, 2001. tions, J. Geophys. Res., 101, 21 743-21 763, 1996.

Hedin, A. E.: Extension of the MSIS Thermospheric Model into Voiculescu M. and Ignat, M.: The role of total wind in the vertical
the Middle and Lower Atmosphere, J. Geophys. Res., 96, 1159— dynamics ofions in the E region at high latitudes, Ann. Geophys.,
1172, 1991. 23,1191-1197, 2005,

Hedin, A. E., Biondi, M., Burnside,R., Hernandez, G., Johnson, http://www.ann-geophys.net/23/1191/2005/

R., Killeen, T., Mazaudier, C., Meriwether, J., Salah,J., Sica, Voiculescu, M., Aikio, A. T., Nygén, T., and Ruohoniemi, J. M.:
R., Smith, R., Spencer, N., Wickwar, V., and Virdi, T.: Re- IMF effect on sporadic-E layers at two northern polar cap sites:
vised Global Model of Thermosphere Winds Using Satellite and ~ Part | — statistical study, Ann. Geophys., 24, 887-900, 2006,
Ground-Based Observations, J. Geophys. Res., 96, 7657—7688, hitp://www.ann-geophys.net/24/887/2006/

1991. Wan, W., Parkinson, M. L., Dyson, P. L., Breed, A. M., and Mor-

Hedin, A. E., Fleming, E. L., Manson, A. H., Schmidlin, F. J., Av- ris, R. J.: A statistical study of the interplanetary magnetic field
ery, S. K., Clark, R. R., Franke, S. J., Fraser, G. J., Tsuda, T., control of sporadic E layer occurrence in the southern polar cap
Vial, F., and Vincent, R. A.: Empirical wind model for the upper, ~ ionosphere, J. Atmos. Solar-Terr. Phys., 61, 1357-1366, 1999.
middle and lower atmosphere, J. Atmos. Terr. Phys. 58, 1421JNh|tehead, J. D.: Recent work on mid-latitude and equatorial
1447, 1996. sporadic-E, J. Atoms. Terr. Phys., 51, 401-424, 1989.

Kirkwood, S. and Nilsson, H.: High-latitude sporadic-E and other Zhang, S. P., Thayer, J. P., Roble, R. G., Salah, J. E., Shepherd,
thin layers the role of magnetospheric electric fields, Space Sci. G- G., Goncharenko, L. P., and Zhou, Q. H.: Latitudinal varia-

Rev., 91, 579-613, 2000. tions of neutral wind structures in the lower thermosphere for the
March equinox period, J. Atoms. Solar-Terr. Phys., 66, 105-117,
2004.

www.ann-geophys.net/26/3757/2008/ Ann. Geophys., 26, 3¥H¥3-2008


http://www.ann-geophys.net/24/901/2006/
http://www.ann-geophys.net/23/1191/2005/
http://www.ann-geophys.net/24/887/2006/

