N

N

IMF effect on sporadic-E layers at two northern polar
cap sites: Part 17 Statistical study
M. Voiculescu, A. T. Aikio, T. Nygrén, J. M. Ruohoniemi

» To cite this version:

M. Voiculescu, A. T. Aikio, T. Nygrén, J. M. Ruohoniemi. IMF effect on sporadic-E layers at two
northern polar cap sites: Part 17 Statistical study. Annales Geophysicae, 2006, 24 (3), pp.887-900.
hal-00318000

HAL Id: hal-00318000
https://hal.science/hal-00318000
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-00318000
https://hal.archives-ouvertes.fr

Ann. Geophys., 24, 88B00, 2006 ~ "*
www.ann-geophys.net/24/887/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

IMF effect on sporadic-E layers at two northern polar cap sites:
Part | — Statistical study

M. Voiculescu?, A.T. Aikio 2, T. Nygrér?, and J.M. Ruohoniem?

IDepartment of Physics, Faculty of Sciences, University “Brea de Jos” Galati, 800008 Galati, Romania
2Department of Physical Sciences, University of Oulu, P.O. Box 3000, FIN-90014, Finland
SApplied Physics Laboratory, The Johns Hopkins University Applied Physics Laboratory, Laurel MD, 20723, USA

Received: 10 August 2005 — Revised: 6 February 2006 — Accepted: 13 March 2006 — Published: 19 May 2006

Abstract. In this paper we investigate the relationship be- 1970 and references therein; Behnke and Vickrey, 1975).
tween polar cap sporadic-E layers and the direction of theThe formation of Es is nowadays generally attributed to the
interplanetary magnetic field (IMF) using a 2-year databasewind shear mechanism (Axford, 1961, 1963; Whitehead,
from Longyearbyen (75°2CGM Lat, Svalbard) and Thule 1961) and/or to directional effect of the electric field (Ngar
(85.4# CGM Lat, Greenland). It is found that the MLT dis- et al., 1984; Bristow and Watkins, 1993; Kirkwood and von
tributions of sporadic-E occurrence are different at the twoZahn, 1991). Appropriate structures in the vertical shear of
stations, but both are related to the IMF orientation. Thisneutral wind and/or favourable electric field directions create
relationship, however, changes from the centre of the polathe dynamical conditions for ions to convergence vertically
cap to its border. Layers are more frequent during positiveto a certain height. Although at high latitudes both the neutral
By, at both stations. This effect is particularly strong in the wind and the electric field may contribute to the formation
central polar cap at Thule, where a weak effect associatedf sporadic E (e.g. Kirkwood and Nilsson, 2000; Matthews
with B; is also observed, with positivR, correlating with a  1998), the electric field often dominates over the neutral wind
higher occurrence of Es. Close to the polar cap boundary, adlue to the large values of the electric field (Ngay 1990;
Longyearbyen, th&, effect is weaker than at Thule. Onthe Parkinson et al., 1998; Bedey and Watkins, 2001).

other hand lays there an equally important role s, . . .
B: play quatly imp ? The plasma convection pattern and the associated electric

with negativeB, correlating with the Es occurrence. Since field at hiah latitud d4'in th | d d st |
Es layers can be created by electric fields at high latitudes' ©'@ @t nigh latitudes and in the polar cap depend strongly

on the interplanetary magnetic field (IMF). As a conse-

a possible explanation for the observations is that the lay- the E . ted 1o b ted t
ers are produced by the polar cap electric field controlled b;ftqhue'rl\c/ﬁ:’ di € t's occudrretnce Itsh exgec € | o be .corlmecde | 0
the IMF. Using electric field estimates calculated by means € Iréction and strength. - Several eémpirical models

of the statistical APL convection model from IMF observa- OI thet: I('j\/”f: effect onl thg c|<_)|nvect|on pzttl\jrn ha\;e 23?32 C?Dn'
tions, we find that the diurnal distributions of sporadic-E oc- Structed, for example, by Heppner and Maynar ( ), Pa-

currence can generally be explained in terms of the electriﬁ\i/tas'hviIi et al. (1394), Ruchoniemi and Greenwald (1996),

field mechanism. However, other factors must be considere (Zirr\}sr f(1_995)1,9%r‘11d Pa%i.tajh\r/]”i anq RIiIC h r(]200f2f). Brifstdo_}/v
to explain why more layers occur during positive than during an atkins (. ) studied theoretically t € € e(?t o ai
negativeB, and why theB. dependence of layer occurrence ferent convection patterns on the geographic distribution of

in the central polar cap is different from that at the polar capES by applying the Heppner and _Maynard (1987) convec-
boundary. tion model. The IMF-based statistical model of the convec-

tion electric field by Weimer (1995) was used by Bedey and
Keywords. lonosphere (Electric fields and currents; Plasmawatkins (1996; 1998) to explain the observed seasonal and
convection; Polar ionosphere) diurnal variations of the Es layers over Sondrestrom. The
differences in Es occurrence between the two hemispheres
were discussed by Parkinson et al. (1998) on the basis of the
IZMEM convection model. Simultaneous IMF and Es obser-

Sporadic-E (Es) lavers are formed by vertical accum Iat.Onvations were c;ompared by Wan et al. (1999) for a southern
P ! (Es) lay y vert umua polar cap station, whereas MacDougall et al. (2000a) stud-

of ionospheric plasma into thin sheets with high electron den-ied the Es observations at three northern polar cap sites in
ity and mainly metalli mposition .g. Whiteh . .
sity and mainly metalic composition (see, e.g e ead’the American sector, together with IMF data. Both Wan et

Correspondence tdyl. Voiculescu al. (1999) and MacDougall et al. (2000a) observed a strong
(mirela.voiculescu@ugal.ro) correlation of IMFB, and a weaker correlation df, with

1 Introduction
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900 ‘ ‘ ‘ IMF directions. Finally, the observations of this paper to-
a0l | gether with earlier observations are discussed to find possible

Longyearbyen 1999-2000 explanations for the observed correlations of Es occurrence
700 B within polar cap 1 and IMF direction.
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The two polar cap ionosonde sites chosen for the study
are Thule (Greenland, 77.8l, 290.8 E) and Longyearbyen
(Svalbard, 78.2N, 15.9 E). A database of sporadic-E lay-
ers covering two years (1999—-2000) from Longyearbyen and
two years (1998-1999) from Thule was created. We tried to
restrict our study to mid-latitude type layers, which are flat,
thin, dense and relatively long-lasting. The parameters rele-
MLT vant to this work are the peak plasma frequentyks), and

_ ) ) the duration and the local time of occurrence of Es layers.

Fig. 1. Total time of Es occurrence at Longyearbyen as a function OfThe data coverage was better than 95% of the total time, so

MLT at times when the location of the auroral oval was determined . .
. . . __that the results are representative for all seasons and times of
by the DMSP satellites. Black columns indicate observations with P

Longyearbyen inside the polar cap and the other columns indicate” 7" .
those with Longyearbyen in the auroral oval; grey and white during N Order to exclude unclear cases, we rejected weak layers
the northward and southward IMF, respectively. whose densities were close to the normal E region plasma

density, as well as layers with lifetimes shorter than 15 min.

Along this line, we selected layers whose peak plasma fre-
the Es occurrence, regardless of the layer density. Howeveguencies were higher than 5MHz (corresponding to elec-
for a station in the Southern Hemisphere, Wan et al. (1999)ron densities higher than'' m~3) and recorded the peak
found that negative8, correlates with Es occurrence, but for plasma frequency, occurrence time and duration of each
the three stations in the Northern Hemisphere, posiliye event. The Longyearbyen data were available in terms of
was associated with more layers. ionograms at 5-min intervals, whereas only tabulated virtual

Hence, only a few studies with experimental data of po-heights and peak plasma frequencies at 15-min intervals were
lar cap Es and IMF have been conducted so far. The aim ofwvailable from Thule. To obtain the same temporal resolution
this study is to expand the investigation of the relationshipat both sites, 15-min averages of the peak plasma frequency
between sporadic E and the IMF at two high-latitude stationswere calculated for Longyearbyen. Height-spread or auroral-
in the Northern Hemisphere, Thule and Longyearbyen, lo-type layers were rejected in Longyearbyen data and, for the
cated at different parts of the polar cap. The first one is in thesame purpose, only layers with the virtual heights within the
centre, whereas the latter one is located close to the polar caf0—130 km range and changing less than 15km in 15min
boundary (for a more detailed discussion about the locatiorwere accepted in Thule data. The latter choice is based on the
of Longyearbyen inside or outside the polar cap, see Sect. Bbservation that the highest velocities of a descending layer
of this paper). The database covers two years of observatiorare of the order of 20 km/h (Kirkwood and Nilsson, 2000),
at both stations and only data fulfilling certain criteria, dis- which is equivalent to a 5-10 km change within the 15-min
cussed in Sect. 2, were included. The results of this study arsampling interval.
presented in two papers. This paper describes the statistical The IMF data were supplied by the WIND spacecraft and
results of the relationship between the observed IMF orientalayer observations from times when WIND was not in the so-
tion and sporadic E occurrence and discusses some possibler wind were rejected (this led to a reduction of about 10%).
explanations. The companion paper by Ngmet al. (2006) Taking into account the time delay of the solar wind from
(hereafter referred to as Paper II) makes a partial revision othe satellite to the subsolar magnetosphere, the mean values
the electric field theory and develops a model probability for of the three IMF components for each 15-min period of Es
Es occurrence at the two sites. occurrence were computed. The ionospheric electric field
In this study, we will first present the IMF distribu- was then calculated from the observed IMF componeBys (

tions measured by the WIND satellite during the observedandB,) by using the statistical APL convection model (Ruo-
sporadic-E layers at the two sites. Electric fields during Eshoniemi and Greenwald, 1996) at the two ionosonde sites.
events will next be estimated using IMF observations as inpufThe model is based on ground-based coherent scatter obser-
in the statistical APL model (Ruohoniemi and Greenwald, vations of ionospheric convection, as well as patterns derived
1996). The relationship between the diurnal Es distributionsin satellite studies (Rich and Hairston, 1994; Weimer, 1995).
and the electric fields will then be studied under different It derives the electrostatic potential within the polar cap as
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Longyearbyen 1999-2000
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Fig. 2. Bivariate and marginal distributions of sporadic-E occurrence Rittand B, at Longyearbyen in 1999-2000. Distributiof@ag and

(b) refer to layers with peak plasma densities higher than 5 MHz and 10 MHz, respectively. The pixel siz8jBthglane is 1 nx1nT.

In the colour scale, white indicates zero value, and the colours from blue via yellow and green to red cover the range from small nonzero
values to maximum.

series expansions in spherical harmonics for different IMFing the substorm expansion phase when the oval is very
conditions. wide and expands to the polar cap. Very few dayside layers
. ) were observed at Longyearbyen, and therefore the location

Thule (85.4 CGM Lat) is located in the central polar o¢) ongyearbyen at daytime is not relevant to this study. In
cap, whereas the geomagnetic latitude of Longyearbyenqnciysion, Fig. 1 gives a reason to believe that only a small
(75.2 CGM Lat) is about 10 lower than Thule. At high  f50ti0n of the layers observed at Longyearbyen come from
values of the Kp index, the Feldstein oval (Feldstein andiime intervals when Longyearbyen has not been a polar cap

Starkov, 1967) shows that Longyearbyen is located withingie and therefore the observations are representative of polar
the low-latitude region of the polar cap at all other MLT cap sporadic E.

times except 11-13 MLT. During low to moderate Kp val-

ues Longyearbyen lies within the polar cap from 18 MLT

through midnight to 09 MLT. Hence, Longyearbyen is not 3 |MF and Es layers

necessarily a polar cap site thoroughout the day. In or-

der to check this more specifically, we made an attempt3.1 Direction of the IMF during observed Es

to study the Longyearbyen location with respect to the au-

roral oval during the observations. For that purpose, weFigures 2 and 3 show the bivariate and marginal distribu-
utilised the OVATION web-server provided by JHU/APL tions of sporadic-E occurrence as functionsBgfand B; at
(http://sd-www.jhuapl.edu/Aurora/ovation/index.hjmlWe Longyearbyen and Thule, respectively. Panel (a) shows the
checked all the time intervals of Es observations at Longyeardistributions for all observed layers (i.o Es>5MHz) and
byen for oval location. OVATION data (provided by the panel (b) only for the most dense layeroE s>10 MHz).
DMSP satellites) were found only for about 18% of the dataThe bivariate distributions show the projection of the IMF
points. The result is shown in Fig. 1. Indeed, in mostin the B, B, plane during observed Es layers, whereas the
cases (82%), Longyearbyen lies within the polar cap (blackmarginal distributions show each IMF component separately.
bars). Sometimes Longyearbyen is located within the auro- The maxima of the two bivariate distributions at Longyear-
ral oval, typically this happens when IMF points northwards byen are close to the origin of th&, B, plane, but the dis-
(grey), i.e. when the oval is expected to be contracted. In dributions are asymmetric in such a manner that the marginal
few cases this also happens during southward IMF (white)distributions give more weight to positive, and negative
these examples may come from auroral disturbances durB,. Also, the marginal distributions witR, are more narrow

www.ann-geophys.net/24/887/2006/ Ann. Geophys., 24, 8802006
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Thule 1998-1999
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Fig. 3. Same as Fig. 2 for Thule in 1998-1999.
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Fig. 4. Distributions of Es occurrence at Longyearbyen and Thule as a function of the clock angle of the IMBinBthplane. Separate
distributions are plotted for layers with peak plasma frequencies higher than 5, 6, 7 and 10 MHz.

than those withB,. All this indicates that the Es occurrence positive By and slightly towards positiv;. This becomes

is related to the IMF. In the case of the dense layers this isnore evident for dense layers, which occur almost exclu-

even more obvious since the tendency towards neg#tive sively whenB,, is positive. The same effect is seen in the

becomes more apparent. marginal distributions, as well. For all layers (panel a) the
At Thule the IMF-Es relationship looks different. There marginal B, distr_ibution_ is _clee_lrly_shifted towards p_ositive

the maximum of the bivariate distribution is shifted towards B+ Putthe marginaB; distribution is nearly symmetric. For

Ann. Geophys., 24, 88B00, 2006 www.ann-geophys.net/24/887/2006/
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Longyearbyen Thule
1999:
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Fig. 5. The total time of Es occurrence at Longyearbyen and Thule when the IMF points in each of the four quardanss, &t thiane.
Separate plots are made for each year and peak plasma frequencies higher than 5, 7 and 10 MHz.

dense layers (panel b) the dominance of posifiyes even  of year and season (data not shown).

more pronounced and the margingl distribution is also Figure 5 shows the total time of Es occurrence at
clearly shifted towards positiv8,. The IMF effect on the  Longyearbyen and Thule, when the IMF points in each of
Es activity is clearer in the central polar cap than close to thethe four quardants of the IMF clock angle. The main ob-
border. servation from both sites is that a nearly identical pattern is

Further understanding of the Es dependence on the IMKFepeated each year and it remains similar for all layers, re-
comes from Fig. 4, where the total time of Es occurrence isgardless of their density. At Longyearbyen, the highest total
depicted as a function of the IMF direction on theplane.  occurrence rate of Es is observed wtgn-0 andB. <0, the
The full 360°-clock angle range is divided into 1®ins and  smallest one wheiB, <0 and B,>0, and nearly equal ones
the total observational time of Es in minutes is shown within in the remaing two sectors. At Thule the occurrence rate is
each bin for layers with peak plasma frequencies higher thamigh whenB, >0 and small wherB, <0. WhenB, >0, more
5, 6, 7 and 10 MHz. The main features of the distributionslayers are observed during positive than during negaive
are the same for all limits of the peak plasma frequency, in-So, layer occurrence is associated with positiyeat both
dicating that both weak and strong layers are rather similarlyof the stations. In addition, the Es layers occur more fre-
affected by the IMF. quently during northward IMF at Thule and southward IMF

The behaviour of the distributions at Longyearbyen andat Longyearbyen.

Thule are quite different, as already indicated by Figs. 2 and

3. At Longyearbyen, layers are most often observed wher8.2 Diurnal variation of Es occurrence

the clock angle lies within the range 12A.50. This means

positive B, and negativeB,, as already noticed in Fig. 2. The diurnal variation of the Es occurrence at Longyearbyen
However, quite a few layers are also seen in the-80° is shown in Fig. 6 and and at Thule in Fig. 7. Four cases are
sector, whenB, is positive andB;, is zero or slightly pos-  considered according to the orientation of the IMF onjthe
itive. Another favourable sector is 24@9C, when B, is plane: (a)B,>0 andB,>0, (b) B,>0 andB, <0, (c) B, <0
negative ands; is either positive or negative but smaller in and B,>0, and (d)B, < 0 andB,<0. In order to guaran-
comparison withB,. tee that the IMF stays within these sectors, data i}

The role played byB, in the Es occurrence in the central or |B;| smaller than 2nT were not included in the analysis.
polar cap is obvious when looking at Fig. 4, which shows The diurnal distributions are shown as a function of MLT,
that, at Thule the distributions are strongly oriented towardsseparately for each year and peak plasma frequencies higher
the positive B, axis. In particular, when the peak plasma than 5MHz, 7 MHz and 10 MHz. Below the Es distributions,
frequency is high, only few layers are observed wigris the magnitudes and directions of the calculated electric fields
negative. Thus, the distributions greatly differ from those are shown. Figures 6 and 7 show that the main features are
at Longyearbyen, where layers may often be produced everepeated every year at each site. Also, the distributions have
with negativeB,. At Thule, a maximum is observed at a more or less the same shape for dense and weak layers within
clock angle of 80, corresponding to positivB, and a small  the statistical limits set by the small number of high-density
but positiveB,. Both distributions remain similar regardless layers.

www.ann-geophys.net/24/887/2006/ Ann. Geophys., 24, 8802006
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Fig. 6. (a, b) Diurnal distributions of Es occurrence in 1999 and 2000 at Longyearbyen, when (aBpathd B, are positive (left) and

( b) By is positive andB; is negative (right). The amplitude and direction of the ionospheric electric field, calculated from simultaneous
observations of the IMF using the statistical APL convection model are also shown. Cases with zero electric field come from incidents when
the IMF is stronger than the highest value accepted by the APL model.

At Longyearbyen, the distributions are limited typically the total time of layer occurrence is much smaller B3<0
within the 18-06 MLT sector with hardly any daytime lay- (Fig. 6¢) than forB,>0 (Fig. 6a). All this indicates that at
ers. The shapes of the distributions depend on the IMF direckongyearbyen, the IMF has a clear influence not only on the
tion. The broadest distributions, extending even to 15 MLT, total abundance of the layers but also on the diurnal distribu-
occur for B,>0 and B, <0 (Fig. 6b), whereas the distribu- tion of their occurrence probability.
tion for By.<0. andB, <0 contains a narrow, intense p_eak N " Diurnal variations of Es layers have been observed at
the pre-mu;inlght sector an(_j a small, secondary Maximum INry o msg by Kirkwood (1997) and at Sondrestrom by Bedey
the p_ost?m|c_in|gh_t sector (F'g' 6d). Whaa>0, th? width of and Watkins (1998). Tromsg lies within the auroral oval
the distributions is almost independent of the sigBef but and the position of Sondrestrom within the polar cap is

Ann. Geophys., 24, 88B00, 2006 www.ann-geophys.net/24/887/2006/
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Fig. 6. Continued. Same as Fig. 6ab wheh B, is negative and; is positive andd) both B, andB; are negative.

comparable to that of Svalbard. At Tromsg the Es layers aréng about 13—-01 MLT the occurrence frequency of layers is
much more common between 19-03 MLT than at other timesabout twice to that of 02—12 MLT. Hence, there is some indi-
of the day. At Sondrestrom thin summer Es layers occur mostation that the occurrence minimum of Es starts a few hours
likely at 20—23 MLT. earlier for positiveB, than for negativeB,. Another aspect

) o ) o is that the shape of the diurnal variation of Es layers does

The diurnal variation at Thule is quite different from that 5t seem to depend aBy. Generally, our results agree with

at Longyearbyen. Layers are observed within a much wideiggpis (1999), who found that Es layers in the southern po-
j[ime sector. The main feature for positis (Figs. 7a, _b) lar cap have a minimum between 00-12 MLT. This diurnal
is @ minimum starting at about 00:00 MLT and extending to shape looks similar to what Wan et al. (1999) found at Casey
late morning. For negativB, (Figs. 7c, d), the total number (-81°CGM Lat) in the Southern Hemisphere. The pre-

of layers is small and, when the individual years are added,gon minimum is less apparent there, most likely because
together (see Paper Il, Fig. 5), it is easier to see that dur-

www.ann-geophys.net/24/887/2006/ Ann. Geophys., 24, 8802006
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Fig. 7. (a, b)Same as Figs. 6a, b in 1998—-1999 at Thule.

no limitation was imposed on the Es frequency. MacDougallshowing that Es could also form when the electric field di-
et al. (2000a) found that, close to the northern geomagneticection lies between south and west. This result was con-
pole, the peak occurrence of thin Es layers is around the locdirmed both experimentally and theoretically by Kirkwood

noon. and von Zahn (1991), who also demonstrated that even an
electric field direction pointing somewhat eastwards of south
4 IMF and electric field is capable of layer generation. The electric field strength, to-

gether with its direction is expected to affect the growth time,

The plasma convection and electric field within the polar @S Well as the peak density of a layer. Hence, for a given
cap are mainly driven by the IMF, and the formation of Es electric field direction, the probability of observing a layer
layers at high latitudes is mainly explained by the electric is expected to increase with increasing field strength. Con-
field mechanism (Mathews, 1998; Kirkwood and Nilsson, cerning the field direction, a field pointing in the NW sector
2000). Therefore, it is reasonable to assume that the eleccollects the available metallic ions quickly into a thin layer,
tric field plays an important role in explaining the observed While the layer grows more slowly and it will be thicker and
Es-IMF link. According to the electric field theory intro- weaker when the field points into the SW sector or between
duced by Nygén et al. (1984), thin Es layers can be formed South and southeast (Kirkwood and von Zahn, 1991).

in the Northern Hemisphere when the electric field points in  The electric field theory has been challenged by some
some direction between local geomagnetic north and westexperimental observations. Firstly, some Es layers have
The theory was extended by Bristow and Watkins (1991) bybeen observed during times when the electric field is not
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Fig. 7. Continued(c, d) Same as Figs. 6c, d in 1998—-1999 at Thule.

favourable (Bedey and Watkins, 2001; MacDougall et al., Concurrent measurements of the electric field were not
2000a); the formation of such layers was theoretically at-available, and therefore we have utilised electric fields that
tributed to the wind system (gravity waves). Secondly, ap-were calculated from each IMF observation by means of the
propriately directed electric fields do not guarantee the oc-statistical APL convection model (Ruohoniemi and Green-
currence of Es layers (Bedey and Watkins, 1997), whichwald, 1996). Since the true electric field can in reality con-
opened the question of the abundance of metallic ions. Isiderably depart from the model value, agreement between
has been suggested that in these cases, Es layers could rtbe calculated electric field and layer occurrence is not ex-
form because metallic ions did not exist in sufficient amountspected in all individual cases. However, we can still investi-
(Bedey and Watkins, 1998). In spite of these problems, ob-gate how well the calculated electric fields are consistent with
servations of Es layers and electric fields overwhelminglythe observed statistical distributions of Es occurrence. The
support the domination of the electric field in the Es forma- two bottom panels below the Es distributions in Figs. 6 and
tion at high latitudes (Bedey and Watkins, 1996; Bristow and7 show the magnitude and direction of the calculated electric
Watkins, 1993; Kirkwood and von Zahn, 1991; Kirkwood, field at the times of observed Es layers. Each marker means
1997; Parkinson et al., 1998). Consequently, we next tryan electric field from a 15-min interval of Es observation. A
to explain some characteristics of the observed Es-IMF redifferent marker is used for each year.

lationship by invoking the convection electric fields.
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4.1 Electric field at Longyearbyen integrated occurrence could be related to the average electric
field magnitude.

At Longyearbyen, layers are typically confined to 18-
06 MLT. Figure 6 indicates that most of the Es layers oc-
cur when the model predicts an electric field pointing in the
NW or SW quadrant. This is consistent with the electric field electric field magnitude is small for any direction of the IMF.

r_nechanlsm. . However, _there are cases when the ﬂe!d OIIreCl-'he electric field direction in the CGM-MLT coordinate sys-
tion clearly disagrees with the electric field theory. This hap-tem rotates through 36@iuring the day. Layers occur from

pens, for example, at 12-15 MLT.'” 2001 (Fig. 6c), vyhen about noon until midnight, when the modelled electric field
intense layers are observed early in the afternoon, while the ~." " . h ) IS0 |
electric field is expected to lie in the NE sector. points in the SW and NW sectors, and, in some cases, also in

) T o the SE sector. The post-midnight-to-morning minimum co-
A clear diurnal variation in the calculated electric field jyciges with times when the electric field is predicted to point

magnitude is seen at Longyearbyen. In addition, the magi, the NE sector, which is expected to prevent Es formation.
nitude also depends on the IMF direction. A combination of the minimum is quite clearly visible whea, is positive

southward IMF and positiv, (Fig. 6b) produces the most (Figs. 7a and b). WheB, is negative (Figs. 7c and d), this
intense electric field, on the average and, in the diurnal vari4g not so obvious because the layers are rare and therefore
ation of the field strength, the main maximum is observed inghe diyrnal variation may be covered by statistical variation.
the local afternoon and a secondary maximum at or just beye should notice that, although there is a minimum in the
fore midnight. When the field behaviour is compared with g5 occurrence when the field points in the NE sector, lay-
the Es distributions, one can see that the most intense layegg.g sijj| appear at these times. They could be produced by
occur early in the evening when the calculated electric fieldynother mechanism associated with neutral wind or gravity
is intense and points in the NW-sector. In the pre-midnight,yayes (MacDougall et al., 2000b). As discussed above, it is

sector, the occurrence of intense layers decreases while thas, possible that the true electric field is actually different
electric field becomes weaker and turns closer to the west O om the calculated field.

even to the SW sector. Around midnight the occurrence of pgq for Thule, the southward IMFH, negative) results in

dense layers is still not high, regardless of the fact that the, 1ore intense electric field than the northward IMF. How-
electric field magnitude reaches a secondary maximum a”@ver, this is not associated with more Es layers, as would

the direction is within the SW-sector. The layer occurrencepe eypected according to the electric field mechanism. It is
is again enhanced_ later in the morning, although the field be;aiher the sign oB, which correlates with the layer occur-
comes weaker while turning back to the NW sector. rence. Clearly more layers are observed wiegris positive

The second most intense electric field at Longyearbyen igFigs. 7a and b) than in the opposite case (Figs. 7 ¢ and d).

obtained for a combination of southward IMF and negative We will discuss the possible explanations in the next section.
By, (Fig. 6d). Again, the diurnal variation of the calculated

electric field intensity shows a maximum at midnight, in a . _

region of a SW-directed electric field, but this maximum cor- 5 Discussion

responds to the Es occurrence minimum. The maximum of_ ) .
Es occurrence takes place around 20-21 MLT, when the eled-19ures 2—7 prove that the occurrence of sporadic E within
tric field direction could be either in the NW or SW sector the polar cap is indeed closely connected to the IMF. The
but when, according to the APL model, the magnitude of therelationship between the Es occurrence and the IMF is dif-
electric field is lower than around midnight. The high oc- ferent at the two sites. _This is to be expected if we assume
currence of intense layers extends to earlier hours as far ag1at the layers are mainly caused by the polar cap electric

18 MLT. During this entire time interval the electric field di- 1€ld- The two sites lie at different geomagnetic latitudes:
rection lies in the NW-sector. Thule is located in the central polar cap at 8824M Lat,

whereas Longyearbyen is located at a much lower latitude of

. For n_orthward IMF (Figs. 6a and c), the electrlg field Magd- 75 » CGM Lat. Therefore, the convection electric fields are
nitude is smaller, as expected, but a small maximum in the

field magnitude around midnight remains. This, however, isexpected to be different at these two sites for a given IMF

not associated with a maximum in the Es occurrence direction.
' Although a general agreement with the electric field theory

The longest total cumulative time of layer occurrence in s fond, our observations contain features which cannot be

the four cases of Fig. 6 is found f@, >0 andB. <0 (Fig. 6b)  gyplained solely by the calculated electric field direction and
and the shortest one f&,<0 and B,>0 (Fig. 6¢). These magnitude. These are as follows:

IMF conditions correspond to the maximum and minimum

average intensity of the calculated electric field, respectively. (1) The B, effect on the layer occurrence; 71% of the Es
So, although the maxima in the MLT distributions of Es do layers at Thule and 62% of the Es layers at Longyear-
not correspond to the maxima of electric field intensity, the byen occur wherB, >0.

4.2 Electric field at Thule

At Thule (see Fig. 7), the diurnal variation of the calculated
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(2) At Thule Es is slightly more abundant (56%) during intense layers are hardly ever observed wiBsnis nega-
positive B, although the opposite would be expected, tive. Positive B, correlates with layer occurrence also at
since negatives, produces a more intense electric field. Longyearbyen, but not so strongly as at Thule. Thus, both
Indeed, at Longyearbyen 61% of the total time of layer in the central polar cap and at lower polar cap latitudes in
occurrence coincides with negatiBe. the Northern Hemisphere, Es formation is more likely during

positive than negativ8,. According to Wan et al. (1999), a

(3) AtLongyearbyen, foBy, <0 andB, <0 (Fig. 6d), almost  similar relation between Es layers and negaiiyeis found
no layers appear at magnetic midnight. in the Southern Hemisphere. This agrees with our results,

since positiveB, in the Northern Hemisphere and negative

(4) Layers are in some cases observed at times when thg, in the Southern Hemisphere are associated with similar
the modelled electric field points in the NE sector. Suchpolar cap convection patterns (a more detailed discussion on
layers are seen at both stations. Quite a few of them arehe convection patterns is given below).
observed at Longyearbyen, but at Thule, where layers |nthe central polar cap, thg. effect is clearly weaker than
are more rare, their relative occurrence is more signifi-that of B,, and positiveB, seems to correlate with Es gener-
cant. ation. This is seen both in the present study and in the papers

by Wan et al. (1999) and MacDougall et al. (2000a). The ef-

Before trying to find some physical explanations for the fect of positiveB, seems to be similar in both hemispheres.
items listed above, we will review the main observations of oyr results show that, close to the polar cap boundary, the
the IMF-Es relationship from earlier studies to show thatg|e of B, is somewhat stronger and Es occurrence correlates
items (1) and (2) are in accordance with earlier observationsyth negative rather than positivg .

MacDougall et al. (2000a) studied data from three central \We find that theB, effect does not depend on magnetic
northern polar cap stations. They found that height-spread Efpcal time. At Thule, positiveB, increases the number of Es
layers were observed predominantly duriBg positive and  at all MLT sectors, where Es is expected to occur. A similar
had noB; association, whereas thin Es layers were associeffect is also observed at Longyearbyen for all MLT sectors
ated with bothB,, positive andB; positive. They argue that, where Es is observed. There is one exception, however: an
due to the large inclination of the magnetic field, the electricintense maximum of Es occurrence takes place during 20—
field mechanism cannot be effective within the central po-21 MLT when bothB, and B, are negative. This peak is
lar cap. Instead, they explain the formation of polar cap Esobserved both in 1999 and 2000, so that it is hardly acciden-
by atmospheric gravity waves that move ionisation from thetal. Therefore, we conclude that at Longyearbyen, there are
lower F region into the E region and compress the plasma agctually more layers at 20-21 MLT whéfy is negative than
the reversals of vertical gravity wave motion (MacDougall et in the opposite case.
al., 2000b). It is doubtful, however, whether tiBg effect The important question is: What physical mechanism
can be entirely explained by this model. Furthermore, it will could account for the observed IMF effect? It would be most
be shown in Paper Il that, unlike that stated by MacDougallstraightforward to try to explain the observations by the IMF
etal. (2000a), the electric field mechanism is effective within control of convection. Then one immediately realises hat
the central polar cap, even at Thule (83CGM Lat). would be expected to be the dominant factor since, during

Wan et al. (1999) studied Es in the southern polar cap, at ahe southward IMF, the intensity of the convection electric
station whose geomagnetic latitude is approximately halfwayfield is highest both in the central polar cap, as well as close
between Thule and Longyearbyen. They found that negativeo its boundary (see Figs. 6 and 7). Indeed, at Longyearbyen
By, correlates with layer occurrence, especially at midnight.negativeB, correlates with Es, but at Thule there is a weak
Also, a B, effect was found, although it was weaker: posi- preference of Es layers to occur for positiBe. However,
tive B, correlated with Es in the evening sector. Simultane-the dominant factor at Thule turns out to Bg rather than
ous measurements of electric field by digisonde showed thag,, and at Longyearbyen the, effect, although smaller, is
negativeB, was associated with an increase in the SW elec-as strong as th8, effect. '
tric field (corresponds to the NW electric field in the North-  In addition to the local electric field, the time history of
ern Hemisphere), and could thus qualitatively explainBhe  plasma may also play a role in Es layer formation. The global
dependence to some extent. Still, theeffect could not be  plasma convection pattern is such that the dusk cell is larger
explained by the change in the electric field. They suggestedh spatial extent than the dawn cell and its maximum poten-
that the layers could be a consequence of polar showers anhl is also greater (Ruohoniemi and Greenwald, 1996; Papi-
squalls which occurred wheB, was positive. tashvili and Rich, 2002). Whea,, is negative in the North-

In this study, our aim was to investigate only thin lay- ern Hemisphere, the zero potential line is aligned at about
ers and to reject height-spread and auroral type layers (se@0 MLT, and whenB,, is positive, the convection pattern and
Sect. 2). Our Thule observations are in agreement with thoséhe zero line are rotated to an earlier time by a few hours.
by MacDougall et al. (2000a) in the central polar cap: Es oc-For positive By, the dusk cell in the Northern Hemisphere
curs mostly during positive,. In particular, we find that becomes more round and expands further towards dawn, and
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the centre of the dusk cell moves to an earlier time and to In conclusion, the spatial distribution of metallic ions may
a higher latitude (Ruohoniemi and Greenwald, 1996; Papi-be related to their horizontal and/or vertical transport, which
tashvili and Rich, 2002). In the Southern Hemisphere, simi-is controlled by the convective electric fields (Bedey and
lar effects are produced by negati®g and hence the convec- Watkins, 1997). Hence, thB, and B, effect, as explained
tion patterns for positive, in the Northern Hemisphere and in items (1) and (2), may originate from the IMF control on
negativeB, in the Southern Hemisphere resemble each othethe availability of metallic ions via the global convection pat-
(Papitashvili and Rich, 2002). Since a similar IMF asym- tern. The layer formation may then occur as a result of the
metry has been found in the Es occurrence (posiiyeor- electric field mechanism, although neutral winds and atmo-
relates with the Es occurrence in the Northern Hemispherespheric gravity waves may also play a role. A full investi-
negativeB, in the Southern Hemisphere), the physical agentgation of these relations would imply extensive modelling,
may be related to the IMF control of the convection pattern. which is beyond the scope of this paper.

Next, we will discuss how the global convection pattern  Problem (3), i.e. the observed minimum in Es occurrence
may be related to one important precondition of the layer for-around 00 MLT at Longyearbyen wheB, <0 and B, <0,
mation: the availability of metallic ions. Bedey and Watkins may tentatively be explained by substorm effects. Substorms
(1998) note that the presence of a favourable electric field atend to be associated with the southward IMF. Statistically,
Sondrestrom, Greenland, does not guarantee the existence sfibstorms start at 22 MLT (e.g. Frey et al., 2004) and the
thin layers and they suggest that the reason is the variatioeffects may reach the latitudes of Longyearbyen. During sub-
in the ion abundance. Many Es layers consist of iron andstorm expansion, electric fields are typically highly variable.
magnesium (Huuskonen et al., 1988), which originate fromif electric fields are fluctuating rapidly both in direction and
meteor ablation in the E region. Neutral metallic atoms areintensity, there may not be enough time for the layer to form
ionised by collisions and also by charge exchange Wijh O (Wan et al., 2001). However, this suggestion remains open to
and NO". Due to the slow recombination process, the life- further investigations.
time of metallic ions is at least hours. Thus, during their life-  Problem (4) calls for an explanation of the Es layers ob-
time, the ions can be transported long distances both horizorserved when the calculated electric field points in the NE
tally and vertically. The horizontal transport in the E region sector. These (rather rare) cases can be due to more than one
is very slow, but if the ions are lifted up to the F region, they reason. Although the neutral wind is not usually dominant
can be transported faster (Bedey and Watkins, 1997). Basegi high latitudes (Kirkwood, 1997; Kirkwood and Nilsson,
on their model calculations, it was suggested by Bedey an®000; Mathews, 1998), its role cannot be wholly neglected
Watkins (1997) that under the action of the electric field with (Voiculescu and Ignat, 2005; Ny@gn, 1990). Strong vertical
an easterly component, metallic ions may be lifted to the Fwinds or abrupt shears in the wind could occasionally domi-
region in the dayside part of the polar cap. In the F region thenate, leading to accumulation of ions into thin layers. Some
ions can be transported to the nightside, where they wouldbf the layers could also be formed by gravity waves, as sug-
precipitate, so that considerable horizontal variations in theirgested by MacDougall et al. (2000b). It may also be possible
abundance can be created in the E region. On the other han¢hat, as pointed out by Bedey and Watkins (2001), some of
the calculations by Bedey and Watkins (1997) show that suchhe Es layers were created elsewhere and transported into the
regions are latitudinally narrow and don't extend close to thepbserved area. Direct evidence of such horizontal drift of
center of the polar cap. However, the convection pattern, andayers has been provided by Bedey et al. (2005). Finally, we
consequently the IMF, may play an important role in the spa-should remember that the electric field is calculated from the
tial distribution of the metallic ions. statistical APL model (Ruohoniemi and Greenwald, 1996),

It has also been suggested that the availability of metal-and, after all, the true electric field direction may be within
lic ions would relate to particle precipitation within the polar the favourable quadrants of the electric field theory in some
cap (Wan et al., 1999). This may be possible, because thef these cases.
residue of meteor ablation is mainly neutral (see, e.g. Bedey
and Watkins, 1998) and can be ionised by particle precipita-
tion. Within the central polar cap the precipitation would be 6 Conclusions
associated with polar auroral arcs, polar showers or squalls,
which all appear during northward IMF (e.g. Kullen et al., The extended database covered by our study and the repeti-
2002; Shinohara and Kokburn, 1996). Hence, production oftive pattern seen for both stations, for all types of layers and
metallic ions by particle precipitation and subsequent form-for all years, allows us to conclude that the occurrence of Es
ing of Es should lead to a clear correlation of Es occurrencdayers within the polar cap is closely related to the interplan-
with positive B,. Our observations, however, show only a etary magnetic field. Since the polar cap electric field is con-
weak correlation to positiv8, within the central polar cap trolled by the direction and magnitude of the IMF, it is a rea-
while the correlation to positive8, is strong and therefore sonable working hypothesis to assume that the electric field
local production of metallic ions can hardly be a dominant mechanism is the most important element in Es formation
factor in explaining the results. within the polar cap. In individual cases, other factors like
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neutral winds, gravity waves or polar cap precipitation phe-the electric field which is capable of compressing the ions
nomena may have an effect on layer generation. vertically into thin layers and since it may also control the

Since measurements of the electric field were not avail-background metallic ion density (via the horizontal transport
able, we utilised the statistical APL model, which producesand redistribution of ions). However, the three-dimensional
electric field vectors for given values of the IMF. This means ion motion within the polar cap should be modelled in order
that the calculated electric fields are valid only in a statis-to verify this hypothesis.
tical sense and considerable disagreement may appear be-
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