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Abstract. In this paper we investigate the relationship be-
tween polar cap sporadic-E layers and the direction of the
interplanetary magnetic field (IMF) using a 2-year database
from Longyearbyen (75.2◦ CGM Lat, Svalbard) and Thule
(85.4◦ CGM Lat, Greenland). It is found that the MLT dis-
tributions of sporadic-E occurrence are different at the two
stations, but both are related to the IMF orientation. This
relationship, however, changes from the centre of the polar
cap to its border. Layers are more frequent during positive
By at both stations. This effect is particularly strong in the
central polar cap at Thule, where a weak effect associated
with Bz is also observed, with positiveBz correlating with a
higher occurrence of Es. Close to the polar cap boundary, at
Longyearbyen, theBy effect is weaker than at Thule. On the
other hand,Bz plays there an equally important role asBy ,
with negativeBz correlating with the Es occurrence. Since
Es layers can be created by electric fields at high latitudes,
a possible explanation for the observations is that the lay-
ers are produced by the polar cap electric field controlled by
the IMF. Using electric field estimates calculated by means
of the statistical APL convection model from IMF observa-
tions, we find that the diurnal distributions of sporadic-E oc-
currence can generally be explained in terms of the electric
field mechanism. However, other factors must be considered
to explain why more layers occur during positive than during
negativeBy and why theBz dependence of layer occurrence
in the central polar cap is different from that at the polar cap
boundary.

Keywords. Ionosphere (Electric fields and currents; Plasma
convection; Polar ionosphere)

1 Introduction

Sporadic-E (Es) layers are formed by vertical accumulation
of ionospheric plasma into thin sheets with high electron den-
sity and mainly metallic composition (see, e.g. Whitehead,
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1970 and references therein; Behnke and Vickrey, 1975).
The formation of Es is nowadays generally attributed to the
wind shear mechanism (Axford, 1961, 1963; Whitehead,
1961) and/or to directional effect of the electric field (Nygrén
et al., 1984; Bristow and Watkins, 1993; Kirkwood and von
Zahn, 1991). Appropriate structures in the vertical shear of
neutral wind and/or favourable electric field directions create
the dynamical conditions for ions to convergence vertically
to a certain height. Although at high latitudes both the neutral
wind and the electric field may contribute to the formation
of sporadic E (e.g. Kirkwood and Nilsson, 2000; Matthews
1998), the electric field often dominates over the neutral wind
due to the large values of the electric field (Nygrén, 1990;
Parkinson et al., 1998; Bedey and Watkins, 2001).

The plasma convection pattern and the associated electric
field at high latitudes and in the polar cap depend strongly
on the interplanetary magnetic field (IMF). As a conse-
quence, the Es occurrence is expected to be connected to
the IMF direction and strength. Several empirical models
of the IMF effect on the convection pattern have been con-
structed, for example, by Heppner and Maynard (1987), Pa-
pitashvili et al. (1994), Ruohoniemi and Greenwald (1996),
Weimer (1995), and Papitashvili and Rich (2002). Bristow
and Watkins (1994) studied theoretically the effect of dif-
ferent convection patterns on the geographic distribution of
Es by applying the Heppner and Maynard (1987) convec-
tion model. The IMF-based statistical model of the convec-
tion electric field by Weimer (1995) was used by Bedey and
Watkins (1996; 1998) to explain the observed seasonal and
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-
vations were compared by Wan et al. (1999) for a southern
polar cap station, whereas MacDougall et al. (2000a) stud-
ied the Es observations at three northern polar cap sites in
the American sector, together with IMF data. Both Wan et
al. (1999) and MacDougall et al. (2000a) observed a strong
correlation of IMFBy and a weaker correlation ofBz with
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Fig. 1. Total time of Es occurrence at Longyearbyen as a function of
MLT at times when the location of the auroral oval was determined
by the DMSP satellites. Black columns indicate observations with
Longyearbyen inside the polar cap and the other columns indicate
those with Longyearbyen in the auroral oval; grey and white during
the northward and southward IMF, respectively.

the Es occurrence, regardless of the layer density. However,
for a station in the Southern Hemisphere, Wan et al. (1999)
found that negativeBy correlates with Es occurrence, but for
the three stations in the Northern Hemisphere, positiveBy

was associated with more layers.
Hence, only a few studies with experimental data of po-

lar cap Es and IMF have been conducted so far. The aim of
this study is to expand the investigation of the relationship
between sporadic E and the IMF at two high-latitude stations
in the Northern Hemisphere, Thule and Longyearbyen, lo-
cated at different parts of the polar cap. The first one is in the
centre, whereas the latter one is located close to the polar cap
boundary (for a more detailed discussion about the location
of Longyearbyen inside or outside the polar cap, see Sect. 2
of this paper). The database covers two years of observations
at both stations and only data fulfilling certain criteria, dis-
cussed in Sect. 2, were included. The results of this study are
presented in two papers. This paper describes the statistical
results of the relationship between the observed IMF orienta-
tion and sporadic E occurrence and discusses some possible
explanations. The companion paper by Nygrén et al. (2006)
(hereafter referred to as Paper II) makes a partial revision of
the electric field theory and develops a model probability for
Es occurrence at the two sites.

In this study, we will first present the IMF distribu-
tions measured by the WIND satellite during the observed
sporadic-E layers at the two sites. Electric fields during Es
events will next be estimated using IMF observations as input
in the statistical APL model (Ruohoniemi and Greenwald,
1996). The relationship between the diurnal Es distributions
and the electric fields will then be studied under different

IMF directions. Finally, the observations of this paper to-
gether with earlier observations are discussed to find possible
explanations for the observed correlations of Es occurrence
and IMF direction.

2 Data analysis

The two polar cap ionosonde sites chosen for the study
are Thule (Greenland, 77.5◦ N, 290.8◦ E) and Longyearbyen
(Svalbard, 78.2◦ N, 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-
vant to this work are the peak plasma frequency (f oEs), and
the duration and the local time of occurrence of Es layers.
The data coverage was better than 95% of the total time, so
that the results are representative for all seasons and times of
day.

In order to exclude unclear cases, we rejected weak layers
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-
quencies were higher than 5 MHz (corresponding to elec-
tron densities higher than 3·1011 m−3) and recorded the peak
plasma frequency, occurrence time and duration of each
event. The Longyearbyen data were available in terms of
ionograms at 5-min intervals, whereas only tabulated virtual
heights and peak plasma frequencies at 15-min intervals were
available from Thule. To obtain the same temporal resolution
at both sites, 15-min averages of the peak plasma frequency
were calculated for Longyearbyen. Height-spread or auroral-
type layers were rejected in Longyearbyen data and, for the
same purpose, only layers with the virtual heights within the
90–130 km range and changing less than 15 km in 15 min
were accepted in Thule data. The latter choice is based on the
observation that the highest velocities of a descending layer
are of the order of 20 km/h (Kirkwood and Nilsson, 2000),
which is equivalent to a 5–10 km change within the 15-min
sampling interval.

The IMF data were supplied by the WIND spacecraft and
layer observations from times when WIND was not in the so-
lar wind were rejected (this led to a reduction of about 10%).
Taking into account the time delay of the solar wind from
the satellite to the subsolar magnetosphere, the mean values
of the three IMF components for each 15-min period of Es
occurrence were computed. The ionospheric electric field
was then calculated from the observed IMF components (By

andBz) by using the statistical APL convection model (Ruo-
honiemi and Greenwald, 1996) at the two ionosonde sites.
The model is based on ground-based coherent scatter obser-
vations of ionospheric convection, as well as patterns derived
in satellite studies (Rich and Hairston, 1994; Weimer, 1995).
It derives the electrostatic potential within the polar cap as
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Fig. 2. Bivariate and marginal distributions of sporadic-E occurrence withBy andBz at Longyearbyen in 1999–2000. Distributions(a) and
(b) refer to layers with peak plasma densities higher than 5 MHz and 10 MHz, respectively. The pixel size in theByBz plane is 1 nT×1 nT.
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 IMF
conditions.

Thule (85.4◦ CGM Lat) is located in the central polar
cap, whereas the geomagnetic latitude of Longyearbyen
(75.2◦ CGM Lat) is about 10◦ lower than Thule. At high
values of the Kp index, the Feldstein oval (Feldstein and
Starkov, 1967) shows that Longyearbyen is located within
the low-latitude region of the polar cap at all other MLT
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
necessarily a polar cap site thoroughout the day. In or-
der to check this more specifically, we made an attempt
to study the Longyearbyen location with respect to the au-
roral oval during the observations. For that purpose, we
utilised the OVATION web-server provided by JHU/APL
(http://sd-www.jhuapl.edu/Aurora/ovation/index.html). We
checked all the time intervals of Es observations at Longyear-
byen for oval location. OVATION data (provided by the
DMSP satellites) were found only for about 18% of the data
points. The result is shown in Fig. 1. Indeed, in most
cases (82%), Longyearbyen lies within the polar cap (black
bars). Sometimes Longyearbyen is located within the auro-
ral oval; typically this happens when IMF points northwards
(grey), i.e. when the oval is expected to be contracted. In a
few cases this also happens during southward IMF (white);
these examples may come from auroral disturbances dur-

ing the substorm expansion phase when the oval is very
wide and expands to the polar cap. Very few dayside layers
were observed at Longyearbyen, and therefore the location
of Longyearbyen at daytime is not relevant to this study. In
conclusion, Fig. 1 gives a reason to believe that only a small
fraction of the layers observed at Longyearbyen come from
time intervals when Longyearbyen has not been a polar cap
site and therefore the observations are representative of polar
cap sporadic E.

3 IMF and Es layers

3.1 Direction of the IMF during observed Es

Figures 2 and 3 show the bivariate and marginal distribu-
tions of sporadic-E occurrence as functions ofBy andBz at
Longyearbyen and Thule, respectively. Panel (a) shows the
distributions for all observed layers (i.e.f oEs>5 MHz) and
panel (b) only for the most dense layers (f oEs>10 MHz).
The bivariate distributions show the projection of the IMF
in the ByBz plane during observed Es layers, whereas the
marginal distributions show each IMF component separately.

The maxima of the two bivariate distributions at Longyear-
byen are close to the origin of theByBz plane, but the dis-
tributions are asymmetric in such a manner that the marginal
distributions give more weight to positiveBy and negative
Bz. Also, the marginal distributions withBz are more narrow

www.ann-geophys.net/24/887/2006/ Ann. Geophys., 24, 887–900, 2006
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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 IMF in theByBz plane. Separate
distributions are plotted for layers with peak plasma frequencies higher than 5, 6, 7 and 10 MHz.

than those withBy . All this indicates that the Es occurrence
is related to the IMF. In the case of the dense layers this is
even more obvious since the tendency towards negativeBz

becomes more apparent.

At Thule the IMF-Es relationship looks different. There
the maximum of the bivariate distribution is shifted towards

positiveBy and slightly towards positiveBz. This becomes
more evident for dense layers, which occur almost exclu-
sively whenBy is positive. The same effect is seen in the
marginal distributions, as well. For all layers (panel a) the
marginalBy distribution is clearly shifted towards positive
By , but the marginalBz distribution is nearly symmetric. For

Ann. Geophys., 24, 887–900, 2006 www.ann-geophys.net/24/887/2006/
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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 quardants of theByBz plane.
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 positiveBy is even
more pronounced and the marginalBz distribution is also
clearly shifted towards positiveBz. The IMF effect on the
Es activity is clearer in the central polar cap than close to the
border.

Further understanding of the Es dependence on the IMF
comes from Fig. 4, where the total time of Es occurrence is
depicted as a function of the IMF direction on theyz plane.
The full 360◦-clock angle range is divided into 10◦-bins and
the total observational time of Es in minutes is shown within
each bin for layers with peak plasma frequencies higher than
5, 6, 7 and 10 MHz. The main features of the distributions
are the same for all limits of the peak plasma frequency, in-
dicating that both weak and strong layers are rather similarly
affected by the IMF.

The behaviour of the distributions at Longyearbyen and
Thule are quite different, as already indicated by Figs. 2 and
3. At Longyearbyen, layers are most often observed when
the clock angle lies within the range 120◦–150◦. This means
positive By and negativeBz, as already noticed in Fig. 2.
However, quite a few layers are also seen in the 80◦–90◦

sector, whenBy is positive andBz is zero or slightly pos-
itive. Another favourable sector is 240◦–290◦, whenBy is
negative andBz is either positive or negative but smaller in
comparison withBy .

The role played byBy in the Es occurrence in the central
polar cap is obvious when looking at Fig. 4, which shows
that, at Thule the distributions are strongly oriented towards
the positiveBy axis. In particular, when the peak plasma
frequency is high, only few layers are observed whenBy is
negative. Thus, the distributions greatly differ from those
at Longyearbyen, where layers may often be produced even
with negativeBy . At Thule, a maximum is observed at a
clock angle of 80◦, corresponding to positiveBy and a small
but positiveBz. Both distributions remain similar regardless

of year and season (data not shown).
Figure 5 shows the total time of Es occurrence at

Longyearbyen and Thule, when the IMF points in each of
the four quardants of the IMF clock angle. The main ob-
servation from both sites is that a nearly identical pattern is
repeated each year and it remains similar for all layers, re-
gardless of their density. At Longyearbyen, the highest total
occurrence rate of Es is observed whenBy>0 andBz<0, the
smallest one whenBy<0 andBz>0, and nearly equal ones
in the remaing two sectors. At Thule the occurrence rate is
high whenBy>0 and small whenBy<0. WhenBy>0, more
layers are observed during positive than during negativeBz.
So, layer occurrence is associated with positiveBy at both
of the stations. In addition, the Es layers occur more fre-
quently during northward IMF at Thule and southward IMF
at Longyearbyen.

3.2 Diurnal variation of Es occurrence

The diurnal variation of the Es occurrence at Longyearbyen
is shown in Fig. 6 and and at Thule in Fig. 7. Four cases are
considered according to the orientation of the IMF on theyz

plane: (a)By>0 andBz>0, (b)By>0 andBz<0, (c) By<0
andBz>0, and (d)By < 0 andBz<0. In order to guaran-
tee that the IMF stays within these sectors, data with|By |

or |Bz| smaller than 2 nT were not included in the analysis.
The diurnal distributions are shown as a function of MLT,
separately for each year and peak plasma frequencies higher
than 5 MHz, 7 MHz and 10 MHz. Below the Es distributions,
the magnitudes and directions of the calculated electric fields
are shown. Figures 6 and 7 show that the main features are
repeated every year at each site. Also, the distributions have
more or less the same shape for dense and weak layers within
the statistical limits set by the small number of high-density
layers.

www.ann-geophys.net/24/887/2006/ Ann. Geophys., 24, 887–900, 2006
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Fig. 6. (a, b)Diurnal distributions of Es occurrence in 1999 and 2000 at Longyearbyen, when (a) bothBy andBz are positive (left) and
( b) By is positive andBz 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
within the 18–06 MLT sector with hardly any daytime lay-
ers. The shapes of the distributions depend on the IMF direc-
tion. The broadest distributions, extending even to 15 MLT,
occur forBy>0 andBz<0 (Fig. 6b), whereas the distribu-
tion for By<0 andBz<0 contains a narrow, intense peak in
the pre-midnight sector and a small, secondary maximum in
the post-midnight sector (Fig. 6d). WhenBz>0, the width of
the distributions is almost independent of the sign ofBy , but

the total time of layer occurrence is much smaller forBy<0
(Fig. 6c) than forBy>0 (Fig. 6a). All this indicates that at
Longyearbyen, the IMF has a clear influence not only on the
total abundance of the layers but also on the diurnal distribu-
tion of their occurrence probability.

Diurnal variations of Es layers have been observed at
Tromsø by Kirkwood (1997) and at Sondrestrom by Bedey
and Watkins (1998). Tromsø lies within the auroral oval
and the position of Sondrestrom within the polar cap is

Ann. Geophys., 24, 887–900, 2006 www.ann-geophys.net/24/887/2006/
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Fig. 6. Continued. Same as Fig. 6ab when(c) By is negative andBz is positive and(d) bothBy andBz are negative.

comparable to that of Svalbard. At Tromsø the Es layers are
much more common between 19–03 MLT than at other times
of the day. At Sondrestrom thin summer Es layers occur most
likely at 20–23 MLT.

The diurnal variation at Thule is quite different from that
at Longyearbyen. Layers are observed within a much wider
time sector. The main feature for positiveBy (Figs. 7a, b)
is a minimum starting at about 00:00 MLT and extending to
late morning. For negativeBy (Figs. 7c, d), the total number
of layers is small and, when the individual years are added
together (see Paper II, Fig. 5), it is easier to see that dur-

ing about 13–01 MLT the occurrence frequency of layers is
about twice to that of 02–12 MLT. Hence, there is some indi-
cation that the occurrence minimum of Es starts a few hours
earlier for positiveBy than for negativeBy . Another aspect
is that the shape of the diurnal variation of Es layers does
not seem to depend onBz. Generally, our results agree with
Gabis (1999), who found that Es layers in the southern po-
lar cap have a minimum between 00–12 MLT. This diurnal
shape looks similar to what Wan et al. (1999) found at Casey
(–81◦ CGM Lat) in the Southern Hemisphere. The pre-
noon minimum is less apparent there, most likely because
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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. MacDougall
et al. (2000a) found that, close to the northern geomagnetic
pole, the peak occurrence of thin Es layers is around the local
noon.

4 IMF and electric field

The plasma convection and electric field within the polar
cap are mainly driven by the IMF, and the formation of Es
layers at high latitudes is mainly explained by the electric
field mechanism (Mathews, 1998; Kirkwood and Nilsson,
2000). Therefore, it is reasonable to assume that the elec-
tric field plays an important role in explaining the observed
Es-IMF link. According to the electric field theory intro-
duced by Nygŕen et al. (1984), thin Es layers can be formed
in the Northern Hemisphere when the electric field points in
some direction between local geomagnetic north and west.
The theory was extended by Bristow and Watkins (1991) by

showing that Es could also form when the electric field di-
rection lies between south and west. This result was con-
firmed both experimentally and theoretically by Kirkwood
and von Zahn (1991), who also demonstrated that even an
electric field direction pointing somewhat eastwards of south
is capable of layer generation. The electric field strength, to-
gether with its direction is expected to affect the growth time,
as well as the peak density of a layer. Hence, for a given
electric field direction, the probability of observing a layer
is expected to increase with increasing field strength. Con-
cerning the field direction, a field pointing in the NW sector
collects the available metallic ions quickly into a thin layer,
while the layer grows more slowly and it will be thicker and
weaker when the field points into the SW sector or between
south and southeast (Kirkwood and von Zahn, 1991).

The electric field theory has been challenged by some
experimental observations. Firstly, some Es layers have
been 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.,
2000a); the formation of such layers was theoretically at-
tributed to the wind system (gravity waves). Secondly, ap-
propriately directed electric fields do not guarantee the oc-
currence of Es layers (Bedey and Watkins, 1997), which
opened the question of the abundance of metallic ions. It
has been suggested that in these cases, Es layers could not
form because metallic ions did not exist in sufficient amounts
(Bedey and Watkins, 1998). In spite of these problems, ob-
servations of Es layers and electric fields overwhelmingly
support the domination of the electric field in the Es forma-
tion at high latitudes (Bedey and Watkins, 1996; Bristow and
Watkins, 1993; Kirkwood and von Zahn, 1991; Kirkwood,
1997; Parkinson et al., 1998). Consequently, we next try
to explain some characteristics of the observed Es-IMF re-
lationship by invoking the convection electric fields.

Concurrent measurements of the electric field were not
available, and therefore we have utilised electric fields that
were calculated from each IMF observation by means of the
statistical APL convection model (Ruohoniemi and Green-
wald, 1996). Since the true electric field can in reality con-
siderably depart from the model value, agreement between
the calculated electric field and layer occurrence is not ex-
pected in all individual cases. However, we can still investi-
gate how well the calculated electric fields are consistent with
the observed statistical distributions of Es occurrence. The
two bottom panels below the Es distributions in Figs. 6 and
7 show the magnitude and direction of the calculated electric
field at the times of observed Es layers. Each marker means
an electric field from a 15-min interval of Es observation. A
different marker is used for each year.
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4.1 Electric field at Longyearbyen

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
mechanism. However, there are cases when the field direc-
tion clearly disagrees with the electric field theory. This hap-
pens, for example, at 12–15 MLT in 2001 (Fig. 6c), when
intense layers are observed early in the afternoon, while the
electric field is expected to lie in the NE sector.

A clear diurnal variation in the calculated electric field
magnitude is seen at Longyearbyen. In addition, the mag-
nitude also depends on the IMF direction. A combination of
southward IMF and positiveBy (Fig. 6b) produces the most
intense electric field, on the average and, in the diurnal vari-
ation of the field strength, the main maximum is observed in
the local afternoon and a secondary maximum at or just be-
fore midnight. When the field behaviour is compared with
the Es distributions, one can see that the most intense layers
occur early in the evening when the calculated electric field
is intense and points in the NW-sector. In the pre-midnight
sector, the occurrence of intense layers decreases while the
electric field becomes weaker and turns closer to the west or
even to the SW sector. Around midnight the occurrence of
dense layers is still not high, regardless of the fact that the
electric field magnitude reaches a secondary maximum and
the direction is within the SW-sector. The layer occurrence
is again enhanced later in the morning, although the field be-
comes weaker while turning back to the NW sector.

The second most intense electric field at Longyearbyen is
obtained for a combination of southward IMF and negative
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-
responds to the Es occurrence minimum. The maximum of
Es occurrence takes place around 20–21 MLT, when the elec-
tric field direction could be either in the NW or SW sector
but when, according to the APL model, the magnitude of the
electric field is lower than around midnight. The high oc-
currence of intense layers extends to earlier hours as far as
18 MLT. During this entire time interval the electric field di-
rection lies in the NW-sector.

For northward IMF (Figs. 6a and c), the electric field mag-
nitude is smaller, as expected, but a small maximum in the
field magnitude around midnight remains. This, however, is
not associated with a maximum in the Es occurrence.

The longest total cumulative time of layer occurrence in
the four cases of Fig. 6 is found forBy>0 andBz<0 (Fig. 6b)
and the shortest one forBy<0 andBz>0 (Fig. 6c). These
IMF conditions correspond to the maximum and minimum
average intensity of the calculated electric field, respectively.
So, although the maxima in the MLT distributions of Es do
not correspond to the maxima of electric field intensity, the

integrated occurrence could be related to the average electric
field magnitude.

4.2 Electric field at Thule

At Thule (see Fig. 7), the diurnal variation of the calculated
electric field magnitude is small for any direction of the IMF.
The electric field direction in the CGM-MLT coordinate sys-
tem rotates through 360◦ during the day. Layers occur from
about noon until midnight, when the modelled electric field
points in the SW and NW sectors, and, in some cases, also in
the SE sector. The post-midnight-to-morning minimum co-
incides with times when the electric field is predicted to point
in the NE sector, which is expected to prevent Es formation.
The minimum is quite clearly visible whenBy is positive
(Figs. 7a and b). WhenBy is negative (Figs. 7c and d), this
is not so obvious because the layers are rare and therefore
the diurnal variation may be covered by statistical variation.
We should notice that, although there is a minimum in the
Es occurrence when the field points in the NE sector, lay-
ers still appear at these times. They could be produced by
another mechanism associated with neutral wind or gravity
waves (MacDougall et al., 2000b). As discussed above, it is
also possible that the true electric field is actually different
from the calculated field.

Also for Thule, the southward IMF (Bz negative) results in
a more intense electric field than the northward IMF. How-
ever, this is not associated with more Es layers, as would
be expected according to the electric field mechanism. It is
rather the sign ofBy which correlates with the layer occur-
rence. Clearly more layers are observed whenBy is positive
(Figs. 7a and b) than in the opposite case (Figs. 7 c and d).
We will discuss the possible explanations in the next section.

5 Discussion

Figures 2–7 prove that the occurrence of sporadic E within
the polar cap is indeed closely connected to the IMF. The
relationship between the Es occurrence and the IMF is dif-
ferent at the two sites. This is to be expected if we assume
that the layers are mainly caused by the polar cap electric
field. The two sites lie at different geomagnetic latitudes:
Thule is located in the central polar cap at 85.4◦ CGM Lat,
whereas Longyearbyen is located at a much lower latitude of
75.2◦ CGM Lat. Therefore, the convection electric fields are
expected to be different at these two sites for a given IMF
direction.

Although a general agreement with the electric field theory
is found, our observations contain features which cannot be
explained solely by the calculated electric field direction and
magnitude. These are as follows:

(1) The By effect on the layer occurrence; 71% of the Es
layers at Thule and 62% of the Es layers at Longyear-
byen occur whenBy>0.
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(2) At Thule Es is slightly more abundant (56%) during
positiveBz, although the opposite would be expected,
since negativeBz produces a more intense electric field.
Indeed, at Longyearbyen 61% of the total time of layer
occurrence coincides with negativeBz.

(3) At Longyearbyen, forBy<0 andBz<0 (Fig. 6d), almost
no layers appear at magnetic midnight.

(4) Layers are in some cases observed at times when the
the modelled electric field points in the NE sector. Such
layers are seen at both stations. Quite a few of them are
observed at Longyearbyen, but at Thule, where layers
are more rare, their relative occurrence is more signifi-
cant.

Before trying to find some physical explanations for the
items listed above, we will review the main observations of
the IMF–Es relationship from earlier studies to show that
items (1) and (2) are in accordance with earlier observations.

MacDougall et al. (2000a) studied data from three central
northern polar cap stations. They found that height-spread Es
layers were observed predominantly duringBy positive and
had noBz association, whereas thin Es layers were associ-
ated with bothBy positive andBz positive. They argue that,
due to the large inclination of the magnetic field, the electric
field mechanism cannot be effective within the central po-
lar cap. Instead, they explain the formation of polar cap Es
by atmospheric gravity waves that move ionisation from the
lower F region into the E region and compress the plasma at
the reversals of vertical gravity wave motion (MacDougall et
al., 2000b). It is doubtful, however, whether theBy effect
can be entirely explained by this model. Furthermore, it will
be shown in Paper II that, unlike that stated by MacDougall
et al. (2000a), the electric field mechanism is effective within
the central polar cap, even at Thule (85.4◦ CGM Lat).

Wan et al. (1999) studied Es in the southern polar cap, at a
station whose geomagnetic latitude is approximately halfway
between Thule and Longyearbyen. They found that negative
By correlates with layer occurrence, especially at midnight.
Also, aBz effect was found, although it was weaker: posi-
tive Bz correlated with Es in the evening sector. Simultane-
ous measurements of electric field by digisonde showed that
negativeBy was associated with an increase in the SW elec-
tric field (corresponds to the NW electric field in the North-
ern Hemisphere), and could thus qualitatively explain theBy

dependence to some extent. Still, theBz effect could not be
explained by the change in the electric field. They suggested
that the layers could be a consequence of polar showers and
squalls which occurred whenBz was positive.

In this study, our aim was to investigate only thin lay-
ers and to reject height-spread and auroral type layers (see
Sect. 2). Our Thule observations are in agreement with those
by MacDougall et al. (2000a) in the central polar cap: Es oc-
curs mostly during positiveBy . In particular, we find that

intense layers are hardly ever observed whenBy is nega-
tive. PositiveBy correlates with layer occurrence also at
Longyearbyen, but not so strongly as at Thule. Thus, both
in the central polar cap and at lower polar cap latitudes in
the Northern Hemisphere, Es formation is more likely during
positive than negativeBy . According to Wan et al. (1999), a
similar relation between Es layers and negativeBy is found
in the Southern Hemisphere. This agrees with our results,
since positiveBy in the Northern Hemisphere and negative
By in the Southern Hemisphere are associated with similar
polar cap convection patterns (a more detailed discussion on
the convection patterns is given below).

In the central polar cap, theBz effect is clearly weaker than
that ofBy , and positiveBz seems to correlate with Es gener-
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-
fect of positiveBz seems to be similar in both hemispheres.
Our results show that, close to the polar cap boundary, the
role ofBz is somewhat stronger and Es occurrence correlates
with negative rather than positiveBz.

We find that theBy effect does not depend on magnetic
local time. At Thule, positiveBy increases the number of Es
at all MLT sectors, where Es is expected to occur. A similar
effect is also observed at Longyearbyen for all MLT sectors
where Es is observed. There is one exception, however: an
intense maximum of Es occurrence takes place during 20–
21 MLT when bothBz andBy are negative. This peak is
observed both in 1999 and 2000, so that it is hardly acciden-
tal. Therefore, we conclude that at Longyearbyen, there are
actually more layers at 20–21 MLT whenBy is negative than
in the opposite case.

The important question is: What physical mechanism
could account for the observed IMF effect? It would be most
straightforward to try to explain the observations by the IMF
control of convection. Then one immediately realises thatBz

would be expected to be the dominant factor since, during
the southward IMF, the intensity of the convection electric
field is highest both in the central polar cap, as well as close
to its boundary (see Figs. 6 and 7). Indeed, at Longyearbyen
negativeBz correlates with Es, but at Thule there is a weak
preference of Es layers to occur for positiveBz. However,
the dominant factor at Thule turns out to beBy rather than
Bz, and at Longyearbyen theBy effect, although smaller, is
as strong as theBz effect.

In addition to the local electric field, the time history of
plasma may also play a role in Es layer formation. The global
plasma convection pattern is such that the dusk cell is larger
in spatial extent than the dawn cell and its maximum poten-
tial is also greater (Ruohoniemi and Greenwald, 1996; Papi-
tashvili and Rich, 2002). WhenBy is negative in the North-
ern Hemisphere, the zero potential line is aligned at about
00 MLT, and whenBy is positive, the convection pattern and
the zero line are rotated to an earlier time by a few hours.
For positiveBy , the dusk cell in the Northern Hemisphere
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
a higher latitude (Ruohoniemi and Greenwald, 1996; Papi-
tashvili and Rich, 2002). In the Southern Hemisphere, simi-
lar effects are produced by negativeBy and hence the convec-
tion patterns for positiveBy in the Northern Hemisphere and
negativeBy in the Southern Hemisphere resemble each other
(Papitashvili and Rich, 2002). Since a similar IMF asym-
metry has been found in the Es occurrence (positiveBy cor-
relates with the Es occurrence in the Northern Hemisphere,
negativeBy in the Southern Hemisphere), the physical agent
may be related to the IMF control of the convection pattern.

Next, we will discuss how the global convection pattern
may be related to one important precondition of the layer for-
mation: the availability of metallic ions. Bedey and Watkins
(1998) note that the presence of a favourable electric field at
Sondrestrom, Greenland, does not guarantee the existence of
thin layers and they suggest that the reason is the variation
in the ion abundance. Many Es layers consist of iron and
magnesium (Huuskonen et al., 1988), which originate from
meteor ablation in the E region. Neutral metallic atoms are
ionised by collisions and also by charge exchange with O+

2
and NO+. Due to the slow recombination process, the life-
time of metallic ions is at least hours. Thus, during their life-
time, the ions can be transported long distances both horizon-
tally and vertically. The horizontal transport in the E region
is very slow, but if the ions are lifted up to the F region, they
can be transported faster (Bedey and Watkins, 1997). Based
on their model calculations, it was suggested by Bedey and
Watkins (1997) that under the action of the electric field with
an easterly component, metallic ions may be lifted to the F
region in the dayside part of the polar cap. In the F region the
ions can be transported to the nightside, where they would
precipitate, so that considerable horizontal variations in their
abundance can be created in the E region. On the other hand,
the calculations by Bedey and Watkins (1997) show that such
regions are latitudinally narrow and don’t extend close to the
center of the polar cap. However, the convection pattern, and
consequently the IMF, may play an important role in the spa-
tial distribution of the metallic ions.

It has also been suggested that the availability of metal-
lic ions would relate to particle precipitation within the polar
cap (Wan et al., 1999). This may be possible, because the
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
associated with polar auroral arcs, polar showers or squalls,
which all appear during northward IMF (e.g. Kullen et al.,
2002; Shinohara and Kokburn, 1996). Hence, production of
metallic ions by particle precipitation and subsequent form-
ing of Es should lead to a clear correlation of Es occurrence
with positiveBz. Our observations, however, show only a
weak correlation to positiveBz within the central polar cap
while the correlation to positiveBy is strong and therefore
local production of metallic ions can hardly be a dominant
factor in explaining the results.

In conclusion, the spatial distribution of metallic ions may
be related to their horizontal and/or vertical transport, which
is controlled by the convective electric fields (Bedey and
Watkins, 1997). Hence, theBy andBz effect, as explained
in items (1) and (2), may originate from the IMF control on
the availability of metallic ions via the global convection pat-
tern. The layer formation may then occur as a result of the
electric field mechanism, although neutral winds and atmo-
spheric gravity waves may also play a role. A full investi-
gation of these relations would imply extensive modelling,
which is beyond the scope of this paper.

Problem (3), i.e. the observed minimum in Es occurrence
around 00 MLT at Longyearbyen whenBz<0 andBy<0,
may tentatively be explained by substorm effects. Substorms
tend to be associated with the southward IMF. Statistically,
substorms start at 23±2 MLT (e.g. Frey et al., 2004) and the
effects may reach the latitudes of Longyearbyen. During sub-
storm expansion, electric fields are typically highly variable.
If electric fields are fluctuating rapidly both in direction and
intensity, there may not be enough time for the layer to form
(Wan et al., 2001). However, this suggestion remains open to
further investigations.

Problem (4) calls for an explanation of the Es layers ob-
served when the calculated electric field points in the NE
sector. These (rather rare) cases can be due to more than one
reason. Although the neutral wind is not usually dominant
at high latitudes (Kirkwood, 1997; Kirkwood and Nilsson,
2000; Mathews, 1998), its role cannot be wholly neglected
(Voiculescu and Ignat, 2005; Nygrén, 1990). Strong vertical
winds or abrupt shears in the wind could occasionally domi-
nate, leading to accumulation of ions into thin layers. Some
of the layers could also be formed by gravity waves, as sug-
gested by MacDougall et al. (2000b). It may also be possible
that, as pointed out by Bedey and Watkins (2001), some of
the Es layers were created elsewhere and transported into the
observed area. Direct evidence of such horizontal drift of
layers has been provided by Bedey et al. (2005). Finally, we
should remember that the electric field is calculated from the
statistical APL model (Ruohoniemi and Greenwald, 1996),
and, after all, the true electric field direction may be within
the favourable quadrants of the electric field theory in some
of these cases.

6 Conclusions

The extended database covered by our study and the repeti-
tive pattern seen for both stations, for all types of layers and
for all years, allows us to conclude that the occurrence of Es
layers within the polar cap is closely related to the interplan-
etary magnetic field. Since the polar cap electric field is con-
trolled by the direction and magnitude of the IMF, it is a rea-
sonable working hypothesis to assume that the electric field
mechanism is the most important element in Es formation
within the polar cap. In individual cases, other factors like
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neutral winds, gravity waves or polar cap precipitation phe-
nomena may have an effect on layer generation.

Since measurements of the electric field were not avail-
able, we utilised the statistical APL model, which produces
electric field vectors for given values of the IMF. This means
that the calculated electric fields are valid only in a statis-
tical sense and considerable disagreement may appear be-
tween the true electric field and the calculated one in indi-
vidual cases (Ruohoniemi and Greenwald, 1996). Still, the
observed MLT distributions of sporadic-E layers at Thule and
Longyearbyen are mostly consistent with the calculated elec-
tric field pointing in a favourable direction, i.e. roughly in the
NW or SW quadrant.

Close to the polar cap boundary, at Longyearbyen, more
layers appear during negative than positiveBz. This is in ac-
cordance with the electric field mechanism, since during neg-
ativeBz a more intense convection electric field is generated.
However, we observed an additional IMF effect, which can-
not directly be explained by the electric field theory. In the
Northern Hemisphere, Es layers are correlated with positive
By , both in the central polar cap and close to its boundary.
The study by MacDougall et al. (2000a), based on data from
central northern polar cap stations, also reveals a correlation
between Es occurrence and positiveBy . Wan et al. (1999)
find that in the Southern Hemisphere, negativeBy correlates
with Es formation. This is in accordance with our result be-
cause the effect of positiveBy on convection in the Northern
Hemisphere is equivalent to the effect of a negativeBy in the
Southern Hemisphere. Our results also show that the corre-
lation between positiveBy and Es is stronger in the central
polar cap than close to its boundary. Our second observa-
tion, which cannot be directly explained by the electric field
mechanism, is that during positiveBz, more Es layers are ob-
served in the central polar cap than during negativeBz. Even
this has been seen earlier both in the Northern and Southern
Hemispheres (Wan et al., 1999, MacDougall et al., 2000a).

To summarise the results, we find that the Es observations
are mostly in good agreement with the direction of the cal-
culated electric field but not with the calculated electric field
intensity. Therefore, some additional mechanism must be ac-
tive. A key to the problem could be the fact that the avail-
ability of metallic ions is a necessary precondition for layer
generation and this may be determined by horizontal motion.
The electric field mechanism in its simple form only con-
siders vertical ion motion. Bedey and Watkins (1997, 1998)
have proposed that proper electric fields could lift the metal-
lic ions to the F region, where they would be transported hor-
izontally at long distances by the polar cap electric field. The
metallic ions would then precipitate to E region and could be
compressed by the electric field to an Es layer in different
parts of the polar cap. Obviously, the details of this mech-
anism depend on the convection pattern, which has an IMF
dependence.

In conclusion, we suggest that the IMF plays a major role
in the Es occurrence within the polar cap, since it controls

the electric field which is capable of compressing the ions
vertically into thin layers and since it may also control the
background metallic ion density (via the horizontal transport
and redistribution of ions). However, the three-dimensional
ion motion within the polar cap should be modelled in order
to verify this hypothesis.
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