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Abstract

The structure of the Interplanetary Magnetic Field (IMF) is responsible for an essential part of the variability
of the ionospheric plasma as demonstrated by investigations of the influence of IMF sector boundary crossings
as well as of AB_-changes (defined from satellite observations) to the maximal electron density of the F,-layer
at different stations in mid-latitudes. It could be shown that negative B_-values cause distinct negative iono-
spheric effects. Maximal effects were detected at high geomagnetic latitudes (ionospheric response decreases
with decreasing latitude), high solar/geomagnetic activity, equinoxes and night-time conditions.

Key words IMF — variability — ionosphere favour this energy transfer whereas positive B,-
values should reduce such an energy input.
Therefore, sectors with negative B,-values are
called pro sectors and sectors with positive B, -

. ) values anti sectors. As shown in detail in Bre-
As known from satellite observations and mer (1988) an IMF with A-polarity induces
ground-based  geomagnetic -measurements " positive B.-values during the spring half-year
high latitudes the Int(’trp]an.etary Magnetic 5,4 negative B -values in the autumn half-year,
Field (IMF) in the Barth’s orbital plane is SUb- whereas an IMF with T-polarity causes inverse
divided into more or less regular sectors with a signs of B,, respectively
L ) . 2 .
magnetic field directed away from (A-polarity) The most marked ionospheric effect should be
or towards the sun (7-polarity). Each IMF sec- expected during changeover of IMF polarity, the
tor can also be characterized by its vertical so-called IMF sector boundary crossings. The

magnetic component B, in the solar-magne- ionospheric response to such sector boundary
tospheric coordinate system. After Dungey crossings is summarized in section 2.1,

(1961) and Russell and MQP herron (1.973) this Beside the B,-changes during these more or
B_-component plays a dominant role in the en- .. - .
z .. , less regular sector transitions, in satellite data
ergy transfer from solar wind into the Earth’s . .
magnetosphere. A negative B,-component should also more irregularly occurring B.-changes of
& phere. & : P shorter duration are detected. During such

events which often last only some hours

" > ; marked B,-changes can be observed. The iono-

ailing address: Dr. Jiirgen Bremer, Institut fiir Atmo- . g : —
sphdrenphysik an der Universitit Rostock, SchloBstrae spheric response to such events with AB,

4-6, 18225 Ostseebad Kiihlungsborn, Germany; e-mail: Bz(tl) - B:(IQ) > ZHT (#): time b_efore’ 't2: time
bremer@iap-kborn.d400.dc after B, changeover) is presented in section 2.2.

1. Introduction

721




Jirgen Bremer, Jan LaStovicka and Yurdanur Tulunay

2. Experimental results

2.1. Ionospheric response to IMF sector
boundary crossings

In this section it is intended to describe the
influence of the IMF sector boundary transi-
tions on the critical frequency of the F,-layer,
JfoF>. The influence on other ionospheric pa-
rameters is described in Bremer (1992).

To derive the mean ionospheric response
during sector boundary crossings for each sec-
tor transition the following expression was cal-
culated

_ foF> (pro) — JyF, (anti)

dfyF, = = - 100%.
0+ 2

2.1

Here fy F, (pro) and f, F, (anti) are mean val-
ues of fyF, during 4 days before or after the
sector boundary crossings at pro or anti sector
condition, whereas f,F, is the mean value of
JoF> during 8 days around the sector crossing.
Using fo F, noon values of Juliusruh dfyF, val-
ues after eq. (2.1) were calculated for 643 sec-
tor boundary crossings (1957-1982) after dates
published by Svalgaard (1976) and Wilcox
(1982, private communication). The results are
summarized in the histogram shown in fig. 1.
The mean deviation of fyF, during pro sector
compared with anti sector condition is dfyF, =
-2.6%.

In spite of the large scatter of the individual
events this mean deviation is statistically sig-
nificantly different from zero at the confidence
limit of 99.9% (Taubenheim, 1969). The rela-
tively broad distribution points to the high
ionospheric variability which is caused by fac-
tors other than IMF polarity changes (e.g.,
variability of solar radiation, internal atmo-
spheric processes). Therefore, the ionospheric
response to IMF sector transitions can only be
detected by mean values, in individual cases,
however, the IMF effect may be masked by
other ionospheric processes.

Using the same data as in fig. 1 the mean
ionospheric response to IMF sector boundary
crossings was investigated in dependence on
season (winter: November-February; summer:

May-August; equinox: March, April, Septem-
ber, October), for different levels of solar ac-
tivity (R, months with Ry, < 40, Ry
months with Rj, = 110) as well as for high geo-
magnetic activity (months with A, > 18). The
results are summarized in table I. In general
during equinoctial months the IMF effect is
most pronounced for all levels of solar and geo-
magnetic activity whereas the effect is smallest
during winter. With increasing solar activity
the effect becomes stronger, and the most
marked ionospheric response is observed dur-
ing months with high geomagnetic activity.
The maximal effect was derived for high geo-
magnetic activity during equinoxes with
df0F2 = _7 2%

The results presented in fig. 1 and table I
were derived from fyF, noon data (11-13 LT)
only. To get an impression of the diurnal varia-
tion of the IMF effect, in fig. 2 mean dfyF,-
values are presented at four different local mean
times during the day (i.e., sunrise: at 6 LMT;
noon: 12 LMT; sunset: 18 LMT; midnight:
24 LMT). Here again fyF, data of Juliusruh
were used for the whole year, but for the period
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Fig. 1. Histogram of dfyF,-values derived after
eq. (2.1) during IMF sector boundary crossings using
JfoF, noon values of Juliusruh during 1957-1982.
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Table 1. Mean fyF, deviation df,F, (%) calculated after eq. (2.1) with fyF, noon data of Juliusruh during IMF

sector boundary crossings in dependence on season.

Year Winter Summer Equinox
1957-1982 -2.6 -1.3 -2.1 -4.5
Ry, < 40 -1.7 -1.0 -13 -2.8
R, > 110 -438 -32 -43 -6.8
A, > 18 -6.6 -5.6 -59 ~72
their direction. In table II the results are, how-
- ever, divided into IMF transitions from anti —
i JULIUSRUH pro sectors and from pro — anti sectors. In all
f 2] Rmax cases independpnt of solar and geomagnetic
dfF2 activity the anti — pro sector transitions cause
[%] stronger ionosphere effects.
e
| .
-5{ +/ \+ 1 2.2. Ionospheric response to negative B, events
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Fig. 2. Diurnal variation of df,F,-values derived
after eq. (2.1) during IMF sector boundary crossings
using foF, values of Juliusruh at high solar activity
(1978-1982).

of high solar activity only (1978-1982). During
all times we observed a negative effect, most
marked near midnight (=6.9%) and smallest
near noon (—4.9%).

All results presented so far are restricted to
Juliusruh (54.63°N, 13.38°E). In fig. 3 mean
dfoFy-values are presented in dependence on
geomagnetic latitude using fyF,-data (noon,
whole year) of nine stations of the northern
hemisphere for high solar activity (1978-1982,
some low latitude stations 1967-1974). In the
PRIME region (geogr. lat.: 35°-55°N; geomag.
lat.: 30...38°-49°...57°N) the negative effect in
dfoF, becomes markedly smaller with decreas-
ing latitudes (-5% near 55°, —=0.7% near
35°).

In figs. 1 to 3 and table I all IMF sector
boundary crossings were used independent of
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As described in detail in Tulunay (1994)
from satellite measurements of the solar wind
and the IMF during the period from 1963
until 1986 special events were selected with
southward turning of the IMF. Here clearly
defined events were chosen with B.-changes
AB, > 2 nT and the same B, polarity both 4 h
before and 4 h after the turning. For the inves-
tigations of the ionospheric response during
such negative B, events differences 6f,F, of
the observed critical frequencies of the F»-
layer from undisturbed «quiet-time» values are
estimated. The «quiet-time» values are derived
for each hour from 15 days around the B.-
event using only data of those days with A,
less than 6.

The general ionospheric response is pre-
sented for some stations in Tulunay (1994):
starting from a relatively constant 8f,F, level
before the effect (near zero or slightly nega-
tive) OfyF, decreases often some hours before
the B_-effect, reaches a marked minimum at the
first day after the IMF southward turning and
recovers during the following days. The maxi-
mum ionospheric effect (difference between
minimum value and nearly constant level be-
fore the effect) is presented in dependence on
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Fig. 3. Mean variation of dfyF,-values derived after eq. (2.1) during IMF sector boundary crossings in depen-
dence on geomagnetic latitude at high solar activity (1978-1982 or 1967-1974).
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Fig. 4. Mean ionospheric response of dfyF, due to
IMF events with AB, > 2 nT in dependence on geo-
magnetic latitude (data from 1963-1986).

geomagnetic latitude in fig. 4 using data of the
whole year for 11 stations in mid-latitudes. The
ionospheric effect is presented in MHz (left
axis) and in per cent (right axis) using as refer-
ence value the mean value fyF, = 6.1 MHz of
all fyF, data analyzed. As in fig. 3 the iono-
spheric effect presented in fig. 4 is negative in
the whole latitudinal belt and becomes smaller
with decreasing latitude (—15% ... —3%). The
same analysis was made for the summer as
well as winter half-year separately. The results
are shown in fig. 5. Also here during both sea-
sons negative effects are observed decreasing
in amplitude with decreasing geomagnetic lati-
tude. The effects during the summer half-year
(=18 ... =8%) are, however, markedly stronger
than during the winter half-year (-11% ...
—5%).
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3. Discussion

In all figures and tables shown above it was
demonstrated that fyF, in mid-latitudes is typi-
cally reduced during IMF with negative B,-
values. This effect is, however, often only de-
tectable by statistical methods as the iono-
spheric variability is not only caused by IMF
changes. Nevertheless, an essential part of the
ionospheric variability is due to IMF polarity
changes.

After figs. 3 to 5 the ionospheric effect
caused by the negative vertical component of
the IMF decreases with decreasing geomag-
netic latitudes, vanishes near 25° geomagnetic
latitude and becomes positive near the geo-
magnetic equator. This latitudinal variation
corresponds well with the variation of iono-
spheric storms (Matsushita, 1959). Therefore,
it seems to be quite reasonable to consider the
ionospheric effects caused by negative B,-com-
ponents like small ionospheric storms (for the-
ory of ionospheric storms see: Rishbeth, 1975:
Hargreaves, 1992; Prolss, 1993).

The energy input € from the solar wind into
the magnetosphere can be approximated by an
empirical formula derived from Perreault and
Akasofu (1978)

e=vB%? sin* W4 3.1

with the velocity of the solar wind v, the mag-
nitude of the IMF B, the constant lo =7 Earth’s
radii and the polar angle © in the y-z-plane of
the solar-magnetospheric coordinate system.
Due to the term sin* /4 the energy transfer &
is maximal for ¥ = 180°, i.e. during times with
negative B,-values.

The seasonal differences in table I seem to
be reasonable. As shown in Bremer (1988), the
B,-values in the IMF pro (-B,) and anti sectors
(+B,) are maximal near equinoxes. Therefore,
during this time the strongest ionospheric
events during IMF sector boundary crossings
should be expected. The differences in the
ionospheric effects between summer and win-
ter (table I, but also fig. 5) can be explained by
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Fig. 5. Mean ionospheric response of 0foF, as in fig. 4, but data are subdivided for summer and winter

half-year.
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Table II. Mean f,F, deviation dfyF, (%) as in table I but subdivided for anti — pro as well as pro — anti sec-

tor transitions.

1957-1982 R;, 2 110 Ry, £40 A, 218
anti — pro -3.2 -5.9 =22 -7.7
pro — anti -2.1 -3.6 -1.2 -54

the well-known fact that during winter time
ionospheric storms are sometimes positive at
mid-latitudes whereas during other seasons
negative storms clearly dominate (Hargreaves,

1992).

Whereas the ionospheric response to IMF
sector transitions at low solar activity is rela-
tively small, the effect becomes stronger dur-
ing high solar activity and especially during
periods of high geomagnetic activity (table II).
This phenomenon may be caused by an in-
creasing energy input £ from the solar wind
into the Earth’s magnetosphere and ionosphere
during these periods due to increasing solar
wind speed as well as increasing magnetitude
of the IMF. The maximal effects were ob-
served at high geomagnetic activity during
equinoctial months (—7.2%).

The influence of the IMF sector structure
seems to be more effective during night-time
as demonstrated by the diurnal variation in per
cent (fig. 2) with maximal ionospheric effects
near midnight (—6.9%) and a smaller response
during noon (—4.9%).

Significant differences were also observed
between ionospheric effects caused by sector
boundary transitions from pro — anti sectors
(-=32% in all data from 1957-1982) and
anti — pro sector transitions (only —2.1%).
This may be connected with the fact that the
ionospheric plasma changes for anti — pro
sector transitions are steeper than the changes
for pro — anti sector transitions (Bremer,
1988, 1992).

In general, the ionospheric effects caused by
IMF sector transitions (figs. 1 to 3, table 1 and
2) are not so strong as those caused by the
AB_-events (figs. 4 and 5). The reason for this
difference is the markedly higher energy input
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from solar wind into the Earth’s ionosphere af-
ter eq. (3.1) during the AB.-events due to es-
sentially higher —B.-values.

4. Conclusions

Regular B,-changes during IMF sector tran-
sitions as well as sudden and more irregularly
occurring B -variations as observed by satel-
lites cause typical changes in the ionospheric
F,-layer plasma. These effects are one impor-
tant source of the variability of the fyF,-region
plasma. The effect is more dominant at the up-
per latitudinal border of the PRIME area and
becomes smaller at lower latitudes.

A prediction of such effects is difficult. One
simple possibility to predict the IMF sector
structure with the dates of sector boundary
crossings could be the use of the mean solar
magnetic field as observed by the Stanford Ob-
servatory (Bremer, 1996). The prediction of
short-term AB,-variations which are often the
origin of ionospheric storms seems, however,
to be impossible at present.
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