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I. INTRODUCTION

\

The PC-index is an index for geomagnetic activity which aims to monitor the activity in the
(P)olar (C)ap. In the polar regions of the Earth’s magnetosphere and ionosphere there
exists a variety of different electric current systems, all of which contribute to the magnetic
perturbation measured at the surface of the Earth. When constructing an index, it is
therefore very important to make quite clear what type of activity it is aimed to monitor.
One current system existing in the polar regions, which is well documented is the two cell

equivalent current system illustrated in Figure L1.

Figure L.1
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Polar diagram of the equivalent current system when B,<0 and B, =0,
calculated by means of an empirical model of magnetic variations. Re-
produced from Friis-Christensen et al. [1985].
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It consists of a sunward current across the polar cap and two antisunward currents, the
eastward and westward electrojets, in the auroral region. The eastward and westward
electrojets are presently being monitored by the auroral zone magnetic activity indices AU

and AL, by a ring of observatories in the auroral zone.

In 1979 Troshichev et al. [1979] proposed to make an index which should monitor the
sunward equivalent current crossing the polar cap. A station in the polar cap which is
located very close to the pole will, although the Earth is rotating under the two cell pattern,
all the time be located under the sunward part of the current system. The idea was,
therefore, to base the index on measurements from a single near pole station. The station
Thule, which is run by the Danish Meteorological Institute and located in the Greenlandic
village Qaanaaq at 86.5 degrees geomagnetic invariant latitude, fulfills the requirement of
being close to the pole. The station Vostok, at -83.3 degrees and run by the Arctic and
Antarctic Research Institute in Leningrad, does the same in the southern hemisphere. We
have examined the magnetic perturbations at these two stations (Vennerstrpm and Friis-
Christensen [1987], Troshichev et al. [1988], Vennerstrgm et al. [1990]) and proposed an

algorithm for such an index. Here we report mainly on the results from Thule.

It is well known that the interplanetary magnetic field (IMF) plays an important role in the
generation of electric currents in the polar regions of the ionosphere and magnetosphere,
and especially the southward component of the IMF is known to be effective in generating
the two cell system. We have, therefore, examined the correlation between the IMF and the
magnetic perturbation at the near pole station Thule and find linear correlation coefficients
as high as 0.7 - 0.8. This result ensures that the station measures a parameter fundamental
to the current system. When designing\an index, it is not enough to make clear what current
system it aims to monitor. It is equally important to examine how other current systems
influence or disturb the index. In the polar region two other current systems are known to
exist which are closely related to the IMF: The cusp current, which is mainly controlled by
the east-west component of the IMF, and a current system observed at very high latitudes
within the polar cap, which is controlled by the northward component of the IMF. We have
therefore also investigated the relationship between the perturbation in Thule and the east-

west and northward components of the IMF, and conclude that both components contribute



significantly to the perturbation. These current systems can therefore disturb the PC-index
significantly. Fortunately they are mainly observed during summer. During winter, they are
only in very rare cases large enough to give a significant contribution to the magnetic

perturbation on ground.

The sources to magnetic perturbations in the near pole region are believed partly to be due
to ionospheric Hall-currents in the pblar cap, and partly to be due to distant field-aligned
currents at the poleward rim of the auroral oval. The field-aligned currents at the rim of the
oval are on the other hand intimately related to the ionospheric auroral electrojets. One
should therefore expect some relation between the auroral electrojet indices AL, AU and
AE and the PC-index, especially during winter when the ionospheric conductivity in the
polar cap is at minimum. We have therefore made a statistical analysis of the relation
between PC and AE, AU and AL, in order to judge to which extent PC can be used as an
alternative indicator of the level of activity in the auroral electrojets, and to elucidate some
of the differences between the indices. There are two major problems one encounters using
AE, AU and AL, where one could imagine the PC-index could be useful:

- AE, AU and AL are only available with a time delay of several years. They are derived
from data from 12 observatories, some of which are still in analogue form; and the digitizing
and data quality control is a long and slow procedure. The PC-index, on the other hand, is
derived from data from a single station and can therefore be calculated and published very

quickly.

- The auroral electrojet indices can only be derived for the northern hemisphere auroral
oval. The geography of the Antarctic continent makes it impossible to place a ring of
observatories in the auroral regions in the southern hemisphere. The PC-index, however,

could be derived for both the northern and southern hemisphere.

We have examined the linear correlation between PC and AE, AL and AU and find a
surprisingly high correlation coefficient R. The correlation is best with AE and during
winter, where we on the basis of 15 minute averages find R = 0.8-0.9. We find that this

correlation is sufficiently high to ensure that the single station index PC actually measures



something global and not mainly local phenomena. We conclude that the PC-index can be
used during winter and equinox as a fast available indicator of the "global" activity in the
auroral oval. Apart from being available years before AE, PC could also be computed for

periods in the past where AE for different reasons is not available.

Finally we have examined long-term variations of the PC-index within the last solar cycle
from 1975-85. We find that the long-term variations of PC is very similar to the long-term
variation of other indices such as AE and the midlatitude index A, An analysis of the long-
term variations of the solar wind parameters furthermore shows that the southward
component of the IMF and the solar wind velocity is effective in generating geomagnetic

activity on long, as well as on short, time-scales.



II. SOLAR WIND CONTROL
OF NEAR POLE MAGNETIC VARIATIONS

II.1 The main controlling factor

The interplanetary magnetic field (IMF) is known to be intimately related to the gener-
ation of electric currents in the polar region of the ionosphere and magnetosphere. The
nature of this relationship is, however, not yet clear, although it seems to be widely ac-

cepted that magnetic merging plays an important role.

Consequently, several statistical analyses have been made trying to relate measurements
of the IMF with various geomagnetic indices (see e.g. Baker et al., 1983 and the many
references therein), and it has been thoroughly demonstrated that the southward compo-
nent of the IMF B, sets up a two cell convection and equivalent current pattern in the

polar regions, the strength of which is approximately proportional to the magnitude of B,.

This two cell pattern is, in merging theories, explained by Dungey’s classical picture: Merg-
ing on the closed field lines on the dayside, cross polar flow on open field lines, recon-

nection in the tail, and return flow on closed field lines in the auroral regions.

B, is known to give the main contribution to the strength of the two cell currents, but
also the solar wind velocity and the east-west component of the IMF has been found to
give a contribution. Consequently, several parameters have been proposed to describe the
essence of the generation mechanisms, all of which includes the southward component of
the IMF: B,, vB,, vB,, v’B,, vB,sin%(6/2), vB;, and v(B,*+B,?+B,?)sin*(6/2), where v is the
solar wind velocity, B, the azimuthal, B, the vertical and B, the southward component of
the IMF, B; is equal to (B,>+B,?)* and @ is the angle between the IMF and the Earth
magnetic field at the subsolar point of the magnetopause (assumed to be northward). The

last parameter is the ¢ parameter defined in Akasofu [1979].



Troshichev and Andrezen [1985] investigated the relationship between most of these IMF-
parameters and the magnetic activity in the near pole region in the southern hemisphere.
This was the first statistical investigation of a PC-index based on a single near pole station,
and we shall, therefore, describe their results in some detail. The statistical method used
was a linear correlation analysis, and the geomagnetic parameter was the so-called
MAGPC-index derived from the near pole station Vostok at Antarctica. The MAGPC-
index was computed by projecting the measured horizontal perturbation onto the 03 - 15
MLT meridian. The idea was to get a measure of the cross polar cap current in the two
cell equivalent current system, and in order to take into account that the two cell system
is skewed compared to the noon-midnight meridian, the 03 - 15 meridian was selected for
projection instead of the dawn-dusk meridian. The analysis was limited to summer data.
They divided their data into two groups according to the sign of B,. For B, negative they
found a reasonably high correlation for most IMF-parameters, the best being obtained with
the parameters vB, and vBsin’(6/2), giving a linear correlation coefficient R close to 0.6.
When B, was positive, a very poor correlation was found for all IMF-parameters. Here
the best correlation was obtained with vBsin?(6/2) giving R = 0.3. The numbers quoted
are daily averages. The time-scale used was 15 minute averages, and a time delay of 20

minutes was introduced between the IMF measurements and the response in Vostok.

The station Thule has the advantage over Vostok that we have a larger data base, includ-
ing digital data from all seasons, almost unbroken from 1975 till now. We can therefore
use Thule data to get a more extensive and profound analysis of the relation between
near pole magnetic variations and the IMF. In Troshichev and Andrezen [1985] only data
during summer, where the near pole region is almost completely sunlit, was used. Here
we include data from all year, but since the ionospheric conductivity in the near pole
region to a high extent is created by solar UV-radiation, we expect the correlation and
also the size of the response in Thule to a given size of the IMF to vary throughout the
year. We therefore divide the data according to month of the year. Troshichev and Andre-
zen [1985] found that the correlation varied with local time of the station, so, following

their analysis, we divide the data according to hour of local time. We also use the same



time-scale (15 min averages) and the same time delay (20 minutes) between the variations

in the solar wind and Thule.

One way to try to single out a specific type of magnetic activity is to project the total
measured perturbation onto the direction, in which this type of activity typically is ob-
served. Applying this method here, means that we should project the measured perturba-
tion onto a direction, perpendicular to the direction in which the cross polar cap current
in the two cell pattern is typically flowing. In Troshichev and Andrezen [1985] this is done
by choosing a specific meridian onto which to project, namely, the 03 - 15 MLT meridian.
In this work we use the statistical analysis itself to define the direction. We simply choose
the direction that gives the highest correlation with the IMF-parameter under consider-
ation. This enables us to let the direction vary both with local time of the station and with
season. For each month and each hour of local time, we project the measured horizontal
perturbation on to various directions, with a projection angle varying from -90 to 90

degrees in 5 degree intervals.

The projection procedure can be described by the following formula:

AF = AHsiny + ADcosy
vy=XtDec + UT + ¢

When + is indicated + must be used for the southern hemisphere and - for the northern
hemisphere. (H,D) are the two components of the horizontal perturbation. H is directed
northward along the local magnetic meridian and D is perpendicular to H pointing east-
ward. (aH, aD) are the deviations of H and D from quiet level. Dec is the declination,
UT is universal time and A is the longitude of the station. Expressed like this ¢ will
represent the angle between the dawn-dusk meridian and the projection direction. We
then perform the computation, letting ¢ vary from -90 to 90 degrees in 5 degree intervals,
for each hour of local time and each month separately. For each computation we derive
the linear correlation coefficient R, and for each month and each hour of local time we
then choose the direction which gives the highest correlation with the given IMF-parame-
ter. The resultant directions is thus a function of both month, local time and given IMF-

parameter.



Table II.1 lists the coefficients of correlation for different IMF-parameters averaged over
month and local time. Since the sign of B, is known to be important, we have performed
the regression for all B,, B, negative and B, positive separately. The IMF data used was
IMP-8 measurements during the IMS-period 1977-80. Each coefficient of correlation
R(LT, month) is based on roughly 125 data points (all B,), so the averages given in the
table is based on around 36,000 data points.

Table II.1 Average coefficient of correlation, R

Parameter All B, B,<0 B,>0
B, -0.71 -0.64 -0.45
vB, -0.71 -0.71 -0.45
vB, 0.74 0.71

v?B, 0.75 0.73

vB,sin’(6/2) 0.77 0.74 0.56
€ 0.72 0.67 0.55

It is seen that using this method we obtain higher correlations than Troshichev and
Andrezen [1985], but their general results are confirmed: All parameters involving the
southward component give a good correlation, and the correlation coefficients are higher
for B, negative than B, positive. It is seen that the correlation is increasing, when the
solar wind velocity and the azimuthal component is included in the parameter. The highest
correlation is thus obtained with the parameter vBsin?(6/2) derived by Kan and Lee
[1979] for the merging electric field.



The size of the response on ground to a given IMF is, as we shall see, both seasonal and
diurnal dependent, but the maximal coefficient of correlation R is found to be rather
uniform. Figure IL1 shows a contour plot of R as function of UT and month. It is seen
that R = 0.75 - 0.80 at all local times and all months except for a small minimum with R

= 0.7 at noon during midsummer (geographic local noon in Thule is around 16.30 UT).

Figure II.1
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Contour diagram of the linear correlation coefficient between the IMF-
parameter vBsin’(6/2) and the horizontal magnetic perturbation in
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Figure IL2 shows the directions that give maximum correlation with various IMF-parame-

ters. The diagrams are MLT-invariant latitude, and the angle ¢ of formula II.1 is indicated

at the figure. It is seen that the directions varies throughout the day, but rather similarly

for all parameters.

Figure II.2
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Figure 11.2 only shows the results from April, but the trend is the same for all months.
The largest deviation is found for the parameters B, and vB,, i.e. those parameters where
the correlation with the northward component as well as with the southward component
is included in the derivation of the angles. In Table IL2 we list the diurnal and seasonal
averages of the optimal angles. The results are given for B, negative and positive separate-

ly, as well as for all B,-values.

Table I1.2 Average optimal angle ¢ (deg.)

Parameter All B, B,<0 B,>0
B, 33 46 -164
vB, 34 48 -169
vB, 46 48

v’B, 46 46

vBsin’(e/2) 48 45 36
€ 45 45 34

It is clear from this table that the IMF conditions, i.e. the sign of B, is far more important
than which specific IMF-parameter is being used. Looking at the column showing all B,-
values, we only find significant differences for B, and vB, and these differences disappear

if we only look at the B, negative cases.

We thus conclude that the sign of B, is the most important factor in the IMF control of
near pole magnetic variations. When B, is southward, we find a good correlation with all

parameters that includes B,, whereas when B, is northward, the correlation is poor for all
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parameters. The high correlation obtained for B, southward indicates that it is possible to
define a PC-index that monitors the currents generated by B, by using the projection
method at a single near pole station. The poor results for B, northward, on the other
hand, rules out the possibility to monitor the polar cap current, controlled by the north-

ward component, by this method.

[1.2 The influence of IMF By

I1.2.1 Does By contribute to the two cell current?

The two cell pattern is in merging theories explained by Dungey’s classical picture: Merg-
ing on the closed field lines on the dayside, cross polar flow on the open field lines, and
return flow on the closed field lines in the auroral region. If one analyzes the merging
concept in connection with the solar wind-magnetosphere interaction a bit further, how-

ever, two important aspects are noted:

1. The earth magnetic field at the magnetopause and the IMF does not have to

be completely antiparallel for merging to occur (see e.g. Sonnerup [1974]).

2. There is a possibility that merging also occurs at other parts of the magneto-
pause than the subsolar region, which means that we can expect merging in
regions, where the earth magnetic field is not strictly northward [Crooker,
1979].

Both of these aspects mean that not only the southward component B but also the
azimuthal component B, should play a role in generating the two cell current pattern. This

influence should show up in two ways. The relative size, and especially the sign of B, and
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B, should control the location of the merging line at the magnetopause, and thereby

Y.
control the direction of the resulting cross polar cap flow in the ionosphere. The magni-
tude of B, should, however, also influence the magnitude of flow; the larger |B,| the

larger flow.

Several observations (e.g. Friis-Christensen et al. [1985]) have indicated that near pole
magnetic perturbations change direction with the IMF B, component, and recently also
satellite observations of the ionospheric electric field confirm this trend (Heppner and
Maynard [1987]).

The effect of |B,| on the size of the perturbations have been less obvious and more
controversial. The first observational indication was found by Nishida and Maezawa [1971]
in a study of the correlation between the IMF and the magnetic variations in the near
pole station Alert for selected days. They found that the parameter (B12+Byz)i‘sinz(9/2) had
a good correlation with typical variations in the two cell activity. They found a correlation
that was just as good as that of B,. In Vennerstrgm and Friis-Christensen [1987] this point
was investigated by examining the relationship between a MAGPC-index in Thule and the
solar wind parameters B,, B, and v. The MAGPC-index was obtained by projecting the
horizontal perturbation onto the 03 -15 MLT meridian, like in Troshichev and Andrezen
[1985]. In order to treat all data points in one analysis we had to correct for diurnal
variations in the MAGPC-index. These variations can be seen as a varying response on
ground to a constant IMF-parameter and are mainly caused by varying ionospheric conduc-
tivity, as a result of impact of solar UV radiation. The diurnal variations was removed by
computing the linear regression coefficient a between the projected horizontal perturba-

tion AF and B, as a function of month and local time:
AF = a(B,+K)
The corrected index named NPC was then obtained by dividing with a:

NPC = AF/a(month,LT)
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Figure IL.3
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Linear regression lines of the parameter NPC/H(B,+6) versus B, for
three different seasons. The regression lines were made separately for
B,<0 and B,>0. The points represents averages of width 1nT in B,.
The regression lines were made on the original data points. (Repro-
duced from Vennerstrgm and Friis-Christensen [1987]).
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Figure 11.4
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The solid lines show the corrected index NPC as a function of B, using
|B,| as a parameter. The points represent averages within a mesh of
InT width in B, and 2nT width in B,. The dashed lines show the func-
tion

£(B,,B,) = a(B,’+B,?)’sin%(6/2)+b

using B, as a parameter. a and b were determined through a linear fit
between the data with 2nT<|B, | <4nT and the dashed curve marked
B, = 3. (Reproduced from Vennerstrgm and Friis-Christensen [1987]).
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The analysis only included negative B, values. NPC was then corrected for the influence

B, and v, by performing a linear regression between NPC/v and B,;:
NPCH = K(B,+56)

and the parameter NPC/v+(B ,+§) was computed and used in a linear correlation analysis
with B,. Since we expect the sources to near pole magnetic perturbations to change with
season, the data was divided into summer, equinox, and winter. The results are reproduced
in Figure I1.3. It is clear from this that there is a |B,|-effect on the MAGPC-index for

all seasons.

This effect was investigated further by plotting NPC as a function of B, using |B,| as a
parameter. The results are reproduced in Figure IL4. On top of the data is plotted the
function f(B,,B,) = Bisin’(/2) also using |B,| as a parameter. It is seen that the |B,|-
effect is larger in the theoretical expression than in the data; and also that the | B, | -effect
seems to vanish at large negative values of B,. It was therefore concluded that a |B,|-
effect on the MAGPC-index existed but was only about half the size of the effect in the
theoretical expression B;sin?(©/2). It was further noted that, at least in that data-set, the

effect seemed to vanish for large negative B,.

One problem of the analysis of the MAGPC-index is, that it does not take into account,
that the direction of the flow is changing with the sign of B,. The MAGPC-index is
computed by projecting the measured perturbation onto a fixed direction, assumed to be
the flow direction. If the flow therefore change direction with growing B,, the examination
of the MAGPC-index would tend to underestimate the contribution from B,. This point
have been examined, using the procedure of optimization of correlation, by dividing the
data according to the sign of B,. The result is shown in Figure IL.5, where the optimal
directions for the two parameters vB, and vB;sin?(6/2) is seen in respectively the left and
right panel. The solid lines indicate the results for B, positive and the dashed lines the

result for B, negative.
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Figure IL.5
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Polar diagrams showing the directions onto which to project the hori-
zontal perturbation in Thule to obtain maximum correlation with the
IMF-parameters vB, (left) adn vBisin?(6/2) (right). The solid vectors
indicate the directions obtained for B, positive, and the dashed lines the
directions for B, negative. The size of the vectors is a measure of the
size of the response in Thule to a given size of the IMF-paramter. The
results shown are for March, but the trend described in the text is simi-
lar for all months. '

It is seen that the result is different for the two parameters vB, and vBisin’(6/2). For
vB;sin?(6/2), the optimal angle is deflected westward for B, positive and eastward for B,
negative, and the resulting patterns are in good accordance with the results found for the
ionospheric electric field by Heppner and Maynard [1987]. When the parameter vB,, how-
ever, is used in the optimization procedure, the deflections are smaller and in the opposite
direction. Here the deflection is westward for B, negative and (mainly) eastward for B,
positive. We believe the reason is that B, gives a real contribution to the total current,

but in different directions for B, positive and negative. The main difference between vB,
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and vB;sin?(6/2) is that B, is included in the latter. Therefore, when vB,sin?(©/2) is used,
the optimization procedure will tend to find a direction that includes the contribution from
B,. When vB, is used, the procedure will only take the B, contribution into account, and
instead of taking the B, contribution into account, it will do the opposite, namely, find a
direction that minimizes the "disturbing" influence of B,. This means that it will have a
tendency to pick directions perpendicular to the B, contribution. When vB;sin?(6/2) is
used, both the contribution from B, and B, is taken into account and the optimal direc-

tions, therefore, come close to the actual directions of the current.

There has been speculation on whether B, gives a real contribution to the currents, or
whether it merely influences the structure of the current system, without influencing the
strength of the currents. We believe that both the effect of |B,| on the MAGPC-index
and the above results prove that B, gives a real contribution to the currents. If the role
of B, merely was to change the direction of the current pattern, the strength of which
was determined by vB,, the results of Figure IL5 for vB, would be similar to the results
for vB,sin®(8/2) and reflect the actual directions of the flow, instead of producing opposite

deflections.

To investigate the effect of B, further, we have computed the directions for optimal linear
correlation with B,, ie. we have followed the procedure described in section IL1, but
instead of using vB, or vBsin?(/2), we have simply used B, as IMF-parameter. Knowing,
from the above analysis, that the direction is different for B, positive and negative we
have divided the data accordingly. The results are seen at Figure IL.6 in a diagram simi-
lar to the previous figures. Like in Figure IL5 the size of the vectors is a measure of the

size of the response.
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Figure IL.6 Response to B,
B1<0 50 llTlnT
12 MLT June 2 WA
Thule
| Q 06 | |
B,<0 B,>0

b

Polar diagrams showing the directions onto which to project the hori-
zontal perturbation in Thule to obtain maximum correlation with IMF
B,. The left panel is for B, negative and the right panel for B, positive.
Only data points where B, was negative was included in the computa-
tion. The size of the vectors indicates the size of the response on
ground to a given size of B,. The results are for midsummer.

Figure I1.7 12h

Empirical electric potential pattern for IMF weakly northward and B, <0
and B,>0. The patterns have been obtained from satellite electric field
measurements by Heppner and Maynard [1987].
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For comparison Figure IL7 shows the empirical electric field models by Heppner and
Maynard [1987), for the case that B, is relatively close to zero. It is seen that the coinci-

dence with the B-response in the near pole region is very good.

Figure IL8

Comparison between response to By and B,

B,<0
12 ML ,g,gﬂfe 12 MLT

18 . 06 8 " 06
B,<0 B,>0

Response to B,

Response to B,

Polar diagrams similar to Figure IL.6 but comparing the response to B,
(solid lines) with the response to B, (dashed lines). The results are for
midsummer.

In Figure IL.8 we compare the B, -response with the response to B,. The dashed vectors
indicate the optimal directions for correlation with B,, and again the size of the vectors
is a measure of the size of the response. It is seen that the response to B, is about half
the size of the response to B,. This is more than was found for the influence of B, on
MAGPC, but the figure also indicates why. The MAGPC-index is obtained by projecting

the magnetic perturbations onto the 03-15 MLT meridian, but especially the response to
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B, negative has maximum at large angles to this, especially at the night-side and during

winter. In Vennerstrgm and Friis-Christensen [1987] we found:

z
y

AMAGPC / AMAGPC
AB, AB,

B

while we here in the linear approximation find = 0.5 for the same ratio by comparing the
slopes of the regression on B, and B, When taken from the theoretical expression

B,sin?(©/2) this ratio is = 0.7 (Vennerstrgm and Friis-Christensen [1987]).

In the examination of the MAGPC-index and in Figure IL8 only B, negative cases are
taken into account. We have calculated the optimal direction and regression lines for the
B, positive case also, with the surprising result that they are very similar to the B, nega-
tive case. Figure IL9 shows the B, positive case which can be compared with the B,

negative case in Figure IL6.

Figure I1.9
Response to B,
B,>0 50 nT/nT
12 MLT Tune 12 MLT
Thule
v
T 06 18 06
B,<0 B.>0

Polar diagrams similar to Figure I1.6 but for B,>0.
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We have earlier concluded that the sign of B, is the most important factor in the IMF-
control of near pole magnetic variations, but from the comparison of Figures IL6 and IL9
we must conclude, however, that concerning the response to B, the sign of B, is only of
secondary importance. In the examination of the MAGPC-index we found that the effect
of |B,| was largest for small values of B,. To check this for the B -response reported here
we have repeated the calculation of optimal correlation, but now dividing the data into
three intervals: B,<-2nT, -2nT<B,<2nT and B,>2nT. Table I3 lists the average optimal
direction ¢,, the average coefficient of correlation R, and the average slope of the re-

gression line , for different B, intervals.

Table IL3 Average parameters computed for different IMF conditions

Py Ry ay
By>0 By<0 By>0 By<0 B,>0 : By<0
B,<-2nT 22 24 041 -0.60 8 -10
-2nT<B,<2nT 58 -15 0.44 -0.58 6 -7
B,>2nT 47 -13 0.57 -0.64 7 -7

We had expected that the slope and correlation was largest for -2nT<B,<2nT, but instead
it is seen that the response is rather similar for all B,-intervals. So the conclusion that the

| B, | -effect is largest for small B, is not confirmed by this method of calculation.

The largest known effect of B, on high-latitude magnetic perturbations is the so called

DPY current, an east - west flowing Hall-current observed in the polar cusp, especially
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during summer (Svalgaard [1973], Friis-Christensen and Wilhjelm [1975]). We find it
reasonable to believe that the B -effect, observed in the near pole region, is part of the
DPY-current system, although it is not a DPY-current in the traditional sense. The optim-
al directions found for the B -response in Thule could be compatible with an ionospheric
closure of the DPY-current across the polar cap. One interpretation is that both the
DPY-current and the |B, |-effect found in Thule is caused by merging on a skew merging
line as described by Kan and Lee [1979]. The rather good quantitative agreement between
the "crude" theoretical expression B;sin?(8/2) and the observations in Thule makes this

interpretation tempting.

[1.2.2 Seasonal asymmetry in the effect of B,

In the last section we found that the MAGPC-index increases with increasing |B, |, as
illustrated by Figure IL3. By close inspection of the same figure, it can, however, also be
seen that there is a small seasonal asymmetry in the response to B,. During winter B,
positive gives a stronger contribution to PC than B, negative, and visa versa during sum-
mer. Such an asymmetry was first discovered by Murayama et al. [1980] who examined the
B, dependence of AL for different tilt angles of the earth’s axis. They found a clear
seasonal asymmetry in AL, like the one just described for MAGPC. In interpreting their
results, Murayama et al. [1980] observed that if one assumes that the merging is taking
place preferably where the fields are antiparallel, the merging will be on the dawnside
when B, is negative during summer, and also on the dawnside when B, is positive during
winter, because of the tilt of the earth’s axis. In other words, under these assumptions,
they found an increase in AL when the merging was taking place on the dawnside. It has
later been suggested that this was so simply because the garden hose angle of the IMF
causes the merging in general to be stronger on the dawnside than on the duskside, either
directly, because the B, component changes the direction of the IMF with respect to the
earth field (Heelis [1984]), or through draping of the IMF (Crooker et al. [1985]).
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Figure I1.10
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Linear regression lines of the parameter (VB,),red/VB;, where (VB,)yq is
computed from the three indices PC, AL, and AU, versus B,. The
points represent averages within a mesh of 2nT width in B,. The re-
gression lines were made on the original data points. Only data points
with B,<-0.5nT were included in the computation.

In order to clarify this question, we have repeated Murayama et al.’s computations for AL,

using our data base, and have extended the investigation with a similar computation for

AU, and of course for PC. The analysis starts by eliminating the larger influence from vB,.

We compute the parameter (vB,),./VB, where (vB,),., is the "predicted” valu

e of vB,

determined from one of the indices AL, AU or PC. The predicted value is computed by

assuming a linear relationship between vB, and the index in question, e.g.:

AL = avB,+b
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a and b are then determined from a correlation analysis using the whole data base, but
taking into account that they can vary with season and time of the day. For each index
the parameter (VB,),..4/vB, is then examined as a function of B,. Using this method, it is
necessary to limit the investigation to negative B, cases, because AL and AU do not
respond to positive B,. Murayama et al. [1980] did not divide the data according to the
sign of B, but made one regression line covering both B, positive and negative. Using this
method, all attention is paid to the asymmetry between B, positive and negative, and it
is not possible to see any effect of |B,|. Since we know that at least PC respond to |B, |,
we did not follow Murayama et al. at this point, but made our first analysis separately for

B, positive and negative. The results are shown at Figure I1.10.

It is seen that all three indices respond to |B, |, although the effect is rather weak in AL.
In AU, however, it is just as strong as in PC. With regard to the asymmetry in AL, we
find the same results as Murayama et al. The effect of B, negative is strongest during
summer and the effect of B, positive is strongest during winter. The same trend, although
weaker is seen in PC, but not in AU. For AU the effect of B, negative is strongest during
all year. The asymmetric effect is seen more easily on Figure I1.11 where the regression

lines covering both signs of B, are shown.

We find that our results contradict an interpretation of the results of Murayama et al. in
terms of merging site asymmetries. We believe that the eastward electrojet and the polar
cap are better representatives for dayside merging processes than the westward electrojet,
which is dominated by nightside processes such as strong substorm intensifications. If the
seasonal asymmetry in AL, therefore, was caused by dayside merging asymmetry, this
should be seen even more clearly in PC and AU. As mentioned in the introduction, we
must expect some effect of the nightside processes to be present also in PC, because the
field-aligned currents at the poleward rim of the auroral oval contributes considerably to
the magnetic perturbation in the polar cap, especially during winter. This explains, in our

opinion, why the seasonal asymmetry in AL also can be seen in PC.



2. lpred/ve,

vz

26

Figure 11.11
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The same as in Figure IL10, but here the regression lines cover both
B, positive and negative simultaneously.

An effect of B, positive during winter was described by Friis-Christensen and Wilhjelm
[1975], and in Figure IL.12 we have reproduced some of their results. The figure shows
average magnetic disturbance vectors rotated 90°, from standard geomagnetic observ-
atories during winter, when B, is positive and B, is negative. To eliminate the effect of
B,, the average perturbation for B, = 0 has been subtracted. It is obvious from the figure
that we are dealing with a nightside effect which is localized to the westward electrojet.
We believe that this disturbance is identical to what Murayama et al. observe with AL
during winter, and also, that it is this effect that causes the slope of the regression lines

on Figure IL9 to be larger for B,>0 than for B, <0 during winter.
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Figure IL12

Statistical averages of the horizontal perturbation vectors over the north
pole during winter, observed at standard geomagnetic observatories at
each hour of local time. The vectors are rotated 90 ° clockwise to repre-
sent corresponding equivalent current vectors. The averages were ob-
tained under the IMF condition B,>1.5nT and B,<-1nT, and they are
residual in the sense that the average value for B,<-1nT and
-1.5nT<B,<1.5nT have been subtracted. (Reproduced from Friis-Chris-
tensen and Wilhjelm [1975]).

We conclude that the effect of B, on currents in the polar region is very complicated and
may consist of contributions from several different cources. The results shown here could
indicate that the B,<0 condition in some way enhances the effectivity of the dayside

process, while the B,>0 condition do the same for the nightside processes.
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[II. SOURCES TO MAGNETIC ACTIVITY IN THE POLAR CAP

The skewed equivalent currents crossing the polar cap in the two cell system are thought
to have two main sources: 1) Ionospheric Hall currents in the polar cap, and 2) distant
field-aligned currents at the poleward rim of the oval. One way to establish which source
is dominant is to compare the horizontal magnetic perturbation with a direct measurement
of the electric field in the polar cap ionosphere. If the magnetic perturbation on ground
is caused by overhead Hall currents, the electric field and the magnetic perturbation

should be pointing in the same direction.

Comparisons between ionospheric electric fields and ground magnetic perturbations have
been made through a variety of methods: Barium release experiments [Heppner et al.,
1971; Mikkelsen et al., [1975], satellite probes [Heppner, 1972, 1977, Heppner and May-
nard, 1987], payloads containing magnetometers and electric field probes [Ungstrup et al.,
1975; Olesen et al., 1976], and recently also by the use of incoherent scatter radar tech-
nique [Friis-Chfistensen, 1986; Clauer and Friis-Christensen, 1988). Generally it is found
that the electric field and magnetic perturbation are roughly parallel in daylight, but that
the magnetic perturbation is deflected somewhat westward when it is dark. The overall
conclusion is that during sunlit conditions the dominant source is ionospheric Hall cur-
rents, while the distant field-aligned currents are dominant in darkness [Primdahl and

Spangslev 1977].

This was to be expected, since the ionospheric conductivity in the polar cap is created
mainly by solar UV-radiation [Gizler et al., 1976, Primdahl and Spangslev, 1977]. When
the sun is below the horizon, the conductivity becomes too low to support any substantial
ionospheric current. The fact that the conductivity in the polar cap is controlled mainly
by solar UV-radiation, also means that the polar ionospheric conductivity, as a whole, is
far from being uniform in darkness, because the conductivity in the auroral oval is much
higher than in the polar cap. From theoretical considerations, we know that when the

conductivity is not uniform, the magnetic effect from the field-aligned currents are not
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cancelled completely by the effect from the Pedersen currents. Assuming a ring-shaped
auroral oval, Vasyliunas [1970] further pointed out that the equivalent current would be
deflected westward in the polar cap. During sunlit conditions, on the other hand, where
the conductivity is much more uniform, the contribution from the Hall-current should be

the most important.

Unfortunately there has not, to our knowledge, been made any comparison between the
electric field and magnetic perturbation at latitudes as high as Thule and Vostok, which
most of the time lies close to the day/night terminator. Mozer et al., [1974] did make
electric field measurements above the near pole stations Thule and Resolute Bay by
means of balloon-borne electric field probes during a limited period of time, but he
decided that the relationship between the ground magnetic perturbation and the iono-

spheric electric field was too complex to be elucidated by his measurements.

Figure 1.1 shows averages of the horizontal magnetic perturbation in Thule and Vostok
for the IMS-period in the years 1977-80. In Vostok the diurnal variation of the five most
quiet days was used as reference level, while in Thule a constant baseline, determined
from quiet winter days was used. The data was sorted according to IMP-8 satellite measu-
rements of the solar wind, so that only periods were included, where the IMF had a
southward component. Several investigators have analyzed the time lag between variations
of the IMF and the geomagnetic variations. The result varies between approximately 20
minutes and around 60 minutes, depending on the general level of activity, and depending
on which satellite and geomagnetic parameter is used (see e.g. Baker et al.,, [1983] and
references therein). Using the same data set as in the present paper, Troshichev et al.
[1988] found that a time delay of about 20 minutes gives the best correlation between
IMF and PC, and a 20 minutes time delay has therefore also been used here. The pertur-
bations were divided into three seasons and are presented in an invariant latitude - mag-
netic local time diagram. When a station is located very close to the pole, there can be
a large difference between geographic local noon, where the solar UV-radiation is at
maximum, and magnetic local noon. This is especially true for Vostok, where geographic

local noon is close to 4 MLT.
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Figure III.1

MEAN HORIZONTAL PERTURBATION

B;<0
THULE
Vi . i ' ) 3 er
Geographical Winter Geographical Equmox Geographicol oMM
Local noon Local ngon Local nenn
\ N 12 M7 \ 12 W1

08

06 1 05

VOSTOK
Viinter Equinex Summer
12 T 12 LT iz ar 50 oT
' i

18 06 18 ﬁ 18
‘—-—/-—."\
b e
Geographical Geogruphic/ul Geographical
Local noon Local noon Local noon

Hourly horizontal magnetic perturbation in Thule and Vostok averaged
during southward IMF through the years 1977-80. The data are divided
in three parts according to local season and are presented in an inva-

riant latitude - magnetic local time diagram. It is seen that both the size
and the direction of the perturbation are largely controlled by the inten-
sity of the solar UV-radiation.

The main thing worth noting in the figure is that both the size and the direction of the
perturbation seem to be largely controlled by the intensity of the solar UV-radiation. The

size of the perturbation decreases clearly from summer to winter, and from geographic
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local noon to midnight. The direction is roughly dawn-dusk at summer near geographic
local noon corresponding to antisunward convection, but becomes more and more skewed

as one approaches winter or local midnight.

Mozer et al., [1974] measured the electric field above Thule on five equinox days. On the
average, they found it to be skewed only 15 degrees from the dawn-dusk meridian in an
invariant latitude - MLT diagram, and it is therefore tempting to interpret the westward
deflection of the magnetic perturbation from the dawn-dusk direction as a rough measure
of the extent to which distant field-aligned currents contribute. An exact solution of the
problem would require detailed knowledge of the conductivity and electric fielddistribu-
tions. But from the above simple considerations, we would expect the Hall-currents and
distant field-aligned currents to be of roughly equal importance, with a strong seasonal
effect on their relative contribution. During winter, practically no ionospheric currents can
exist in the low conductivity in the dark near pole region [Primdahl and Spangslev 1977],
and the distant sources have to be dominant. During summer, when the near pole region
is sunlit, both sources seem to be present. At the dayside the Hall-currents probably
dominate, but at the nightside the field-aligned currents also seem to give a substantial

contribution.

In the dayside cusp region there exists, during summer, a well documented current system
named the DPY current, which is mainly controlled by B, (Svalgaard [1973], Friis-Christen-
sen and Wilhjelm [1975]). The horizontal magnetic disturbance associated with this current
system normally has its maximum below about 82 degrees invariant latitude. At latitudes
as high as Thule and Vostok, it is mainly detected by its effect on the Z-component, but
a small effect on the horizontal component can be detected even here, as described

thoroughly in the previous section.

When the IMF becomes strongly northward the equivalent currents in the polar cap
undergo dramatic changes. The auroral oval contracts, and the electrojets become very
weak, so the equivalent currents discussed above disappear. Simultaneously, a new equival-

ent current system is formed within the polar cap, with quite different character and
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direction. This was first discovered in 1976 [Maezawa, 1976; Kuznetsov and Troshichev,
1977], and is often referred to as "reversed convection events'. Later, more detailed
ground based analysis have shown that this current system exists primarily in the dayside
part of the near pole region and is mixed, or closely associated, with the DPY-current
[Friis-Christensen, 1983; Friis-Christensen et al., 1985]. The associated field-aligned cur-
rents have also been measured directly by satellite, and have been named "NBZ-currents"
[lijima et al. 1984]. More recently, the associated electric field structure have been mea-
sured by satellite, but interpreted as a deformed two cell system [Heppner and Maynard,

1987), rather than as separate convection cells.

Figure IIL2 shows hourly averages of the horizontal magnetic perturbation in Thule for
IMF B, > 2 nT. The data was divided according to the sign of B, so that the upper
panel shows the results for B,>0, and the lower panel the results for B,<0. The dotted
lines show the directions of optimal correlation with vB,sin’(©/2) used in the derivation
of PC. It is seen that the size of the perturbation is very dependent on season. During
winter, the perturbation almost disappears, indicating that the low conductivity in the dark
polar cap prevents the polar cap and cusp currents from being formed. During summer
on the other Hand, it is obvious that these currents can have a seriously disturbing influ-
ence on the PC-index. The direction of the average perturbation is very different for B,
positive and negative, so the currents controlled by B, must be rather dominating when

B, is positive.
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IV. THE PC-INDEX

IV.1 The algorithm

The first to define an index, PC, for magnetic activity in the polar cap was Fairfield
[1966]. He defined the PC-index as the maximum of the horizontal disturbances at the
three stations Thule, Alert, and Resolute Bay. This index was again used by Kokubun
[1971, 1972] for scientific examination of some specific events, but was never derived on
a routine basis. In the preceding sections we have examined the horizontal magnetic per-
turbation in the near pole region, its diurnal and seasonal variation and its relationship
to various solar wind parameters. We have found that several different sources contribute

to the perturbation:

(1) The well-known two cell equivalent current system made up, partly by ionospheric
Hall-currents, and partly distant field-aligned currents, and generated mainly by B,

and v.

(2) A current system generated by B, which may or may not be an integrated part of
the two cell system, but which can be flowing in other directions than the normal

two cell current, depending on the sign of B,.

(3) An ionospheric Hall-current system generated at very high latitudes, when B, is
northward, and existing almost exclusively during sunlit conditions. During B, positive

conditions the B, generated current (2) is dominating the picture.
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When determining an algorithm to an index for polar cap magnetic activity it is therefore
very important to make quite clear what type of magnetic activity the index is supposed
to monitor. In 1979 Troshichev et al. [1979] proposed a new polar cap index based on
data from a single near pole station, with the clear aim of monitoring the cross polar cap
part of the two cell equivalent current pattern. To achieve this, they proposed to project
the measured horizontal perturbation onto the dusk-dawn meridian in order to measure
the midnight-noon directed cross polar cap current. The correlation between this parame-
ter and B, was however not very high. In a later work, mentioned in the previous sections,
the skewness of the two cell pattern was taken into account, by projecting onto the 03-
15 MLT meridian instead of the dawn-dusk meridian, with a considerable improvement
of the correlation as a consequence (Troshichev and Andrezen [1985]). Finally, in Troshi-
chev et al. [1988] a third version was proposed, based on the method of optimization of
the linear correlation with the IMF used in section II. Instead of projecting onto a fixed
meridian, the perturbation is projected onto the direction that produces the highest corre-
lation with the IMF as a function of local time and month. The IMF-parameter chosen
to define the projection directions which are used in the algorithm is the parameter

vB,sin?(6/2), simply because it gives the highest linear correlation (Table IL1).

It is important to note that this last version of PC is principally different from the fore-
going, and from other geomagnetic indices, in the way that it is empirical. The algorithm
is determined on the basis of an empirical analysis of the relationship with the IMF. As
such, the algorithm may be subject to effects of data selection criteria. For example, the
analysis is based on data from one part of the solar cycle, namely the inclining part from
1977-80, and it is therefore necessary to check whether the relationship is the same in the
remaining part of the cycle. This is of course a serious disadvantage. On the other hand,
the method has the advantages of a high degree of objectivity, and of improving the
correlation to the generating agent of the current system, ie. the IMEF, considerably.
Figure IV.1 shows a contour plot of the direction, used in the final algorithm for the

index in Thule.
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Figure IV.1

ANGLE ¢ (deg.)

Thule

MONTH

Contour plot of the angle ¢ (see Fig. I1.2) defining the directions used
for projection in the algorithm for PC in Thule.

If we turn from the directions to the size of the response on earth to a given size of
vB,sin?(6/2), we find that it varies both with month, local time and the station used. If PC
shall be used as a global index these variations of course have to be eliminated. One way
to do it is to make use of the linear correlation analysis and normalize with respect to the
solar wind. PC would thus be derived in the following way. First the measured horizontal

perturbation (AH, AD) is projected onto the statistically determined optimal directions:
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AF = AHsiny + ADcosy
v = A+ Dec + UT + ¢
(+: Northern hemisphere; - : Southern hemisphere)

Then the linear regression coefficients (@, g) are determined and AF normalized:

aF

a(vBsin®(e/2)) + B

PC = (AF'ﬁ)

a

where ¢, o, and g are determined from the linear correlation analysis and are functions

of month and local time.

In a normal linear regression analysis the slope of the regression line o depends on the
correlation. The higher the correlation the steeper the regression line. If we therefore

computed the inverted regression coefficients a, B directly:

vBsin®(6/2) = aAF + B

we would obtain a different result. Since we, on one hand, in principal use the inverted
formula to determine PC, and, on the other hand, know that vB,sin*(/2) is the indepen-
dent parameter, we have found it reasonable to use the, so called, orthogonal regression
coefficients @), g in the normalization, instead of the normal correlation coefficients a,
8. The orthogonal regression coefficients have the advantage of being independent of the
correlation coefficient, and we thus obtain the same result disregarding the "choice" of

independent parameter (see e.g. Hald [1968]).
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Figure IV.2 shows a contour plot of the orthogonal regression coefficients used in the

final algorithm for PC in Thule:

Figure IV.2 SLOPE
REGRESSION COEFFICIENT «; (nT/(mV./m))

O T T T T T T T
| |
0 L 8 12 16 20 24
uT
INTERCEPTION
REGRESSION COEFFICIENT S, (nT)
12

MONTH
|

O IlTlIlIl
0 4 8

Contour plot of the regression coefficients «; and g, used in the al-
gorithm for PC in Thule.
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Normalization with respect to a global parameter, like a solar wind parameter, has the
advantage of making PC from two different stations directly comparable. It does, however,
also have the effect of giving PC the unit of "solar wind" or "merging" electric field. We,
therefore, want to underline that PC primarily is an index for geomagnetic activity and
only in a statistical sense a measure of the parameter vBsin?(6/2). This problem could be
dealt with by multiplying by a constant scale factor expressing the average ratio between
PC and some other geomagnetic index, e.g. AE, and thus give PC in units of "AE-nT".
AE however is not a real global parameter since it is derived from the northern hemi-
sphere only and from a varying number of observations; and although AE and PC, as we
shall see, show a very high correlation, there are also systematic differences. The choice
of unit for PC is therefore not straight forward. It seems impossible to make a choice

without unpleasant side effects.

IV.2 Smoothing of the coefficients

When the normalization coefficients o; and g, is determined empirically, they will of
course be subject to statistical uncertainty. This means that there will be fluctuations in
a; and B, as functions of local time and month, which are not caused by some basic
physical effect, and which therefore would not be reproduced if another data set was used
in the calculation. The fluctuations are seen as sudden jumps in the normalization coeffi-
cients, which, if used directly, would result in sudden jumps in the PC-index. We have
tried to overcome this problem by applying a smoothing procedure to a;, 8; and ¢. The
smoothing is made by running the coefficients through a digital low pass filter of the
binomial type, first as a function of month and then as a function of UT. The filter
characteristic of binomial filters of different order is reproduced in Figure IV.3. As a
function of month we have used a second order binomial filter. The exponent to the
cosine is called the filter order. v, is the Nyquist frequency 1/(2At), where At is the sampl-
ing interval. For a variation with the period of 12 months, we would have the frequency
vivy = /6, which is marked with a vertical line on the figure. The intersection with the
filter characteristic indicates that this variation will be damped with a factor of = 0.93

through filtering. Similarly a 24 hour period with v/v, = '/12 is marked.
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Figure IV.3
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Filter characteristics for binomial filters of different order. The two
vertical lines mark the frequencies for a yearly variation (v/vy = '6),
and a daily variation (v/vy = 'h12).

The problem is to find a filter, which will dampen the statistical fluctuations, i.e. variations
of small period, but leave the long period variations relative unchanged. If the long period
variations, namely, is damped too much, strong seasonal and diurnal variations in the PC-
index will be the result. This can be seen from Figure. IV.4, where the average values of
PC, computed on the basis of too high a filter order, is plotted. The seasonal filter was
of 6th order, and the diurnal filter of 12th order.
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Fisure. IV.4 PC and vBtsin(6/2)
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For comparison is shown averages of the solar wind parameter vB,sin?(6/2). The data set
used to compute the averages in Figure IV.4 is identical to the data set used to calculate
the coefficients a; and 8, so the curves for vB,sin?(6/2) and PC should, for mathematical
reasons, be identical, if no smoothing was supplied. It is seen from the figure that the high
order smoothing results in a strong seasonal effect: PC is higher than vBsin’(6/2) during
summer and lower during winter. There is also some diurnal variations, especially during
winter. Because of this we had to choose a filter of lower order. For the seasonal vari-
ations, we chose the lowest possible filter order, namely, a second order filter. The inter-
section between the filter characteristic and the vertical line v/v, = /6 at Figure VL3
indicates that a variation with a period of a year, in this case, would be damped with a
factor of = 0.93. In the case of diurnal variations, smoothing is more important than in
the case of seasonal variations. When PC is calculated as a function of UT, it is necessary
to exchange ) and g in the algorithm every hour, and short-term variations in a) or
B., caused by statistical uncertainty, will create unpleasant and unreal jumps in PC. Conse-
quently a higher order filter was chosen, namely, a 10th order filter. A variation of the
period of 1 day will in this filter be damped with a factor of about = 0.92. The average
PC values from the final filter is seen in Figure IV.5. The results are improved consider-
ably compared to Figure VL4, but a small seasonal effect is seen to remain. During winter
some diurnal variations also remain, but at least part of this variation is also seen in the
parameter vB;sin?(6/2). The small diurnal variation during winter is therefore partly due
to a data selection effect, which cannot be removed completely without choosing another

set of IMF data as basis for the algorithm.
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Figure IV.5 ,
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The same as Figure IV.4 but for a seasonal filter of 2nd order and a
diurnal filter of 10th order.



IV.3 The algorithm and the B,-dependence

In the preceding section, we have shown that B, gives a significant contribution to the
near pole magnetic variations, and in choosing the parameter vBsin’(6/2) as a basis for
the algorithm, we have automatically chosen to take the By-effect into account, to some
extent. Our results, however, showed that the optimal directions are different for B, posi-
tive and negative, and the question therefore arises, whether this should be taken into
account in the algorithm. One way to do it is to compute two sets of (ay, 81, ¢), one for
B, positive and one for B, negative, and use the B, positive set for computing PC, when
B, is actually positive, and the B, negative set, when it is negative. This would, however,
require knowledge of the sign of B, in order to calculate PC. If this knowledge should be
taken from satellite measurements, it would put unacceptable strong limits on the availabil-
ity of PC. One way out could be to use the well known high correlation between B, and

the vertical magnetic perturbation, Z, in the near pole region.

Figure IV.6 shows a contour plot of the linear correlation between B, and the Z-compo-
nent in Thule, using 15 minute averages. It is seen that the high correlation is limited to
summer and dayside. At the nightside and during winter, we cannot hope to predict B,
with the necessary accuracy. To judge the effect of computing the coefficients for B,
positive and negative separately, we have made two test calculations of PC. One using
exclusively (ay, 81, ¢) derived from B, negative cases, regardless of the actual sign of B,,
and one using exclusively B, positive coefficients. An example of the resulting PC-indices
is shown in Figure IV.7. It appears, that the difference between the two sets of PC-indices
is rather small. Based on Figures IV.6 and IV.7 we find that the uncertainty in predicting
the sign of B, is too big, and the effect on PC of the changing directions too small, to
justify the introduction of a B, dependent algorithm, which would make the index more
complicated and more difficult to interpret. We therefore propose that the effect of B,

on the directions is not taken into account in deriving PC.
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Figure IV.6
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Contour plot of the coefficient of correlation between IMF B, and the
vertical magnetic perturbation Z in Thule for the years 1977-80.
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V. COMPARISON BETWEEN PC AND
THE AURORAL ELECTROJET INDICES AE, AL, AND AU

The field-aligned currents at the poleward rim of the auroral electrojet contributes, as was
discussed in the section III, substantially to the near pole magnetic perturbations. The
same currents are, on the other hand, intimately related to the ionospheric electrojets.
One should therefore expect some relation between the auroral electrojets and PC,

especially during winter, when the ionospheric conductivity in the polar cap is at minimum.

The most widely known measure of auroral electrojet activity are the magnetic activity
indices AE, AU and AL. They were introduced by Davis and Sugiura [1966] and where
officially adopted by IAGA in 1969. By their wide and frequent use they have since then
proved a very useful tool among scientists. They have been used frequently both in de-
tailed descriptions of individual substorms, and as a measure of the general level of mag-
netic activity in the auroral oval. In this work we have used seven years of data to analyze
the relation between PC and AE, AU and AL, in order to judge to which extent PC can
be used as an alternative indicator of the level of activity in the auroral electrojets, and

to elucidate some of the differences between the indices.

We have examined the linear correlation between PC and AE, AL and AU and find a
surprisingly high correlation coefficient R. The correlation is best with AE and during
winter, where we on the basis of 15 minute averages find R = 0.8-0.9. We find that this
correlation is sufficiently high to ensure that the single station index PC actually measures
something global and not mainly local phenomena. We have, furthermore, compared PC-
variations with the current distributions derived from the model of Kamide et al. using six
meridian chains of magnetometers for selected intervals, and have found that PC is sensi-
tive, both to electrojet activity of the two cell type, and also to substorm intensifications
of the westward electrojet, if they occur in the postmidnight sector, but less sensitive to
substorm intensification, if they occur primarily in the premidnight sector. We conclude

that the PC-index, although intended to measure only two cell activity, can be used during



winter and equinox, as a fast available indicator of the "global" activity in the auroral oval,
excluding intensifications of the westward electrojet in the premidnight sector. Apart from
being available years before AE, PC could also be computed for periods in the past where

AE for different reasons is not available.

The auroral electrojet activity is an extremely complex phenomena, with several different
sources (se e.g. Kamide and Akasofu, [1983]), and it is unthinkable that it can be accu-
rately described by a single index like AE or PC. There is, therefore, a current trend to
develope more complicated indices, which describes the currents and other physical para-
meters involved more accurately [Kroehl and Kamide, 1985; Akasofu et al., 1983]. These
indices, however, have the limitation that they cannot easily be derived continuously, and
for many periods in the past they are impossible to calculate, simply because of lack of

needed data. In this connection, an index like PC will have its justification and strength.

There are several problems one encounters using AE, AU and AL, where one could

imagine the PC-index could be useful:

- AE, AU and AL are only‘available witha time delay of several years. They are derived
from data from 12 observatories, some of which is still in analogue form, and the digitizing
and data quality control is a long and slow procedure. The PC-index on the other hand
is derived from data from a single station, and can therefore be calculated and published
very quickly.

- The auroral electrojet indices cannot distinguish between local phenomena, where the
disturbance is seen only at one or two stations, and more global phenomena involving a

major part of the auroral oval.

- The auroral electrojet indices can only be derived for the northern hemisphere auroral
oval and especially AU show seasonal variations [Allen and Kroehl, 1975). The magnetic
perturbation at a near pole station shows of course also seasonal variations, but the PC-in-

dex could be derived simultaneously for two stations, one in each hemisphere.
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- The AE-index has been criticized for not monitoring substorms accurately, especially has
it been shown that the AE observatories cannot monitor substorms, when the oval con-
tracts poleward of 72 degrees invariant latitude [Akasofu et al., 1983; Kamide and Akaso-
fu, 1983].

V.1 Linear correlation analysis

To investigate the relationship between PC and the auroral electrojet activity, we have
made a statistical analysis where we compute the linear correlation between PC and the
auroral zone indices AE, AL and AU. The fact that PC is based on data from a single
station, allows us to include a very large amount of data in the analysis. We have used
seven years of AE, AL and AU-values from 1978-84 and PC-indices from Thule and
Vostok. For Thule, digital data were available from 1975 and onwards, and we could
therefore compute PC for Thule for the whole period, where the auroral zone indices
where available. For Vostok, PC could be computed for the periods 1978-80 and 1983-
84. The PC-index is given as 15 minute averages, and, consequently, the 1 minute samp-
lings of AE, AL and AU, provided from World Data Centre C2 in Kyoto, were also

averaged to 15 minute values.

From the above discussion, we expect the sources to the PC-index to change with season,
and, at least during summer, also with local time. We therefore computed the linear corre-
lation coefficient separately for each season, and as a function of local time. The results
are shown in Figure V.1. The left panel shows the results from Thule, and the right
panel the results from Vostok. The top panel is local winter, and the bottom local sum-
mer. For Thule each hourly correlation coefficient is computed on the basis of roughly
2800 data points, while the same figure for Vostok is around 1600. The correlation with
AE, AU and AL are shown with different signatures.
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The linear correlation coefficient |R| between PC and the auroral zone
indices AE, AL and AU. The results are based on all available data for
the years 1978-84, and the correlation coefficient are computed separ-
ately for each season and each hour of UT. The left panel shows the
results for Thule and the right panel the results for Vostok. The dashed
line shows the correlation between PC and AE, the solid line the corre-
lation between PC and AL, and the chain dotted line the correlation
between PC and AU.
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The first thing to note is that the best correlation is obtained with the AE-index and that
it is very high, especially during local winter and equinox. The reason that AE gives the
best correlation is probably that AL and AU both are designed to monitor only one of
the electrojets, while AE and PC are better suited to monitor the global activity in the
auroral oval. It is worth noting, however, that the correlation with AL is almost as good

as that with AE.

The correlation with AU is seen to be very seasonal dependent. For Thule, the correlation
with AU is rather poor during winter, and for Vostok, it is poor during local summer. The
crucial factor thus seems to be the northern winter, and we therefore believe that the
poor correlation is caused by a seasonal effect on the AU-index, rather than on the PC-
index. Another way to check which of the indices that is causing the seasonal effect is to
compare with something global, like a solar wind parameter. We have done this using the
IMP-8 satellite measurements of the IMF during the IMS-period 1978-80. The results are
shown in Figure V.2, where the linear correlation coefficient between the solar wind para-
meter vB, and the various indices is given as a function of season. It is seen that AU
shows a much stronger seasonal dependence than the other indices, with a minimum in
correlation during winter, indicating that the cause is a seasonal effect on the generation
of the eastward electrojet. This is in accordance with earlier investigations of the yearly
variation of AU and AL, showing a strong seasonal effect in the level of AU, which is
much stronger than in AL [Allen and Kroehl, 1975; Mayaud, 1980]. Having its maximum
closer to noon than the westward electrojet, the eastward electrojet is more sensitive to

the seasonal variations in the conductivity of the polar ionosphere [Mayaud 1980].

Not only the seasonal changes of AU, but also the seasonal changes of the sources to the
PC-index show up in the correlation, although less dramatic. Both in Thule and Vostok,
the correlation with AE decreases from local winter to local summer, in such a way that
it stays almost constant when the station is on the nightside, but decreases significantly

when the station is on the dayside.
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Figure V.2
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The linear correlation coefficient |R | between the solar wind parameter
vB, as measured by IMP-8 and the various geomagnetic indices as a
function of local season in the hemisphere where the index is measured.
It is seen that AU shows a stronger seasonal dependence than any of
the other indices.

From Figure V.2 it is not possible to determine whether it is the geographic dayside or
the magnetic dayside that is most important. In Vostok the minimum in correlation is
found between magnetic and geographic noon, and in Thule the minimum is too flat, and
magnetic and geographic noon too close together, for anything to be stated. The fact, that
the correlation decreases at the dayside during summer, fits well with the discussion of the
sources to the PC-index in the last section. The correlation with the auroral zone currents
should of course be optimal, when the main source is the field-aligned currents in the

oval. During summer at the dayside both "reversed convection events", caused by B,
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positive and B, controlled currents in the polar cap ionosphere, is known to influence PC,

as described in the last sections, and these currents are therefore likely to be the cause

of the decrease in correlation.

Figure V.3
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The linear correlation coefficient R between PC and AE for different
years. The open symbols indicate the results from Thule and the filled
symbols the results from Vostok for different seasons.

The over all correlation with AE and AL is surprisingly high, so it seems reasonable to

ask whether there could be any artificial causes, inherent in the way the PC-index is
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constructed. The algorithm for the PC-index is empirical and based on observations from
the IMS-period 1977-80. The angles and scale factors, used in the algorithm, are, more-
over, chosen so as to give the best correlation between PC and the IMF during this time
interval. We have, therefore, checked whether the high correlation between PC and AE,
obtained during 1977-80, is maintained during 1981-84. Figure V.3 shows the yearly
correlation coefficient for Thule and Vostok divided into seasons for the years 1978-84.
The open symbols indicate the results from Thule, and the filled symbols the results from
Vostok, for different seasons. It is seen that the correlation stays constant, rather than
decreases, in the years 1981-84, and we, therefore, conclude that the high correlation is

a real physical effect.

It is also obvious from Figure V.3 that the correlation is higher during local winter than
during local summer, like we saw in Figure V.1. In Figure V.3 it is seen that this differ-

ence is consistent from year to year.

Similarly it is seen that the correlation is significantly lower in Vostok than in Thule.
There could be several reasons for this. One explanation could be that both Thule and
the stations contributing to AE are measuring the currents in the northern hemisphere,
while Vostok is measuring the currents in the southern hemisphere. A second reason
could be that Vostok is located further away from the invariant pole than Thule (Vostok:
83.3 degrees inv.lat., Thule: 86.5 degrees inv.lat.), or that the near pole magnetic variations
are more peculiar in the southern hemisphere, because the geographic and magnetic pole
are much further apart, than in the northern hemisphere. Finally the difference could be
caused by different quality of data at the two stations. In Vostok the recordings were
changed from analogue to digital only recently, and the equipment used for digitizing and
data checking was very old fashioned. From this work we cannot tell which reason is the
most important, but from Figure V.2 it is seen, that Vostok also shows a poorer correla-
tion than Thule with the IMF. This means that the poorer correlation cannot solely be
caused by the fact that Vostok and the AE-stations are in opposite hemispheres, so the
quality of data, or location of the stations with respect to the poles, must also have some

influence.
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The high correlation between PC and AE may be largely influenced by those hours, when
both are quiet or only slightly disturbed. In Figure V.4 we have, therefore, shown the
correlation computed over ranges of restricted amplitude, ie. for AE > 50nT, AE >
100nT AE > 200nT etc. We see that the correlation gradually decreases with increasing
level of activity. This is to be expected, because both indices become more and more
inaccurate and difficult to interpret, as the level of activity rises, and more and more
sources contribute to the indices, ie. ionospheric currents, field-aligned currents, ring
current and wedge currents. Even during moderately disturbed times, however, the correla-

tion stays pretty high.

Figure V.4
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The linear correlation coefficient R between PC;, and AE, computed
for data points with AE > AE, as a function of AE,.
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To give a better idea of what the PC-index looks like compared to AE, and what the
differences might be, we have in Figure V.5 plotted some typical examples of PC-vari-
ations in Thule and Vostok, together with 15 minute averages of the AE-index. For each
day, we have plotted PC in Thule and Vostok as solid lines with AE superposed as a
dashed line. The PC-index is obtained by normalization with respect to the solar wind
parameter vBsin?(6/2), and a natural unit for PC would, therefore, be "equivalent” mV/m.
We want to stress, however, that PC is primarily an index for geomagnetic activity, and
only in a statistical sense a measure of the "merging electric field" vB,sin’(6/2). In Figure
V.5 we, therefore, present PC with a size corresponding to "equivalent” mV/m but as a

quantity without unit.
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The linear correlation coefficient R between PC,, and AE as a function
of UT-hour for different time delays 7,. The results are shown for
summer and winter separately and by letting AE lag with 0, 15, 30 and
45 minutes. It is seen that the best correlation is obtained with no time
lag. MLN and GLN indicates magnetic and geographic local noon for
Thule.
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As the statistical analysis shows, the overall correspondence is seen to be good, especially
can it be noted that no significant time delay exists between PC and AE. To investigate
this point further, we have in Figure V.6 plotted the correlation coefficient between PC
in Thule and AE, using different time delays 7). The results were computed for summer
and winter separately, letting AE lag with 0, 15, 30 and 45 minutes. It is obvious that the
best correlation is obtained with no time delay between the two indices, although 15
minutes time delay is almost as good during summer in the daytime. If the correlation is
computed by letting PC lag instead of AE, the correlation also decreases with increasing
time lag. One would not expect any time delay if the sources to the two indices were
directly connected, so these results are in accordance with the conclusion that the source

to the PC-index, during winter or nighttime, is distant field-aligned currents.

V.2 Differences and similarities between PC and AE.

Above we have found a.high statistical correlation between PC and AE. This result
ensures us that although PC is derived from a single station, it is a good measure of the
global activity level, rather than an indicator of local phenomena in the near pole region.
An exception is when the station is in the dayside during summer, where the correlation
is decreased, because B, northward and B, induced local ionospheric currents disturb the
PC-index. But even when the correlation is high, there may still be systematic differences
between PC and AE, which must be noted if PC is to be used to indicate activity level
in the auroral electrojets. In this section we use event studies to describe what we believe

is systematic differences, in a qualitative way.

A principal difference is that PC is designed to maximize the correlation with the solar
wind parameter vB;sin’(6/2), while AE is constructed to measure the maximum current
in the auroral electrojet. The auroral electrojet current have been found to consist of at
least two components; one directly driven by the solar wind, and one driven by release

of energy stored in the geomagnetic tail (see e.g. McPherron and Manka, [1985] and
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references therein). Clauer and Kamide [1985] found that the two components could be
identified with the geomagnetic variations described as DP1 (substorm intensifications of
the westward electrojet) and DP2 (two cell activity) [Obayashi and Nishida, 1968; Nishida,
1968a, 1968b]. The DP1 disturbance is characterized by an intense activation of the
westward electrojet, while DP2 is a worldwide two cell disturbance, with a high correlation
with the southward component of the IMF. One could therefore hope that PC mainly
measured DP2, while AE mainly measured DP1, and that a comparison between PC and
AE, therefore, could help to distinguish the driven from the unloading component of the
auroral electrojets. The high correlation we find between PC and AE, and the fact that
the variations are synchronous, however, indicates that this picture is not correct. Firstly,
it has been found that the DP2-system, which originally was thought to be without current
concentration in the auroral zone, will have such concentration if the conductivity in the
oval is enhanced [Vasyliunas, 1970; Clauer an Kamide, 1985]. DP2 fluctuations will conse-
quently be a significant part of AE. Secondly, a comparison between the proposed DP1
equivalent current system [see e.g. Clauer and Kamide, 1985] and the directions in which
PC is measured (Figure 1) shows (see e.g. Table IL.2 or Figure IV.1) that the DP1-current
must also influence PC. Clauer and Kamide, [1985] have analyzed the substorm of March
22., 1979 using six meridian chains of magnetometers to identify which type of current
system, DP1 or DP2, increased and prevailed during the different phases of the substorm.
Exactly such analyses are needed if we shall judge the relative importance of DP1 and
DP2 on PC and AE. In Figure V.7 we have therefore shown PC and AE on March 22,
1974 with indications of the periods of time, in which increases in DP1 and DP2 current

systems were identified by Clauer and Kamide, [1985].

During the first interval, only the DP2 system is found to exist. During the second inter-
val, the increase in AE is caused by a growth of a DP1 type current during substorm
expansion. During the third interval, the increase is caused by a growth of ‘the DP2
system, and during the fourth interval both DP1 and DP2 are found to increase. The data
from Thule indicates that DP2 has a relatively stronger influence on PC than DP1, com-
pared to AE. This, however, is not confirmed by the data from Vostok, so we feel that
more cases of DP1/DP2-identifications are needed, in order to make any conclusions. All

we can state here is that both DP2 and DP1 influence both indices significantly.
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Figure V.7
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PC and AE on March 22., 1979. AE is plotted in all three panels as a
dashed line. The vertical lines indicate the intervals of time where in-
creases in DP1 and DP2 disturbances where identified by Clauer and

Kamide [1985].

Another difference between PC and AE is that the AE-index typically shows a lot of
spikes, not seen in PC. This is also illustrated by Figure V.8, which shows a typical fo
from the meridian chain of magnetometers in Greenland. This chain spans from Thule,
in the central polar cap, to Narsarsuagq, in the auroral zone, contributing to the AE-index.
It is noted that the perturbations change gradually from being relatively smooth in Thule,
to highly fluctuating in Narsarsuaq. So one explanation could be that the spikes are

localized features within the auroral oval, which are not seen in the central polar cap. By



61

always using the perturbation at the station where it is at maximum, AE focuses on local

features, rather than the global average.

Figure V.8
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Typical magnetograms from the meridian chain of magnetometers on the
west-coast of Greenland.
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The local features, described above, can explain spikes of relative short duration, but, as
can be seen from Figure V.5, there are also "spikes” of a duration up to an hour or so
in AE, which are almost unnoticed in PC, fl. at January 30, 10 UT, and March 18, also
at 10 UT. Local features, seen only at one or two AE-stations, can hardly explain these
events. Here, we believe, the explanation has to be found in a changing configuration of

the field-aligned currents in the oval.

Both the size and the direction of the horizontal magnetic perturbation in the central
polar cap would depend upon how the field-aligned currents in the oval are distributed.
The region 1 currents, associated with the general two cell convection, downward at the
dawnside and upward at the duskside, would give a sunward magnetic perturbation if they
were distributed symmetrically with respect to the noon-midnight meridian. If the symmet-
ric picture were somewhat distorted, or a contribution from a sunward Hall-current in the
polar cap were added, this might give rise to the observed magnetic perturbations in the
central polar cap (Figure IIL1). As noted by Maezawa, [1976] the field-aligned currents
associated with the intensification of the westward electrojet during substorms, downward
in the postmidnight hours and upward in the premidnight hours, could also cause magnetic
perturbations in the observed direction (see Figure 4 in Maezawa, [1976]). If the substorm,
however, was occurring in the premidnight sector, with a strong westward electrojet in this
time sector, the associated magnetic perturbation in the central polar cap would be de-
flected westward, away from the direction used to compute the PC-index. Consequently
PC would not be very sensitive to a DP1 disturbance taking place in the premidnight
sector. For the event of March 18, this is in fact the case. March 18, 1978 was analyzed
by Kamide et al., [1982] using six meridian chains of magnetometers. Calculating the
ionospheric currents they found a strong intrusion of the westward electrojet in the
premidnight sector occurring at 10 UT. Their results are reproduced in Figure V.9 to-
gether with the observed horizontal perturbation in Thule. The Thule data are rotated
to symbolize equivalent current, and are presented in an invariant latitude - MLT diagram.
It is seen that the horizontal perturbation is deflected westward at 10 UT, and PC is
therefore not sensitive to this DP1-disturbance. Comparing six days of results from the
current model taken from Kamide et al., [1982] and Kamide et al., [1983] with PC-indices,
we have found it to be a consistent feature that PC is insensitive to DP1 disturbances

taking place in the premidnight sector.
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Figure V.9
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Right: Observed horizontal magnetic perturbations in Thule at March 18.
1978 presented in an invariant latitude - magnetic local time diagram.
The vectors have been rotated 90 degrees to symbolize equivalent cur-
rent. At the indicated times 10 UT at March 18. The perturbation in
Thule is seen to be deflected westward.

Left:Ionospheric currents at March 18. 10 UT, modelled from observa-
tions from six meridian chains of magnetometers. A strong intrusion of
the westward electrojet into the premidnight sector is seen. (Reproduced
from Kamide et al., [1982]).

Returning again to Figure V.5, another interesting difference between PC and AE may
be noted. Sometimes during summer PC becomes strongly negative, while AE stays close
to zero. In Figure V.5 some good examples of this is seen at June 13, and July 4, 1978
in Thule. These events are associated with the earlier mentioned reversed convection
events occurring in the polar cap, when B, becomes positive during summer. It is worth
noting that Vostok, having winter, at the same time stays close to zero. Unfortunately, the
effect of the polar cap currents during northward IMF are not always to create a negative

PC-disturbance. As can be seen from Figure II1.2, showing the average horizontal disturb-



ance in Thule for B,>2nT on top of the PC-directions, it may just as well create a posi-
tive PC-disturbance. The sign will depend partly on the local time of the PC-station and
partly on the sign of the IMF B -component. This point is illustrated further in Figure
V.10, where the PC-indices of Thule and Vostok are superposed over AE and together
with IMP-8 measurements of the IMF B,- and B,-components for June 5, 1979.

Figure V.10
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An event illustrating how "reversed convection events" can influence the
PC-variations. The two top curves show IMP-8 measurements of the
IMF B,- and B,-component. The bottom curves show PC;, and PCyy
as solid lines with AE as a dashed line on top. It is seen that such
events can cause both positive and negative PC-disturbances in the
summer hemisphere, depending on local time and the sign of IMF B,.
MLN indicates magnetic local noon.

The IMF B,-component is positive throughout the day and both strong positive and strong
negative disturbances are observed in Thule while AE stays close to zero. The shift from

positive to negative PC in Thule at around 13 UT that occurs during positive B, is a local
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time effect, appearing because the station is moving under a current system in the polar
cap, which is far from being homogeneous. This can clearly be seen in Figure IIL2 in the
panel showing the mean horizontal perturbations when B,>0 and B,>2nT during summer.
The second shift, from negative to positive disturbances around 16.30 UT, is caused by
a change in the IMF B,-component from positive to negative. It is worth noting that in
Vostok, where it is winter, PC stays relatively close to zero throughout the day, because
the low conductivity in the dark southern polar cap prevents the B, positive-associated
ionospheric currents from being formed. The small deviation from zero actually seen in
Vostok is probably caused by the way the baseline was determined. In Vostok the diurnal
variation on the five most quiet days of the month was used as baseline, while a constant
baseline determined from quiet winter days was used in Thule. Figure V.11 shows another

example, where Vostok is measuring B,>0 currents and Thule is in the winter hemisphere.

Figure V.11
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The same as Figure V.10, but on a day where it is winter in Thule and
summer in Vostok. Unfortunately no IMF data were available this day,
but AE shows that it was a very quiet day. Like in Figure V.10 strong
disturbances are observed in PC, but only in the summer hemisphere.



It is obvious that the occurrence of reversed convection events creates a serious problem,
if you want to interpret the PC-index during summer, without having access to the IMF
or the AE-index. Looking only at the PC-index, there is no way to distinguish between
a positive disturbance caused by the current system associated with B, positive, and a
positive disturbance associated with electrojet activity in the oval. The projection pro-
cedure used in the algorithm for the PC-index only eliminates part of the NBZ-disturb-
ances, namely the ones giving a negative PC or a PC close to zero. In using the PC-index
it is therefore very important to have access to PC-values from both the northern and
southern hemisphere. The PC-index from the winter hemisphere will stay close to zero,
when the disturbance in the summer hemisphere is caused by the currents associated with
the NBZ-currents, thereby enabling you to distinguish between the two effects. It is clear
from this that the PC-index not is suited to monitor the currents associated with positive
B,. It is constructed to measure normal two cell disturbances, and not reversed convec-
tion events. In our opinion it would require at least two stations in the same hemisphere,
and widely separated in local time, to monitor the inhomogeneous currents associated with

positive B,.

The last panel of Figure V.5 shows PC and AE variations on a very quiet day, November
6, 1978. The AE-index have earlier been criticized for not being able to monitor sub-
storms when the oval contracts poleward of 72 degrees invariant latitude because of the
location of the AE-observatories [Akasofu et al., 1983; Kamide and Akasofu, 1983]. When
the currents in the oval are moving poleward, away from the AE-observatories, they are,
however, approaching the PC-observatory in the central polar cap. Therefore, one could
hope that by using AE and PC simultaneously, one could distinguish poleward movements
of the electrojet from decreasing current intensity, and be able to detect the occurrence
of substorms when the oval is contracted. In theory this of course should be possible, but
in practice it may show to be of little importance. Substorms occurring at high latitudes
are namely normally very weak and localized, and therefore not very likely to be detected
by a PC-index measuring the average activity in the oval as a whole. In fact the day
November 6, 1978 in Figure 8 was used by Kamide and Akasofu, [1983] as an example
of a day, where substorm activity could be seen at a station poleward of the AE-observ-

atories. Around 9-12 UT substorm activity was seen at the station Inuvik at 70.5 degrees
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invariant latitude, which was not detected in AE. But, as can be seen from Figure 8, no

significant increase is observed in PC at this time.

In summary we have found:

L There is a high correlation between AE and PC during winter and equinox, the
linear correlation coefficient being 0.8-0.9 for Thule and 0.7-0.8 for Vostok.

2 The correlation is better with AE than with AL and especially AU.

3. PC is influenced both by DP2 and DP1 disturbances, but is not sensitive to DP1

disturbances taking place in the premidnight sector.

4. The most likely source to PC during winter is field-aligned currents at the pole-
ward rim of the auroral oval, while Hall-currents in the polar cap ionosphere

probably dominates during summer.

3 Existence of "reversed convection events" in the polar cap controlled by the IMF
northward and azimuthal components makes an unambiguous interpretation of

the PC-index impossible during summer.

We believe that PC can be used as a fast available indicator of auroral electrojet activity,
excluding substorm intensifications of the westward electrojet in the premidnight sector.
Compared to AE, PC has the limitation that during summer it can only be used for weak
or southward B, due to the effect of the so called "reversed convection events’. We

therefore stress the importance of having PC available from both hemispheres.
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VI. LONG-TERM VARIATIONS

VI. Check of validity of the algorithm

The algorithm of the PC-index is based on the relationship between near pole magnetic
variations and the IMF, during a certain time period, namely, the IMS-period 1977-80.
In this connection, the question arises whether the relationship between near pole
magnetic perturbations and the IMF changes during the course of the solar cycle? The
period 1977-80 constitutes the rising part of the solar cycle, and it is therefore
necessary to check the validity of the algorithm at other parts of the solar cycle. In this
study we have IMP-8 measurements of the IMF available at a time resolution of 15
minutes for the years 1983-85. This period falls within the declining part of solar cycle
21, and we have, therefore, used this data set to make the necessary check. We have
simply repeated the investigation, described in section II, which lead to the definition
of the algorithm. We have found the optimal angles ¢ for the parameter vB,sin%(0/2)
and the matching linear coefficient of correlation R and orthogonal regression
coefficient o, . The main difference is that the coefficient of correlation has decreased
about 10-20% in 1983-85 compared to 1977-80. The response to the IMF as expressed
by «, is also somewhat smaller in 1983-85, while the optimal angle ¢ is almost
unchanged. In the last section, Figure V.3, we saw that the correlation between PC and
AE remained unchanged from 1978 to 1984, so it is a puzzle why the correlation with
the IMF has decreased. To answer this question, we have computed the yearly
correlation coefficients between PC and vB.sin%(©/2) and the yearly correlation
coefficient between AE and vB,sin’(6/2). The results are shown at Figure VI.1 in a

diagram similar to Figure V.3, with different symbols for different seasons.
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Figure VI.1
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Yearly linear correlation coefficients between PC and the IMF-parame-
ter vB,sin’(6/2), compared to the same computed for AE instead of PC.
It is seen that the correlation decreases in the years 1983-85 for both
PC and AE.

It is seen from the figure that both the correlation with PC and with AE decreases at the
falling part of the cycle. This indicates that the reason for the decrease is to be found,
not in the definition of the PC-index, but rather in some fundamental change in the solar

wind - magnetosphere interaction during the course of the solar cycle.

Figure VI.2 shows annual means of the PC-index for the solar cycle 21 from 1975-85
together with the mean annual sunspot number. It is clear from this that the two parame-

ters show a different solar cycle variation.
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Figure V1.2
Solar cycle 21
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Top: Variations of PC (solid line) and sunspot number (dashed line)
during solar cycle 21.

Bottom: The same for the two geomagnetic indices A, (solid line) and
AE (dashed line).

The figure shows annual means of the four parameters.
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The difference between the solar cycles of sunspot number and geomagnetic activity has
been discussed by many authors [e.g. Bartels 1963, OI' 1971, Crooker et al. 1977, Feynman
1980, Legrand and Simon 1989). Each cycle shows individual features, but, in general,
geomagnetic activity rise with the sunspot c. During maximum and decline of the sunspot
cycle the activity continues, although it often shows a local minimum close to sunspot
maximum. In the late part of the decline, the activity peaks a second or third time, in
connection with fast streams of solar wind created by solar coronal holes. After this, the
activity quickly decreases to a minimum together with sunspot minimum. The bottom part
of Figure V1.2 shows annual means of two other geomagnetic indices AE and A,. A, is
a daily planetary index derived from the index K,. K, measures averages from 14 selected
midlatitude (subauroral) observatories of 3 hour ranges of the activity. The difference
between A, and K, is, that A, is given as a daily index, and in a linear scale, while the
scale of K, is quasi-logarithmic.

The important thing to note is that all three indices, PC from the polar cap, AE from the
auroral zone, and A, from the midlatitude, show the same variation: A rise with the sun-
spot number, a local minimum in 1980 close to solar maximum, a second and larger peak
in 1982, and traces of a third peak in 1984. The close similarity between the three indices
indicates that the long-term variations in PC are representative for a rather broad range

of geomagnetic activity.

Many works have shown that there is a close correlation between long-term variations in
geomagnetic activity and the solar wind velocity (e.g. Snyder et al. [1963], Hirshberg
[1973], Svalgaard [1977], Crooker et al. [1977]). On shorter time-scales, like and hour or
80, it is, as we have seen in section II, well established that the southward component of
the IMF is an effective generator of geomagnetic activity. On such time-scales B, even
seems to dominate the variations in activity, because the solar wind velocity normally
varies very slowly. On long time-scales, at the other hand, the opposite has been the case:
While it is well established that the solar wind velocity plays a role, it has been more
difficult to document the influence of B,. Siscoe et al. [1978] who studied the solar cycle
variation of IMF, and especially B, during solar cycle 20, found that it was distinctly

different from the variation of geomagnetic activity as described by A,.
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Figure VL3
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Top: Variations of PC (solid line) and the IMF-parameter vB,sin’(6/2)
(dashed line) during solar cycle 21.

Bottom: The same for the solar wind velocity.

The figure shows three month averages.
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Crooker et al. [1977] examined the correlation between v and B,, and A, during solar
cycles 19 and 20, and found a much better similarity between v and A, than between B,
and A, and concluded that the data set was insufficient, to establish whether B, had any
influence on the long-term variations of A, or not. Feynman [1980] examined the same
cycles, but used the midlatitude magnetic activity index aa and the equatorial index Dst.

She concluded that aa was controlled solely by v but Dst was controlled by vB,.

In order to investigate this point for solar cycle 21 and the PC-index, we have computed
three month averages of PC and the solar wind parameter vBsin(6/2) for the years 1975-
85. The computation of the solar wind parameter was based on hourly averages of v, B,,
and B,. Figure VL3 shows the result. The Figure shows a striking similarity between the
two curves, both for the variations with a period of several years, also seen in Figure V1.2,
and for variations on shorter time-scale within a year. It should be noted, at this place,
that the reason for the similarity is not to be found in the rather complicated appearance
of the parameter B;sin’(6/2). A computation of the averages of the parameter vB, pro-

duces very similar results.

The lower part of Figure VL3 shows three month averages of the solar wind velocity. By
comparison with the upper part of the figure, it is obvious that the inclusion of the IMF-
parameter B;sin’(6/2) (or B,) improves the correlation with PC considerably. We believe
that these data leave no doubt that the IMF and especially the southward component
influence geomagnetic activity considerably, on long, as well as on short, time-scales. The
reason that this was less obvious in the studies of cycles 19 and 20, is probably that the

long-term variations of B, was much less in the previous cycles.

Figure V1.4 shows annual averages of the solar wind parameters v and B, together with
the A-index, for cycle 20 (lower panel) as well as for cycle 21 (upper panel). In cycle 20
the similarity between v and A, is much better than in cycle 21, but the variation of B,

was also much smaller.
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Figure V1.4
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Top: Variations of A, (broad solid line), the solar wind velocity v (dash-
ed line) and the southward component of the IMF B, (thin solid line)
during solar cycle 21.

Bottom: The same, but for solar cycle 20.

The figure shows annual means.
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The close correspondence between PC and the solar wind parameter vB;sin’(6/2) on long,
as well as short, time-scales indicates that this parameter is well suited to normalize the
PC-index. It does, however, not explain why the correlation between the solar wind
parameters and geomagnetic activity is less in 1983-85 than in 1977-80. The key to the
answer of this question probably lies in the understanding of the solar sources to the
interplanetary medium. One of the best described relations between solar and interplan-
etary phenomena is the fast solar wind streams created in solar coronal holes. This phe-
nomenon shows up in geomagnetic activity in the late part of the declining phase of the
solar cycle, and is rather easy to identify in the magnetograms, because it is a recurrent,
with a recurrence time of about one solar rotation. The peak of this type of activity is
rather sharp, normally lasting around two or three years. Legrand and Simon [1989] have
identified this and other types of solar wind streaming by their geomagnetic signature. In
solar cycle 21 they find that the recurrent activity peaks in 1984. We therefore believe
that the solar coronal holes is the cause of the third peak in geomagnetic activity in 1984,
in solar cycle 21, seen in Figures V1.2 and VI.4. It seems plausible that this type of solar
activity is responsible for the decrease of correlation between the solar wind parameters

and geomagnetic activity in 1983-85.

Apart from the strong geomagnetic activity in the late part of the declining phase, there
is one other difference between solar and geomagnetic activity, which deserves to be
mentioned. There is generally a local minimum in geomagnetic activity very close to solar
maximum. At Figures V1.2 and IV.3 it is seen that in solar cycle 21 this happened in the
first half of 1980. By comparing with Figure VL4 it is seen that both B, and the solar
wind velocity show a similar minimum. Very little work has been done in understanding
the cause of variations in B, and its variation with the solar cycle. Siscoe et al. [1978],
investigated the long-term variations of |B,| during solar cycle 20 and found that |B,|
was stronger during solar maximum than during solar minimum, but that it showed a
double peak during maximum. This double peak with a minimum in 1969 can be inspected
at Figure VL4 (note that at an annual scale we have <|B,|> = <B;>). In solar cycle
21 the variations of B, are larger than in cycle 20 and the double peak, therefore, more

obvious.
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A crude model of the heliospheric magnetic field can be constructed from measurements
of the large scale magnetic field in the solar photosphere, by using the so called Potential
field - Source Surface approximation. By assuming that the coronal field is approximately
a potential field, and that the field at some height above the photosphere is completely
radial (the source surface), the field configuration can be determined solely from photo-
spheric measurements. Daily magnetogram observations of the large-scale photospheric
field have made at the John M. Wilcox Solar Observatory at Stanford since May 1976.
The resulting source surface field has been computed for each solar rotation, for the years
1976 through 1985 (Hoeksema and Scherrer [1986]). A close inspection of these data
reveals that during the approach to maximum the field configuration becomes increasingly
complex, and that the minimum in geomagnetic activity roughly coincides, with the reversal
of the polarity of the large scale solar magnetic field. (The development of the source sur-
face field has been reproduced in Appendix B.) It is therefore tempting to suggest that
the two phenomena are related. Much more work on the relationship between solar and
interplanetary phenomena, however, seems to be needed in order to fully understand the

differences between long-term variations in geomagnetic and solar activity.
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VII. CONCLUSIONS

We have examined the horizontal magnetic perturbation at the station Thule and its

relationship with various solar wind parameters and the auroral electrojet indices AE, AL,

and AU. We have found that several different sources contribute to the perturbation.

(M

)

)

(4)

The well-known two cell equivalent current system, made up partly by ionospheric
Hall-currents and partly distant field-aligned currents, and generated mainly by
B, and v.

A current system generated by B, which may, or may not, be an integrated part
of the two cell system, but which can be flowing in other directions than the

normal two cell current, depending on the sign of B,.

An ionospheric Hall-current system generated at very high latitudes when B, is
northward and existing almost exclusively during sunlit conditions. During B,

positive conditions the B, generated current (2) is dominating the picture.

Distant field-aligned currents in the auroral oval associated with substorm intensi-
fications of the westward electrojet, especially if the intensification occurs in the

postmidnight sector.

The measured horizontal perturbation shows a high correlation with B, and v and can

therefore be used as a single station index to monitor current system (1) generated by

these parameters. During northward IMF the polar cap magnetic perturbations are too

inhomogeneous, and variable in direction with B,, to be monitored by a single station

index.The correlation between the measured horizontal perturbation and the northward

component of the IMF, B,, is consequently very low.
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The measured perturbation changes direction with the sign of the azimuthal component
B,, but B, also gives a contribution to the total current, which is about half the size of
the contribution of B,. The B, induced currents are rather similar for B, positive and
negative conditions, but are dominating the total picture when B, is positive, while the B,
induced currents are dominating, when B, is negative. Because the contribution from the
B, induced currents changes direction with sign of B, they can only partly be monitored
by the PC-index. This is done by using the composite solar wind parameter
v(By2+B,2)"sinze/2 to define PC. The earlier reported seasonal asymmetry in the relation
between B, and the auroral zone index AL (Murayama et al. [1980]) is also observed in
PC but only as a second order effect. The asymmetry is absent in AU, which during all
year shows a larger response to B, negative than to B, positive. We therefore object to
an interpretation of the seasonal asymmetry in terms of merging site asymmetry. Our
results rather indicate that the reason for the B, positive effect is to be found in the night

side processes, and the reason for the B, negative effect in the dayside processes.

Also the field-aligned currents in the auroral oval associated with substorm intensifications
of the westward electrojet during substorm expansion phase can be detected in the near
pole region. This has been seen through examination of specific events, but also through
a linear correlation analysis between PC and the auroral zone indices AE, AL, and AU
showing a very high correlation, especially with AE and AL. The correlation between PC
and AU is found to be very seasonal dependent, with a rather poor correlation during
northern winter. By including measurements from the near pole station Vostok in Antarc-
tica in the examination it can, however, be seen, that the cause is a seasonal effect on the

AU index rather than on the PC-index.
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Because of the high correlation between PC and AE we propose to use PC as an indica-
tor of auroral electrojet activity, excluding substorm intensifications of the westward
electrojet occurring in the premidnight sector. PC can not be used as a total replacement

of AE, but has three main advantages:

(1) It can be made fast available.
(2) It can be derived from both hemispheres.
3) It can be computed for many periods where AE is not available.

The PC-index, as an indicator of auroral electrojet activity, is disturbed by polar cap cur-
rents induced by the northward and azimuthal components. These currents make an
unambiguous interpretation of PC impossible. The polar cap currents are, however, confi-
ned to the summer hemisphere, and the problem can therefore be solved by having

simultaneous access to PC-indices from both hemispheres.

In the detailed derivation of the PC-index the following items was examined:

(1) The direction of the measured perturbation.

(2) Diurnal and seasonal variations of the measured perturbation.

3) The effect of B,.

(4) The effect of smoothing of the empirically determined coefficients in the al-
gorithm.

The direction of optimal correlation with various solar wind parameters show diurnal and
seasonal variations, but is similar for all solar wind parameters that are dominated by B,.

The correlation is highest with the parameter vB,sin’(6/2).

The size of the horizontal perturbation likewise shows both diurnal and seasonal vari-
ations. This is taken into account by normalizing the horizontal perturbation with respect
to vB,sin?(6/2). This also has the effect of making PC-indices from different stations

directly comparable. The normalization coefficients are found to be different if they are
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computed for B, positive and negative separately. The difference can, however, for practi-
cal reasons, not be implemented in the algorithm for PC, and is also found not to be very
large. A smoothing procedure has to be applied to the normalization coefficients in order
to avoid jumps in PC, caused by statistical uncertainty. This procedure has been found to

introduce a small but detectable seasonal and diurnal variation.

Finally we have examined the long-term variations of PC, and find that they are well
correlated with vB,sin?(6/2). Both v and Bysin?(6/2) (or B,) are needed in order to under-
stand the PC variations during solar cycle 21. The PC variations are furthermore very
similar to the long-term variations in both AE and A,. The activity as measured by all
three indices shows a local minimum right at solar maximum which could be associated
with the shift of polarity of the magnetic field of the sun. In the late part of the declining
phase all three indices show a local maximum probably caused by fast solar wind streams
from solar coronal holes, and associated with a decrease in the computed correlation

between the solar wind parameters and PC and AE.

For future examination we especially suggest two points:

1) For the interpretation of PC it would be valuable with a further clarification of
the relative contribution of the distant field-aligned currents and the ionospheric
Hall-current and also of the DP1 and DP2 currents.

2) We have examined PC during solar cycle 21, but we are now entering a new
solar cycle with a much larger level of activity. Our latest PC computations (see
appendix A) indicate that this may have the effect of introducing a diurnal
variation in PC. So the difference between PC in different solar cycles ought to

be examined.

In summary we believe that PC can be a very useful tool for scientists, e.g. to sort their

data or select interesting periods for investigations. In the future it may even be used as
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a real time indicator during experiments. Like any other index PC has its limitations and
problems. The most serious may well show up to be that several sources contribute to the

index, and the difficulties in distinguishing between them.
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Appendix A:

From the observatory in Qaanaaq digital data are available from 1975 till today with 1
minute time resolution. We have used these data to compute PC;, by means of the
algorithm described in section IV. These data are now available in digital as well as in the
form of plots in World Data Centre C1 for Geomagnetism in Copenhagen. Here we show
summary plots, containing one year per page of all the data. Futhermore, we show examp-
les of daily variation plots of data from 1990. In the first and last months of 1990 a

systematic diurnal variation can bee seen at the summary plots.
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Appendix B:

The magnetic field filed at the solar source surface, shown as contour maps. Each panel
shows one solar rotation plus an additional half rotation appended to each side. The
numbers indicated are Carrington rotation numbers. The horizontal lines denote +70 de-
grees and the equator. Rotations that include Jan. 1 are labelled in the center with the
new year. Regions of negative polarity, where the field is directed in to the sun are
shaded and indicated with dashed contour lines. The thinner solid lines identify positive
field regions and the broad solid contour is the neutral line. Reproduced from Hoeksema
and Scherrer [1986].
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