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Abstract. In this study, the relationship between auroral ab- IRIS riometer and Tromsg magnetometer datasets with re-
sorption, electrojet currents, and ionospheric plasma convecsults showing a distinct seasonal dependence. The region
tion velocity is investigated using a series of new methodsof high current-absorption correlation extends from 21:00
where temporal correlations are calculated and analysed failo 06:00 MLT near both equinoxes, however, it is narrower
different events and MLT sectors. We employ cosmic noiseand rotated towards the morning (02:00-07:00 MLT) in sum-
absorption (CNA) observations obtained by the Imaging Ri-mer, while in winter the correlation shows much greater vari-
ometer for lonospheric Studies (IRIS) system in Kilaisj, ability with MLT. During periods of high current-electric-
Finland, plasma convection measurements by the Europeafield correlation, the relationship between electric field and
Incoherent Scatter (EISCAT) radar, and estimates of the elecabsorption can be described as an inverse proportionality,
trojet currents derived from the Tromsg magnetometer datawhich can be explained by limitation of the electrojet cur-
The IRIS absorption and EISCAT plasma convection mea-rent by the magnetospheric generator. Possible cases of elec-
surements are used as a proxy for the particle precipitatioiron heating absorption are also investigated with absorption
component of the Hall conductance and ionospheric electrishowing no obvious dependence on the ion velocity or elec-
field, respectively. It is shown that the electrojet currents aretron temperature.

affected by both enhanced conductance and electric field b
with the relative importance of these two factors varying with
magnetic local time (MLT). The correlation between the cur-
rent and electric field (absorption) is the highest at 12:00—
15:00 MLT (00:00-03:00 MLT). It is demonstrated that the
electric-field-dominant region is asymmetric with respect tol Introduction

magnetic-noon-midnight meridian extending from 09:00 to

21:00 MLT. This may be related to the recently reported ab-Energetic particle precipitation in the auroral ionosphere
sence of mirror-symmetry between the effects of positive andwith its spectacular auroral displays represents arguably the
negative IMFB, on the high-latitude plasma convection pat- Most impressive aspect of Space Weather. Magnetospheric
tern. The conductivity-dominant region is somewhat wider particles in the 0.5-20keV energy range precipitating in
than previously thought extending from 21:00 to 09:00 MLT the ionospheric E- and F-regions are mostly responsible
with correlation slowly declining from midnight towards the for the visual aurora, extensively studied with ground- and
morning, which is interpreted as being in part due to high-satellite-based optical instruments. More energetic particles
energy electron clouds gradually depleting and drifting from (>20 keV) enhance electron densities in the lower E- and D-
midnight towards the morning sector. The conductivity- regions «100km). The higher abundance of free electrons

dominant region is further investigated using the extensiveabsorb more extra-terrestrial (ET) radio waves in the lower
VHF frequency range (30-50 MHz) resulting in less ET ra-
dio wave intensity reaching the Earth’s surface. This phe-
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opacity meters (riometers), which are widely used to mon-westward electrojet has been found to vary with latitude, the
itor and study high-energy particles and their precipitationhigher the latitude, the earlier in MLT it occurs (see their
(see, for example, reviews [Btauning 1996ab). Fig. 6). A similar latitude dependence has been found for the
The enhanced electron densities in the lower ionospher@re-midnight transition between the eastward and westward
also result in enhanced electrical conductances (heightelectrojets, coinciding with a transition from an electric-
integrated conductivities) and, for constant electric fields, in-field- to a conductivity-dominant regim&émide and Vick-
tensification of the auroral electrojet current. The changes irrey, 1983 Davies and Lesterl999. Kamide and Vickrey
the electrojet currents are monitored by magnetometers thgtl983 thus found that the electric field exerts a dominant
measure perturbations in the local geomagnetic field (e.grole in the evening and late morning sectors. More recently,
Amm, 200]). The ambient plasma, consisting of cold parti- Sugino et al(2002 showed that the conductivity-dominant
cles with energies ok1keV in the crossed electriE and region can extend to 08:00 MLT just after the dawn termina-
magneticB fields, move with theE x B convection drift.  tor.
Much research effort has been devoted to studies of global Previous studies of the current-conductance-E-field rela-
ionospheric plasma convection, as this information is criti- tionship have mostly used the data collected using incoher-
cal to our understanding of the magnetospheric-ionospherient scatter radars (ISRs) that provide plasma convection ve-
system and the ionospheric response to changes or transitioscity (electric field) data and information on conductivi-
from one IMF state to another (e Buohoniemi et a).2002. ties in the limited range of altitudes (typically 90—-300 km).
Understanding the relationships between various auroraFrom this information the ionospheric currents are inferred
phenomena has been at the heart of space physics reseangsing Ohm’s law (e.gDavies and Leste999 Sugino et al.
for the past 50 years (e.lyleng et al, 1991). The magneto- 2002. In this approach all 3 parameters are provided by the
sphere and solar wind are coupled to the auroral ionosphersame instrument at the same resolution and all the measure-
and hence studies of relationships between auroral phenomments are coincident and simultaneous. On the other hand,
ena are directly relevant to these coupling processes. DeSR is an expensive instrument with which to observe pro-
spite significant progress, there is still considerable scope t@esses in the upper atmosphere. As a result they typically
increase and refine the understanding of the links betweedo not operate continuously for extended periods of time, i.e.
plasma convection, conductances and current systems olponths or years. Riometers and magnetometers, on the other
served at high altitudes, as discussed below. hand, are passive instruments and are inexpensive to operate.
Auroral absorption and electrical conductances are closelyAs a result they function nearly continuously, under all con-
related as both are height-integrated characteristics propowitions. They also provide observations integrated over the
tional to the plasma density and the electron collision fre-full ionospheric height profile. In addition, in previous stud-
guency. This was confirmed experimentally Walker and ies, the solar and particle components of conductances were
Bhatnaga(1989 and, more recently, benior et al(2007). not considered separately as current depends on the total Halll
The Hall conductanc&y was shown to be more strongly and Pedersen conductances. Previous studies have also con-
related to CNA than Pedersen conductaligeand the cor-  centrated on nightside observations with the full MLT depen-
relation betweerX y and CNA was shown to vary with mag- dence including dayside sectors still less investigated.

netic local time or MLT Genior et al.2007). The correlation In this study, we employ the CNA riometer measurements
betweenXy and CNA was found to be considerable in all as a proxy for conductance in conjunction with the electric
MLT sectors except for 15:00-19:00 MLT. field and current measurements by an incoherent radar and

The CNA measured by a riometer has also been showmnagnetometer, respectively, to statistically investigate the re-
to depend indirectly on the electric field. This occurs when|ationships between the ionospheric electric fields, electrical
strong electric fields drive plasma waves that in turn inter-conductances and current systems. A significant dataset is
act with electrons increasing their temperatures and effectiveémployed in order (1) to assess the potential of riometers
collision frequencies3t.-Maurice et a).1981, Schlegel and in studies involving conductance estimates and in particu-
St.-Maurice 1981). The enhanced collision frequency may lar in studies of the relative importance of the electric field
resultin anincreased CNA and such events were indeed iderand conductance to ionospheric currents in all time sectors
tified in the polar cap, where the much stronger effects dudncluding the dayside and (2) to investigate the electric-field-
to enhanced precipitation are not as pronounced as in the aibsorption relationship and to determine whether electron
roral zone $tauning1984. These events are known as elec- heating absorption events are observed in the auroral zone.
tron heating absorption or EHA eventéuning 19963.

The electrojet current intensity has been shown to depend
on both the electric field and the plasma density/conductivity,2 Experimental data
as expected from Ohm’s lawKamide and Vickrey(1983
demonstrated that the westward electrojet is split into two redn this study we used CNA measurements obtained by
gions: a conductivity-dominant region and an electric-field- the Imaging Riometer for lonospheric Studies (IRIS) in
dominant region. The location of the transition within the Kilpisjarvi, Finland (691° N, 20.8°E, 6590° MLAT). It
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operates at 38.2 MHz and uses a single phased array ®f 8
dipole antennae to form 50 beams: one wide beam and 49
narrow beams as shown in Fiy(Browne et al.1995. The
time resolution is 1 s although some post-integration is usu- _.
ally employed in order to increase the signal-to-noise ratio 70
with a post-integration period of 1 min typically used. Sim- | =
ilar to numerous previous studies, the absorption measure]
ments in dB employed in this study were obtained from the Tri_éstatic
IRIS raw power using methods and techniques implemented Volume
in the standard IRIS softward&larple and Honary2004. -5
The European Incoherent Scatter (EISCAT) tri-static UHF
(929.5 MHz) radar was also used in this studBishbeth
and Williams 1989. It consists of 3 parabolic dish anten- [
nas. The main antenna, located near Tromsg in Norway| :
(69.6° N, 19.2° E, 662° MLAT, Fig. 1), combines both trans- | ,
mitting and receiving capabilities. The other two remote re-
ceivers are located in SodankylFinland (674° N, 26.6° E,
63.6° MLAT) and Kiruna, Sweden (6%° N, 20.5° E, 645° : :
MLAT). In the CP1 common program, the data from which |*° 20 25
were used in this study, the UHF transmitter beam from
Tromsg is aligned with the local F-region magnetic-field-line
direction at an elevation of about 7Znd azimuth of 182 Fig. 1. Experimental setup diagram showing the IRIS and EISCAT
The EISCAT radar measures the ion and electron temperafi€lds-of-view. The dots (ellipses) represent the intersection of the
tures, plasma density and line-of-sight ion velocity. The full prlnc_lpal directions £ 3 dB riometer beams) with the ionosphere at
ion velocity vector is determined within the tri-static volume. a height of 90 km. The-3 dB beams at the corners of the array are

In the relativelv collisionless regime of the F-reqion. the ions not shown as the antenna side lobes are too large. The 3 blue lines
. y S €9 gron, . show the receiver beams from the EISCAT in the CP1-K common
move with the E x B velocity, and hence the ion velocity

. .mode. The red circle shows the position of the tri-static volume at
measurements by EISCAT are representative of the electrigy, 5ititude of 278 km. The green circle illustrates the position of the

field (e.g.Davies et al.1999 Davies and Leste999. Fig-  tri-static volume projected down the magnetic field line to 110 km
ure1displays the location of the tri-static volume and the re- in the E-region. At this height it is closest to beam 16 of the IRIS.
ceiver beam directions (in blue) in CP1-K mode of EISCAT. The orange triangle is the position of the Tromsg magnetometer,
The red (green) circle represents the location of the tri-statiovhich maps close to the projected tri-static volume.
(projected tri-static) volume at 278-km (110-km) altitude. As
the electric field is approximately the same along the mag-
netic field line, the tri-static volume was projected down to The data from the CP1-K common mode for 46 days in
110 km using the IGRF model. Figuteshows that in the E- 1995-1999 were analysed. An extended dataset compris-
and D-regions, it is the closest to the IRIS beam 16 and ining all available IRIS and IMAGE Tromsg data in Febru-
this study the data from this beam were employed. ary 1995-January 1999 was also used in one part of this

The International Monitor for Auroral Geomagnetic Ef- study (Sect3.3). All EISCAT velocity measurements above
fects (IMAGE) Tromsg magnetometer measures local mag2000 m/s and all IRIS absorption measurements below 0dB
netic perturbations in three perpendicular directionghf  were excluded. The effects of radio scintillations due to
et al, 1998. The position of the magnetometer is indicated the passage of Cassiopeia over the IRIS field-of-view (FoV)
by a red triangle in Figl, which maps close to the pro- Wwere also removed from the IRIS data. The data from IRIS
jected tri-static volume. The 20-s resolution data were postand IMAGE were then temporally matched with the EISCAT
integrated to give 1-min averages for this study. In orderdata to form a dataset comprised of simultaneous measure-
to obtain a Quiet Day Curve (QDC) for the magnetometerments.
data, 2—-4 days were chosen that were as close to each se-The EISCAT conductivities were calculated from the elec-
lected event as possible and that exhibited minimal perturbatron densities and ion and electron temperatures measured
tions. The dataset was then averaged for these quiet days amy EISCAT using a method described Makarevitch et al.
Fourier transformed. The number of harmonics was limited(2004). The height-integrated conductivities or conductances
to 6 and then the inverse transform was taken to give the QDQvere then computed using the height range of 90-275km.
for the event. The total horizontal magnetic perturbatityis  Similar conductance estimates were employed by numerous
were obtained from components usihl 2=8 X2+3Y2. previous studies (e.dpavies and Leste 999 Senior et al.

The events in this study were selected based on the avai007. To determine the particle component of conductances,
ability of the tri-static ion drift velocity data from EISCAT. the solar effects were removed from each conductance

:Tromse

Sodankyld
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3.1 Point-by-point comparisons and correlation
analysis

dH, 100 nT

In this section the relationships between magnetic perturba-
tions, CNA, and the field-perpendicular component of the ion
4 6 drift velocity are explored for both the entire dataset and for
oo 200 T/ yelocity, 100m/s different MLT sectors. The data have been matched spatially

3.0 ralation: L
Foiis. 14373 .. X L and temporally, comprising of data points with three values
I 1 Vel, representing the electrojet current strength, the Hall conduc-
: e tance, and the ionospheric electric field, respectively. Two
a 10 parameters are plotted against each other in a 2-D format
% 2 while either the occurrence or the mean value for the third
‘2‘ parameter is represented by the colour of the plot cell.
08 Lo x PN B o The comparisons over the entire dataset are displayed in
00 O s hmsorpton dB . 0 "l hbsompien dB Fig. 2. Panels (a, b) to (e, f) display the 2-D plots of perturba-
Corelaton 0.02 — ";,_ P tion versus velocity, perturbation versus absorption, and ab-
° sorption versus velocity, respectively. The left-column pan-
z o els show the percentage occurrence of points for each cell,
§ ; ”T3.0 while the right-column panels are colour-coded in absorp-
2 - 2.4 tion, velocity, and perturbation, respectively, with the colour
£ N 12 showing the averaged value over all measurements inside a
06 given plot cell. The white histogram is the bin-averaged pa-
00 rameter variation. The linear Pearson correlation co-efficient

Velocity, 100 m/s Velocity, 100 m/s for the entire dataset is shown in the top-left corner of left-
column panels along with the total number of points. The
panels from (a, b) to (e, f) contain 91%, 83% and 81%, re-

Fig. 2. 2-D plots of(a, b) the IMAGE magnetic perturbatiod/  spectively, of the total points available after the previously
versus the EISCAT ion velocityc, d) the IMAGE magnetic per- defined restrictions were applied (Set.

turbation versus the IRIS absorption, gedf) the IRIS absorption . . . .
versus the EISCAT ion velocity for the entire dataset. In panels (a),, Figure 2a shows an overall increase of perturbation with

(c) and (e) the occurrence of points for each cell up to a maximum ofion velocity, which is reflected in the overall positive corre-
20 is shown, colour-coded in percentage of maximum as indicatedation co-efficient of 0.47 and in the steady increase of the
by the colour bar in panel (a). In panels (b), (d) and (), the cells bin-averaged perturbation with ion velocity. There is some
are colour-coded in the mean absorption, velocity, and perturbationstructuring in the corresponding panel (b) due to absorption
respectively, as shown on the right of each panel. The correlatiorvariation which is evident in the colour coding. That is, the
for the entire dataset is shown in the top-left corner of panels (a)red and yellow cells tend to be in the top-left part of the di-
(c), and (e) along with th_e total number of pc_Jints_. The bin-averagedagram with steady increase occurring in mean absorption as
parameter dependence is shown by the white histogram. 8 H increases and velocity decreases. This suggests that con-
ductance also contributes to the electrojet current.

(Hall or Pedersen) using a square root of squares technique Another way of studying the perturbation-absorption
(Brekke and Hall 1988 Egartzz%ot_zg whereparand (current-condugtance) relatl_onsh_lp is presented in panels
Y are the particle and solar components of conductance(C:d) where a direct comparison is made between perturba-
respectively, andEo; is the total conductance. The solar tion and absorption; the colour coding in panel (d) is now in
component was calculated from the solar conductance moddhe EISCAT ion velocity. This panel reveals some increase in
proposed byRobinson and Vondrakl 984). magnetic perturbation with absorption. However, the corre-
lation co-efficient is somewhat lower in panel (d) (0.32 ver-
sus 0.47). The colour coding in velocity, on the other hand,
displays obvious structuring indicating an increase in pertur-
bation with velocity (red cells are higher and blue cells are
lower), in agreement with the correlation between perturba-
tion and ion velocity observed in panel (b). The analysis of
the entire dataset thus suggests that, on average, the electric
field control of current is stronger than that of conductance
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Fig. 3. Scatter plots of magnetic perturbation versus ion velocity for different MLT sectors. The correlation and total number of points are
also shown in the top-left corner of each panel. The colour coding is in absorption as shown to the right of the plot. The points with no
simultaneous absorption measurements are shown by dark red pluses. The bin-averaged perturbation is shown by the red histogram.

as the correlation was higher in panel (b) and structuring wador all time sectors as displayed on the right of the figure.
more pronounced in panel (d). The dark red pluses represent points without colour coding

The comparisons between perturbation and ion velocityinformation that were nevertheless included in the correla-
(absorption) have demonstrated positive correlation and obtion analysis. The figure shows that the correlation is high-
vious structuring in Fig2b (Fig. 2d). In panels (e, f) ab- est just after magnetic noon (0.90 at 12:00-15:00 MLT) and
sorption and velocity are compared directly with the colour stays quite high until 21:00 MLT where it sharply decreases
coding in panel (f) in the IMAGE magnetic perturbation. to 0.28. It is minimised in the midnight sector before ris-
This comparison reveals no significant correlation or anti-ing again in the morning sector (03:00-06:00 MLT). The two
correlation between these parameters for the entire datasdeatures of interest in the figure are the rapid increase in cor-
Data does seem, however, to be spread along the both axeslation at 12:00 MLT and the sharp decrease at 21:00 MLT
in panel (f) suggesting a possible inverse proportionality re-with the colour coding in absorption also showing some in-
lationship, which is also evident in the 2-D occurrence plotteresting results. There is more data structuring near mid-
of panel (e). This is emphasized in panel (f) by structuring night (where red points are at the top and black points are at
of the cells according to colour with blue (red) cells gener-the bottom) and less in the afternoon, possibly indicating a
ally closer to (farther from) the axes. Red cells (large meanhigher correlation between absorption and perturbation near
perturbations) are observed in the top-right quadrant of themidnight and less correlation near noon, which is explored
diagram where both absorption and velocity are large. next.

Although some correlation was found when analysing the The IMAGE perturbation and the IRIS absorption are
three parameters over the entire dataset, the temporal varsompared in Fig4, which has the same format as FR).
ation of this correlation was not investigated. In the latter with colour coding now in the EISCAT ion velocity. The
part of this section we investigate the time variation of theseresults clearly display the expected pattern: the data show a
correlations in three-hour MLT blocks (MLT=UT+2.7). This temporal variation in correlation that is roughly opposite to
should give an indication of how the conductance and electridhat observed in Fig3. Correlation is highest (lowest) in the
field control of electric current varies with MLT. 21:00-06:00 MLT (09:00-21:00 MLT) sector. In other words,

In Fig. 3 the data have been divided into 8 three-hour timeit is maximised in the post-midnight sector and minimised in
sectors by MLT. For each time sector the perturbation is plot-the afternoon sector. There is also a sharp increase in corre-
ted against the ion drift velocity. The correlation is shown, lation across the 21:00 MLT border and a moderate decrease
along with the number of points in the top-left corner of eachthrough the 03:00-09:00 MLT sector.
panel. The colour coding is in absorption and is the same
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Fig. 4. The same as Fi@ except magnetic perturbation and absorption are compared and colour-coded in velocity.
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Fig. 5. Same as Fig3 except absorption and velocity are compared and colour-coded in perturbation.

To complete the analysis, the relationship between absorphowever, some structuring in the 09:00-12:00 and 12:00—
tion and ion velocity is examined in Fi§, where points are  15:00 MLT sectors where points tend to be close to both
now colour-coded in perturbation. The correlation is highestaxes. This suggests an inverse proportionality between the
in the post-midnight/early-morning sector 00:00-06:00 MLT two parameters in these time sectors similar to that observed
(0.30) and very low for the other time sectors. There is,in Figs.2c, d. This feature is further investigated in S&ch
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The results of the correlation analysis presented above are
summarised in Figéa which presents the level of correla- Fig. 7. Clock diagrams showing the correlation co-efficients be-

tion for each 3-h tlm(.e S(?Ctor both numerically and by thetween magnetic perturbations and absorption for 1-h boxcar cor-
colpur of the sector W'th_ lighter (darker) ‘?’hades re',p.resemmgrelations calculated at 1-min resolution for different seasons. The
a higher (lower) correlation. The correlation co-efficients be- .ojoyr coding is representative of the correlation as indicated by
tween magnetic perturbations and ion velocity (absorption)the colour bar. The circular bands in each panel represent different
p(BH,U;) [p(6H, A)] are indicated in blue (red) colour in years as indicated at the top of the diagram.
the outer (inner) circle. Figuréa suggests that, overall, the
electric field exerted more dominance over the electrojet cur-
rents than the conductance. Thus both the overall and maxi3.3 Auroral absorption and currents for different
mum correlations are higher far(8 H, U;) thanp(8H, A): seasons
0.47 and 0.90 versus 0.32 and 0.76. Also, roughly com-
plementary trends/relationships are observed in Eag..e. In our previous analysis, the dataset was limited to 46 days
the current-velocity correlation is substantial whenever thewith simultaneous EISCAT ion velocity data. Our novel ap-
current-absorption correlation is low and vice versa. proach involving simultaneous and coincident magnetometer
We have also performed a similar correlation analysis withand riometer measurements provides a unique opportunity
the actual Hall conductance rather than with its proxy. Theto explore in more detail the statistical current-conductance
magnetic perturbation correlations with the total (with so- relationship (using CNA as a proxy). In this section, we
lar contribution) and particle component of Hall conduc- employ an extended Tromsg magnetometer/IRIS riometer
tance were determined for each 3-h MLT sector. The re-dataset collected over the 4 years February 1995-January
sults are presented in Figb. All three types of correla- 1999. This period is selected to include 81 days around
tion shown in red in Fig6 show a very similar picture. Re- equinoxes and solstices, that is why 4 calendar years 1995—
calling that CNA is not representative of the Hall conduc- 1998 are shifted by 1 month. Both datasets have 1-min time
tance at 15:00-19:00 MLTSgnior et al.2007), we observe  resolution so that up to 1440 data points are available for
that thep(§H, A) and p(8H, Spar) correlations exhibit a each day. The large amount of data also allowed us to im-
generally good agreement outside of the 15:00-21:00 MLTprove drastically the time resolution of the correlation analy-
sector. Thep(8H, Z1o) and p(8H, Tpar are also quite  Sis. This has been done by calculating the boxcar correlation
close with the differences most pronounced on the day-co-efficients for a 1-h period centered on every minute. The
side, in particular at 09:00-12:00 and 15:00-18:00 MLT. boxcar correlation dataset thus comprised 1440 values (for
The only observation inconsistent with our simple paradigmeach min) with each of them calculated using up toNG0
suggesting that absorption is a good proxy for particlepoints, whereV, is the number of days in a considered pe-
component of conductance is at 06:00-09:00 MLT whenriod.
p(8H, A)<p(8H, pard=p(8H, Z10t), Which may be due Figure7 includes 4 clock diagrams, similar to Figj.con-
to a failure of the solar conductivity model to fully remove taining data restricted to 81 days centered on the equinoxes
solar effects for this particular subset of data. and solstices with panels (a) to (d) showing correlations for
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the current-absorption correlation exhibits a distinct seasonal
dependence. One should bear in mind though that the corre-
lation values at 15:00-19:00 MLT are not representative of
the current-conductance correlati@®egior et al.2007).

0.8 Mean
L Median

p (8H, U)

3.4 Hourly correlation analysis

Figures3-5 summarised in Figoa revealed that the correla-
tion between the 3 parameters varied throughout the day. The
correlation co-efficients were calculated for each 3-h sector.
In Sect.3.3the correlation co-efficients were also computed
using 1-h boxcar periods. In both analyses the correlations
were calculated for all events combined together. In this sec-
tion the correlation is further examined using a different anal-
ysis. The correlation co-efficients are calculated at hourly in-
tervals for each event and then averaged over the 46 events
for each hourly period in MLT. We will refer to these val-
ues as “hourly” correlations to distinguish from “1-h" box-
car correlations from SecB.3 and “3-h" correlations from
Sects3.1-3.2 A similar hourly correlation analysis was em-
ployed earlier byMakarevitch and Honar{2005.
The correlation co-efficient for each hourly period was
only calculated and entered into the dataset if there were suf-
Time, MLT ficient number of points in the hourly period. This was de-
termined by comparing the data available for each hour to
Fig. 8. Line plots of the hourly correlation co-efficients between the maximum number of data points that the instrument was
(a) perturbation and velocityb) perturbation and absorption, and E?ggt:.er g;goélg crz)t(l)r:gtsd l;;”%ﬁgearrl,%wggg”% i(i)spr?:jr;tlsbfeorr

(c) absorption and velocity. The red (dark blue) line represents the o .
mean (median) value of the hourly correlation co-efficients. The WS greater than 60% then the number of points was deemed

orange dots and lines represent the 3-hourly correlation coefficient§umc'em' ]
from Figs.3-5. In panel (b) the light blue line shows a 1-h boxcar N order to compare the results from the hourly correlation
correlation computed using an extended dataset. analysis with those presented in Figs6, the mean and me-
dian hourly correlation co-efficients were calculated over the
entire dataset for each of the 3 pairs of parameters. These are
spring, summer, autumnal and winter periods, respectivelypresented as a function of MLT in Fig. The 3-h values from
In addition, the data has been further restricted to specifidrigs. 3-5 are also shown for reference by the orange lines.
years as shown by different circular band§;£81). The  The extended IMAGE/IRIS dataset of Se&t3 was em-
year specified for each circular band in panel (a) is that at theployed in panel (b) to compute 1-h boxcar correlations (light
start of each 81-day period. The correlation co-efficients forblue) over the entire 4-year datasay;&36525x4=1461).
all years combined are also shown in the innermost circular The 1-h boxcar correlations for the extended dataset show
band (Vv;=324). The correlation is represented by the colourvery similar variation to 3-h values. Panel (a) clearly shows
as shown by the colour bar in the centre of the plot. the hourly correlatiow (8 H, U;) starting low in the midnight
Figure7 shows a lot more detail in correlation as a func- to early morning sector, then rising quickly after 12:00 MLT
tion of MLT than Fig.6. For majority of the years, the re- and reaching a maximum just after the 12:00-15:00 MLT
gion of high correlation extends from 21:00 to 06:00 MLT sector. It then drops off more smoothly through the after-
during the equinoctial periods, panels (a) and (c), which isnoon. An almost opposite pattern is observed between per-
also reflected in all-years correlations. During the summerturbation and absorption(§ H, A) in panel (b). The correla-
period, panel (b), it is shifted later into the morning and cov- tion is highest just post-midnight between 02:00—-03:00 MLT
ers a smaller MLT range (02:00-07:00 MLT). There is alsoand smoothly drops off to reach a minimum during the
an “anomalous” region of very high correlation near local 12:00-15:00 MLT sector. It then rises again to higher values
noon for summer 1996. The winter period, panel (d), dis-pre-midnight. Panel (c) displays a low correlatiot4, U;)
plays highly variable correlation with no clearly defined re- throughout the day with minimal variation, although a small
gion of high correlation consistent over the years. The cor-anti-correlation is observed in the afternoon. All these results
relation on the dayside before 12:00 MLT, however, is no-are consistent with those from the previous analysis as both
ticeably higher than in other seasons. One can conclude thahe mean and median trends behave in a similar fashion to the

p (8H, A)

p (A U)
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3-h correlations. The hourly correlations are smaller than ei- 20 L PPN D
ther 3-h or 1-h boxcar values, which is most likely indicative . Correlation: -0.374
of some over-averaging occurring in this approach. [ "%\." Points: 629

.\ .| A=200/U, T
3.5 Electron heating absorption % 1.5¢..% | - ' | .

The two analyses presented in the previous sections (Figs.

and8) revealed that the data from the afternoon sector exhib-
ited enhanced correlation between magnetic perturbationands 1.0 L
ion velocity. This suggested that the electric field is a pre- @ RIXIRES
dominant factor in determining the electrojet current strength 't N ) - )
in the afternoon. One can argue that the correlation between) :
conductance and electric fields should be maximised duringyy Q.5 |- .- *.*
the periods when the correlation between perturbation and— o . AR
ion velocity is close to 1. In this situation, the electric field ISR DA
affects the current both directly (as current is proportional to [ edeninel 5
the electric field/ < E) and indirectly through conductance, 0.0 L gusredesae

collision frequency, and temperatunéo(EoweaTel/Z) with 0 2 4 6 8
the latter increasing with electric field. This should result in Velocity 100 m/s
the maximum correlation observed. To test this idea, 9 days '

exhibiting high hourly correlations between perturbation andFig. 9. Scatter plot of absorption versus velocity for the 12:00—

1on ,VelOCIty Wgre extracted fr.om the dataget. On average, th‘f:LS:OO MLT time sector for 9 days exhibiting high correlation inter-
period of maximum correlation for each interval was found \ 15 within this period (see text for details). The format is the same

to be close to the high correlation period of 12:00-15:00 MLT as for each panel in Fig. The red curve represents an inverse
in Fig. 3 and this 3-h period was selected as the commonproportionality trend described by the equation shown on the graph.
period for all 9 days. The days selected, in “yyyymmdd”
format, were: 19950301, 19950302, 19950329, 19950928,
19960214, 19960619, 19961211, 19970515 and 19990212. Another approach is to consider the absorption depen-
Figure 9 displays a comparison between absorption anddence on the electron temperatigas this is expected to
ion velocity for the high correlation period days. The dia- show a more direct effect on absorption through collision
gram format is the same as for each panel in Gigdowever, frequency:AaveuTel/Z. The electron temperature in the E-
in Fig. 9the dataset is restricted to the 12:00-15:00 MLT sec-region centre, in turn, is expected to show some dependence
tor for the 9 selected days. An inverse proportionality is on the drift velocity above the velocity threshold (eDgvies
apparent in the data, similar to that observed in the 09:00and Robinson1997. Consequently, in the following analy-
15:00 MLT sectors in Figs. The red line represents a curve sis only theT, data points at a height of 111 km and above
of inverse proportionality defined by=200U;, whereA is the certain temperature threshold were considered. Simi-
the IRIS absorption andl; is magnitude of the EISCAT ion lar to Davies and Robinso(1997), the electron temperature
drift velocity. The choice of a constant in this simple model data were obtained using the alternating code technique. The
is rather arbitrary; for this study a value of 200 dB/m/s was electron and ion temperatures were derived from the separa-
selected to best represent the structuring of the data, in pation and sharpness of the two peaks in the ion acoustic spec-
ticular that the upper envelope of the data points follows thetra measured by EISCAT; no equality between them was as-
inverse proportionality curve. As will be argued later, this sumed Rishbeth and Williams1985.
feature is consistent with the notion of limiting of the current  The threshold values for temperature were determined for
by the magnetospheric generator. No significant correlatiordifferent 3-h MLT sectors as follows. The electron temper-
between the ion velocity and absorption is found in this ap-atures were plotted versus the ion drift velocity (not shown
proach though. here). These plots showed a quadratic-like temperature in-
The electron heating effects are expected to exhibit acrease with velocity but with different rates of increase for
threshold in the ion drift velocity as the two-stream instability different MLT. This result was reminiscent of the similar
(which is responsible for electron heating) is only operationalquadratic dependence found to well represent the ion acous-
when the drift velocity exceeds the ion acoustic speed. Thaic speecfszAJrBUl.2 with fitting co-efficientsA and B de-
accepted value for the threshold velocity~+€00 m/s (e.g. pendent on MLT (e.gNielsen and Schlegel 985 Makare-
Fejer and Kelley198Q and references therein). However, vich et al, 2007). In this study, we used a similar approach,
Fig. 9 showed little evidence of absorption increase with thein which a quadratic function of the forrﬂ,=C+DUi2 was
ion drift velocity (expected in the EHA mechanism) either at fitted to the data for each MLT sector. The threshold elec-
small or at large, above-the-threshold ion velocities. tron temperaturel ¥ for each MLT sector was found by

ption
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20 =~ T T T and conductances. In this study, we used a somewhat dif-

[ o o MLT ] ferent approach in which the measurements were compared
W . 24 ] and correlated within each MLT sector, Se@s-3.2 We

. . : ’ 20 | also employed a significantly larger dataset of simultaneous
15¢ ! : ) %g 7 magnetometer/riometer observations collected over 4 years
I . 8 ] to statistically investigate the current-absorption relationship

v 4 | in Sect.3.3. This approach was complemented by the hourly

0 correlation analysis of Se@.4.

4.1 Electric field and conductance control of currents

An important thing to bear in mind while interpreting the re-
sults of the current study is that riometer measurements pro-
] vide information on the particle component of conductance.
One can expect that on the dayside the correlation between
N the current intensity and total conductance (due to both solar

— radiation and precipitation) would be larger. Figéesup-

8 10 ports this assumption with most time sectors showing larger
correlation with the total conductance. The fact that in one
time sector (15:00-18:00 MLT) the correlation was signifi-

Fig. 10. Scatter plot of absorption versus the electron temperaturecantly smaller (0.25 vs. 0.37) suggests that this simple view

colour-coded in MLT. The data in each MLT sector is restricted to is not necessarily always correct.

include temperatures above the threshold electron temperature (see From above, one should be careful when drawing con-

text for details). clusions in relation to the relative importance of electric

field and conductance based on th&H, A) correlation

- . . nly. However, itis r nabl X hat th lar con-
subsituingU/ =400l o the above equaton. Abowe O HOUEIT L ecsorbe o egecthat e s co
T}, the electron temperature should be affected by the heat- g g y

. . . so that it will exceed thep(§H, U;) correlation in the sec-
ing associated with the unstable two-stream waves (see o ®@H, Ui

I . Lo
Sect.1). Thus one can further explore the electron heating%ogzsoc\gv_h 2e1r:eop ()(i/IIf_TA,g\g;;nl'\ovtvhgng 2 t(ri)lrféll)]/ i;,L:;pr;?tZ;j Ibi‘é;.

effects by restricting the absorption versus electron temperat-hat shows that the enhanced correlation due to inclusion

ture data to above-the-threshold values. .
. . . — . of the solar conductance(§ H, X1op) still does not exceed
The results of this analysis are displayed in Rigwhich : . X
. (6H, U;). By the same token, ib(8 H, A) is substantially
shows absorption versus the electron temperature colour-

coded in MLT. FigurelO shows that, overall, there appears grea_der tham 3 H, U;) (at 21:.09_09;0(.) MLT) and hence the_

. . . .particle component conductivity dominates over the electric
to be no direct relationship between the two parameters ©field, this is likely to be the case for the total conductance as
ther near the threshold (300-400K) or well above it (e.qg. ' Y

: Lo : . well, which agrees well with Figb.
>600 K). Interestingly, a possible inverse proportionality re- Another possible complication is that maanetometers pro-
lationship can be recognized, similar to that in Fig.One P b 9 P

. . . vide information on the Hall current rather than the to-
can conclude thus that little evidence of electron heating ab- .
sorption was observed in this study. _taI (Hall and Pedersen) current. However, as absorlpt|on
is closely related to the Hall conductance, the comparisons
performed in this study involve the three parameters that
4 Discussion are expected to be related via a simple proportionality rule:
Ju=XpU; B. One has to nevertheless bear in mind that in-
In this paper, the magnetic perturbations, ion velocity, andterpreting the observations in terms of the total current may
absorption were compared and the relationship between theot be so simple in some cases. One important case though
current, electric field, and conductance in the auroral regiorwhen this is possible is when the Hall and Pedersen currents
was studied. Compared to previous studies, the MLT cov-vary synchronously, which happens when they are both con-
erage was extended to all time sectors including the daytrolled by the electric field. That is, one can assume that high
side and the height-integrated characteristic of absorptiorp (8 H, U;) values imply high total-current-electric-field cor-
was used as a proxy for the ionospheric conductance infelation. This means that our results and conclusions from
stead of the conductance estimates from incoherent radarthe dayside are unlikely to be affected, which is important
Also, most of the previous statistical studies have drawnas this was the region that was less investigated in the past.
their conclusions from analysis and comparison of the averdin addition, the same approach involving the Hall current es-
aged/median MLT variations of the electric fields, currents,timates from magnetometer measurements has been adopted

IRIS Absorption, dB
|_\
o

o
ol
——

o
o
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by other researchers (el§amide and Vickrey1983, so that An extension of the conductivity-driven region into the
comparisons with their results will provide a straightforward late morning up to 09:00 MLT suggested by the present
way of verifying our results and conclusions. study is also in rough agreement with the conductivity-

Kamide and Vickrey(1983 andDavies and Lestg{1999 dominant interval of 20:00-08:00 MLT proposed 8ygino
demonstrated that on the nightside throughout the eastwardt al. (2002. These authors observed two peaks of con-
convection electrojet the electric field is the dominant fac- ductivity dominance: one near midnight and one in the late
tor and that the Hall conductance tends to dominate in thenorning around 06:00 MLT. This result also agrees well with
westward electrojet. So the transition from the eastward toour observations that showed a significant drop §H, U;)
westward electrojets is commonly believed to coincide with aat 06:00-09:00 MLT. One should note that the positive dif-
transition from electric-field- to conductance-driven currents.ference betweemw (§H, A) and p(§H, U;) in the 06:00—

In our observations, the transition between MLT sectors with09:00 MLT sector becomes even larger if solar contribu-
high and lowp (8 H, U;) occurred at 21:00 MLT in Fig6a, tion to conductance is taken into account, FéQ, so that
which is consistent with pre-midnight location of transition the above conclusion that the entire westward electrojet is
from the eastward to westward electrojets. conductivity-dominant is not affected.

Interestingly, p(8H, U;) values temporarily increased Figure6a also shows that high(s H, A) correlation starts
again at 03:00-06:00 MLT. This feature may be related toabruptly at 21:00 MLT, continues through the midnight sec-
the transition between the conductivity- and electric-field- tor, and stretches out into the morning sector where it slowly
dominant regions reported b§amide and Vickrey(1983 to declines. We believe that this slow decline may be attributed
occur in the late morning (near 03:00 MLT) within the west- to the slowly varying absorption (SVA) effecStauning
ward electrojet. Extending the same argument further t0-19964 as described below. The energetic particle precipi-
wards the dayside, one can propose that a dredi, U;) tation could easily ionise particles in the upper D- to lower
at 06:00-09:00 MLT is due to relative weakening of the elec-E-regions to which the Hall conductivity and CNA are most
tric field control in this time sector. Statisticallguginoetal.  sensitive. Satellite observations employed Qgllis et al.
(2002 showed that for allK,, conditions the electric field (1984 showed that the spectrum of drifting electrons hard-
orientation switched from southward to northward in the lateens with increasing time up to 09:00 MLT, which for the
morning sector, just prior to 12:00 MLT, which is normally same particle flux would cause a larger detected CNA and
a characteristic of a change from the westward to eastwardorrelation with the Hall current. The sharp fallas H, A)
convection electrojets. The substantial increase&H, U;) across the 09:00 MLT border is consistent with this idea. The
across the 12:00 MLT boundary and consideratieH, U;) steady decrease in correlation through the morning sector to
correlations at 09:00-21:00 MLT observed in this study thus09:00 MLT seems to be inconsistent witlollis et al.(1984),
suggest that the entire eastward convection electrojet is dormas one would expect the correlation to increase with the hard-

inated by the electric field including the dayside. ening electron spectrum. However, the decline in correlation
This is contrary to the situation in the westward electro- with increasing MLT may be related to the eventual deple-
jet that exhibited consistently large values@®BH, A) al- tion of the electron clouds drifting around the Earth east-

though variablepo (8 H, U;) correlations. The former fea- ward towards the dayside. This results in more energetic but
ture suggests that the westward electrojet is predominantijess intense precipitation, which would contribute less to the
conductivity-driven. This result disagrees somewhat withconductance. Local substorms are also more likely to occur
that by Kamide and Vickrey(1983 who demonstrated that at 19:00—04:00 MLT, which would enhance the conductance
the westward electrojet in the late morning sector is electric-and hence the current together with the CNA detected by the
field-dominant. However, this result is consistent with the IRIS at these times. Substorms thus may account, in part, for
statistical study byDavies and Lestef1999 who also did  the larger correlation observed at earlier MLT.

not observe the opposite transition within the westward elec- Coming back to the seasonal dependence of current-
trojet. An increase irp(8H, U;) observed in our study at absorption correlation, Figl revealed that the high corre-
03:00-06:00 MLT was reminiscent of this opposite transi- lation region was wider in MLT near the equinoxes than in
tion, however theo (§ H, A) value was still quite substantial summer. This may be simply due to the larger absorption
(0.65) so that, overall, it is difficult to conclude whether the values during equinoxefénta et al.1983, which is itself
electric-field-dominant region is observed within the west- possibly one of the manifestations of the Russell-McPherron
ward electrojet on a statistical basis using the EISCAT-effect Russell and McPherrori973. However, in this in-
restricted events. One possible reason is that this featurterpretation the correlations should be larger in winter than
may only be seen during substorm intervals. However, than summer as well, which is not seen in Fi§y. Another in-
results of Fig.7 based on the extended dataset showed thateresting feature that is difficult to explain is that the corre-
conductivity-dominant region is 21:00-06:00 MLT near the lations are lower near midnight 00:00 MLT and higher near
equinoxes and only 02:00—07:00 MLT in summer. Thus thedawn 06:00 MLT in summer than near equinoxes so that the
statistical behaviour near the equinoxes is in agreement witthigh-correlation region is observed at 02:00-07:00 MLT. The
Kamide and Vickrey(1983. second observation may be related to an increase in particle
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number flux on the dayside and a corresponding increase iheating absorption is observed on a statistical basis in the au-
energy flux in summer as compared to winter reported byroral zone. However, an interesting result was that in 8gg.
Liou et al.(200)) (see their plates 3-5), while the first obser- some anticorrelation was observed at 12:00-15:00 MLT and
vation appears not to have a direct counterpart in low-energyhat in Figs.5 (09:00-15:00 MLT) and®, an inverse propor-
(<10keV) particle observations. This suggests that absorptionality was present.
tion signatures of the high-energy particles, in particular in The inverse proportionality between absorption and
the context of their relationship with auroral currents, are sig-plasma velocity found in this study can be explained if a
nificantly different from their low-energy counterparts. simple model of the magnetospheric generator is used such
Our observations suggest that, on average, theas that proposed bRRobinson(1984, based on the work
conductance- (electric-field-) dominant region is centered atlone byReiff et al. (1981). In the magnetospheric gener-
00:00-03:00 (12:00-15:00) MLT. This result is consistentator model, the field-aligned currents are assumed to flow
with previous statistical studies that found that the west-in large sheets that are connected in the ionosphere by Ped-
ward electrojet centre was generally located post-midnightersen currents. The field-aligned current integrated across
(Kamide 1991). The post-midnight shift was explained by one sheet,lp, is fixed, but the magnetospheric convection
the DP2 (DP1) current system contributing to the westwardand the electric field adjust themselves to ionospheric con-
electrojet at 00:00-06:00 MLT (21:00-03:00 MLT) so that ductance variations. Therefore the Pedersen currents, which
averaging over all events shifts the westward electrojetclose the circuit in the ionosphere, are limited Jy so that
center, and hence the conductivity-dominant region centreXp E=Jp<Jy. The observed inverse proportionality rela-
from midnight to the early morning. tionship between the conductance and electric field can thus
In Fig. 6a, a similar shift (towards later MLT) is also ob- be attributed to this limit on the Pedersen current. If the cur-
served in the current-velocity correlation which is substan-rent is limited then any further increase in the electric field
tial at 09:00—-21:00 MLT. This overall rotation of the electric- must be associated with a decrease in the Pedersen conduc-
field-dominant region clockwise from the noon-midnight tance and vice versa. Later this limitation was described in
meridian could be related to the properties of the plasma conterms of the magnetospheric current generator (or source) as
vection pattern as discussed below. The high-latitude plasmapposed to the voltage generator in which the electric field
convection pattern is known to depend strongly on the direc-does not change much regardless of conductance changes
tion and magnitude of the IMB, component (e.gHeelis  (Fujii and lijima, 1987).
1984). Statistically,Ruohoniemi and Greenwa(@005 and, There are two potential problems with this interpretation
more recentlyHaaland et al(2007 demonstrated the lack though. Firstly, the simple magnetospheric generator model
of mirror-symmetry between the effects of positive and neg-suggested byRobinson(1984 would not hold in perturbed
ative IMF B,. Similar results for several events during small current systems such as that observed in the midnight sec-
B, conditions were also reported ustov et al.(1998. tor when precipitation is the main contributor to currents and
The significant shift towards earlier MLT in location of the DP1 systems are in action. Secondly, the magnetic pertur-
“throat” region (where plasma flows into the polar cap) and bations are mostly representative of the Hall currents, while
the resulting rotation in the convection cells only occurred for CNA correlates best with the Hall conductan&ef(ior et al.
positive (negative) IMRB, in the Northern (Southern) Hemi- 2007). However, the time period 12:00-15:00 MLT is away
sphere Haaland et a).2007. This implies that, on average, from the midnight sector and provided that the Pedersen and
the transition between the westward to eastward convectiofrall currents varied more or less synchronously, the sim-
electrojet occurs in the late morning sector. The results ofple model ofRobinson(1984 can be employed as a pos-
the current study are consistent with these findings, as in ousible explanation of our results. As mentioned, one can cer-
observations the transition from the conductance- to electrictainly expect the two currents to vary synchronously during
field-dominant region also occurred in the late morning, atthe high correlation periods between the current and elec-

09:00 MLT in Fig.6a. tric field. The data collected in the 09:00-12:00 and 12:00—
15:00 MLT sectors in Figb for the entire dataset also showed
4.2 Auroral absorption and electric field some evidence of inverse proportionality, which suggests that

the especially high correlation between electric fields and the
In Figs. 2e and2f absorption was compared with the ion current may not be necessary. Rather, an electric field control
velocity over the entire dataset and a negligible correla-during the late morning and early afternoon in general, could
tion found. Although one expects no direct relationship be indicative of the magnetospheric generator effect.
between absorption (conductance) and plasma convection Possible cases of electron heating absorption within the
speed (electric field), various indirect links have been pro-dataset were further investigated by considering the absorp-
posed in the past including the electron heating mechanisntion dependence on the EISCAT alternating code electron
in which absorption may exhibit an increase with the electrictemperature at 111 km above certain MLT-dependent thresh-
field (see Sectl). No such increase was seen in Figs, 2f, old value, Fig.10. Overall, there was no direct relationship
5, 9. Thus these results indicate that no evidence of electroriound between the two parameters either near the threshold
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or well above it in any MLT sector. However, a possible in-  There was no correlation found between absorption and
verse proportionality relationship could be seen in the dataglectric field for the entire dataset. Also, no significant cor-
which was reminiscent of the relationship between the ab-+elation was found for different MLT sectors, during peri-
sorption and the electric field. ods of high correlation between electric fields and current, or
for drift velocities and electron temperatures above the two-
stream instability threshold. Thus no substantial evidence of
5 Summary and conclusions electron heating absorption in the auroral zone was found.
However, an inverse proportionality was found between the
The relationship between magnetic perturbations, absorpabsorption and electric field during the high current-E-field
tion, and ion drift velocity was studied, for the first time, correlation periods and, generally, in the 09:00-15:00 MLT
using a temporal correlation analysis technique for differ- sector, which was attributed to a limit on the Pedersen cur-
ent MLT sectors. This analysis method was augmentedent imposed by the magnetospheric generator during these
by an hourly correlation analysis for individual events time intervals.
which displayed a similar MLT variation of mean and me-
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