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ABSTRACT The luminous tongues tend to be narrower and having

We present ground-based electromagnetic data from the may occasionally develop into auroral torches which are
MIRACLE and BEAR networks and satellit e optical narrow, finger-like auroral forms that extend several
observations from the UVI and PIXIE instruments on the degrees of latitude poleward from the auroral oval. Inside
Polar satellit e of an omega band event over Northern the tongues which are primarily deformations of the
Scandinavia on June 26, 1998, which occurs close to the diffuse auroral boundary, also discrete aurora can be
morning side edge of a substorm auroral bulge. Our found, especially at the tongues' poleward boundary.
analysis of the data concentrates on one omega band Pulsating aurora has been observed inside torches. The
period from 0318-0327 UT, for which we use the method typical longitudinal as well as latitudinal extent of the
of characteristics combined with an analysis of the UVI tongues amounts to about 400-500 km. Omega bands
and PIXIE data to derive a time series of instantaneous, have been found to grow simultaneously over a
solely data-based distributions of the mesoscale longitudinal range of several magnetic local time (MLT)
ionospheric electrodynamic parameters with a 1-min time hours, and have also been observed simultaneously in
resolution. Our results show that zonally alternating both hemispheres (Mravlag et al., 1991).
regions of enhanced ionospheric conductances The auroral forms are drif ting eastward with velocities
(“tongues”) up to ~ 60 S and low conductance regions are ranging between 400 and 2000 ms , with a tendency of
associated with the omega bands. The tongues have a increasing drift speed with time. These velocities have
poleward extension of ~ 400 km from their base and a been found to agree closely with the local  drift
zonal extension of ~ 380 km. While they are moving velocity. During their eastward drift, the shape of the
coherently eastward with a velocity of ~ 770 ms , the auroral forms is essentially preserved, thus indicating a-1

structures are not strictly stationary. The current system of mostly stationary structure in the frame of reference
the omega band can be described as a superposition of comoving with the forms. A ground magnetometer
two parts: One consists of anticlockwise rotating Hall positioned below the periodic, stationary and moving
currents around the tongues, and Pedersen currents with a auroral omega bands measures Ps6 pulsations, i.e.,
negative divergence in their centers. The sign of this magnetic disturbances with periods of 5-40 min, and
system is reversing in the low conductance areas. It amplitudes that may vary from 10 to over 1000 nT. The
causes the characteristic ground magnetic signature. The causal relation between the auroral and the magnetic
second part consists of zonally aligned current wedges of phenomena was first pointed out by Saito (1978). The
westward flowing Hall currents and is mostly ground magnetic pulsations are most prominent in the
magnetically invisible below the ionosphere. This system magnetic Y (eastward) component, in which the maxima
dominates the field-aligned current (FAC) pattern and are more pronounced than the minima. The maxima in Y
causes alternating upward and downward FAC at the occur between respective minima and maxima in the Z
flanks of the tongues with maximum upward FAC of ~ 25 (vertical downward) component related to the same
µA m . The total FAC of ~ 2 MA are comparable to the omega band, where the Z minima are leading the Y-2

ones diverted inside a westward traveling surge (WTS). maxima by a phase shift of approximately 90 degrees. In
Throughout the event, the overwhelming part of the FAC the X (northward) component, the pulsations are also
are associated with gradients of the ionospheric often visible, but they are typically quite disturbed due to
conductances, and 66-84% of the FAC are connected with the temporal variation of the substorm electrojet intensity
ionospheric Hall currents. during the recovery phase. For more details, see the recent

INTRODUCTION

Auroral omega bands are periodic, wave-like undulations
of the poleward boundary of the morning side diffuse The MIRACLE network of ground-based instruments
aurora occurring in the recovery phase of substorms. The (Syrjäsuo et al., 1998) consists of the IMAGE
name omega bands was originally chosen by Akasofu and magnetometer network (see dots with stars in Figure 1),
Kimball (1964) with respect to the dark areas between the the renewed STARE coherent scatter radar which
poleward extending auroral waves or tongues, which measures the ionospheric electric field in the area of the
resemble the form of the inverted capital greek letter 

�
. black frame indicated in the Figure, and several all -sky

larger latitudinal extent for more intense substorms, and
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review in Paschmann et al. (2003).

INSTRUMENTATION AND OBSERVATIONS
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Figure 1.  Location of the IMAGE (dots with stars) and
BEAR (dots) magnetometer stations in Northern
Scandinavia, and the field of view of the STARE radar
(black frame).

cameras which are not used in this study due to the thus able to perform a remote diagnostic of the
northern summer light conditions. For our event on June precipitating electrons in the energy range between
26, 1998, in addition to IMAGE, data of the temporary, approximately 0.1 and 20 keV. The spatial resolution of
but very extended BEAR magnetometer network (Korja the UVI camera is nominally ~ 40 km (Torr et al., 1995),
et al., 2002) are available (see dots in Figure 1). These but wobbling of the despun platform on the Polar satellit e
two networks together provide the densest coverage of means the spatial resolution is degraded in one direction
magnetometers that has existed in Northern Scandinavia to ~ 360 km. For more details, see Germany et al. (1997;
as yet. 1998a,b).

From remote sensing of the UV- and X-ray aurora, the their different energy and absorption characteristics as
Ultraviolet Imager (UVI) and the Polar Ionospheric X-ray explained above. While the ground-based instruments
Imaging Experiment (PIXIE) onboard the Polar satellit e have a time resolution of 20 s, the UVI integration time is
can provide instantaneous global maps of the precipitating 37 s for our event. In order to make the presentation of
electrons.  and the UVI images most consistent, we have

The UVI instrument measures UV-emissions within averaged  over the UVI integration time periods in
the Lyman-Birge-Hopfield (LBH) band (140-180 nm), Figure 2.
caused mainly by the precipitating electrons impact on N . Also  shows the typical signature expected for2
When produced at altitudes below about 150 km, some of omega bands: The substorm westward (equivalent)
the LBH emissions will be absorbed by O . The amount electrojet with maximum current amplitudes of ~ 2 Am2
of absorption is determined by the O  Schumann-Runge shows a meandering behaviour such that around 0323 UT2
absorption continuum, which peaks at the shorter when a Z component minimum at the IMAGE
wavelengths and decreases with longer wavelengths. The magnetometer station KIL (data not shown) indicates that
LBH emissions are thus divided into two bands: A shorter the central “ tongue” of the omega band is above the
wavelength region of 140-160 nm denoted LBHS, with station,  exhibits an anticlockwise vorticity and
significant loss due to O  absorption, and another region vectors with larger amplitudes (up to ~ 1.3 Am ) shift2
between 160 and 180 nm, LBHL, with less loss. By polewards to ~ 71° latitude. Oppositely, around 0326 UT
taking the ratio between the intensities of the two when a Z component maximum indicates that the KIL
LBH-bands, we can estimate the average precipitating magnetometer is located in the regions between the
electron energy. As the longest wavelengths are hardly tongues, a clockwise vorticity is observed and the largest 
affected by O  absorption, the LBHL emissions are vectors are concentrated at the equatorward border of the2
further directly proportional to the incident auroral area shown in Figure 2. As can most easily be seen from
electron energy flux. Using UVI measurements, we are the  signature of the tongues, the equivalent current

The PIXIE camera measures bremsstrahlung in the
energy range between approximately 2 and 22 keV
(Imhof et al., 1995), produced by the interaction between
precipitating electrons and the nuclei of atmospheric
particles. There exist a well -established relationship
between precipitating electrons and the production of
X-rays (Evans, 1955). From the derived PIXIE X-ray
spectra, a four-parameter representation of the
precipitating electron energy spectra can be estimated,
having an electron energy range of 5-100 keV and a
spatial resolution of 600-900 km (depending on Polar
altitude). A detailed description of the procedure is given
by Østgaard et al. (2000, 2001).

In Figure 2, the spatio-temporal variation of the
magnetic field during our analysis interval has been
represented by the equivalent current vectors just below
the ionospheric plane  (e.g., Untiedt and
Baumjohann, 1993). These vectors have been derived
from the ground magnetic disturbance field using the
Spherical Elementary Current System (SECS) method
(Amm and Vil janen, 1999). During this procedure, 
is partly also derived on areas which are not in an
immediate vicinity of the ground magnetometers. The
reliabilit y of this approach has been confirmed by
Pulkkinen et al. (2003). In addition, the colour panels in
Figure 2 show the UVI measurements in the area of
Northern Scandinavia. As the UVI camera operates
alternately with the LBHL and LBHS filters for this event,
both image types are alternating in the time series. For the
full minutes around which no UVI data are available, only

 is shown. These data are arranged in three different
rows such that time proceeds from left to right. When
looking at a series of LBHL and LBHS images it is
important to keep in mind that the same ionospheric
feature may appear somewhat different in them due to
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Figure 2.  Ionospheric equivalent currents (vectors) and UVI emissions (greyscale plots) for our detailed analysis interval.
Plots around full minutes are organised from left to right with proceeding time, and according to the available
UVI image: LBHS filter: upper row; LBHL filter: lower row; no UVI images: central row. The equivalent
currents are averaged with respect to the UVI integration periods noted above each plot.

structure is moving eastward over the MIRACLE area.
From this signature, the velocity can be estimated to ~ ANALYSIS TECHNIQUES
770 m s , well in the typical range of omega bands.-1

The UVI camera on Polar observes an eastward Two techniques to derive ionospheric conductances are
moving form with enhanced intensities reaching about used for our analysis: The two-dimensional (2D) method
2.5 kR at most. This form intrudes to the southwestern of characteristics and a technique to derive the
edge of the displayed area at 0320 UT, and covers the conductances from the UVI and PIXIE data. The method
equatorial part of that area up to ~ 71° latitude as a of characteristics (Inhester et al., 1992; Amm, 1995,
southwest-northeast aligned strip at 0324 UT. This feature 1998) combines spatial data of  with data of  to
is well aligned with the westward flank of the tongue of solve a differential equation for the Hall conductance .
the omega band as determined from , and in the For this, an estimate of the Hall to Pedersen conductance
LBHS image of 0324 UT it also covers its central part. ratio  is needed. With the resulting  and the input
Outside this intensification the UVI intensities are data, the true horizontal currents  and the field-aligned
considerably smaller, particularly at the poleward side of currents  can then be calculated. This paper focuses on
our area. As is to be expected (e.g., Frey et al., 1999), the the discussion of the results of the two-dimensional
observed UVI signature is not exactly identical with the � method of characteristics for the period presented in the
type appearance typically seen in visual band optical data. previous section. The derivation of the ionospheric Hall
Still , the eastward movement of a tongue-like feature and and Pedersen conductances from UVI and PIXIE data is
the darker areas around it are clearly discernable. As the here only used for the estimation of  which is assumed
global UVI images indicate (data now shown), the omega uniform in space for a given timestep. This task is
bands shown are located at the morning side edge of the perfomed using a computer code developed by the
substorm auroral bulge. University of Maryland. The code is based on the

The STARE radar measures a mainly southward TANGLE code (Vondrak and Baron, 1976; Vondrak and
directed electric field  (data not shown), with Robinson, 1985), and it models ionospheric conductances
magnitudes varying from ~ 30 - 75 mV m  where the by taking precipitating electron energy spectra as input. A-1

largest electric field magnitudes are observed at the detailed description of the code is provided by Aksnes et
poleward edge of the omega structures. A negative al. (2002, 2004).
divergence of  is observed during the period when the
tongue of the omega band moves through the radar’s field
of view.
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HFigure 3a.  Analysis results of the method of characteristics: Hall conductance .

Figure 3b.  Analysis results of the method of characteristics: Field-aligned currents (crosses: downward currents;
squares: upward currents).
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ANALYSIS RESULTS AND DISCUSSION currents around the tongues, and Pedersen currents with a

The results of the analysis with the 2D method of system is reversing in the low conductance areas. It causes
characteristics are displayed as time series in Figure 3. the characteristic ground magnetic signature. The second
The values of  that resulted from the UVI and PIXIE part consists of zonally aligned current wedges of
analysis and which are used for the calculation are 2.75 westward flowing Hall currents and is mostly
for 0318-0319 UT, 2.4 for 0320-0325 UT, and 2.3 for magnetically invisible below the ionosphere. This system
0326-0327 UT. Figure 3a shows the resulting dominates the FAC pattern and causes alternating upward
distributions, the primary output of the method of and downward FAC at the flanks of the tongues with
characteristics, as isocontour plots. A poleward extending maximum upward FAC of ~ 25 µA m .
tongue-like region of enhanced  values, slightly tilted In the following, we analyse some aspects of the FAC
in northwest-southeastern direction, is seen to move system and the current balance in more detail: In Figure 4
eastward over the analysis region from 0319 UT to 0325 we analyse the FAC distribution at 0323 UT by
UT. The maximum conductances inside the tongue are decomposing the total FAC (compare Figure 3b) into
varying from ~ 40 to 60 S and are located most poleward
between 0321 and 0323 UT. Starting from 0326 UT, the
maximum Hall conductances in the poleward part of the
analysis area decrease, and the appearance of the where the subscript ‘h’ denotes the horizontal part of the
conductance structure becomes more diffuse. At the nabla operator, and  is the unit vector in downward
flanks on the moving tongue, regions with low  values direction. The three terms of the right-hand side of this
below 5 S are visible. Steep conductance gradients, equation are called  “ term 1” to “ term 3” here. While term
particularly in longitudinal direction, are present between 1 is related to the divergence of , terms 2 and 3 are
the tongues and the adjacent regions. The second area proportional to the gradients of the Pedersen and Hall
where enhanced conductances are observed with conductance, respectively. Term 1 contributes to upward
magnitudes comparable to the maximum ones in the FAC in the area of the enhanced conductance tongue of
tongues is the equatorward border of our analysis area, up to ~ 4 µA m  magnitude. Both terms related to the
the “base” of the omega bands. The conductance structure conductance gradients exhibit upward FAC at the western
in this region does not follow the movement of the flank of the tongue, and some downward FAC are present
tongues. at the northeastern edge of the analysis area. However,

The resulting true ionospheric currents  (not shown) term 3 related to the gradients of the Hall currents is with
are generally pointing southwestward, as a consequence upward FAC amplitudes up to ~ 20 µA m  by far
of the mostly southward electric field that generates dominating both other terms. This result underlines the
southward Pedersen and westward Hall currents. The importance of the conductance gradients for the resulting
maximum current density reaches to over 4000 mAm  in current system (as for uniform conductances only term 1-1

the area of the tongues of conductance enhancements would be non-zero), and the dominating role of the
around 0323 UT. In response to the steep conductance westward directed Hall current wedge for the FAC related
gradients, similar steep gradients in zonal direction are to our event. Note that in some studies (e.g., Sofko et al.,
also seen in , except for in the area of the base of the 1995), term 1 has been called “magnetospheric FAC”
omega bands. The most obvious difference between the while terms 2 and 3 have been named “ionospheric FAC”,
equivalent (Figure 2) and the true currents is that the later although it appears diff icult to justify such a separation in
do not show a meandering signature like the former do, terminology in a coupled system. While in those studies
but are essentially disrupted when they encounter a low term 2 and 3 are usually neglected, they contribute more
conductance area, and reappear in the subsequent high than 85%  of the total FAC in our case at 0323 UT.
conductance area again. The above result is further specified for the whole

Consequently, this change in  needs to be moderated time series of our analysis in Figure 5. The dots show the
by upward (downward) field-aligned currents  (FAC) at part of the total FAC that connect to Hall currents
the westward (eastward) flank of the high conductance ( ) in percent (scale on the right side of the graph),
regions (Figure 3b; crosses denote downward, squares integrated over the analysis area. The remainder connects
upward FAC). Alternating, meridionally aligned (with a to ionospheric Pedersen currents. Throughout the whole
slight tilt in northwest-southeast direction) sheets of FAC event, the FAC part connecting to Hall currents dominates
are visible which are comoving with the conductance with ~ 66 - 84%. The crosses denote the absolute FAC
tongue structures. The upward FAC vary in magnitude ( ) integrated over the analysis area for
between ~ 15 - 25 µA m , while the downward FAC are each timestep (scale on the left side of the graph). These-2

on average smaller and mostly do not exceed 10 µA m total absolute FAC are varying from ~ 1.5 MA in the-2

(for a more detailed discussion on the FAC balance and beginning and end of the analysed period to the maximum
current closure see below). These alternating FAC sheets value of ~ 2.3 MA at 0323 UT. We note that these values
together with the horizontal currents cause the are of a similar order of magnitude as the total upward
characteristic meandering signature observed in . FAC diverted in a westward traveling surge (WTS), the

A decomposition of the true ionospheric currents westward end of the substorm electrojet, as estimated to ~
into their curl-free, divergence-free and Laplace (i.e, curls 1 MA by Opgenoorth et al. (1983b) and ~ 2.5 MA by
and/or divergences solely outside of the analysis region) Gjerloev and Hoffman (2002). This indicates that a
parts (cf., Amm, 1996), separately performed for the Hall significant part of the substorm electrojet in the morning
and Pedersen currents (plots not shown), results into the sector is intermediately disrupted due to the zonally
following subdivision of the omega band current system alternating high and low conductance structures related to
into two parts on top of the background westward the omega bands in the morning sector of the substorm
electrojet: One part consists of anticlockwise rotating Hall auroral bulge. Generally, our results are in good

negative divergence in their centers. The sign of this
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Figure 4.  Decomposition of the total FAC density j  at 0323 UT into a term related to the divergences of the electric field�
(left panel), a term related to the gradients of the Pedersen conductance (middle panel), and a term related to the
gradients of the Hall conductance (right panel); crosses denote downward, squares upward currents; for more
details see text.

Figure 5.  Total absolute FAC in A (crosses, scale on the
left side of graph) and percent of FAC connecting to
ionospheric Hall currents in % (dots, scale on the
right side of the graph) as a function of time over the
analysis interval.

Figure 6.  Integrated upward FAC (crosses), integrated
downward FAC (squares), and integrated total FAC
(dots) in A over the analysis region, as a function of
time over the analysis interval.

agreement with the finding of Lu (2000) that the FAC An interesting open question that arises is how the FAC
connected to the Hall currents amount to ~ 30-50% of the are balanced and how the current closure in the
total FAC, seen over the whole substorm bulge. ionosphere is established. A number of earlier papers

assume explicitly or implicitly that the upward and
downward FAC associated with omega bands are purely
closed by zonally flowing ionospheric currents (e.g.,
Yamamoto et al., 1993;  Lühr and Schlegel, 1994). In this
case one would expect that if the FAC are observed in a
certain fixed region over which the omega bands are
moving in zonal direction, they would balance over one
cycle of the omega bands, except for possible small
deviations due to effects of partial non-stationarity. Figure
6 shows the integrated upward and downward FAC for
each timestep of our analysis (marked by crosses and
squares, respectively), and the integrated total FAC
(marked by dots). Except for the timesteps 0318 UT,
0326 UT and 0327 UT, the integrated total FAC are
upward throughout our event. The upward FAC tend to
get larger when the conductance tongue is in the center of
the analysis area, with a maximum of ~ 1.9 MA at 0323
UT, while the downward FAC are simultaneously
becoming smaller with a mimimum of ~ 0.5 MA at 0324
UT. (An exception is the timestep 0322 UT where part of
the FAC structure appears to move out of our analysis
region in poleward direction.) Summed up over the whole
omega band cycle, an excess of ~ 4.6 MA of upward FAC
exists, which is far too large to be explained by any non-
stationary effects. This number should be compared with
the total of ~ 11.9 MA of upward FAC summed over our
analysis period, indicating that the excess of upward FAC
amounts to ~ 39%. Therefore we conclude that the FAC
cannot be solely closed by zonally flowing ionospheric
currents, but part of the upward FAC inside our analysis
region have to be connected with downward FAC outside
of it by currents flowing in meridional direction. Given
the direction of , these additional downward FAC
regions can only be located poleward of our analysis area.

SUMMARY AND CONCLUSIONS

In this study, we have presented electromagnetic
observations from the ground-based MIRACLE and
BEAR networks and optical observations from the Polar
satellit e of an omega band event over Northern



Figure 7.  Schematic sketch of the geometry of the
westward substorm electrojet within the omega
bands: The electrojet is not meandering through the
omega band (left panel), but except for a continous
part at its base it is intermittently diverted by upward
FAC inside the tongues, and fed by downward FAC in
the dark areas, thus forming a number of small
current wedges (right panel).

Scandinavia on June 26, 1998, with a special focus on one Their feeding downward FAC at the eastern flanks of the
omega band period from 0318-0327 UT. We have tongues show magnitudes around ~ 10 µA m . These
analysed these data using the 2D method of characteristics currents are magnetically invisible below the ionosphere.
in combination with a method to derive ionospheric Both current parts mentioned are about equally strong
conductances from the UVI and PIXIE data from the with maximum current densities of ~ 1200 mA m  and
Polar satellit e, which was here used to estimate the Hall - are superposed to the background westward electrojet
to Pedersen conductance ratio. The results of this direct currents. The geometry of the westward substorm
and solely data-based analysis allow us for the first time electrojet within the omega bands is schematically
to fully resolve the spatio-temporal evolution of an omega sketched in Figure 7.
band over one full period with a 1-min time and ~ 50 km 4. For our event, an overwhelming part (e.g., > 85% at
spatial resolution. 0323 UT) of the FAC is associated with gradients of the

Our observations and analysis results can be of the ionosphere-magnetosphere coupling of omega
summarized as follows: bands. In particular our finding that zonally aligned

1. The basic properties of the omega bands analysed wedges of westward flowing Hall currents exist colocated
here agree with the findings of earlier studies. A with the conductance tongues is significant in this respect.
meandering equivalent current structure moves eastward These wedges carry a substantial amount of the total
with a velocity of ~ 770 m s , causing magnetic Ps6 westward current and cause zonally alternating FAC-1

pulsations on the ground with a period of ~ 8 min 30 s which carry integrated currents comparable to a WTS to
during the studied interval which are most clearly seen in and from the magnetosphere, and are thus dominating the
the Y and Z disturbance components. While no visual total FAC pattern of the omega bands. Although this topic
band optical observations are available, the UVI images is beyond the scope of this paper, we remark that such a
show an eastward moving intensification which is situation might be compatible with the suggestion by
approximately aligned with the westward flank of the Jørgensen et al. (1999) of large-scale oscill ations of the
region of anticlockwise vorticity of the equivalent inner edge of the tail current sheet. It would thus be of
currents. strong scientific interest to conduct a study like the

2. Except for the equatorward base region of the present one when a multi -satellit e magnetospheric mission
omega band, regions of large (up to ~ 60 S) and low (< 5 like Cluster is located in an appropriate conjugate location
S) Hall conductance are zonally alternating. The with the omega bands.
enhanced conductance “ tongues” extend ~ 400 km
polewards from the base of the omega bands and have a REFERENCES
longitudinal extension of ~ 380 km. Steep conductance
gradients are present at the zonal and poleward edges of Akasofu, S.-I., and D.S. Kimball , The dynamics of the aurora;
these regions. The conductances in the base region are 1. Instabiliti es of the aurora, J. Atmospheric Terrest. Phys.,
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ionospheric conductances, while the remaining part
associated with divergences of the electric field is small .
Between 66-84% of the FAC is connected with
ionospheric Hall currents and controlled by the gradients
of the Hall conductance. The total absolute FAC varies
between 1.5-2.3 MA and is comparable to the one
associated with a WTS. As the upward and downward
FAC are not balanced over one omega band period inside
our analysis area, we conclude that part of the upward
FAC has to be fed by downward FAC located poleward of
this area. Thus the closing currents in the ionosphere are
not flowing solely in zonal direction, but have an
(equatorward) meridional component.

5. While the structures associated with the omega
band are moving coherently eastward, they are not strictly
stationary.

In addition to the ionospheric point of view, the results
of our study have an important impact on the investigation
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