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Abstract. We investigate a new potential technique to determine the position of
the auroral electrojet from ground-based VLF amplitude and phase measurements.
The chief advantage of this technique over conventional ground magnetometer
measurements is that it can provide data on a continental scale with a small number
of receiving stations and with a minimum of data processing. At the edge of the
auroral zone, where the electrojet current system flows, high-energy (£ > 300 keV)
precipitating electrons cause local electron density enhancements in the ionosphere
which cause phase and amplitude perturbations in VLF waves propagating in the
Earth-ionosphere waveguide. Continuous measurements of the amplitude and phase
of signals from the Omega North Dakota VLF transmitter were made in Nome,
Alaska. Using a two-dimensional model of VLF propagation which accounts for
ionospheric disturbances caused by the electron precipitation associated with the
electrojet, the amplitude and phase signatures of electrojet incursion across each
propagation path were predicted. Seventeen nights of simultaneous VLF amplitude
and phase data and ground magnetometer data were examined and catalogued based
on the degree of temporal correlation between the two data sets and the degree
to which the VLF events matched the propagation simulations. Of the nights
exhibiting activity, more than 60% exhibited excellent correlation between the
magnetometer and VLF events, and the majority of these showed good agreement
with the model results. An additional estimate of the electrojet position was
provided for one of the studied nights by field-aligned current measurements from
the Freja satellite. A comparison of these independent means of determining the

electrojet position shows that they are in good agreement for the night examined.

1. Introduction

The measurement; of the position and intensity of the
auroral electrojet is important in understanding a num-
ber of significant aspects of ionosphere-magnetosphere
coupling. The high-energy particle precipitation that
usually accompanies the electrojet [Kikuchi and Evans,
1983] is a major source of energy input into the lower
ionosphere [Chenette et al., 1993] and can cause sub-
stantial changes in the chemistry of this region [Callis et
al., 1991; Baker et al., 1993]. Additionally, it is believed
that Joule heating associated with sudden increases in
the auroral electrojet current may be responsible for
the generation of atmospheric gravity waves [Yeh and
Liu, 1974; Francis, 1974; Hunsucker, 1982]. Continuous
and real-time electrojet measurements could also help
to avoid disruptions of electric power systems caused
by geomagnetically induced currents (GICs) [Ringlee,
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1989], as occurred, for example, during an intense geo-
magnetic storm on March 13, 1989.

Conventionally, the location and intensity of the au-
roral electrojet are determined from measurements of
local magnetic field perturbations, which are assumed
to be caused by horizontal ionospheric currents. How-
ever, magnetometers are only single-point measurement
systems, and a continental-scale estimate of the auro-
ral electrojet position based on these observations re-
quires data from many stations and considerable anal-
ysis [Kamide et al., 1982].

A satellite-based technique of determining the elec-
trojet location involves the measurement of geomag-
netic field-aligned (Birkeland) currents. It has been
found that the equatorward boundary of the region 2
currents is at the same magnetic latitude as the auroral
electrojet [Zanetti et al., 1983]. From satellite magne-
tometer measurements one can detect the boundary of
the field-aligned current regions and thus infer the posi-
tion of the low-latitude boundary of the auroral electro-
jet. As this is a space-based measurement, however, it
is difficult to provide continuous monitoring of a specific
area.
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The measurement of characteristic perturbations in
the phase and amplitude of subionospherically propa-
gating VLF signals has been employed as a powerful
tool for remote sensing of localized disturbances of the
lower ionosphere [e.g., Inan et al., 1990; Burgess and
Inan, 1993]. Potemra and Rosenbergy [1973] used VLF
phase measurements to study midlatitude ionospheric
disturbances caused by electron precipitation associated
with geomagnetic storms. Kikuchi and Evans [1983]
found, from a combination of ground-based VLF phase
measurements, ground magnetometer observations, and
satellite particle precipitation data, that the precipita-
tion of E > 300 keV electrons in the auroral zone causes
VLF phase anomalies which are completely correlated
in time with auroral electrojet expansions.

These high-energy precipitating electrons penetrate
to altitudes as low as 60 km where they can generate
secondary ionization and affect the propagation of VLF
waves in the Earth-ionosphere waveguide. Hence, as
the auroral electrojet crosses a VLF great-circle prop-
agation path, the amplitude and phase of the signal at
the receiving station exhibit variations caused by this
electron precipitation. Figure 1 shows a schematic de-
scription of this process.

The VLF technique would have significant advan-
tages. compared to these other methods. Continuous
nighttime coverage over the entire northern United
States and Canada could be obtained with a few well-
placed receiving stations, compared to the tens of
ground magnetometer stations required for similar cov-
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Figure 1. Interaction between the auroral electrojet
and VLF waves. A transmitter (T) launches a VLF
signal into the Earth-ionosphere waveguide. The waveg-
uide signal propagating under the region of the electro-
jet incursion is modified due to the conductivity changes
in the ionosphere caused by the E > 300 keV electron
precipitation associated with the electrojet. The pen-
etration of the electrojet over the propagation path is
observed at the receiver (R) as phase and amplitude
variations in the VLF signal.

BRIEF REPORT

erage. Estimates of electrojet position using the VLF
technique could even be obtained over the Atlantic
Ocean, where placement of ground magnetometers is
not feasible. These differences are due to the fact that
VLF measurements can give information as to whether
the electrojet has crossed a line (or propagation path),
while magnetometer stations yield whether the electro-
jet has passed over a single point.

To illustrate the main features of this new potential
technique, we present results from the analysis of 17
nights (January 4-6 and 23-31, 1993; February 23-26
and 28, 1993) of simultaneous VLF propagation data
from a single path and ground magnetometer obser-
vations. We find that of the nights showing geomag-
netic activity over the region of interest, more than 60%
show a strong temporal correlation between the onset
of magnetic and VLF signatures seen in both the phase
and amplitude data. Additionally, on most of the well-
correlated nights, the form and magnitude of the ob-
served VLF signatures are well-predicted by those sim-
ulated using a two-dimensional VLF propagation model
[Ferguson and Snyder, 1987].

2. Details of the Study

Narrow-band observations of the signal from the
Omega North Dakota VLF transmitter were made in
Nome, Alaska in early 1993. Figure 2 shows the ge-
ographic configuration of this great circle propagation
path. This configuration was chosen so that during ge-
omagnetically quiet times, the auroral electrojet would
likely lie north of all the great circle paths, but as activ-
ity increased, the currents would move southward and
cross the paths, altering the Earth-ionosphere waveg-
uide and perturbing the VLF waves propagating
therein.

Magnetometer data over the same time period from
the College, Alaska (CMO) and Fort Simpson, North-
west Territories (FSP) stations (see Figure 2) were also
examined for evidence of the auroral electrojet. These
stations are critically located near the point of highest
geomagnetic latitude on the VLF propagation paths,
which is where we expect the electrojet to initially cross
the VLF paths. We expect the onset of magnetometer
and VLF electrojet signatures to occur nearly simulta-
neously for this particular configuration.

In order to predict the nature of the VLF ampli-
tude and phase signatures caused by the presence of
the auroral electrojet over the VLF paths, the LWPC

two-dimensional VLF propagation model [Ferguson and
Snyder, 1987) was employed. This model incorporates
realistic values of ground conductivity, ionospheric elec-
tron density, and ionospheric electron-neutral collision
frequency over the great circle propagation path. De-
tails of the modeling are discussed in section 3.

Armed with these predicted signatures, we examined
the magnetometer and VLF data over 17 nighttime pe-
riods for which we had complete data sets (January 4-
6 and 23-31, 1993; February 23-26 and 28, 1993) for
evidence of simultaneous signatures. The results were
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Figure 2. Geographlc configuration of VLF trans-
mitter, VLF receiver, and magnetometer stations used
in this study. The signal from the Omega North
Dakota VLF transmitter (OND, 13.1 kHz, La Moure,
North Dakota) was monitored with a receiver in Nome,
Alaska (NO). The dark line indicates the VLF great-
circle propagation path from the transmitter to the re-
ceiver. Magnetometer data from stations in College,
Alaska (CMO) and Fort Simpson, Northwest Territo-
ries (FSP) were also used. Also shown are the footprints
at 100 km altitude of the L=7 (MLAT=68°) and L=4

(MLAT'=60°) field lines, nominally representing the po-
sition of the equatorward edge of the electrojet during
magnetically quiet and disturbed times, respectively.

summarized briefly in section 1, and section 4 contains
further statistics and analysis as well as figures showing
the actual data from representative nights.

Additionally, during one of the time periods exam-
ined, the Freja satellite passed over the area of interest
at the same time as the electrojet was starting to cross
over the OND-NO path. An analysis of the Freja mag-
netic field data provides another independent measure-
ment of the southern edge of the electrojet by measur-
ing the position of the region 2 field-aligned currents.
This additional independent measure of electrojet posi-
tion is shown to be consistent with that obtained from
the VLF data, further strengthening the VLF-electrojet
connection.

3. Simulation Results

As the VLF propagation model is two-dimensional
in nature (i.e., no variations transverse to the propa-
gation path), the incursion of the electrojet over each
propagation path is modeled as a segment of the Earth-
ionosphere waveguide with a perturbed electron density
profile caused by the intense electron precipitation. As
the electrojet moves southward, more of the path is
under the disturbed region of the ionosphere, and we
mode] this motion by increasing the length of the per-
turbed waveguide segment. Figure 3 shows the ambient
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Figure 3. The two electron density profiles used in
our simulation. The solid curve is typical of an ambient
nighttime density profile, and the dashed curve is the
assumed dénsity profile under the electrojet-associated
electron precipitation. This latter profile has been cal-
culated from the precipitating electron flux and electron
energy spectrum reported by Kikuchi and Evans [1983]
using the ion-pair production model of Rees [1963] and
D region chemistry model of Glukhov et al. [1992].

and perturbed electron density profiles used for the sim-
ulation. The perturbed profile was calculated using the
ion-pair production model of Rees [1963], the D region
chemistry model of Glukhov et al. [1992], and the pre-
cipitating electron flux and electron energy spectrum
measured on NOAA 6 during electrojet crossings and
reported by Kikuchi and Evans [1983)].

Figure 4 shows the simulated VLF amplitude and
phase variations (on a linear scale) as a function of
the extent of the electiojet incursion over the propa-
gation path. As the electrojet expands southward, as

gg onset of —
%0 ~= [ncursion i 13.1kHz
30 e OND at
20 v Nome,
10 e phase
0 D il (degrees)
2000
13.1 kHz
OND at
1000 Nome,
uncalibrated
amplitude
g 0 500 1000 1500 2000

auroral electrojét incursion over path, km

Figure 4. Simulated VLF linear amplitude and phase
versus the length of the electrojet incursion over the
VLF great circle path. These are the amplitude and
phase signatures that are expected at each receiver
when the electrojet crosses each propagation path.
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it would during a substorm event, the length of the in-
cursion is an approximate measure of time. Thus the
VLF amplitude and phase variations plotted in Fig-
ure 4 correspond to the temporal variations we expect
to observe as the electrojet crosses over the propagation
paths shown in Figure 2.

4. Simultaneous VLF and Ground
Magnetometer Data

4.1. Summary

As mentioned above, a total of 17 nights of com-
plete VLF and magnetometer data were examined in
this study. The complete period examined each night
was from 0300 to 1200 UT (for reference, local mid-
night in College is 0950 UT and in Fort Simpson is
0810 UT). Of these 17 nights, four of them produced
quiet magnetometer data from 0300 to 1000 UT at both
the CMO and FSP stations. Although some of these
nights did show activity after 1000 UT, we officially des-
ignated these nights “quiet” due to the extended period
without significant magnetometer activity. The simul-
taneous VLF amplitude and phase data for these four
quiet nights showed a similar lack of significant activity.
It should be noted that there was an exact one-to-one
correspondence between the quiet magnetometer nights
and the quiet VLF nights; on any night when one of
the data sets showed an event between 0300 and 1000
UT, the other did as well. Data from a representative
quiet night (January 23, 1993) are shown in Figure 5.
The VLF amplitude data on this night do show a no-
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Pigure 5. Shown is the magnetometer (Bx and Bgz)
and VLF (amplitude and phase) data from 0300-1000
UT for a representative quiet night (January 23,1993).
The magnetometer data are totally quiet, and the VLF
data show no ¢ombined amplitude and phase signatures
that are indicative of electrojet activity over the OND-
NO path.
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Table 1. Classification of Nights Based on Character-
istics of VLF and Magnetometer Data

Classification Number of Nights
Total nights in study 17
Nights quiet from 0300-1000 UT 4
Good time correlation and

good match to simulations 5
Good time correlation and

poor match to simulations 3
Poor time correlation 5

table amplitude decrease commencing at 0700 UT that
is similar to the model predictions, and the VLF data
from the other three quiet nights do show some am-
plitude decreases and some phase advances, but never
simultaneously. On the nonquiet nights, we found that
each of the VLF signatures correlated with magnetome-
ter activity contain both an amplitude decrease and a
phase advance. Therefore we require a simultaneous
VLF amplitude decrease and phase advance to denote
a VLF event.

This leaves 13 nights of observations when there was
significant activity in both the magnetometer and VLF
data. These nights can be subdivided into three groups,
based on both how well-correlated in time the event
onsets are from the two main data sets and on how
well the observed VLF signatures match the simulations
shown in section 3. For five of the nights, we found ex-
cellent temporal correlation between VLF events and
magnetometer events and good agreement between the
observed and simulated VLF amplitude and phase sig-
natures. For three of the nights, we found good tem-
poral correlation between VLF events and magnetome-
ter events but minimal similarity between the observed
and simulated VLF signatures. For the remaining five
nights, the temporal correlation of magnetometer events
and VLF events was rather poor. These results are sum-
marized in Table 1.

4.2. Examples

We now show some representative nights of data from
the different classifications shown in Table 1. Figures 6-
8 show simultaneous magnetometer and VLF data from
February 23, 1993, January 30, 1993, and February 26,
1993, all of which showed good time correlation between
the VLF and magnetometer events and had good agree-
ment between the theoretical and observed VLF sig-
natures. On February 23, 1993, an OND amplitude
decrease and phase advance commence simultaneously
at 0925 UT, and the maximum amplitude decrease and
phase advance (which occur simultaneously at 0955 UT)
of 40% and 40°, respectively, agree well quantitatively
with the simulations. The exact onset of the magne-
tometer events is difficult to ascertain, but both the
CMO and FSP data show the onset of a significant
electrojet expansion around 0915 UT. The FSP data do
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Figure 6. Simultaneous VLF and ground magnetome-
ter data from February 23, 1993. Arrows mark the onset
of VLF events. This night exhibited good correlation
between the two data sets and a good match of the VLF
data to the simulated data shown in Figure 4.

show some small activity as early as 0800 UT, but this
is fairly minor and does not indicate that the electrojet
had come near the VLF path.

The January 30 data show two distinct VLF events
occurring at 0415 and 0825 UT. The first event con-
cerns the premidnight eastward electrojet. The FSP
and CMO magnetometer data show event onsets at 0405
and 0425 UT, respectively. This progression is expected
for a north to south electrojet expansion, for as seen in
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Figure 7. Simultaneous VLF and ground magnetome-
ter data from January 30, 1993. Arrows mark the onset
of VLF events. This night exhibited good correlation
between the two data sets and a good match of the VLF
"data to the simulated data shown in Figure 4.
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Figure 8. Simultaneous VLF and ground magnetome-
ter data from February 26, 1993. Arrows mark the onset
of VLF events. This night exhibited good correlation
between the two data sets and a good match of the VLF
data to the simulated data shown in Figure 4.

Figure 2, the FSP station is farthest north (geomagnet-
ically), in the middle is the OND-NO path, and south-
ernmost is the CMO station. This particular event has
a more substantial VLF amplitude decrease relative to
the magnitude of the phase advance when compared
to the simulations, indicating perhaps a different per-
turbed electron density profile. The relatively small
magnitude of the magnetometer perturbations (com-
pared to the events on other days) for this 0405 UT
event also suggest that the event is different from the
typical electrojet expansion seen in this data set. The
VLF event at 0825 UT is a better match to the model,
exhibiting at maximum 30% amplitude drop with a 30°
phase advance. The CMO magnetometer data show an
electrojet event onset at 0930 UT, and the FSP data,
though a bit noisy and difficult to interpret, show elec-
trojet activity beginning at approximately 0800 UT.
These data are consistent with the plausible physical
picture of the westward electrojet moving slowly south-
ward, crossing FSP at 0800 UT, crossing the OND-NO
path at 0830 UT, then temporarily stopping its south-
ward motion and rotating with local midnight to appear
over the CMO station at 0930 UT.

The February 26 data show a VLF amplitude de-
crease and phase advance onset at 0620 UT. The magne-
tometer data on this night is particularly interesting, as
the FSP data show a sudden electrojet event over the
station beginning at about 0610 UT, while the CMO
station, 1400 km away, shows no significant activity at
all, indicating a very local electrojet expansion. This
highlights both the main advantage and disadvantage
of VLF-based electrojet monitoring; very local events
are captured with a single receiver station, but it is
difficult to ascertain where along the path the event oc-
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Figure 9. Simultaneous VLF and ground magnetome-
ter data from February 28, 1993. Arrows mark the on-
set of VLF events. This night exhibited good temporal
correlation between the VLF and magnetometer signa-
tures, but the observed VLF data were poor matches to
the simulations.
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curred without data from additional great circle paths.
A night (February 28, 1993) showing good temporal
correlation between the VLF and magnetometer data
but a poorer match of the VLF signatures to the model
is shown in Figure 9. The magnetometer data are unam-
biguous on this night; a strong electrojet moved south
over both stations nearly simultaneously at 0835 UT,
with the center of the electrojet currents passing over
FSP at 1005 UT and CMO at 1015 UT (at these times,
the perturbation in By is a maximum while that in Bz
is zero). The VLF phase data show a rapid (15 min)
phase advance of 50° starting at 0832 UT, while the
amplitude data show a rapid decrease commencing 0832
UT followed by a equally rapid recovery which begins
at 0840 UT when the phase advance is 30°. This VLF
signature is different from both the model predictions
(Figure 4) and the events shown in Figures 6-8; however,
it still meets the VLF event criterion defined earlier and
is well-correlated with the magnetometer events. The
amplitude increase at 0825 UT comes clearly before the
start of the phase advance when viewed with higher
time resolution, and for this reason it is not interpreted
as part of the electrojet-associated VLF signature.
Data from a night in the poorly correlated group
(January 6, 1993) are shown in Figure 10. The data
show a number of magnetometer and VLF events, but,
in contrast to the nights shown previously, the tem-
poral correlation between them was rather poor. The
FSP magnetometer data show three distinct electrojet
movements over the station at 0520, 0635, and 1015 UT,
and the CMO data show minor activity commencing at
0515, 0700, and 1010 UT. The VLF data show a strong
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amplitude and phase event at 0455 UT and another at
1015 UT. However, the clearest VLF event, at 0455 UT,
occurs 20 min prior to any activity seen in the magne-
tometer data. One explanation of this time difference
is that a very local electrojet event occurred directly
between the magnetometer stations (although closer to
FSP than to CMO based on the size of the magnetic
perturbations), and thus the VLF path was crossed be-
fore any measurable perturbations were observed in the
magnetometer data.

4.3. Discussion

We have shown a number of cases which exhibit a
clear temporal correlation between electrojet signatures
seen in ground magnetometer data and simultaneous
VLF amplitude decreases and phase advances. In most
cases, the agreement between the observed VLF signa-
tures and those predicted with the LWPC model is quite
good in terms of magnitude and shape. However, we do
not observe the predicted slight amplitude increase at
the onset of the event.

A possible explanation for the nights when the VLF
observations did not match the model, but the mag-
netometer/VLF event time correlation was good is re-
vealed in an examination of the 3-hour Kp indices for
the period studied. The three nights in this group had
the three highest Kp averages over the 12-hour period
0000-1200 UT of all the nights in the study (average
Kp > 4 for these nights), indicating that the geomag-
netic activity on these nights was higher than usual.
Since these nights were markedly different from the ma-
jority in terms of the overall level of geomagnetic activ-
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Figure 10. Simultaneous VLF and ground magne-
tometer data from January 6, 1993. Arrows mark the
onset of VLF events. This night exhibited rather poor
temporal correlation between the VLF and magnetome-
ter signatures, as the VLF event at 0455 UT precedes
any magnetometer activity by 20 min.
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ity, it seems likely that the intensity and energy spec-
trum of the electrojet-associated electron precipitation
was also different from the usual, leading to different
perturbed electron density profile and a different VLF
signature.

The data on the five nights with poor temporal cor-
relation also exhibited broad similarity. These nights
tended to show either multiple magnetometer and VLF
events (like the night shown in Figure 10) or magne-
tometer events with very gradual onsets, making it diffi-
cult to assign an onset time for the magnetometer event.
In both cases, however, the VLF events appeared from
20 min to more than an hour before a magnetometer
event. As mentioned above, it is possible that very lo-
cal electrojet expansions that occur between the mag-
netometer stations cause the advanced VLF event sig-
nature. The data from February 26, 1993 demonstrate
that such localized electrojet expansions to occur. We
do not believe it is very likely that an entirely unrelated
ionospheric disturbance caused a false positive event
recognition, for in the four quiet nights in the data set,
no VLF events were seen.

5. Freja Magnetometer Data On 23 Feb
1993

Quite serendipitously, on February 23, 1993, the Freja
satellite flew over southern Alaska at about 0920 UT,
which is exactly the time at which both the VLF and
magnetometer data indicated that the electrojet was
crossing the area. We can further validate the VLF
technique by comparing the estimate of the position of
the edge of the electrojet from the space-based measure-
ment and the estimate based on the VLF data. Ground
magnetometer data do not readily provide information
on the position of the edge, so this measurement is not
included in the comparison.

As mentioned above, it has been previously found
that the equatorward edge of the electrojet is at the
same magnetic latitude as the equatorward edge of the
region 2 field-aligned currents flowing in the magneto-
sphere [Zanetti et al., 1983]. Additionally, Potemra et
al. [1994] verified the latitudinal association of the elec-
trojet currents and field-aligned currents from simulta-
neous Freja and UARS measurements. Satellite mag-
netic field data directly provide the position of these
field-aligned currents.

Shown in Figure 11 is Freja magnetic field data from
February 23, 1993. This particular pass was over the
region of interest at almost exactly the same time for
which we have an estimate of the electrojet position
based on VLF and ground magnetometer data. The
data show a triangular perturbation in the Bg (east-
ward magnetic field) component between 0919:30 and
0924:45. Perturbations of this nature are usually inter-
preted as a region 2/region 1 field-aligned current pair,
and information concerning the magnitude of the field-
aligned currents and associated electrojet currents can
be extracted from measurements of this type [Potemra
et al., 1994]. As we are mainly concerned with the loca-
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Figure 11. Freja satellite magnetometer data from
February 23, 1993 between 0915 and 0945 UT. This
particular pass was directly over the VLF-estimated
position of the auroral electrojet. The eastward turn-
ing of of the magnetic field (positive perturbation in
Bg) at 0919:30 UT indicates the satellite began passing
through the region 2 field-aligned currents, and there-
fore passed over the southern edge of the electrojet, at
64.5°N geographic latitude.

tion of edge of the electrojet, we focus on the eastward
turning of the magnetic field seen by Freja at 0919:30
UT, which indicates that the satellite was entering the
downward currents comprising the premidnight side re-
gion 2 currents. Mapping the Freja geographic location
along the magnetic field, we find the footprint at 100
km altitude of the satellite path, and we infer that the
low-latitude edge of the auroral electrojet was at 65.5°N
geographic latitude at a longitude of -147°E at 0919:30
UT.

‘We can also derive an estimate of the edge of the elec-
trojet from the VLF data. We know that the edge of
the electrojet-associated particle precipitation began to
cross over the OND-NO path at 0925 UT. If we assume
that the lower edge of the electrojet follows lines of con-
stant geomagnetic latitude, we can deduce the position
of the lower edge of the electrojet at 0925 UT.

In Figure 12, we graphically show the information
concerning the electrojet position extracted from the
VLF and Freja measurements. The Freja flight path is
shown by the dashed line, and the cross marks the spot
at which it entered the region 2 currents and thus began
passing over the electrojet. The VLF-based estimate of
the lower edge is shown by the solid line. Note that the
VLF estimate is at 0925 UT and the Freja estimate is
at 0919:30 UT, so we expect the Freja estimate to be
slightly north of the VLF estimate, for both the VLF
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= = = = = Freja path with times, 23 Feb 1993
X : Edge of electrojet from Freja data, 23 Feb 1993,
0919:30 UT
: Edge of electrojet from VLF data, 23 Feb 1993,
0925:00 UT

Figure 12. A geographic view of the measurements of
electrojet position on February 23, 1993 based on the
VLF amplitude and phase data and the Freja magne-
tometer data.

slightly north of the VLF estimate, for both the VLF
and ground magnetometer data show the electrojet to
be moving south during this time period. As can be
seen in Figure 12, the two independent measurements
are completely consistent.

6. Summary and Conclusions

The possibility of determining the position of the au-
roral electrojet from measurements of subionospheri-
cally propagating VLF signals was examined. Within
the auroral zone, precipitating electrons associated with
the electrojet with E > 300 keV create secondary ion-
ization at altitudes low enough to affect the propaga-
tion of the VLF signals underneath. We examined 17
nights of VLF amplitude and phase data and ground
magnetometer data, and found that there was excel-
lent time correlation between magnetometer events and
VLF events (a VLF event being defined as a simultane-
ous VLF amplitude drop and phase advance) in eight
of the 13 nights that showed electrojet activity in the
magnetometer data. Additionally, on five of those eight
nights of good time correlation, the observed VLF sig-
natures associated with the auroral electrojet were very
similar in form and magnitude to those predicted by
the two-dimensional VLF propagation model, indicat-
ing an enhanced D region electron density profile close
to that in Figure 3. On the three nights when the VLF
data did not match the model well but did exhibit good
time correlation with the ground magnetometer data,
the Kp index was higher than on all other nights in the
study, and we suspect that the electron precipitation
was also markedly different on these nights, causing the
altered form of the VLF signature. We also found five
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nights on which the VLF /magnetometer correlation was
rather poor and inconclusive, and a number of potential
causes were discussed.

For one of the nights studied (February 23, 1993),
Freja satellite magnetometer data was also available and
provided an additional measurement of the electrojet
position. We found that the independent measurements
of the southern edge of the electrojet from the VLF and
Freja data were completely consistent.

We conclude that unique VLF phase and amplitude
changes are often associated with the appearance of
auroral electrojet activity at magnetometer sites near
the VLF propagation path. We interpret this associa-
tion as being due to the motion of the electrojet over
the propagation path. Further tests of this potential
electrojet detection technique should be carried out us-
ing at least two VLF receiving sites at each of which
multiple VLF propagation paths would be monitored.
The resultant detailed electrojet mapping could then .
be compared with similar mappings using magnetome-
ter and spacecraft data in order to provide full proof
of concept. The ability to map the auroral electrojet
from continuous ground-based measurements would be
valuable in the study of substorm phenomena, auroral
particle precipitation effects on the lower ionosphere,
and the generation mechanisms of atmospheric gravity
waves.
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