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Abstract. Goose Bay HF-radar data have been used to determine the dayside
reconnection electric field which transports energy from the solar wind into the Earth’s
magnetosphere and ionosphere. The speed of the ionospheric plasma flow perpendicular
to the open/closed boundary is determined in the rest frame of the boundary along each
of the 16 beam directions of the HF radar. The observations were made during one of
the Geospace Environment Modeling program’s boundary layer campaigns. The period
from 1200 to 1600 UT on March 29, 1992, was one of generally southward interplan-
etary magnetic field (IMF). The y component of the IMF was negative for most of the
time. Despite the generally steady IMF conditions, the merging rate observed by the radar
shows a great deal of temporal structure. The radar observations have been compared
with the results from the assimilative mapping of ionospheric electrodynamics (AMIE)
procedure. Initially, the merging inferred from the radar observations accounts for a
significant portion of the total polar cap potential drop, suggesting that a majority of the
potential drop was generated within the radar field of view and must therefore be due to
magnetic merging at the magnetopause. At the end of the period, however, the potential
drop derived from the radar measurements is distinctly less than that derived from the
AMIE procedure. At that time, however, satellite and ground magnetometer data show
that a substorm was in progress, and there is substantial evidence for a strong nightside
contribution to the polar cap potential drop. An additional feature that appears in this data
set is that the orientation of the open/closed magnetic field separatrix with respect to
magnetic latitude is well correlated to the y component of the IMF.

1. Introduction

One fundamental parameter required for accurate
~modeling of the energy flow in the coupled ionosphere-
magnetosphere system is the time variation of the cross-
polar-cap potential drop. Indeed, one of the major goals of
the boundary layer campaign of the Geospace Environment
Modeling (GEM) program is to measure the rate of mag-
netic merging along the dayside magnetopause as a func-
tion of time. There are several mechanisms that are in-
volved with the generation of the polar cap potential, but
during periods of southward interplanetary magnetic field
(IMF) the process of magnetic merging along ‘the dayside
magnetopause is certainly one of the most important. The
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other major contribution occurs through reconnection in
the geomagnetic tail, a process that often is seen episodi-
cally as part of the substorm process. A third element
arises from processes known as viscous interactions, but
these are thought to contribute only a small amount to the
cross-polar-cap potential (a few kilovolts) during periods
of southward IMF.

For southward IMF conditions, when solar wind mag-
netic field flux tubes merge with flux tubes connected to
the Earth, ionospheric plasma which had been located on

.closed magnetic field lines finds itself on open field lines.

The electric field drives the ionospheric plasma in the
antisunward direction across the polar cap. The speed at
which ionospheric plasma is transported across the open/
closed boundary (hereafter referred to as the separatrix)
provides a direct measure of the merging rate at the mag-
netopause. The dayside extent of the region where iono-
spheric plasma is transported from closed to open field
lines is referred to as the merging gap.
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The relationship between the local rate at which mag-
netic flux (F) is transported across a length dl of the
separatrix and the reconnection electric field (E,..) is given
by de la Beaujardiére et al. [1991] as

dFldt =B X v - dl = E.dl

where B is the magnetic field at the separatrix and v is the
velocity of the plasma in the frame of reference of the
separatrix. _

The transport of plasma from closed to open field lines
can take place either by the plasma convecting across
a stationary boundary, or by the boundary moving
equatorward across the plasma, or, in general, by both.
The importance of knowing the motion of the separatrix as
well as its orientation with respect to the plasma flow has
been examined by Lockwood et al. [1988] and by Lester et
al. [1990]. One of the first concentrated efforts to measure
the reconnection electric field used data from the
Sondrestrom incoherent scatter radar [de la Beaujardiére et
al., 1991]. The measurements were made by performing
elevation scans perpendicular to the Sondrestrom L shell.
The operating assumptions for this approach were that the
separatrix was oriented along the L shell and that the mo-
tion of the boundary could be described purely in terms of
a change in magnetic latitude. The location of the
separatrix was determined by the poleward boundary of
the region of auroral electron precipitation.

The approach described here (section 2) has the distinct
advantage in comparison with prior work that the orienta-
tion of the separatrix can be determined and the measure-
ments are made across the entire field of view of the ra-
dar, a span of over 2 hours of magnetic local time (MLT),
in as little as 96 s. The results (section 3) show that it is
essential to know the orientation of the boundary, which
can change substantially over relatively short time periods.

2. Data Sets and Methodology

Interplanetary Magnetic Field

March 28-29, 1992, was the Sundial/Atlas 1 campaign
period for which a number of studies have been or are be-
ing made [e.g., Lu et al., 1996; Szuszczewicz et al., 1996].
For the purposes of this study, however, the period was
also selected as part of the boundary layer campaign for
GEM. An additional reason for choosing the March 29,
1992, period was that the IMF conditions were relatively
steady. Figure 1 shows the IMF and solar wind pressure in
GSM coordinates for the period in question. No data from
the IMP 8 satellite were available prior to 1320 UT. We
note that the IMF z component was negative for the entire
interval, with a mean value around —5 nT, except for a
brief period at ~1432 UT when it became slightly positive.

Initially, the y component of the IMF was near zero,
but just before 1400 UT there was a period of about 10
min when the IMF B, became positive. After 1400 UT, B,
became more strongly negative and remained in a steady
negative condition except for two very brief excursions to
very small positive values at approximately 1430 and 1440
UT. The solar wind velocity, density, and the resulting dy-
namic pressure are shown in Figure 2. In general, the solar
wind parameters were quite steady. Small spikes in the ve-
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Figure 1. Interplanetary magnetic field IMF) data from
the IMP 8 satellite in GSM coordinates for March 29,
1992. The top panel shows the satellite position in Earth
radii. The four lower panels show the magnitude and the
three individual components of the IMF.

locity can be seen at 1330, 1528, and 1550 UT, and a
small spike in the density occurs at approximately 1415
UT. Except for the spike at 1415 UT, the dynamic pres-
sure varied by less than 1 nPa during the nearly 3 hours
from 1300-1600 UT.

Radar Data

The Goose Bay radar is a flexible coherent scatter HF
radar, which scans over an azimuth sector of approxi-
mately 52° [Greenwald et al, 1985). The radar beam can
be pointed in any one of 16 contiguous directions sepa-
rated by approximately 3.3° in azimuth. During the period
described here, the radar integrated on each beam position
for 6 s. There was a small amount of overhead required to
process the data so that the time step between successive
beams is always slightly more than the integration period,
and a full scan over all 16 beams typically required about
100 s. Along each beam, 70 contiguous range gates were
sampled, each 30 km wide. The radar used a seven-pulse
multipulse pattern to form a 17-lag autocorrelation function
at each range gate. The derivation of the physical param-
eters such as the intensity of the backscattered power, the
line-of-sight velocity, and the Doppler power spectral
width is described by Baker et al. [1995].

In addition to the data from the Goose Bay radar, con-
jugate data from the Halley radar were also examined. The
Polar Anglo-American Conjugate Experiment (PACE) is
described in detail by Baker et al. [1989]. The purpose of
the PACE experiment was to examine conjugate phenom-
ena. Unfortunately, during the period of this GEM cam-
paign, the backscattered signal observed by the Halley ra-
dar was weak, and it has not been possible to carry out
the full analysis of the data with both radars.

Again, the day examined in this study, March 29, 1992,
was one of the days chosen for the GEM boundary layer
campaign, and the interval from 1200-1600 UT (corre-
sponding to the time around MLT noon) was a period of
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Figure 2. Solar wind parameters from the IMP 8 satellite.
The top panel shows the bulk solar wind velocity in km/s,
the middle panels shows the solar wind density in cm™3,
and the bottom panel shows the derived dynamic pressure
in nPa.

good ionospheric backscatter for the Goose Bay radar.
Plate 1 shows a time series plot of the radar data
(backscattered power, line-of-sight velocity, and Doppler
spectral width) along a single azimuth. It is interesting to
note that the character of the radar backscatter shows a
significant dropout which began at approximately 1352
UT. The radar data then begin to recover starting at about
1400 UT at the lower latitudes. The period from 1352-
1400 UT corresponds to the period when the IMF By was

positive. Although the period of positive B, is brief,
Greenwald et al. [1990] showed that the convection pat-
tern clearly changes in response to the IMF B, variations
on a timescale of less than 5 min.

Magnetic latitude in Plate 1 is given in the altitude ad-

- justed corrected geomagnetic coordinate (AACGM) system,
which is an updated version of the PACE geomagnetic
coordinate system [Baker and Wing, 1989]. The software
for implementing this coordinate system is publicly avail-
able, and further information on the AACGM system can
be accessed via the World Wide Web at the uniform re-
source locator (URL) “http://sd-www jhuap.edu/RADAR/
AACGM.html.”

The top panel of Plate 1 shows that there is a region of
strong scatter that is seen almost continuously from 1225-
1600 UT. The top panel also shows structures of particu-
larly strong backscatter which propagate poleward during
the period from 1400-1500 UT. The middle panel, show-
ing the line-of-sight velocities, indicates that the region of
strong backscatter is characterized by velocities away from
the radar, that is, poleward-moving plasma.
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The bottom panel is the estimate of the width of the
Doppler power spectrum for the backscattering region.

Baker et al. [1995] have demonstrated that the width of
the Doppler power spectrum is an excellent diagnostic for
locating the equatorward boundary of the ionospheric cusp.
Specifically, they found that the equatorward edge of the
region near noon where the spectral width exceeded 150
m/s was coincident with the ionospheric cusp as defined
by the particle precipitation boundary described by Newell
and Meng [1988], a result later confirmed by Rodger et al.
[1995]. Using the spectral width criterion, the equatorward
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magnetic latitude at 1225 UT and then showed a general
equatorward motion over the next 4 hours, reaching a lati-
tude of around 72° at the end of the period.

Determination of the Convection Vectors

To determine the rate at which plasma flows across the
separatrix, it is necessary to determine the two-dimensional
plasma drift vectors. The technique described by
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sional vectors from the line-of-sight velocities was used in
this study. The errors which can result from this technique
have been discussed by Freeman et al. [1991], but it
should be noted that most of the time the results derived
from the radar scans are in very good agreement with in-
dependent measurements of the velocity vectors. In par-
ticular, even though the cusp is a particularly dynamic re-
gion and contains flows which can vary significantly over
the longitude range covered by the radar scan, the results
of Baker et al. [1990] showed excellent agreement be-
tween the vectors obtained from the radar data and the
plasma drifts measured by a simultaneous pass of the
DMSP F9 satellite.

The technique for obtaining the two-dimensional vectors
requires data over a moderate portion of the full radar
scan. In addition, the technique provides the best results
when the variations in the line-of-sight velocities are
smooth functions of the radar azimuth. The line-of-sight
velocity data were therefore averaged over three successive
scans, resulting in two-dimensional vectors determined
with a temporal resolution of approximately 5 min. Al-
though this produced excellent vectors, it necessarily led to
a loss of both spatial and temporal resolution. The impact
of these losses in resolution will be considered in more de-
tail in the discussion section.

) » U RS a 1
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Determination of the Separatrix

The determination of the separatrix between open and
closed magnetic field lines was made using a criterion
based on the estimated spectral width of the Doppler
power spectra [Baker et al., 1995]. They showed that the
equatorward edge of the region of large spectral widths is
highly correlated with the equatorward edge of the particle
precipitation region associated with the cusp [Newell and
Meng, 1988, 1989; Newell et al., 1989]. Recent work on
the cusp and low-latitude boundary layer has suggested
that the actual separatrix between open and closed mag-
netic field lines lies somewhat equatorward (~100-200 km)
of the particle precipitation boundary [Lockwood and
Smith, 1993; Newell and Meng, 1993, 1995]. However,
since the flow patterns observed during this GEM cam-
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Latitude/Time/Parameter Plots: March 29, 1992

Goose Bay Radar: BEAM 7
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Plate 1. Time series plot showing the data from a single beam (beam 7) of the Goose Bay radar.
In each panel, the time is indicated by the x axis and the magnetic latitude of the observation
point is given by the y axis. The value of the parameter is indicated by the color. The top panel
shows the intensity of the backscattered power in dB above the noise level. The middle panel
shows the line-of-sight velocity, with red and yellow indicating motion away from the radar. The
bottom panel shows the estimated width (full width at half maximum) of the Doppler power

spectrum.

paign were relatively constant over 100 km around the
boundary, a displacement of the true separatrix from that
determined by the spectral width criterion will have little
effect on the overall results.

Although there is a very strong correlation between the
regions of high spectral width and the particle precipitation
cusp, it is quite possible for an individual range gate in
the radar data to either show an unusually large spectral

width when normally the width would be narrow or vice

‘versa. A complete understanding of the spectral features of

the HF-radar data is not yet available, but certainly some
of the anomalous spectra are due to noise from other
transmitters, to extraneous backscattered power due to ech-
oes from other ranges and other pulses of the radar, and to
significant velocity shears occurring within a range-beam
cell, as illustrated by Pinnock et al. [1995]. It is beyond
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the scope of this paper to discuss these problems in any
detail. To eliminate spurious shifts in the boundary due to
these problems, the following technique was used. First,
for each radar scan, the equatorward-most range gate with
a spectral width greater than 150 m/s was located. Then a
linear function of the magnetic latitude as a function of the
magnetic longitude was fitted through the set of points. At
least five points were required (i.e., a boundary point had
to be determined on at least five beams of the scan). The
resulting boundary could then be characterized by a simple
function, giving the latitude at the center of the field of
view and the orientation of the boundary with respect to
the line of constant magnetic latitude.

Once these functions were determined, it was a simple
matter to determine the motion of the boundary along any
given radar beam. When dealing with the plasma flow
across the separatrix, the location and orientation were
smoothed with a running three-point (5-min) average in or-
der to maintain consistency with the processing of the vec-
tors. Although the fitting of the boundary points to a
smooth curve has the disadvantage of eliminating any real
- small-scale variations of the boundary as a function of
magnetic longitude, it made it possible to automate the
task of calculating the plasma flow across the boundary.
The implications of the loss of small-scale variations will
be considered in the discussion.

Determination of Plasma Flow Across the Separatrix

Once the two-dimensional flow vectors and location and
orientation of the open/closed separatrix have been deter-
mined for each 5-min period, it is a straightforward matter
to locate the vectors along the boundary and determine the
component of the flow perpendicular to the boundary. The
only complication comes in dealing with data gaps in the
vector flows which may occur at the boundary. The iono-
spheric plasma is essentially incompressible (see, for ex-
ample, the discussion of the ionospheric signature of flux
transfer events, or FTEs, by Southwood [1987]), and in the
absence of narrow field-aligned currents, which would lead
to sharp velocity shears, we would expect the plasma flow
across the separatrix to be relatively constant over distances
of the order of 100 km. Examination of the observed flow
patterns confirmed this expectation and therefore, when it
was impossible to determine a vector exactly on the bound-
ary, the nearest vector to the boundary was used, provided
that it was within 100 km of the boundary. If no vector
could be determined within a 100-km circle of the bound-
ary point, then there was a gap in the determination of the
flow. Again, the errors that might be expected from this
will be considered in the discussion section.

3. Results

As an example of one 5-min period of this study, Fig-
ure 3 shows the flow vectors determined from the line-of-
sight velocity data averaged over the period from 1437:31
to 1442:30 UT. The flow pattern is fairly uniform, and
there are two distinct areas. The equatorward area shows
flow velocities of the order of 600 m/s with a distinct
poleward component to the flow. The velocities in the
poleward region are similar in magnitude but are more L
shell aligned. The jagged line which passes through the
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Figure 3. Plasma drift vectors derived from the Goose
Bay radar data averaged over the period from 1437:31 to
1442:30 UT. The data are plotted in the altitude adjusted
corrected geomagnetic coordinate system. The location of
the most equatorward position on each beam where the
spectral width exceeded 150 mys is indicated by the jagged
line crossing the field of view from west to east. The fit-
ted position of the open/closed separatrix is indicated by
the smooth curve.

equatorward region of flow is the actual separatrix position
(as determined by the spectral width) at each beam for the
middle scan of the three that were incorporated into this
5-min average. The smooth curve through the region
shows the fitted location and orientation of the separatrix.
It is clear in this example that the flow vectors do not
change appreciably over a 100-km range, so the exact po-
sition of the separatrix is not critical to the determination
of the plasma flow across the boundary.

The location and orientation of the boundary as a func-
tion of time is shown in Figure 4. The dashed lines indi-
cate periods when the uncertainty in the location of the
boundary was particularly high because the amount of ra-
dar backscatter was small. As noted earlier, there is a gen-
eral trend of the separatrix from around 75° magnetic. lati-
tude at the start of the 4-hour period to about 72° latitude
at the end.

The orientation of the boundary varies between about
+10° to almost —40°, but most of the time it is around
—10° to —20° (a positive rotation is counterclockwise with
respect to the L shell). Although there appears to be an
oscillation in the orientation of the boundary with a period
of around 10 min, a Fourier analysis of the data does not
show any well-defined frequency. The orientation of the
boundary with respect to the lines of constant magnetic
latitude is generally from the northwest to the southeast.
The exceptions to this occur during the earliest part of the
interval of the study when no IMF data are available and
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Figure 4. Location and orientation of the open/closed
separatrix. (top) The magnetic latitude of the separatrix on
beam 7. (bottom) The orientation of the boundary with re-
spect to a line of constant magnetic latitude. Negative
angles indicate a boundary which runs from the northwest
to the southeast.

in the period around 1400 UT when the z component of
the IMF is small and B, is briefly positive.

A comparison of the boundary orientation with the IMF
suggests that the orientation of the separatrix becomes
steeper (more negative) as the y component of the IMF be-
comes more negative. In order to test this, a correlation of
the IMF and the boundary orientation was performed. A
simple correlation of the 5-min data shows only a very
weak correlation (a maximum of 0.34 for the correlation
with By). However, the quasi-periodic behavior of the
separatrix orientation does not appear to be reflected in the
IMF data. A more appropriate measure of the correlation
between the boundary orientation might therefore be found
for longer-period variations. In order to examine that pos-
sibility, the data for the boundary orientation and the IMF
were both filtered with a low-pass digital filter with a cut-
off period at 15 min. To avoid problems with the end
points of the filter, the cross correlation was restricted to
the period from 1330 to 1530 UT for the IMF data. The
boundary orientation was then correlated with the IMF
data using a sequence of lags of the boundary orientation
with respect to the IMF. The results are shown in Figure
5. The strongest correlation (0.72) occurs when the bound-
ary orientation lags the IMF B, by 1.8 min. This correla-
tion is significant at the >>99.9% level. There is also a
correlation between IMF B, and the boundary, but this re-
lationship is unphysical, as the orientation changes well
before the IMF (>5 min).

The correlations between the boundary angle and both the
ratio By/B, and the angle tan”l(By/Bx) were also examined,
but in both cases the correlations were much lower than for
either IMF component alone. On first impression, the 1.8-
min lag seems quite short, given that the satellite was about
30 Rg upstream of the Earth (~20 Rg upstream of the mag-
netopause), and several minutes of delay might be expected
between the solar wind observations and the ionospheric re-
sponse. However, the spacecraft was also about 20 Rg below
the ecliptic plane. It is quite possible with this geometry for
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the IMF variations to encounter the magnetopause before
they are observed at the IMP 8 satellite.

Once the magnetic field variations encounter the mag-
netopause, the ionospheric response near noon can be very
rapid. Clauer and Banks [1986] used the Sondrestrom in-
coherent scatter radar to examine the response of the iono-
spheric convection pattern to IMF B, variations and found
that the ionospheric response occurred on timescales of
less than 15 min. Several other studies have been carried
out using the European Incoherent Scatter (EISCAT) radar
and found even quicker response times. Willis et al. [1986]
reported a clear example when the ionospheric response to
a B, change at the magnetopause required only 4 min.
Similar results have been found by Etemadi et al. [1988]
and Todd et al. [1988]. The conjugate study by Greenwald
et al. [1990] suggested that the response of the ionospheric
convection pattern to changes in the y component of the
IMF may be even more rapid. Further support for the near
simultaneity of the IMP. 8 observations and the ionospheric
response is provide by the timing of the disappearance and
reappearance of ionospheric scatter just prior to 1400 UT
as noted earlier. '

It is of some interest to attempt to make the relation-
ship between the IMF B, component and the separatrix
orientation more quantitative, but it must be emphasized
that this is a case study for a limited period of time and
cannot be taken as a valid statistical determination of a re-
lationship between IMF and the separatrix orientation. Fig-
ure 6 shows a scatter plot of the IMF B, values versus the
corresponding boundary orientation angles. Note that we
have taken the boundary orientation angle as measured at
a lag of 1.8 min after the IMF values. Note also that
there actually appear to be two populations of points, a
group with IMF values running from about —6 nT to
about —2 nT and a second group clustered between about
—1.75 uT and O nT. If we perform a linear regression on
the total collection of points, we obtain the thin line for
the regression, which is given by the equation

Correlation

do
-20 -10 0 10 20

Lag time (minutes)
Figure 5. Cross correlation of the IMF (B) with the
separatrix orientation angle (q). The solid line shows the
correlation with B,, while the dotted and dashed lines
show the correlatlons with B, and B,, respectively. The
maximum correlation coefficient (0. 72) occurs for B, with
the boundary angle lagging the IMF by 1.8 min.
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Figure 6. Scatter plot of the separatrix arientation angle
versus the IMF B, value. The orientation angle was deter-
mined at a lag of 1.8 min. after the B, measurement. The
thin solid line shows the regression line determined from
using all the points, while the thick solid line shows the
regression obtained from only those points where

B;<—1.75 nT. :

6= —5.7+ 0.94 B,. However, if we restrict the regression
to the points with B, < —1.75 nT, we get a much steeper
relationship, 6= 8.0 + 3.8 B,.

The solar wind velocity, density, and pressure (see Fig-
ure 2) appear to be uncorrelated either with the IMF or
with the boundary latitude and orientation. Although we
would normally expect a correlation of the separatrix posi-
tion with respect to the solar wind dynamic pressure, in
this case the dynamic pressure is relatively constant and
the variations in the separatrix position and orientation ap-
pear to be controlled by the IMF variations. The correla-
tion between the IMF and the pressure at zero lag was a
low 0.09, and the maximum in the cross correlation be-
tween the boundary orientation and the pressure was 0.35
at a lag of —10 min.

The motion of the separatrix both perpendicular and
parallel to the magnetic meridian is shown in Figure 7.
The meridian component is usually larger than the zonal
component and can be comparable to the plasma velocity.
Both components show oscillatory behavior with a period
of about 10 min.

An example of the resulting plasma flow across the
separatrix is shown in Figure 8. Here the plasma flow is
presented for beam 7, which is one of the central beams
and is oriented slightly to the east of magnetic meridian.
The dotted line shows the flow in the Earth’s reference
frame, while the dashed line shows the motion of the
boundary that must be added to the flow to obtain the
flow in the reference frame of the moving separatrix. The
net result is indicated by the solid line. The gaps are due
to periods when no vectors within 100 km of the boundary
could be located. Although the motion of the separatrix
can sometimes be quite fast, the addition of the boundary
motion is usually not a very significant correction to the
plasma flow. However, around 1300 UT, the contribution
due to the boundary motion is around 20% of the total.
~Similar results were found for all the beams, reflecting the
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Figure 7. Motion of the separatrix versus time (UT) along
beam 7 of the radar. The motion in the direction of the
magnetic meridian is shown by the solid line, while the
motion along the L shell is shown by the dashed line.
Positive values are toward the pole and toward the east.

generally well-organized nature of the flow patterns. Un-
fortunately there are no IMF data for the period prior to
1315 UT, when the boundary motion is making its greatest
contribution to the flow.

Once the velocity across the separatrix is determined in
the reference frame of the boundary, the reconnection elec-
tric field in the ionosphere is determined by multiplying the
flow velocity by the magnitude of the magnetic field. Fig-
ure 9 shows the reconnection electric field for each of the
16 beams of the radar. As might be expected from the flow
pattern shown in Figure 3, the reconnection electric field
exhibits a great deal of similarity from one beam to the
next. The final step in the analysis is to integrate the

“reconnection electric field along the separatrix to determine

the potential drop within the radar field of view as a func-
tion of time. For regions where the reconnection electric
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Figure 8. Velocity of the plasma flow perpendicular to the
separatrix on beam 7 of the radar. The dotted line shows
the flow speed in the Earth’s rest frame. The dashed line
shows the correction to the speed that must be made to
convert to the rest frame of the separatrix. The resulting
plasma flow speed in the separatrix frame is shown by the
solid line. ‘



9610

Beam: 0 Beam: 1 , Beam: 2 Beam: 3
80[~ T T T 60 T T T 80 T T T 60 T T T
4t g 4ot 4ot 40t E
E E E £
> > >
£ € € H
20t 1 20 20} \ 20} / E
0 0 0 L —t ! (] I L !
12 16 12 16 12 13 14 15 16 12 13 14 15 16
Beam: 4 Beam: 5§ Beam: 6 Beam: 7
60 T T T 60 T T T 60 T T T 60 T T
aof 1 4o} o} 1 40 E
E & E &
> > > ’
£ 3 3 ‘ £
20} ] 20t 20} / 20 / A ]
0 0 0 L L . 0 A . . ’
12 16 12 16 12 13 14 5 16 12 13 14 15 16
Beam: 8 Beam: 9 Beam: 10 Beam: 11
60 T T T 60 T T T 60 T T 60 T T T
40 4} ao} 40}
/
£ & & E
>
E / € E E
20t / 20} { w ] 20} 20}
0 " 1 L 0 n I a4 0 . 0 f n 1
12 13 14 15 16 12 13 14 15 16 12 13 14 15 16 12 13 14 15 16
Beam: 12 Beam: 13 Beam 14 Beam: 15
80 T T 60 T T T 60 60 T T
~
o, 1 '] S 40} 4ot
€ ' € € £
£ t t £
20t 20t 20t 20}
0 1 ) " 0 1 L " 0 ! 1 0 " 1 L
12 13 14 15 16 12 13 14 15 16 12 13 14 15 16 12 13 14 15 16

BAKER ET AL.: HF-RADAR OBSERVATIONS OF MAGNETIC MERGING

Figure 9. The reconnection electric field as a function of time (UT) is shown for each radar
beam. Gaps indicate that a flow vector could not be found within 100 km of the separatrix on

that beam.

field could not be determined, a simple linear interpolation
through the missing points has been used. The results are
shown in Figure 10. The dashed portions of the curve indi-
cate the periods when the potential is likely to be seriously
in error, either because there were only a few points with
radar backscatter along the separatrix or because the
separatrix itself was not well determined. The symbols in-

dicate the number of points along the separatrix where the
electric field was determined (diamond, 13-16 points; plus,
9-12 points; asterisk, fewer than 9 points). Before 1345
UT, the mean potential drop determined from the radar
data is around 40 kV. At 1410 UT, the observed potential
drop is only about 25 kV, and it then shows a generally
decreasing trenamd, ending with a value of about 10 kV at
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Figure 10. The potential drop along the separatrix as a
function of time is shown by the solid and dashed line.
The dashed portions indicate periods when the reliability
of the radar data is poor, because of lack of radar back-
scatter along the separatrix. The individual points are
marked with symbols to indicate the number of points at
which radar backscatter was observed along the separatrix.
The diamonds indicate 13—-16 points, the plus signs indi-
cate 9-12 points, and the asterisks indicate fewer than 9
points. The dotted line shows the polar cap potential de-
rived from the AMIE procedure.

1600 UT.

In recent years the assimilative mapping of ionospheric
electrodynamics (AMIE) technique [Richmond and
Kamide, 1988; Richmond 1992] has been widely used in a
number of investigations [e.g., Richmond et al., 1988; Em-
ery et al., 1990; Knipp et al., 1991, 1993; Lu et al., 1994]
to examine the polar cap potential and ionospheric convec-
tion patterns. The AMIE model has been applied to the
period of this study by Lu et al. [1996] to characterize the
global convection pattern, and the polar cap potential de-
rived from this technique has also been plotted in Figure
10. For this study, AMIE used over 100 data sets from
magnetometers, DMSP ion driftmeters, and coherent ra-
dars, as well as data from the Goose Bay radar. Although
the AMIE patterns are therefore not completely indepen-
dent of the Goose Bay radar data, the changes produced
by eliminating the Goose Bay data from the AMIE runs
result in relatively small variations in the total potential
drop across the polar cap. For example, the AMIE poten-
tial drop at 1500 UT was determined to be 44 kV when
the Goose Bay radar data were included in the calculation
and 43 kV when excluded. The largest difference was
found for the potentials calculated for 1600 UT. When the
radar data were included, the potential drop was 71 kV
compared to 77 kV when the radar data were excluded, a
difference that is still less than 10%. During the initial pe-
riod of this study, the AMIE results are quite consistent
with the radar results, but during the latter half of the pe-
riod, the radar results give a polar cap potential drop of
less than half the AMIE value. A more detailed analysis of
the comparison of the radar and AMIE results will be left
to the discussion section.

‘4. Discussion

Uncertainties and Errors

The approach adopted in this study provides the first
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effort at describing the reconnection electric field over an
extended longitude in the ionosphere. The technique suf-
fers from some uncertainties arising from the determination
of the separatrix and the flow across it. Some assessment
of these uncertainties and the underlying assumptions are
discussed in this section.

The method used here requires a smooth boundary to
avoid introducing errors caused simply by noise in the ra-
dar signal. Lockwood et al. [1993] have found that there
are occasions when the separatrix boundary jumps
equatorward with no plasma motion and then moves
poleward with equal plasma flow. In the frame of refer-
ence of the separatrix, this would mean an initial burst of
poleward plasma flow (and hence magnetic flux) across
the separatrix, followed by a period when there was no
plasma flow across the separatrix. Pinnock et al. [1995]
found a case where flow bursts appeared to originate
equatorward of the separatrix boundary, which maintained
a relatively steady position, and the plasma convected rap-
idly across this stationary boundary. In the frame of refer-
ence of the boundary, these two situations are in fact quite
similar. Periods of rapid flow across the boundary were
followed by periods when the flow across the boundary
was smaller.

The question that must be addressed in the context of
this study is, how much net flux might be crossing the
real separatrix boundary as a result of equatorward and
poleward fluctuations in the latitude of the boundary over
small longitudinal distances? Figure 3 gives a good esti-
mate for the magnitude of the errors that might occur due
to localized fluctuations in the boundary. By comparing
these fluctuations from one 96-s scan to the next, we esti-
mate that a localized change in the boundary of about *2°
in latitude over a longitudinal region of 200 km might oc-
cur. If these fluctuations are true motions of the separatrix,
then the amount of flux which can be added (or sub-
tracted) would be of the order of 2 x 10° webers over a

“time period of a single scan (100 s), resulting in a voltage

of 20 kV. Thus a sudden localized expansion in the posi-
tion of the separatrix could provide a very significant con-
tribution to the potential.

However, the fluctuations we have observed in the
separatrix indicate that over the longitudinal sector covered
by the radar scan, there are approximately as many
poleward fluctuations as there are equatorward ones. Thus, -
if (as we suspect) the real boundary is relatively smooth
and most of the small-scale variations around the smooth
boundary are, in fact, due to noise in the radar signal, then
the flux added to the polar cap is very small. Alterna-
tively, if all these small-scale variations are real variations
in the boundary and, at the same time, each equatorward
fluctuation results in rapid flow of plasma across the
boundary (i.e., the picture given by Lockwood et al.
[1993]), then the flux that would be added to the polar cap
during the formation of the bulge would result in an addi-
tional 20 kV to the voltage.

In the picture given by Lockwood et al., the bulge re-
laxes back to the main boundary, and during that time
there is no flow across the boundary of the bulge. In the
calculations presented here, there is continued flow across
the smooth boundary, and thus the net magnetic flux that
is added to the polar cap will be about the same as in the
Lockwood picture. The difference is that in the Lockwood
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et al. picture all the flux is added during a very brief pe-
riod, so that a voltage spike is produced, whereas in the
calculations presented here the voltage spike would be
smoothed out over the 5-min integration period.

One source of uncertainty in the results presented
here is related to the method of determining the two-
dimensional flow vectors. The primary problem in this
context is not the uncertainties discussed by Freeman et
al. [1991], which are related to the longitudinal changes in
the flow, but rather the temporal variability. The method
used here was designed to maximize the number of vec-
tors that could be obtained. This necessitated an average
over three radar scans to generate one vector map. The
initial step in the method described by Ruohoniemi et al.
[1989] involves a least squares fit of the line-of-sight ve-
locities along an L shell to a cosine law. When doing this
fit, points which are far from the curve are discarded, and
the remaining points are refitted. A localized burst of flow
will therefore tend to be discarded. Thus, while steady
flows are usually determined very successfully by this
method, localized variations in the velocity on short
timescales are not. Note, however, that bursts of high-
speed flow, which cover a large portion of the region of
ionospheric backscatter and last for a period comparable to
one scan (100 s), will be properly incorporated into the 5-
min averages, and in that case the average flow deter-
mined by this method should be a good indication of the
average reconnection electric field for that period. By
looking at high time resolution line-of-sight data from the
PACE radars for other events [see, e.g., Pinnock et al.,
1995], the uncertainties in the velocities are estimated to
be of the order of £200 m/s over a region of 200-300 km
along the separatrix. In terms of the potential that is de-
rived from these data, the resulting error would be around
3 kV.

High time resolution studies of the cusp using the
Halley radar have [Pinnock et al., 1995] suggested the
possibility that patchy (i.e., spatially localized) merging
may result in brief, narrow equatorward extensions of the
separatrix boundary. In addition, their results suggest the
possibility that several independent events may occur si-
multaneously at more than one site on the magnetopause.
However that interpretation has been challenged by
Lockwood and Davis [1997] who suggested that the ob-
served signature could be the result of intermittent
reconnection at a single site. In this work, the analysis
technique, which utilizes the full scan information, does
not require any assumption concerning the longitudinal ex-
tent of an FTE.

Temporal and Spatial Resolution of the HF-Radar
Measurements

The technique used to estimate the velocity vectors ig-
nores patches of high-speed flow that do not cover a sig-

nificant segment along an L shell. Thus contributions to

the polar cap potential that are generated by patches of
merging whose ionospheric footprint are less than about
400 km in longitudinal extent will be missed by this
analysis, and this is true no matter how long such a local-
ized patch of merging might last. However, if a small
patch of merging resulted in the separatrix moving
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equatorward, that effect would be observed by the radar.

Similarly, brief bursts of merging on timescales less
than a single scan would only be picked up by the radar
on a few beam directions, even if the burst covers a large
spatial area. These brief bursts would be indistinguishable
from a small patch of merging, and as in the patchy merg-
ing case, such brief bursts of merging would be missed by
this analysis.

However, if a burst of merging covers more than 400
km in longitudinal extent and lasts for more than about
1 min, the 5-min average flow vectors would include the
effect of the flow burst. If a relatively steady sequence of
such bursts occurs with the time between bursts being less
than 5 min (the time average used here), then they would
be indistinguishable from steady merging and would be
considered to be quasi-steady. If such bursts are separated
by more than 10 min, we would expect to see a sudden
enhancement in the resulting potential drop whenever they
did occur, followed by a return to a lower value immedi-
ately after. The situation is more ambiguous if such bursts
occur on timescales between 5 and 10 min, or if bursts oc-
cur even faster than 5 min but -have large variations in
magnitude. An examination of Figure 10 shows that the
potential drop over the radar field of view can vary by
over 20 kV from one 5-min period to the next, indicating
that bursts of merging are occurring on timescales of less
than 10 min. Our data sampling and analysis methods do
not allow us to be more specific about the time distribu-
tion of FTEs.

Comparison of the AMIE Results With the Radar
Measurements

The Kp values for the period 1200-1600 UT on March
29, 1992, were 3- and 4—. Under these conditions, we
would expect the cross-polar-cap potential drop to be
around 60-90 kV [Heppner and Maynard, 1987]. The po-
tential drops measured by the radar reach a maximum of
just under 60 kV around 1300 UT, but the average for the
period from 1240-1340 UT is around 40 kV. Later, when
the Kp index increases, the potential determined from the
radar actually decreases. Although the potential derived
from the radar data seems to be low, detailed modeling us-
ing the AMIE technique indicates that the actual potentials
tended to be lower than what might be expected from the
Kp values. ,

Figure 11 shows the potential contours derived from the
AMIE procedure at 1300, 1400, 1500, and 1600 UT. In
each case the data used as input for the AMIE procedure
were averaged over a 10-min period centered on the hour.
The field of view of the radar is also shown in each plot.
If nearly all the cross-polar-cap potential drop is being
generated by merging on the dayside, then nearly all the
contours would have to pass through the merging gap. The
AMIE results would then indicate that the merging gap ac-
tually occupies about half the total polar cap boundary.
There are two alternatives: (1) about half the polar cap
potential drop is actually being generated by nightside
reconnection, or (2) the rather coarse grid used by the
AMIE procedure when coupled with the tendency of mag-
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Flgure 11. AMIE plots for the 10-min periods around 1300, 1400, 1500, and 1600 UT. The field
of view of the Goose Bay radar is indicated by the shaded wedge in each plot.

netometer data to integrate over distances of about 200 km
results in potential contours which are more spread out
than is actually the case. The alternatives are not mutually
exclusive, and undoubtedly, both effects are present. As
can be seen in Figure 11, many of the contours are outside
the radar field of view. If the contours are accurate in po-
sition, this would indicate that the radar should see only
about half the total AMIE potential. This is the case for
the period after 1400 UT, but before that the radar-derived
potentials are very close to the AMIE values. This strongly
suggests that the potential contours should be crowded into
a smaller dayside merging gap.

The only really anomalous results come from the 1600
UT map, when the radar data showed a very low potential
drop and the AMIE results indicated a steeply increasing
potential. As Figure 9 indicates, at 1600 UT, there were
gaps in the determination of E.. on most of the beams.
Since the points where the reconnection electric field was
measured showed rather low values, the interpolation and
extrapolation of these points to cover the field of view
would likely result in a low value of the total potential
drop. Nevertheless, an examination of the electric field
values just prior to 1600 UT suggests that the potential de-
termined by the radar would have remained low even if
reliable measurements had been available on all beams.
The AMIE contours for this period indicate that about half
the contours are inside the radar field of view.

An examination of particle data from the Los Alamos
geosynchronous satellites is shown in Figure 12. A clear
particle injection signature is seen at approximately 1515 -
UT. The AE index is shown in Figure 13, and the re-
sponse of the electrojets to the substorm particle injection
is clearly visible, with the maximum being reached at
about 1600 UT. The details of the AMIE contours are
strongly determined by the conductivity model used. A
substorm is apt to produce large variations in the auroral
conductivities, and it is therefore quite likely that the
smooth AMIE contours for this period do not accurately
reflect the true structure of the polar cap potential. The
AMIE and radar data are entirely consistent with the idea
that an important driver of convection at 1600 UT is
reconnection in the tail and that the dayside merging rate
only provides a small portion of the potential drop.

Separatrix Orientation

If one assumes the antiparallel merging model [e.g.,
Crooker, 1979] it is clear that the IMF B, will cause the
merging line on the magnetopause to be tilted with respect
to the magnetic equator. This would have no direct effect
on the orientation of the separatrix in the ionospheric,
however, since the mapping of the field line from the -
magnetopause to the ionosphere is quite independent of the
position of the merging point on that field line.
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If the merging rate across the magnetopause is not the
same, it might be possible for the merging on one side
(the dusk side for example) to proceed faster than on the
other side. Presumably, after some period of steady IMF
and solar wind dynamic pressure, the magnetopause would
reach a nonsymmetric equilibrium position. A tilt in the
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ionospheric separatrix would be the direct result. Roelof
and Sibeck [1993] have investigated the shape of the mag-
netopause as a function of IMF B, and solar wind dynamic
pressure, but to our knowledge, no one has extended that
work to include effects due to B, or B,.

It is well known that the statistical location of the par-
ticle precipitation associated with the cusp shows a By ef-
fect [Candidi et al., 1983; Newell et al., 1989]. These ob-
servations indicate that for B, negative (the conditions re-
ported here), the cusp will be shifted toward the dawn side
in the northern hemisphere. This is consistent with the fact
that the observations reported here (1200-1600 UT) cover
a period from about 0900-1300 MLT. At the same time as
the cusp is shifted to the dawn side, however, the auroral
oval itself is shifted to the dusk side [Holzworth and
Meng, 1984], a fact which is incorporated into a number .
of ionospheric convection models [e.g., Heppner and
Maynard, 1987; Hairston and Heelis, 1990]. The result is
a tilt of the cusp with respect to the nominal L shells. For
the B, <0 case, the tilt runs from the northwest to the
southeast, in agreement with the observations shown in
Figures 3 and 4. As the magnitude of By increases, so will
the tilt of the separatrix.

Although the results shown here are consistent with an
IMF B, effect, the strong correlation between B, and B,
(correlation coefficient 0.70) makes it impossible to rule
out the possibility that the effect may be partly related to
B,: The weak correlation between the separatrix orientation
and B, in comparison to the correlation with the other two

Figure 12. Electron flux data from the Los Alamos
geosynchronous satellites, 1989-046, 1987-097, 1990-095,
and 1991-080. The plot for satellite 1897-097 shows the
summed energy channels 30-300 keV, 45-300 keV, 65-
300 keV, 95-300 keV, 140-300 keV, and 200-300 keV.
The plots for the other satellites show the summed energy
channels 50-315 keV, 75-315 keV, 105-315 keV, 150-
315 keV, and 225-315 keV. The data are averaged over
approximately 1 min. The geographic longitudes of the sat-
ellites are (from top to bottom) —165.5°, —38.8°, +8.1°,
and +70.4°.



BAKER ET AL.: HF-RADAR OBSERVATIONS OF MAGNETIC MERGING

components suggests that the B, control of the angle is
negligible.

A model to explain the opposite shifts of the cusp and
the auroral oval has been given by Cowley et al. [1991],
in which the magnetic field within the ionosphere is
treated as a dipole plus a uniform field due to the IMF-
induced stresses at the magnetopause. An examination of
their Figure 5 shows that there are really two IMF effects
which would affect the cusp latitude: one is the shift due
to the y component and the other is a shift due to the x
component. In their example they used a magnitude of 6.5
nT for the x/y field. If the field were purely in the y direc-
tion the results from their Figure 5 indicate that the cusp
would be at a latitude of about 74° at 1000 MLT and at
73.75° at 1100 MLT. This would lead to a boundary
orientation of about —3°. If we were to add the effect of a
negative B, of the same magnitude (6.5 nT) a slightly in-
creased angle of about 4°-5° might result. However, in the
case reported here, the actual value of B, is only about
half the amount used by Cowley et al. [1991], so the ex-
pected magnitude of the effect should be less.

In contrast to the model proposed by Cowley et al.
[1991], Newell et al. [1989] investigated the average lati-
tude of the cusp for southward IMF on a statistical basis.
In their Figure 4b, the average latitude of the cusp changes
from just under 76° at 1100 MLT to just under 73° at
1130 MLT for the case when B,< —3 nT (appropriate to
the situation under discussion). This would lead to an
angle of around —50° for the boundary orientation.

The observed results for this event show a much larger
effect than predicted by Cowley et al. [1991], but they do
not confirm the even larger effects observed by Newell et
al. [1989] in their statistical results. The Cowley et al.
[1991] model considers only the effects of IMF on the lo-
cation of the open/closed boundary as a function of MLT
and is clearly not a complete description of all the condi-
tions that might affect the orientation of the separatrix.
Modifications to include the effects of the distortion of the
geomagnetic field due to other currents (for example the
DPY currents) and the effects of a dawn—dusk asymmetry
in the shape of the magnetopause may provide the addi-
tional effects necessary to explain the observed results. It
is difficult to determine if the Cowley model is consistent
with the variability of the boundary orientation observed
here, since their paper does not give an explicit functional
form for the position of the boundary as a function of By
and B,, nor does it give a formula to describe the variation
in the position of the separatrix as a function of IMF when
all other conditions are kept constant.

5. Future Studies

The use of ground-based radar observations to monitor
the polar cap potential would be a significant enhancement
to our ability to monitor and eventually predict space
weather. The technique described requires the determina-
tion of the orientation of the open/closed flux tube bound-
ary, the motion of that boundary, and the plasma flow
across the boundary. There is good agreement between the
polar cap potential drops derived from the HF-radar data
and the results derived using the AMIE technique on those
occasions when the majority of the potential drop occurs
over the 2-3 hours of MLT which lie within the radar
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field of view. However, since the ionospheric footprint of
the merging line appears to often be of the order of 5
hours wide [Crooker et al., 1991], the radar method often
underestimates the total potential drop. The method could
be considerably improved by using (1) higher time resolu-
tion data, here 5-min averages were used, which means
that the effects of some FTEs might have been omitted;
(2) two-dimensional vectors from the Super Dual Auroral
Radar Network (SuperDARN) radars [Greenwald et al.,
1995], eliminating the assumptions concerning the unifor-
mity of the flow required for a single radar; and (3) the
complete SuperDARN chain of radars, which would cover
a much larger range of magnetic local times and could ob-
serve the entire merging gap for much of the time. The
full SuperDARN chain would also provide important infor-
mation on the contribution of nightside reconnection to the
cross-polar-cap potential.

The orientation of the ionospheric footprint of the
merging line with respect to a constant magnetic latitude is
closely related to the y component of the IMF. The magni-
tudes observed are about an order of magnitude greater
than predicted by Cowley et al. [1991]. The difference
may be due to the effects of the DPY currents.
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