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Abstract. We present data from conjugate SuperDARN
radars describing the high-latitude ionosphere's re-
sponse to changes in the direction of IMF By during a
period of steady IMF Bz southward and Bx positive.
During this interval, the radars were operating in a
special mode which gave high-time resolution data (30 s
sampling period) on three adjacent beams with a full
scan every 3 min. The location of the radars around
magnetic local noon at the time of the event allowed
detailed observations of the variations in the ionospher-
ic convection patterns close to the cusp region as IMF
By varied. A signi®cant time delay was observed in the
ionospheric response to the IMF By changes between
the two hemispheres. This is explained as being partially
a consequence of the location of the dominant merging
region on the magnetopause, which is �8±12RE closer to
the northern ionosphere than to the southern iono-
sphere (along the magnetic ®eld line) due to the dipole
tilt of the magnetosphere and the orientation of the
IMF. This interpretation supports the anti-parallel
merging hypothesis and highlights the importance of
the IMF Bx component in solar wind-magnetosphere
coupling.

Key words: Ionosphere (plasma convection) ±
Magnetospheric physics (magnetopause, cusp, and
boundary layers; solar wind ± magnetosphere
interactions)

1 Introduction

One of the most important challenges in physics
involves understanding the process of magnetic recon-
nection. Reconnection plays a major role in the transfer

of energy and momentum between the solar wind, the
magnetosphere and the ionosphere. The consequences
of reconnection are particularly relevant to the cusp
region of the magnetosphere where magnetic ®eld lines
from the ionosphere connect directly to the boundary
of the magnetosphere and where shocked solar wind
plasma has ready access to the upper atmosphere (see
Smith and Lockwood, 1996 for a recent review of cusp-
related science). Reconnection is the major contributor
to the global magnetospheric convection process.
Measurement of this convection process in the iono-
sphere provides an insight into the global magneto-
spheric processes. The convection pattern observed in
the dayside, high-latitude ionosphere is strongly in¯u-
enced by the direction of the interplanetary magnetic
®eld (IMF) in the solar wind. The Bz component of the
IMF is the key parameter which determines the
amount of open ¯ux in the magnetosphere and the
overall magnitude of the internal ¯ow. Reconnection is
enhanced on the dayside magnetopause when the
IMF has a southward (Bz < 0) component, oppositely
directed to the Earth's geomagnetic ®eld. Under this
condition a two cell convection pattern is established in
the ionosphere. When Bz < 0, the By component has a
considerable in¯uence on the relative sizes of the two
convection cells found on the dawn and dusk sides of
the magnetosphere as well as the direction of the high-
latitude convection and the location of the convection
reversal boundary (e.g. Heppner and Maynard, 1987;
Cowley et al., 1991). When By 6� 0, the curvature in
newly opened ®eld lines is subject to a magnetic
tension force with a component in the y direction.
For By > 0, the ®eld lines in the Northern (Southern)
Hemisphere are pulled towards dawn (dusk). For
By < 0, the orientation of these ¯ows are reversed
(e.g. Greenwald et al., 1990). The picture ordered by Bz
is rather simplistic, and two cell convection patterns are
also observed when Bz is positive but By > Bz
(e.g. Freeman et al., 1993). This implies low-latitude
reconnection, but at sites far displaced from the sub-
solar point.Correspondence to: G. Chisham
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The most comprehensive studies of the variations in
ionospheric convection for di�erent IMF conditions
have presented statistical/averaged patterns describing
each IMF state (e.g. Heelis, 1984; Friis-Christensen
et al., 1985; Heppner and Maynard, 1987; Senior et al.,
1990; Rich and Hairston, 1994; Weimer, 1995;
Ruohoniemi and Greenwald, 1996). These studies have
con®rmed theoretically predicted variations in dayside
convection (e.g. Crooker, 1979; Cowley, 1981; Rei�
and Burch, 1985) and have given considerable insight
into the role of the IMF. However, it is important to
remember that the observed patterns are generally
averaged to a high degree and present a time-stationary
average picture. The observational task is made di�-
cult since the actual convection pattern can vary
greatly at times from the predicted statistical/averaged
one because of smaller-scale electric ®eld ¯uctuations
in the magnetosheath and ionosphere. To study tem-
poral changes in ionospheric convection, comparison
needs to be made with models that suggest how
ionospheric convection responds to these changes.
Cowley and Lockwood (1992) discuss the general
concepts concerning the excitation of ionospheric
convection and consider how patches of newly opened
¯ux and their associated ¯ows evolve with time
following a burst of magnetopause reconnection. Their
model envisages reconnection commencing at the
ionospheric footprint of the magnetopause reconnec-
tion x-line (sometimes known as the merging gap,
Moses et al., 1987) near magnetic local noon and
spreading tailward. Observations suggest that the speed
of this tailward expansion is between 1 and 10 kmsÿ1
depending on the magnetic local time of observation
(e.g. Lockwood et al., 1986; Todd et al., 1986; Etemadi
et al., 1988; Saunders et al., 1992). However, the speed
of the global ionospheric response to IMF changes is a
matter of current debate. Recently, Ridley et al. (1998)
and Ruohoniemi and Greenwald (1998) have reported
measurements which have been interpreted as showing
a near-instantaneous global change of the ionospheric
convection pattern. The correct interpretation is still a
matter for discussion (Lockwood and Cowley, 1999;
Ridley et al., 1999).

As yet, no studies have illustrated temporal di�eren-
ces in the ionospheric convection response between the
Northern and Southern Hemispheres. We present high-
time resolution data from SuperDARN HF radars in
both the Northern and Southern Hemispheres which
describe the high-latitude ionospheric response in the
cusp region to changes in the By component of the IMF
on 8 May, 1998. SuperDARN radars in both hemi-
spheres allow us to make conjugate measurements of
convection velocity vectors. The high-temporal resolu-
tion allows us to observe for the ®rst time a time delay
between the response in the Northern and Southern
Hemispheres. We discuss this time delay in terms of the
expanding phase front of the signal in the ionosphere
and of the predicted location of the dominant recon-
nection site on the magnetopause considering the dipole
tilt of the magnetosphere and the orientation of the
IMF.

2 Instrumentation

SuperDARN (The Super Dual Auroral Radar Network)
is a network of coherent scatter HF radars (Greenwald
et al., 1995) which measures backscatter from ®eld-
aligned decametre-scale ionospheric irregularities. The
transmitted HF radar signals are refracted towards the
horizontal as they enter ionospheric regions with higher
electron densities. If these regions contain ionospheric
irregularities, the radar signals will be backscattered
when they are propagating perpendicular to the mag-
netic ®eld. In the high-latitude ionosphere, these iono-
spheric irregularities are often present (Tsunoda, 1988).
The irregularities move with the background plasma
drift at F-region altitudes (Villain et al., 1985; Ruoho-
niemi et al., 1987) and so provide information about
large-scale convection-related processes in the radar
®eld-of-view. The SuperDARN radars are therefore a
very good diagnostic tool for studies of magnetosphere-
ionosphere coupling. The radars transmit power at a
®xed frequency in the range 8±20 MHz and from the
return signals an estimate of the variation in backscatter
power, line-of-sight Doppler velocity and spectral width
in the radar ®eld-of-view is derived (see Baker et al.,
1995 for details). Many of the SuperDARN radars have
overlapping ®elds-of-view which allow the estimation of
®eld-perpendicular velocity vectors.

This study uses high-time resolution data from three
of the SuperDARN radars, Iceland West (Stokkseyri) in
the Northern Hemisphere and Halley and Sanae in the
Southern Hemisphere. Data from the Goose Bay radar
in the Northern Hemisphere are also used to derive
velocity vectors. The Iceland West radar is located in the
southwest of Iceland (63.9�N, ÿ21:0�E) and its central
beams point 59� west of true north. The radar scan
sweeps through 16 beam positions di�ering by 3:25�. At
the time of the present study, the radar was operating in a
special mode where each beam of a normal scan was
interspersed by one of three high-resolution beams, 7, 8,
and 9. The dwell time of 5 s on each beam produced a full
scan in 3 min and each of the high-resolution beams
repeated every 30 s. In each beam, 75 range gates were
used with a pulse length of 300 ls (equivalent to 45 km)
and a lag to the ®rst range of 1200 ls (180 km). The
Halley radar located at Halley, Antarctica (75.5�S,
ÿ26:6�E), transmits towards the geomagnetic South
Pole. The operational characteristics at Halley were
similar to those at Iceland West; the three high-resolu-
tion beams being beams 2, 3, and 4 which are directed
over the geographic South Pole. Also located in Antarc-
tica is the Sanae radar (72.0�S, ÿ3:0�E) which shares a
large common ®eld-of-view with the Halley radar. Most
of the operational characteristics of the Sanae radar were
the same as at Halley; the high-resolution beams being
beams 4, 5, and 6. However, the dwell time at Sanae was
longer at 7 s leading to a full scan time of 4 min and a
repeat time of the high-resolution beams of 42 s.

Figure 1 displays the ®elds-of-view of the high-
resolution beams from the three radars for the range
gates where backscatter was observed. The geometry of
the ®eld-of-view was di�erent for each of the radars,

192 G. Chisham et al.: High-time resolution conjugate SuperDARN radar observations



resulting from the choice of high-resolution beams. The
three high-resolution beams at Iceland West observed
backscatter over a wide longitudinal extent but a narrow
latitudinal extent. In contrast, at Halley the high-
resolution beams observed backscatter over a wide
latitudinal extent but a narrow longitudinal extent. Also
shown in Fig. 1 is the movement of magnetic local noon
in the time interval of study illustrating the proximity of
all the radars to magnetic local noon. At the time of the
event, the high-time resolution beams at all of the radars
were observing some part of the cusp region, as de®ned
in the radar observations by high spectral width values
(>200 m/s) (Baker et al., 1995). The Southern Hemi-
sphere radars also observed the region just equatorward
of the cusp de®ned by lower spectral width values
(<50 m/s). Figure 1 also shows the location of four of
the Danish Meteorological Institute (DMI) array of
magnetometers along the west coast of Greenland. Data
from these magnetometers are also presented here.

3 Observations

3.1 Solar wind

During the interval presented, the WIND spacecraft was
located �210RE upstream of the Earth. Figure 2
presents the three components of the IMF in GSM co-
ordinates for the interval 1300 UT to 1530 UT on 8
May, 1998. Also shown is the solar wind dynamic

pressure derived from the solar wind proton density and
velocity. These data occurred a few hours after the
passage of a coronal mass ejection. The centre of the
interval presented in Fig. 2 is characterised by an
extended period of IMF Bz negative at which time good
backscatter was recorded by the three radars employed
in this study (this is accounting for the time delay
between the signal observed at the spacecraft and at the
Earth which will be discussed later). The interval
between the two dashed lines in Fig. 2 represents the
time interval studied in the remainder of this work. Two
of the IMF components remained approximately con-
stant throughout this interval; Bz remained negative
between ÿ4 and ÿ7 nT and Bx remained positive
between 2 and 5 nT. The By component, however,
changed from ¯uctuating between zero and slightly
negative (between 0 and ÿ3 nT) to being clearly positive
(between 5 and 6 nT). This transition in By was also
characterised by a `blip' where the By component
dropped to � ÿ5 nT for about 2 min. There is little
variation in the dynamic pressure in the interval being
studied (Fig. 2d), the maximum variations being �10%
of the average. It is unlikely that these small changes in
pressure would have a signi®cant e�ect on the iono-
spheric convection (e.g. Kaufmann and Konradi, 1969).

In a study comparing the timing of events in the
ionosphere with those in the solar wind, the estimation
of the time delay of the signals from the upstream solar
wind to the magnetosphere is of crucial importance.
These time delays are generally di�cult to estimate
accurately due to the large distance between the obser-
vations and the uncertainty concerning the evolution of
the solar wind features across this distance. The accu-

Fig. 1. Map showing the ®elds-of-view of the high-resolution beams
from the three radars used in this study. Iceland West is shown as a
bold line, Halley as a dashed line and Sanae as a dotted line. The ®elds-
of-view contain only the range gates where backscatter was observed
during the interval studied. The ®elds-of-view of the Southern
Hemisphere radars (Halley and Sanae) have been mapped to
equivalent positions in the Northern Hemisphere. The four Greenland
magnetometer stations used in this study are denoted by asterisks. The
three solid vertical lines represent the location of magnetic local noon
at 1430, 1500 and 1530 UT

Fig. 2a±d. WIND measurements of the interplanetary magnetic ®eld
components a Bx, b By , c Bz for the interval 1300 to 1530 UT on 8
May, 1998. d Shows the dynamic pressure variation for the same
interval
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racy of the time delay estimation for this event was
enhanced due to the location of the GEOTAIL space-
craft just outside the dusk bow shock. Although the
GEOTAIL data were complicated by a number of bow
shock crossings, the cross-correlation of the three
components of the IMF with those observed by WIND
yielded good correlations (correlation coe�cients �0.7±
0.8) in the By and Bz components for a time lag of
36 min. The observed IMF variations would most likely
have impinged on the sub-solar bow shock/magneto-
sheath �2±4 min before their observation at GEO-
TAIL. This narrows down the uncertainty in our timing
although arguably the best estimate of the timing comes
from looking at the changes that the radars observe in
the cusp region ionosphere. The data sets can be most
accurately aligned by considering the variations expect-
ed for di�erent IMF By conditions (Greenwald et al.,
1990). The `blip' observed in By is a particularly good
feature to help this alignment. However, we must

remember that the magnetic ®eld variations in the
magnetosheath will not be the same as in the solar wind
due to processes occurring at the bow shock and within
the magnetosheath itself. It is usual, however, that the
gross features of the solar wind variations are apparent
in the magnetosheath.

Figure 3 presents high-time resolution line-of-sight
velocity data (Vlos) for a single beam from each of the
three radars used in this study and makes a comparison
to the observed variation in IMF By as seen by WIND
(Fig. 3a). A delay of 34 min is added to the WIND By
variation to show correspondence with the Iceland West
variations (see Sect. 3.2). A series of vertical lines match
the ionospheric response at each of the radars to
features in the By variations. These vertical lines
deliniate four separate intervals of varying By condi-
tions: (1) an interval of By < 0=By � 0; (2) a transition
region where By changes from negative to positive; (3) a
By < 0 ``blip''; and (4) an interval of By > 0. The

Fig. 3a±d. Comparison of a the
By component of the interplane-
tary magnetic ®eld and the line-
of-sight velocity measurements
from b Iceland West beam 8, c
Halley beam 4, and d Sanae
beam 5. The By data in a have
been shifted by 34 min to show
correspondence to the Iceland
West data. The three solid verti-
cal lines deliniate features of the
By variation and the corre-
sponding responses as seen by
the three radars
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corresponding variations seen by each radar are de-
scribed in the following sections.

3.2 Iceland West

The Iceland West radar observed cusp region backscat-
ter between 1430 and 1520 UT on 8 May, 1998. Figure
3b presents the Vlos variation from beam 8 between 72�
and 78� latitude. Positive (negative) values represent
line-of-sight velocities which are towards (away from)
the radar. The typical velocity error at Iceland West
through this interval was in the range 50±100 msÿ1 and
the whole region of backscatter was characterised by
high spectral width values. Figure 4a, b presents the
corresponding Northern Hemisphere velocity vectors
for two 10-minute intervals of data from Iceland West
and Goose Bay. The limited nature of the Goose Bay
backscatter on this day has led to a sparsity of velocity
vectors for these intervals. The dotted lines in Fig. 4a, b
represent the ®eld-of-view of the Iceland West high-
resolution beams, and the bold vertical line represents

the location of magnetic local noon. We justify the
correspondence between the changes in Vlos (Fig. 3b)
and those in By (Fig. 3a) by picking out the following
features of the Iceland West Vlos and the Northern
Hemisphere velocity vector variation:

1. Between approximately 1435 and 1450 UT (inter-
val 1) the data are characterised by high negative Vlos at
the lower latitudes (�73±74�) smoothly varying to low
positive Vlos at the higher latitudes (�76±77�). In Fig. 4a,
which presents the velocity vectors for this interval, the
higher latitude vectors are typically directed poleward/
eastward whilst the lower latitude vectors are typically
directed poleward/westward. We interpret this change as
representing the convection reversal boundary (at ap-
proximately 75�) and the pattern observed as that
corresponding to the expected variation at the westward
edge of the afternoon convection cell in the Northern
Hemisphere for By < 0=By � 0 (Greenwald et al., 1990).
Therefore we conclude that this interval matches the
interval of IMF By < 0=By � 0 (interval 1) in Fig. 3a.

2. Between approximately 1451 and 1458 UT (inter-
val 2) the data display an increase in the magnitude of

Fig. 4a±d. The velocity vector
variation in the Northern and
Southern Hemispheres deter-
mined from the line-of-sight ve-
locity data from Iceland West
and Goose Bay in the Northern
Hemisphere and Halley and
Sanae in the Southern Hemi-
sphere. The consecutive panels
represent a a 10-min interval of
negative By in the Northern
Hemisphere, b a 10-min interval
of positive By in the Northern
Hemisphere, c a 10-min interval
of negative By in the Southern
Hemisphere, and d a 10-min
interval of positive By in the
Southern Hemisphere. The bold
lines represent the location of
magnetic local noon and the
dotted lines encompass the high-
resolution beams from Iceland
West in a, b, and the high-
resolution beams from Halley
and Sanae in c, d
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Vlos at all latitudes compared with interval 1. This
increase represents the rotation of velocity vectors
poleward of the convection reversal boundary from
being almost perpendicular to the radar line-of-sight to
being progressively more parallel to the radar line-of-
sight. This transition is clearly seen between the velocity
vectors in Fig. 4a, b, the resultant pattern matching that
expected at the westward edge of the afternoon convec-
tion cell in the Northern Hemisphere for By > 0 condi-
tions (Greenwald et al., 1990). We interpret the Vlos
variation in this interval as corresponding to the steady
change from By < 0 to By > 0 observed in the IMF.
Towards the end of interval 2, the line-of-sight velocity
decreases at all latitudes. This simply indicates that the
plasma velocity has rotated through the line-of-sight of
the radar to a more zonal direction.

3. Between approximately 1458 and 1500 UT (inter-
val 3) the data are characterised by a reduction in the
magnitude of Vlos. This reduction lasts for approximate-
ly 2 min matching the 2-min By < 0 `blip' observed in
the IMF. After this, the Vlos variation with latitude
returns to one similar to that observed before the
reduction, matching the IMF return to By > 0 condi-
tions. The temporal resolution of the velocity vector
maps does not allow the variations involved with this
`blip' to be studied in detail.

4. After 1500 UT (interval 4), the Vlos data become
variable. This may be a result of the continuing
expansion of the polar cap resulting in the convection
reversal boundary moving equatorward of beam 8, or it
may be a consequence of the ®eld-of-view rotating
further into the afternoon convection cell. However, the
velocity vectors (Fig. 4b) show that the convection
pattern remains generally as expected for By > 0 in the
Northern Hemisphere and that the Vlos variations do not
represent signi®cant changes in the velocity direction.
We conclude that this region corresponds well with the
region of By > 0 observed in the IMF.

3.3 Halley

The Halley radar observed cusp region backscatter
between 1430 and 1530 UT on 8 May, 1998. Figure 3c
presents the Vlos variation for beam 4 between ÿ67� and
ÿ76� latitude. The typical velocity error at Halley
during this interval was �0±50 msÿ1 at lower latitudes
and �50±150 msÿ1 at higher latitudes, the boundary
following closely that between the low and high spectral
width regions at � 70�±72�. Figure 4c, d presents
velocity vectors for two 10-min intervals of data from
Halley and Sanae similar to those presented for the
Northern Hemisphere. The dotted lines represent the
®eld-of-view of the Halley and Sanae high-resolution
beams. The majority of the vectors measured are in the
sub-cusp region (equatorward of the observed spectral
width and convection reversal boundaries), limiting the
interpretations which can be drawn from them. Also,
there are few vectors in the region of the Halley high-
resolution beams. However, all the velocity vector
observations suggest that we are observing the after-

noon convection cell, as in the Northern Hemisphere.
Another noticeable feature of the Southern Hemisphere
vector maps is that the velocities appear much larger
than those observed in the Northern Hemisphere. This is
discussed later. The intervals delineated by the solid
vertical lines in Fig. 3c have been shifted to illustrate
how Vlos features observed at Halley correspond to the
changes in By . We justify this correspondence by picking
out the following features of the Halley Vlos and the
Southern Hemisphere velocity vector variation:

1. Between approximately 1435 and 1455 UT (inter-
val 1), the data at Halley are characterised by low
negative Vlos at the lower latitudes (equatorward of ÿ71�
to ÿ72�) and high negative Vlos at the higher latitudes
(poleward of ÿ71� to ÿ72�). This variation is consistent
with vectors perpendicular to the beam look direction at
the lower latitudes and poleward directed vectors at the
higher latitudes. During this interval, the vectors
(Fig. 4c) are predominantly westward propagating with
an increase in velocity towards the higher latitudes.
These variations are consistent with those expected in
the afternoon convection cell in the Southern Hemi-
sphere for By < 0=By � 0 (Greenwald et al., 1990). The
limited vector coverage does not allow us to observe the
poleward turning of the vectors expected at the western
edge of the ®eld-of-view and at higher latitudes.

2. Between approximately 1455 and 1502 UT (inter-
val 2), the data display a smooth increase in Vlos towards
the lower latitudes and a decrease in Vlos at the higher
latitudes. This most likely represents the formation of
the convection reversal boundary, expected for
IMF By > 0 conditions in the afternoon convection cell
in the Southern Hemisphere (Greenwald et al., 1990).
The largest negative velocities most likely represent the
poleward velocity at the boundary at � ÿ72�.

3. Between approximately 1502 and 1504 UT (interval
3), the data show an abrupt reversal in the line-of-sight
¯ow at higher latitudes and a reduction in the ¯ow at
lower latitude. This change lasts for approximately 2 min
matching the 2-min By < 0 `blip' observed in the IMF.
After this interval, the Vlos variation returns to one
similar to that observed before the change matching the
IMF return to By > 0 conditions. The resolution of the
vector velocity maps does not allow the changes associ-
ated with the `blip' to be observed in detail. The reason
for the reversal in the Vlos variation is unclear but must
represent a disturbance in the ¯ow resulting from the
sharp change in By . However, the temporal resolution of
the radars cannot resolve such short-lived features.

4. After 1504 UT (interval 4), the Vlos variation is
consistent with a convection reversal boundary at
approximately ÿ71� (Fig. 4d) and a convection pattern
consistent with the westward edge of the afternoon
convection cell in the Southern Hemisphere for IMF
By > 0 (Greenwald et al., 1990). There is also evidence
of very high velocity ¯ow bursts (>2 kmsÿ1) (e.g.
Lockwood et al., 1995) and poleward moving forms in
the ¯ow at this time. The origin of these poleward
moving forms is unclear but they may represent the
ionospheric signature of ¯ux transfer events.
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The data from Iceland West and Halley show many
similarities corresponding to the observed changes in the
By component of the IMF. However, the corresponding
features are observed about 3±4 min later in the
Southern Hemisphere than in the Northern Hemisphere.
The possible interpretations of this delay will be
discussed later.

3.4 Sanae

The Sanae radar also observed cusp region backscatter
between 1430 and 1530 UT on 8 May, 1998, although
the latitudinal range was not as great as that observed
by Halley. Figure 3d presents the Vlos variation for
Sanae beam 5 between ÿ65� and ÿ73� latitude. The
typical velocity error at Sanae was similar to Halley. The
solid vertical lines in Fig. 3d illustrate how the Vlos
features correspond to the changes in By (Fig. 3a). The

variations observed at Sanae are very similar to those
observed at the Halley lower latitudes (although shifted
in time); the higher-latitude backscatter at Sanae is very
patchy until approximately 1505 UT. The similarity to
the Halley variations allows us to set the timing of the
response to the By changes accordingly. This highlights a
further time delay of the ionospheric response at Sanae
of �4 min compared with Halley. The possible interpr-
etations of this delay will be discussed later.

3.5 Backscatter power variations

The variations in backscatter power measured by the
high-time resolution beams on the three radars show
some interesting features (Fig. 5). Figure 5a presents the
IMF By variation shifted by 34 min as in Fig. 3a, and
the solid vertical lines deliniate the four intervals of
interest. Figure 5b presents the backscatter power

Fig. 5a±d. Comparison of a the
By component of the interplan-
etary magnetic ®eld and the
backscatter power measure-
ments from b Iceland West
beam 8, c Halley beam 4, and d
Sanae beam 5. The By data in a
have been shifted by 34 min as
in Fig. 3. The three solid vertical
lines deliniate features of the By
variation and the corresponding
responses as seen by the three
radars as in Fig. 3
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variation from beam 8 of the Iceland West radar. We
observe a band of high power (red) between 73� and 76�
magnetic latitude while By < 0=By � 0. As By turns
positive, this band disappears and the backscatter power
is predominantly low. Figure 5c presents the backscatter
power variation from beam 4 of the Halley radar. We
observe low backscatter power while By < 0=By � 0. As
By turns positive, we observe the formation of two bands
of high backscatter power, the major one centred on
ÿ72� and a minor one between ÿ68� and ÿ70�. Figure
5d presents the backscatter power variation from beam
5 of the Sanae radar. The observations are similar to
those at Halley although the higher latitude region of
strong backscatter is weaker at Sanae.

We know from the velocity vector variations that the
high-time resolution beams are observing the afternoon
convection cell in both the Northern and Southern
Hemispheres. This cell is characterised by a sharp
reversal in ¯ow (separated by the convection reversal
boundary) in the magnetic local noon sector in the
Northern (Southern) Hemisphere when IMF By < 0
(By > 0). These conditions match the intervals where we
observe the enhanced backscatter power in both hemi-
spheres and so it seems likely that this particular
con®guration of the afternoon convection cell is respon-
sible. There are two possible explanations for the regions
of enhanced backscatter. The ®rst is that we are
observing the e�ects of the upward ®eld-aligned currents
associated with the convection reversal boundary. Either
the enhanced electron precipitation associated with
these ®eld-aligned currents or the increased intensity of
the ®eld-aligned currents can lead to an increase in
irregularity formation (see Tsunoda, 1988, for a review
of ionospheric irregularity formation). However, the
Halley (and Sanae) results suggest two regions of
enhanced backscatter, the larger of which appears
slightly poleward of the convection reversal boundary
location suggested by the ¯ow velocity variations.
Another explanation is that the enhancement in irreg-
ularities is a result of a ridge of enhanced F -region
plasma which occurs in the afternoon sector due to the
oppositely directed convection and corotation electric
®elds (e.g. Pinnock et al., 1995). This could account for
both enhancements as an enhancement would be
observed twice in the same beam, once in the afternoon
cell return ¯ow at low latitude and again at higher
latitudes as the throat ¯ow region carried the enhance-
ment poleward and duskward (see Fig. 7 of Pinnock
et al., 1995). The enhanced backscatter power then
arises from either improved HF propagation (greater
spread of vertical ray angles will achieve orthogonality)
or intense irregularity formation on the edges of the
enhancement i.e. larger rNe.

3.6 Greenland magnetometers

Figure 6a±d presents the H-component (geomagnetic
north-south) magnetic ®eld variations measured on the
ground by the four Greenland magnetometers whose
locations are detailed in Fig. 1. Three of the stations are

to be found within the Iceland West high-resolution
®eld-of-view; one of these (ATU) is within the beam 8
®eld-of-view. Figure 6e presents the By component of
the IMF shifted by 34 min as in Fig. 3. Figure 6
highlights with a dashed line a peak that occurs in the
H-component variation close to the switch in the shifted
By variation. This peak occurs ®rst at the lower latitude
station and then propagates poleward, reducing in
amplitude in the process. If this peak is related to the
change in By , it could represent the poleward propaga-
tion of the ionospheric response away from the convec-
tion reversal boundary. This feature is moving poleward
at approximately 600±700 msÿ1 which is very similar to
the magnitude of the velocity vectors observed in the
Northern Hemisphere. The peak at STF (Fig. 6d) occurs
before the By change in the time-shifted By variation.
This is probably a consequence of the 34-min time shift
being chosen to coincide with the change seen in the
Iceland West radar (beam 8) which is poleward of this
station.

This observation has parallels with that of poleward
progressing geomagnetic perturbations by Stauning
et al. (1995). They correlated similar H-component
perturbations with variations in IMF By and suggested
that they resulted from poleward progressing ionospher-
ic Hall current systems related to the ®eld-aligned
current variations associated with the By changes. Our
observations of a positive enhancement in the H
component is consistent with a By change from negative

Fig. 6a±e. The H-component magnetic ®eld variation as seen by four
stations from the Greenland magnetometer chain a UMQ, b GDH, c
ATU, and d STF, for the interval of interest. e Presents the By
variation as observed by WIND shifted by 34 min as in Fig. 3
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to positive. Stauning et al. (1995) observed their H-
component variations in the same four Greenland
magnetometer stations as the present study. They
estimated a time delay in the signal propagation from
STF to UMQ of �11 min which is of the same order as
the 8 min observed in the present study. Hence it is
possible that, as in Stauning et al. (1995), this poleward
progressing H-component peak may represent a re-
sponse to changes in IMF By . The absence of a response
to the `blip' in the magnetometer data may be a
consequence of the fact that the ground magnetometer
signals represent an integration across large regions of
the ionosphere, and such short-lived phenomena cor-
respond to a small spatial scale.

Figure 6 also shows that the H-component peak
almost halves in magnitude between ATU and GDH. In
Fig. 3b, the Vlos variation as measured by Iceland West
beam 8 almost halves over the same latitude range. This
suggests that the magnetic ®eld variation is a result of a
change in the electric ®eld over this interval and not a
change in conductivity.

4 Discussion

Most of the SuperDARN radar observations presented
here can be understood using the well-established
framework which describes the e�ect of IMF By on
dayside convection (e.g. Heelis, 1984; Greenwald et al.,
1990). The changes in convection that are observed are
consistent with previous observations and this gives us
con®dence in the techniques we have used and in the
timing of the ionospheric response in both the Northern
and Southern Hemispheres. The conjugate radar obser-
vations have highlighted a time delay in the ionospheric
response between the two hemispheres to changes in
IMF By . There are three possible interpretations for this
delay: (1) the AlfveÂ n wave signal associated with the
change in By reaches both ionospheres at approximately
the same time and the delay is due to a di�erence in the
propagation time from the point of arrival in the
ionosphere to the observation region; (2) the dominant
merging region on the magnetopause is much closer to
the Northern Hemisphere ionosphere due to the dipole
tilt of the magnetosphere and the orientation of Bx
during this interval (e.g. Heelis, 1984) and so the AlfveÂ n
wave propagation time is very di�erent to the two
ionospheres; or (3) a combination of these.

The ®rst time delay to consider is that of �3±4 min
observed between Iceland West and Halley. In order to
assess the importance of interpretation (1), we need to
have some knowledge of where the radar ®elds-of-view
are located with respect to the merging gap i.e. the
ionospheric footprint of the reconnection X-line. This
represents the ®rst point of arrival of the AlfveÂ n wave
signal from the reconnection location and marks the
start of any change in the ionospheric convection ¯ow
(e.g. Lockwood, 1997). In Fig. 4a, b, the presence of
poleward velocity vectors in the Iceland West high-
resolution beam ®eld-of-view suggests that these beams
are observing the merging gap at the westward edge of

the afternoon convection cell in the Northern Hemi-
sphere. Although the velocity vector coverage in the
Halley high-resolution beams is limited, the presence of
poleward directed vectors in Fig. 4d suggests that
the Halley beams are also observing the merging gap
at the westward edge of the afternoon convection cell in
the Southern Hemisphere. The location of the merging
gap will move in azimuth as IMF By changes (Cowley
et al., 1991). However, it generally has a local time
extent of at least a couple of hours and it appears likely
that we are observing some part of the merging gap in
both hemispheres over the interval of interest especially
as IMF By values are of modest magnitude. Therefore
we conclude that interpretation (1) is not the major
contributor to the Halley-Iceland West time delay.

In order to assess interpretation (2), we need to have
some idea of the location of the magnetopause recon-
nection site. Figure 7 presents a schematic diagram
illustrating the possible magnetic ®eld scenario at the
time of our observations. The ®gure is in the GSM X-Z
plane, assumes IMF By � 0 and portrays the dipole tilt
at this time. In the solar wind, Bz is southward and Bx is
sunward. In the magnetosheath, the IMF ®eld lines
become draped around the magnetosphere. Assuming
the anti-parallel merging hypothesis, the most likely
reconnection site is much closer to the Northern
Hemisphere ionosphere than to the Southern
Hemisphere ionosphere (see Fig. 7). The di�erence in
®eld-line distance from the reconnection site to the
ionosphere is �8±12RE, i.e. 4±6RE above the magnetic
equator (Coleman, private communication). Also, the
signal propagating to the Northern Hemisphere iono-
sphere does not travel through the region of slowest
AlfveÂ n velocity at the magnetic equator. The di�erence
in the AlfveÂ n wave travel time from the reconnection site
could account for the observed 3±4 min delay. This
interpretation is consistent with the anti-parallel merg-
ing hypothesis and also suggests that the IMF Bx

Fig. 7. Schematic diagram illustrating the possible reconnection site
for this event considering the dipole tilt of the magnetosphere and the
IMF orientation
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component has a signi®cant role in solar wind-magne-
tosphere coupling.

Another di�erence between the Northern and South-
ern Hemisphere observations is the magnitude of the
convection velocity vectors. Those observed in the
Southern Hemisphere are approximately twice as big
as those in the Northern Hemisphere. There are a few
possible explanations for the di�erence in velocity
magnitude. The size of the merging gap in the iono-
sphere has an in¯uence on the velocity magnitude; the
smaller the merging gap, the greater the ¯ow velocity
through the gap because the same potential di�erence is
applied to both the Northern and Southern Ionospheres.
Our observations do not allow us to observe the full
extent of the merging gap in either hemisphere and
hence we cannot make any estimate of the di�erence in
size between the two hemispheres. The recent work of
Pinnock et al. (1999) suggests that a higher-latitude cusp
should have a smaller merging gap and hence larger ¯ow
velocities. This is opposite to the scenario observed (the
Northern Hemisphere cusp is at higher latitudes but sees
smaller ¯ow velocities) and hence the size of the merging
gap does not seem to explain the di�erences in ¯ow
velocity between the two hemispheres. Another factor
which in¯uences the ¯ow velocity is the reconnection
geometry. It is clear in Fig. 7 that after reconnection the
magnetic tension in the southward-moving newly
opened ®eld line will be much greater than that in the
northward-moving ®eld line. Consequently, the ®eld-
aligned currents to the Southern ionosphere will be
much greater than that to the Northern ionosphere. This
would lead to enhanced convection ¯ow in the Southern
Hemisphere cusp region.

The second time delay to consider is that of �4 min
observed between the Halley and Sanae radar. This
delay must correspond to a di�erence in the propagation
time of the reconnection signal from its point of arrival
in the ionosphere (the merging gap) to the two obser-
vation regions (using the model of Cowley and Lock-
wood, 1992). Figure 8 presents a schematic diagram
illustrating a possible scenario. In Fig. 8, the high-
resolution Halley and Sanae regions of backscatter are

represented by the shaded boxes, the bold vertical line
represents magnetic local noon at 1500 UT, the thin
lines represent the convection pattern around noon in
the Southern Hemisphere for By > 0, the dashed line
represents the merging gap, and the bold lines represent
the propagation of the ionospheric response away from
the merging gap. Figure 4d suggests that the Halley
high-resolution beams are just observing the eastern
edge of the merging gap as By turns positive. Detailed
study of the line-of-sight velocity variations from the
Halley high-time resolution beams shows no evidence of
signal propagation across the Halley beams (suggesting
a location in the source region). However, a clear west-
to-east signal propagation is observed in the Sanae high-
time resolution beams (suggesting a location east of the
source region). This con®rms that changes in convection
would be observed ®rst by the Halley radar and later by
the Sanae radar. At ÿ69� magnetic latitude, the distance
between Halley beam 4 and Sanae beam 5 is �290 km,
at ÿ68� it is �375 km. Assuming a time delay of 4 min,
this would suggest a propagation speed of �1.2 kmsÿ1
at ÿ69� and �1.6 kmsÿ1 at ÿ68�. These speeds are
consistent with previously observed propagation speeds
outside the merging gap (e.g. Lockwood et al., 1986;
Saunders et al., 1992), and this supports our interpr-
etation of the Halley-Sanae time delay.

5 Summary

Using conjugate SuperDARN radar observations, we
have measured a time delay in the ionospheric response
to changes in IMF By between the Northern and
Southern Hemispheres. The Iceland West radar in the
Northern Hemisphere observes changes in convection
consistent with the changes in IMF By about 3±4 min
before the Halley radar in the Southern Hemisphere.
This has been explained as being a consequence of the
reconnection site on the magnetopause being closer to
the Northern Hemisphere ionosphere than to the
Southern Hemisphere ionosphere due to the dipole tilt
of the magnetosphere and the orientation of the IMF. A
further time delay of �4 min observed in the Southern
Hemisphere between Halley and Sanae has been ex-
plained as being a result of the signal propagation time
from Halley (observing the merging gap) to Sanae (east
of the merging gap).
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