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Abstract—This paper surveys the results of simultaneous observations by the EISCAT incoherent scatter
radar and the AMPTE-UKS satellite, made during three periods in September and October 1984, when
AMPTE-UKS was in the solar wind on the dayside of the Earth and the UK-POLAR EISCAT experiment
was measuring ionospheric parameters at invariant latitudes 70.8-75.0°. A total of 42 h of EISCAT
convection velocity data, with 2.5 min resolution, were obtained, together with 28 h of simultaneous 5 s
resolution AMPTE-UKS observations of the solar wind and interplanetary magnpetic field (IMF). The
general features of the AMPTE-UKS data are described in Section 2 and those of the EISCAT data are
described in Sections 3 and 4. The main subjects discussed are the form of the plasma convection patterns
and their dependence on all three components of the IMF (Section 3), the ionospheric response to abrupt
changes in the IMF (Section 6), in particular a sharp ‘southward turning’ of the IMF on 27 October 1984,
and a crossing of an IMF sector boundary. Section 7 describes ‘short lived rapid flow bursts’, which are
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believed to be related to flux transfer events at the magnetopause.

1. INTRODUCTION

The patterns of high-latitude F-region convection and
E-region currents are known to depend upon the
orientation of the interplanetary magnetic field (IMF)
relative to the axis of the Earth’s magnetic field (see
reviews by CowLEgy, 1980; Hegris, 1982 ; HegLis and
REerrr, 1985 ; and references therein). This dependence
has been studied using a wide variety of satellite moni-
tors of the interplanetary medium in conjunction
with both low-altitude polar-orbiting satellites and
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ground-based radar and magnetometer observations.
Ground-based studies have a major advantage in that
a given region can be monitored continuously. This
provides information on the temporal evolution of
the currents and plasma motions in response to IMF
changes, not just snapshots as given by satellites.
Remote ground-based observations, however, cannot
achieve the accuracy or resolution of in situ obser-
vations by satellites. This has led to combined studies
using several ground-based systems and simultaneous
satellite data (e.g. HEELIS ef al., 1983).

The present study takes advantage of the special
opportunity of monitoring the IMF, just outside
the bow shock, presented by the AMPTE mission
(BRYANT et al., 1985). The UKS satellite carried a
fluxgate magnetometer (SOUTHWOOD et al., 1985) and
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followed an elliptical orbit with apogee at 18.7 R,
(Earth radii). Hence the delay time between features
in the interplanetary field being observed by the spa-
cecraft and arriving at the Earth’s magnetopause can
be estimated more accurately than from a satellite in
orbit around an Earth—Sun libration point (such as
ISEE 3 near 250 Ry). The reception of data from UKS
in real time at the Rutherford Appleton Laboratory
facilitated experiment planning, in particular by
defining when UKS was in the solar wind upstream
of the bow shock.

The plasma convection pattern is studied with high
time resolution by the EISCAT radar, using the UK
Special Programme POLAR, which produces velocity
vectors with 2.5 min resolution at invariant latitudes
70.8-75.0°. The Sondrestrom radar has also been used
to study IMF effects on convection (CLAUER et al.,
1984) over the range 70-80°; this range is observed in
a cycle time of 27 min and is divided into 5 sub-
ranges for which vectors are derived in a 5 min beam-
swinging period. Hence, the EISCAT data cover
a smaller range of latitudes, but with higher time
resolution.

From the studies described above, the pattern of
plasma convection is known to vary greatly with the
north-south component of the IMF (B,). If the IMF
has a large southward component (B, < 0), the con-
vection pattern is generally large and two-celled
(CaurrMAN and GURNETT, 1972; HEPPNER, 1972).
The observed pattern of flow might, in principle, arise
from cither a viscous-like interaction at the mag-
netopause or from field line merging at the dayside
magnetopause. Initial studies of the variation of the
cross-cap potential driving this convection pattern
showed that only 30 kV were generated by a viscous-
like interaction, but that magnetic merging gave up to
about 150 kV, depending on the orientation of the
IMF (REIFF et al., 1981). Subsequent analysis has
shown that most of this apparent viscous interaction
arises from the residual effect of magnetic merging,
which takes several hours to decay (WYGANT ef al.,
1983), and the viscous interaction gives at most 10—
20 kV (Mozer, 1984 ; CowLEY, 1986). The two-cell
pattern for southward IMF is distorted by the dawn—
dusk B, component of the IMF, the major effect of
B, being to introduce a dawn—dusk component into
the anti-sunward flow in the polar cap (HEgLIs, 1984),
an effect which arises as a natural consequence of field
line tension for a merging model (JORGENSEN et al.,
1972 ; CowLEy, 1980).

When the northward component of the IMF B,
is positive, convection is generally much slower and
confined to higher invariant latitudes (e.g. FRus-CHRI-
STENSEN et al., 1985). The pattern of flow is much
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more irregular on the nightside and in the winter
hemisphere (HEPPNER, 1972; HEeeLls and HANSON,
1980). The major change on the dayside from the
southward IMF case is that a region of sunward flow
is found within the polar cap (MAEzAwA, 1976;
BURKE et al., 1979; ZANETTI et al., 1984 ; HEELIS,
1986). As in the case of southward IMF, the B, com-
ponent of the IMF affects the pattern of flow giving
dawn—dusk asymmetries within the cap; the con-
vection pattern has three cells when the magnitude of
B, is large and four cells when B, is close to zero. The
additional one or two convection cells in the polar cap
can be attributed to merging between the northward
IMF and geomagnetic field, which are adjacent and
anti-parallel at the cusps (e.g. REeIFr, 1982),

These studies have shown how field line merging,
with a small contribution from a viscous-like inter-
action, can explain the variety of convection patterns
observed for different stable orientations of the IMF
(BUrcH and REIFF, 1985; REIFF and BURCH, 1985;
BURCH et al., 1985). For the reasons outlined at the
beginning of this Introduction, the temporal evolution
of the convection pattern in response to changes in
the IMF is not well known. Following a northward
turning of the IMF, a large amount of geomagnetic
flux remains ‘open’, i.e. connected to the IMF, and
hence continues to drive convection. As these open
flux tubes move tailward and reconnect in the plasma
sheet, the convection slowly decays, as observed by
WYGANT et al. (1983). A contracted convection pat-
tern is only observed when the IMF is consistently
northward for at least 2 or 3 h. However, when the
IMF turns southward, the rate at which geomagnetic
flux can be connected to the IMF depends on the
value of B, and is much greater than the rate by
which open flux is lost following a northward turning.
Hence, an enhanced, expanded pattern typical of
southward IMF should be established much more
rapidly than it decays. NisHIDA (1968) noted that the
DP2 current system, thought to be the current sig-
nature of polar convection, was enhanced at high
latitudes 7+ 1 min after a southward turning of the
IMF impinged upon the Earth’s bow shock. Similar
delays have been reported recently from data from
CDAW6 (Combined Data Analysis Workshop)
studies (MCPHERRON and MANKA, 1985 ; CLAUER and
KaMIDE, 1985), but have never been explained.

Changes in convection in response to IMF changes
have been reported by CLAUER er al. (1984) and
CLAUER and Banks (1986) from Sondrestrom inco-
herent scatter radar data of 25 min resolution. Part of
the EISCAT data set described in the present paper
has been used to quantify the lag with which the
convection pattern responds to a southward turning
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of the IMF at the magnetopause (RISHBETH ef al.,
1985). Lockwoop ef al. (1986) have shown that the
observed lag is consistent with the rate of expansion
of the new, enhanced pattern and the rate at which
flux can be connected at the dayside magnetopause.
In addition to changes in steady reconnection rates
brought about by changes in the IMF, short lived
bursts of reconnection, called flux transfer events
(FTEs), have been observed at the magnetopause
(HAERENDEL et al., 1978 ; RusseLL and ELpPHIC, 1978).
Theoretical predictions of the form of the signature
of FTEs in the ionosphere (SOUTHWOOD, 1984) predict
a small, short lived, twin vortex flow pattern with
rapid poleward flow in the centre. Bursts of rapid
poleward flow have been observed by both the
EISCAT (van EvYkEN er al., 1984) and STARE
(GorrTZ et al., 1985) radars. Further examples of
such bursts are presented in Section 7 of this paper,
along with a discussion of their implications for our
understanding of magnetopause phenomena.

2. AMPTE OBSERVATIONS

The dashed line in Fig. 1 shows the elliptical orbit
of the AMPTE-UKS satellite shortly after its launch
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on 16 August 1984. The locations of the apogee (at
18.7 Ry in the X-Y plane of the GSM coordinate
system are shown for various days during the mission,
which lasted until 15 January 1985, The solid and
open peints in Fig. 1 show, respectively, the locations
of the magnetopause and of the bow shock, as
observed by UKS using the energy—time spectrograms
from the three-dimensional ion (COATES et al., 1985)
and electron (SHAH et al., 1985) experiments. Full
instrument and calibration details have been given by
SoUuTHWOOD ¢f al. (1985) and CoaTes et al. (1985) for
the magnetometer and ion experiment, respectively.
The three short curves in Fig. | show sections of
three orbits during which the magnetometer on UKS
observed the IMF in the solar wind, upstream of the
bow shock and near the Sun-Earth line (Y = 0), and
simultaneous observations of ionospheric convection
were made by EISCAT (see Table 1). The satellite is
well sunward of the normal locations of the bow shock
during the whole of these three periods and the ion
flow data show that the flows have not been slowed
nor thermalised by the bow shock. Hence, the mag-
netometer and the ion experiment were observing the
interplanetary medium shortly before it impinged
upon the Earth’s bow shock.
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Fig. 1. Locations of magnetopause (solid circles) and bow shock {open circles) crossings observed by the

AMPTE-UKS satellite in the X~ plane of the GSM coordinate system. The dashed line shows the initial

orbit of UKS and the dates give the locations of satellite apogee during its life-time. The short solid curves

show the locations of the satellite during the periods of simultaneous observations with the EISCAT radar,
as listed in Table 1.
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Table 1. Periods of EISCAT and UKS observations

Time of
Time of AMPTE EISCAT observations
Day observations Kp
Date no. uT Ut MLT sum  Ap Fy,
29 Sept 1984 273 0710-1650 07261756  0954-2029 20+ 12 72
25 Oct 1984 299 0545-1520 2313-1523* 0127-1803 27 22 70
27 Oct 1984 301 0605-1510 2348-1530* 0201-1808 16+ 8 69

*Observations commenced on the previous day.

28 SEPTEMBER 1984

a99g 1208 1509 1800

194 Ca> IMF data From AMPTE-UKS .
5 |
(nT) }MWWW‘»

-10

104

Bg M WM
(nT) W R

_?8_ L

181 r
B, me::myw'w
(nT) e

_18‘

78 (b Velocity vectors From EISCAT .
— 1 kmss

Invariant Latitude, A (°)

@988 1208 1528 1800
Universal Time (hrsymins)

Fig. 2. (a) One minute integrations of the three components of the IMF, in the GSM frame, observed by
UKS. (b) the 2.5 min resolution EISCAT velocity vectors observed simultaneously shown as a function of
Universal Time (UT). 29 September 1984.
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The first three panels of Figs. 2-4 show the three
components of the IMF in the GSM frame of ref-
erence, observed by AMPTE-UKS during the three
periods. These values have been integrated over
I min periods to smooth out rapid fluctuations due
to upstream waves (5 s data are shown for limited
periods in Figs. 9 and 11). On 29 September the
IMF is relatively steady, with negative B,, mainly
small B, and with B, changing from negative to posi-
tive to near zero. The IMF shows even less variation
on 25 October, with slightly negative B,, positive
B, and negative B,. On 27 October, however, there
is considerably greater fluctuation in the IMF.
From 0800 UT the IMF was northward for over 3 h,
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until the abrupt southward turning at 1107 UT.
In addition, both B, and B, turn from negative to
positive at 1238 UT, indicating that an IMF sector
boundary passed over the spacecraft.

3. EISCAT OBSERVATIONS

The UHF Special Programme UK-POLAR has
been described by van Eyken et al. (1984). Signals
are transmitted and received at Tromse, at elevation
21.5°, alternately in geographic azimuths 332° and
356°. Since the mean direction (344°) is approximately
the L-shell meridian at Tromse, a pair of points at
equal ranges in the two directions are at practically
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Fig. 3. As Fig. 2, but for 24-25 October 1984.
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Fig. 4. As Fig. 2, but for 26-27 October 1984.

the same invariant latitude (see fig. 2 of vaN Evken
et al., 1984). The basic assumptions made by van
Eyken er al. are that the northward and eastward
components of the plasma velocity at any such pair
of points is the same and that it remains constant
during the beam-swinging cycle, so that the line-of-
sight velocities may be combined to give two com-
ponents of the vector velocity at the midpoint of the
pair. For the beam directions described above, the
assumption of spatial uniformity is made over a dis-
tance of 218 km for the range gates at 70.8° invariant
latitude, increasing to 436 km for those at 75.0°. Given
that only two measurements are made of the three-
dimensional wvelocity vector, a necessary further
assumption is that the field-aligned component is neg-

ligible. The geometry of the POLAR experiment is
such that an appreciable field-aligned velocity (say
50 m s™') would in general make little difference to
the resuits.

The procedure used in this paper is essentially the
same as in the previous paper, but improvements in
the efficiency of the experiment have made it possible
to reduce the dwell time at each pointing direction
from 4.5 to 2 min, thereby halving the total cycle time.
In addition, a slightly different assumption about the
temporal behaviour of the velocities is made : the line-
of-sight components in each direction are linearly
interpolated between the adjacent values 5 min apart.
Hence, every 2.5 min a measured line-of-sight velocity
for one azimuth is combined with an interpolated
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value for the other azimuth. Expressions for the accu-
racy in direction and magnitude of the velocity vectors
determined from the POLAR data are derived in the
Appendix, which also includes a discussion of the
dependence of the accuracy on the direction and mag-
nitude of the flow. The experiment uses 0.5 ms pulses
and 75 km non-overlapping range gates. The data
presented in this paper are for gates 1-8 at ranges
525(75)1050 km, at invariant latitudes 70.8(0.6)75.0°
and at heights ranging from 211 km for gate 1 to
455 km for gate 8. A satisfactory signal-to-noise
ratio, expressed as (signal)/(background) > 0.8%.,
could usually be obtained in these 8 gates.

To cover the three AMPTE-UKS observing
periods, the UK-POLAR experiment was run for the
periods given in Table 1. All magnetic local times
(MLT) quoted in this paper are computed using an
Earth-centred dipole approximation to the geo-
magnetic field. At a given UT, MLT varies with gate
number and pointing direction; the values given
above are for the centre of the EISCAT field of view,
for which MLT ~ UT+2.5 h.

4. EISCAT DATA

Figures 24 also show plasma convection velocities
for the three periods of EISCAT observations, plotted
as a function of UT. The velocities are plotted in a
format in which westward plasma flow (produced by
northward electric field) is represented by upward
pointing arrows, and northward plasma flow (pro-
duced by an eastward electric field) is represented by
arrows pointing to the right. With the prevailing east-
west flows, the diagrams are much less congested than
if they were drawn more conventionally, with upward
pointing arrows denoting northward flow.

Figures 5-7 give a different representation of the
EISCAT data recorded on these three days. The gen-
eral format of these figures is an invariant latitude
{A)y-magnetic local time (MLT) polar dial rep-
resentation of field-perpendicular convection vectors
V, electron density N, and electron and ion tem-
peratures T, and T,. For all parameters the invariant
pole (A =90°) is at the centre of the plot, but the
invariant latitude scale is different for each, such that
the results appear as concentric circular bands with
latitude and gate number increasing inwards. Because
data are taken along the slanting beam direction, a
height (%) scale is also shown for cach band of data.
Local magnetic noon is at the top of each polar dial
plot, dawn to the right and dusk to the left, so that
westward flow is clockwise and eastward flow is anti-
clockwise on the dials.
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The velocity vectors shown in the outer band are
10 min averages of the 2.5 min resolution data
obtained by the beam-swinging technique. The aver-
aging allows the general pattern of convection to be
seen with greater clarity, but smooths out the con-
siderable small-scale structure seen at higher time res-
olution (see Sections 6 and 7). The scalar parameters
N,, T, and T, shown in Figs. 5-7 are those observed
with the antenna pointing in azimuth 332°, for which
the MLT is approximately independent of range and
hence invariant latitude. In general, the corresponding
plots for azimuth 356° are very similar, though there
are small but significant differences which are dis-
cussed by Lockwoop ef al. (1986). Considerable
differences exist between the patterns of convection
observed on these three days: in the foliowing sub-
sections all three patterns are discussed, starting with
the simplest, namely that of 24-25 October.

4a. EISCAT data for 24-25 QOctober 1984

The velocity vectors in Fig. 6 show a relatively weak
dawn convection cell in the POLAR field of view.
After 0600 MLT, the region of eastward flow is only
observed in the further range gates at the higher
invariant latitudes, where lower signal-to-noise ratios
of the data also give greater scatter in the velocities.
By comparison, the dusk cell is relatively strong and
regular, with westward flows seen at all MLT after
1000. The flows tend to turn increasingly northward as
they reach earlier MLT. The flow pattern is consistent
with a throat (see Section 5a) near 1000 MLT. After
about 1615 MLT, consistent westward flows are only
seen in the first two range gates; it is possible that the
further gates are observing a region of low convection
inside the polar cap.

The plasma densities are very low throughout the
observed part of the dawn cell and larger values are
not observed until the dusk cell moves into the radar
field of view. The higher densities near noon are quali-
tatively consistent with enhancement by solar photo-
ionization, which extends into the morning sector only
as far as the throat, whence enhanced densities would
be swept into the polar cap. Note that the general
decrease in topside density beyond gate 3 is due to the
increasing height of the observations. In the afternoon
sector the field of view sweeps through a broad
depletion which coincides with the band of fast west-
ward convection and is therefore consistent with the
extension of the mid-latitude trough towards noon,
as reported by Evans er al. (1983) and LockwooD ef
al. (1984).

The other interesting features in Fig. 6 are the bands
of enhanced ion temperature which sweep across the
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POLAR field of view near 0600 and 1400 MLT. In
the afternoon sector, the high ion temperatures appear
at the higher invariant latitudes and move equator-
ward with increasing MLT; they coincide with the
low plasma densities and the high convection speeds.
In the dawn sector the apparent motion of the high
ion temperatures is poleward. If the ion heating is
ascribed to ion—-neutral friction, then the ion tem-
perature data effectively image the auroral and sub-
auroral return flows of the convection pattern.

4b. EISCAT data for 26-27 October 1984

The convection velocities observed near noon on
this day (shown in Fig. 7) are considerably smaller
than for two days earlier, a consistent, strong dusk
convection cell not being apparent until a sudden
increase in westward flow is seen in all range gates
near 1400 MLT (see also RISHBETH et al., 1985 ; Lock-
wooD et al., 1986). As on 25 October, the dawn cell
is weak after 0600 MLT, but shows several short lived
enhancements. The higher plasma density at noon on
this day may be a consequence of the slower con-
vection speed, which allows the sunlight-produced
ionization to build up, instead of being moved away.
The densities observed in the morning sector and near
dusk are also higher and the trough seen in the after-
noon sector is narrower than on 25 October. The
bands of enhanced ion temperature are again
observed, this time coinciding with elevated electron
temperatures and lying slightly poleward of the
trough. The enhancement in convection speeds near
1400 MLT is accompanied by a brief rise and sub-
sequent fall in ion temperature, seen in all range gates
simultaneously ; this is attributed to ion—neutral fric-
tional heating (Section 6a).

4c. EISCAT data for 29 September 1984

Data for the shorter run on 29 September are shown
in Fig. 5. Convection speeds are again generally low
near noon, with a more gradual enhancement in west-
ward flow seen near 1400 MLT. As for 25 October, a
rise and fall in ion temperature is seen at this time.
Subsequently, strong and consistent westward flows
are observed until 1900 MLT, when they turn south-
ward, suggesting that the field of view is approaching
the Harang discontinuity. On this day no trough is
seen in the afternoon sector and the band of ion tem-
perature enhancement is much weaker ; both of these
features may be due to the smaller zenith angle of
solar illumination than for October. The ¢lectron tem-
perature is also consistently higher on this day.

D. M. WILLIS et al.

5. DEPENDENCE OF CONVECTION ON THE IMF

5a. Differences in the patterns of convection for differ-
ent steady orientations of the IMF

As discussed in the Introduction, the B, component
of the IMF is known to control the strength of con-
vection at all latitudes. However, it is not clear if the
B, effect seen in the polar cap is also seen on closed
auroral and subauroral field lines. HEgLis (1984)
reports a narrow constricted region of flow into the
polar cap, termed the throat, which is always in the
pre-noon sector, irrespective of the sense of B,. It has
often been suggested (e.g. FAIRFIELD et al., 1977) that
the location of the throat changes with the B, com-
ponent of the IMF. However, PRIMDAHL et al. (1980,
1981) find that the slant-E condition on ionograms,
which they associated with the throat region, is statis-
tically at the same MLT for all B, values. More
direct observations of the region of flow into the polar
cap by the Sondrestrom incoherent scatter radar have
not revealed a restricted throat such as reported from
satellite data (JORGENSEN et al., 1984). A recent model
by REIFF and BURCH (1985) predicts that the merging
geometry is such that the convection pattern will
depend critically on both B, and B, if B, is small.
Another mechanism by which B, and B, affect
the sub-auroral return flows, even if B. is strongly
negative, is by their effect on the location of the polar
cap (COWLEY et al., 1980; MosEs et al., 1985). For
example, a large and negative B, can displace the polar
cap and the entire convection pattern towards dusk.

The convection pattern on 24-25 October shows a
stagnation region in the dusk sector at the higher
invariant latitudes. In order to understand this in
terms of a convection pattern with one circular and
one crescent-shaped cell, the dusk cell must be circu-
lar, which is consistent with the positive B, on this
day. A similar feature is seen at this MLT on 27
October, when B, was again positive. However, on 29
September it was absent, with strong westward flows
persisting at all observed invariant latitudes until after
1800 MLT ; during this period B, was near zero. On
all three days the weak dawn cell and the strong dusk
cell suggest that the entire pattern is displaced towards
dusk. This is a feature which is commonly, but not
invariably, observed in EISCAT data from POLAR
and other experiments (FARMER et al., 1984 ; Lock-
WOO0D et al., 1984), but not in data from other radars
further west (e.g. JORGENSEN et al., 1984). It is there-
fore possible that these data reflect a longitudinal (and
therefore UT) effect on the convection pattern due to
the offset of the geomagnetic and rotational poles.

Near noon the polar cap boundary is to the north
of the field of view and it is not possible to determine
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Date: 29 September 1984
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Fig. 5. Polar dial plots of EISCAT data on 29 September 1984, consisting of concentric invariant latitude-

MLT plots of 10 min averages of velocity vectors V, plasma density N,, electron temperature T, and ion

temperature T, The invariant pole is at the centre of each plot, but the invariant latitude scale is different

for each. The corresponding heights of the observations 4 are also shown. The scalar data are for azimuth
332° only.
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Fig. 6. As Fig. 5, but for 24-25 October 1984.
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Fig. 7. As Fig. 5, but for 26-27 October 1984.
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Fig. 9. As Fig. 2, but for the period 1030-1200 UT on 27 October, with 5 s resolution IMF data and colour-

coded ion temperatures 7, superimposed on the velocity vectors. The IMF turned abruptly southward at
1107 UT and convection velocities and ion temperatures were strongly enhanced near 1120 UT.
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if a throat exists: however, the strongly westward flows
on 25 October at MLT > 1200 suggest that it does
exist for this day and that it is in the morning sector.

The major differences between the convection
observed on these three days occur in the afternoon
sector (in the UT period 0930-1115, which cor-
responds roughly to 1200-1345 MLT). Prior to
1115 UT on 27 October, convection had been very
sluggish for a 2-3 h period (see Figs. 4 and 7). For a
southward IMF, strong westward flows would usually
be expected during this period in the afternoon
MLT sector, as was observed on 25 October (see Figs.
3 and 6). On 29 September, flows in this period
were generally low also (see Figs. 2 and ).

The differences in these flows in the afternoon sector
can be explained in terms of the IMF data. On 27
October the period of slow convection corresponds to
a 3 h period when the IMF was northward, sufficient
time to allow the cross-cap potential to fall (WyGANT
et al., 1984) and cause a shrinking of the convection
pattern to higher latitudes and a general reduction in
convection speeds. During this period B, exceeded
1 nT for a large part of the time, which has been quoted
as the value required to shut off dayside merging for
all B, and cause it to occur at the cusps (MAEZAWA,
1976 ; BURKE et al., 1979). On 29 September at these
times B, was near zero and fluctuated around the zero
value; the B, value was negative (roughly —3 nT).
The merging model of Retrr and BUrRcH (1985), which
is an extrapolation from Dynamics Explorer obser-
vations (BURCH et al., 1985), predicts that for small
B, and negative B, only a dawn cell is observed when
B, is negative and only a dusk cell if B, is positive
(compare parts B and E of fig. 5 of REIFr and BurcH,
1985). This is true of either hemisphere, but the single
cell is roughly circular in the north and crescent-
shaped in the south, where it appears towards the
centre of the polar cap (see also MosEs ¢t al., 1985).
Thus the predictions of the merging model are con-
sistent with the absence of the dusk cell before
1400 MLT on 29 September. The gradual reappear-
ance of the dusk cell on 29 September (around
1115 UT) would therefore be due to the decrease
in B, (and simultaneous small increase in B,). On
25 October, B. was weakly southward during this
period and, for positive B, (roughly 3 nT), this
is sufficient to drive relatively steady and strong
convection.

5b. Convection velocity variation with B, component
of the IMF

Figure 8 shows scatter plots for two velocity com-
ponents and the total velocity |V, plotted against
values of B, measured 11 min previously. Both the
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velocity and the B, data are averaged over periods of
2.5 min and data from all three days are used. The
choice of a lag of 11 min is explained in Section 6a.
Figure 8 demonstrates that the northward velocity
v, 5 18 generally small in the few cases when B, > 2
nT, but a wide range of values is observed when
B, < 0. The same is true for the eastward component
v, » and the magnitude of the flow | V| (Figs. 8b, ¢). In
general, for B, < 0 the flows are to the north and west,
reflecting the MLT range of these mainly afternoon
sector sub-auroral observations. A correlation of the
flow speeds with B, is apparent for B, <0, even in
these plots which cover a range of MLT and B,. The
range of velocities observed for0 < B, < 2nTis larger
than for B, > 2 nT, consistent with the effect of geo-
magnetic flux which remains open after the IMF has
turned northward and the consequent slow decay of
the convection pattern, and possibly also the con-
trolling influence of the other IMF components when
B, is small.

6. POSSIBLE CONVECTION RESPONSES TO
ABRUPT CHANGES IN THE IMF

In this section the AMPTE-UKS magnetometer
and EISCAT data sets are surveyed with a view to
finding convection responses to changes in the IMF.
This work can only identify changes which could have
resulted from a given IMF change: to prove that the
responses are the consequence of a given IMF change
would require the statistical analysis of considerably
more data than are available. The present study does
give much information about IMF—-ionosphere inter-
actions, however, if the assumption about cause and
effect is valid.

6a. Southward turning of the IMF on 27 October

The most dramatic effect seen in the whole three
days’ observations is at the end of the period of slug-
gish convection on 27 October, near 1115 UT, when
a sudden increase in convection flows was observed
(Fig. 7). This increase followed several minutes after
the period of northward IMF had ended in an abrupt
southward turning of the IMF. This event is shown
with higher time resolution in Fig. 9. Roughly 10 min
after the IMF turned southward at the UKS at
1107 UT, the velocities observed by EISCAT
increased, with an almost simultaneous increase in ion
temperature, presumably due to an increased ion—
neutral frictional heating rate. An electron tem-
perature increase was subsequently observed while the
ions were cooling (RISHBETH ef af., 1985), which is
thought to reflect ion—electron collisional heating and
which may cause part of the drop in 7,. However, most
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Fig.8. Scatter plots of (1) northward velocity v, . (b) eastward velocity ¢,z and (c) the magnitude of the
velocity |V] as a function of B, measured 11 min previously for the observations on all three days. The
data are averaged over periods of 2.5 min,
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of the drop occurred because the frictional heating
decreased as the neutrals were accelerated by the ions.
Careful inspection of Fig. 9 shows that after the initial
increase in ion velocity around 1120 UT, there is a
decrease which may be a response to the increase in
B, at 1125 UT (although it remains mainly negative
after a brief positive excursion).

To quantify the lag between the change in B, and
the apparent response of the velocities, a standard
cross-correlation analysis was carried out fora 1 h
period about the southward turning (1045-1145 UT).
The results are shown in the correlogram given in
Figure 10. The correlation coefficient r is plotted as a
function of lag 7 for correlations between B, and the
northward and eastward components (v, y and v, g,
respectively) and the magnitude of the velocity (| V).
The sense of t adopted is such that a negative 1 cor-
responds to the EISCAT-observed velocities lagging
behind the IMF. For negative 1, good correlations are
observed (r greater than 0.9 and the significance level
exceeding 99%) in all three cases. Correlations are
negative for v,y and |V}, as they increase when the
IMF turns southward (B, decreases), but positive for
v, r (i.e. westward flows increase). Curve-fitting shows
that the peak correlation is at a lag of 11 +£1 min for
v,z but at a longer lag, 20+ 1 min, for v, ; the lag
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- S >
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Fig. 10. Correlation coeflicients of EISCAT convection vel-
ocities with the B, component of the IMF as a function of lag,
for (a) northward velocity v,y (b) eastward wvelocity
v, p and (c) the magnitude of the velocity |V|. Correlations are
done for data in a 1 h period (1045-1145 UT) around the
southward turning of the IMF shown in Fig. 9.
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for |V} is as for v, ,, because v, ; is by far the larger
component. Note the width of the peaksin r, revealing
large persistence in the data series. Figure 10 shows
that if the IMF southward turning caused the increase
in flow speeds, then the lag is 11+ 1 min. However,
the quality of the correlation does not confirm that
the convection increase is a response to that IMF
change. This point is underlined by the correlation
coefficients for positive 7, where equally good and signi-
ficant correlations were obtained at © = 8 min. These
apparent correlations can be explained by looking at
Fig. 9, and arise from the increase in B, at 1125 UT
(hence r has the opposite sense to the values for
negative 1). It is not believed that this B, change is a
result of any cause and effect mechanism : rather, it is
thought that, by chance, the IMF turned slightly back
towards northward 19 min after the southward turn-
ing, so it is still possible that the correlation at 1 =
— 11 min arose also by chance. Proof that the tWwo are
related would require study of an extremely large per-
iod of joint observations containing a large number
of southward turning events to give good statistics.
The data from the ion experiment on UKS shows that
the solar wind speed and density remain relatively
constant throughout this period, only a very small
decrease in solar wind density being observed while
the IMF is most strongly southward (11071125 UT).
Hence the convection change could not be a response
to a change in solar wind pressure.

As discussed by RISHBETH et al. (1985), the 11 min
lag of this apparent response is interesting. From the
observed solar wind speed of 460 km s™', it is esti-
mated that the IMF change would have impinged
upon the dayside magnetopause 4 + 1 min later, allow-
ing for the slowing effect of the Earth’s bow shock. A
further delay of 2+ 1 min is expected to allow for the
field-aligned Alfvén wave propagation time from the
dayside magnetopause to the cleft ionosphere. Hence
the ionospheric response seen by EISCAT is observed
543 min after the effect of opening geomagnetic field
lines is first expected in the cleft region. This delay is
similar to that reported in the past by NisHIDA (1968),
McPHERRON and MANkA (1985) and CLAUER and
Kamipe (1985) from ground-based magnetometer
studies and by Horwitz and Akasoru (1977) for the
motion of dayside auroral forms. The POLAR field
of view is near 1400 MLT at the time of the southward
turning and LOCKWOOD et al. (1986) have found that
the convection enhancement appears to propagate
eastward over the field of view with a speed of about
1 km s~ !, This speed is consistent with a delay of
5 min for the effect to propagate from the region where
field lines first become open, in the cleft region, and
with the rate at which geomagnetic flux can merge



1002

with the IMF at the dayside magnetopause following
the southward turning.

6b. Sector boundary crossing on 27 October

Another interesting event occurs at 1238 UT on 27
October, when an IMF sector boundary passes over
the UKS, giving a change in sign of both B, and B,.
This event is shown in greater detail in Fig. 11a and
the simultaneous EISCAT velocity vectors are plotted
in Fig. 11b. During this period B, remained negative
and approximately constant. No major change in the
convection velocities was observed following the sec-
tor boundary crossing: however, the flow increased in
magnitude and swung to almost due west (from north
of west) at 1250 UT. It is interesting to note that, if

D. M. WIiLLIS et al.

this is a genuine response, the lag is very similar to
that for the southward turning event described in Sec-
tion 6a and to the delay for B, effects in the cusp
region reported by CLAUER and BANKS (1986). These
delays are thought to have a similar origin to the lag
associated with the southward turning, as explained
by LockwooD er al. (1986). However, there is an
important difference: in this case it is necessary that
sufficient flux is connected to the IMF before the B,
component can exert a magnetic tension effect, even
in the cusp, whereas Lockwoob et al. (1986) explain
the southward turning delay as an expansion time to
a region outside the cusp. Simple models of the effect
of B, on the pattern of convection predict that the
dusk cell observed here should turn from crescent-
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Fig. 11. As Fig. 2, but for the period 1200-1330 UT on 27 October, with 5 s resolution IMF data. An IMF
sector boundary crossed UKS at 1238 UT.
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shaped to circular as B, turns positive. This seems to
be at variance with the decrease in northward flow
and the increase in flow magnitude observed here.

7. SHORT LIVED, RAPID FLOW BURSTS
SEEN BY EISCAT

The final feature of the observations to be discussed
here is the occurrence of bursts of rapid poleward
flow (here called ‘flow bursts’) in the dayside morning
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sector. Figure 12 shows data from range gates 3-5
(corresponding to invariant latitudes 72.0°, 72.6° and
73.2°) obtained on 27 October. Here, 2 min integrated
line-of-sight velocities are plotted separately for the
two azimuths at each gate. It can be seen that the
background flow was small during this period (0550
0750 UT); the observations were made in the pre-
noon interval of low zonal flows between the two
convection cells, i.e. the throat. Three intervals of
perturbed flow are seen in this data, near 0610, 0640
and 0740 UT (add ~2.5 h for MLT). These intervals
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Fig. 12. Flow burst events seen on 27 October (labelled 1, 2 and 3). The line-of-sight velocities (positive
values being poleward) are plotted as a function of UT for azimuths 332° (AZ 1) and 356° (AZ 2) for range
gates 3-5.
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last for 10-20 min each, but the main flow pertur-
bation, involving a burst of poleward directed flow at
speeds of up to ~1 km s, is short lived and is
observed for one 2 min integration period only in
each case. Analysis of these data with 15 s integration
periods shows great consistency from one data point
to the next and a clear peak in poleward flow of
~2 km s™', and strongly suggests that the poleward
flow burst is part of a twin vortex flow pattern
(TopD et al., 1986). Bursts of poleward flow have been
predicted at the centre of the twin vortex flow pattern,
which is the expected ionospheric signature of flux
transfer events (FTEs) on the magnetopause {SOUTH-
wooD, 1985 ; GOERTZ et al., 1985).

From the short lived nature of the events, the fact
that the main perturbation is seen in only one beam
{the beams are separated in magnetic longitude by
~300 km for gate 5), and from the clear amplitude
variations seen in Fig. 12 over a latitudinal range of
only ~ 150 km (the separation of the centres of gates
3 and 5), it is clear that the flow perturbation has
spatial scales of only ~200 km. This is similar to
that expected for FTEs, considering their size at the
magnetopause (SAUNDERS ef al., 1984) and magnetic
flux conservation (COWLEY, 1984).

Poleward-directed flow bursts in the dayside high-
latitude ionosphere have also been reported by vaN
EYKEN et al. (1984), using other EISCAT-POLAR
data, and by GOERTZ et al. (1985) and SoFko et al.
(1985), using data from the STARE radar. These are
likely to be related to the ‘pulsed’ boundary layer
which has been discussed either in terms of a recon-
nection-associated FTE phenomenon (e.g. COWLEY,
1982 ; PASCHMANN e al., 1982) or in terms of ‘impul-
sive penetration’ of magnetosheath plasma onto
closed field lines (LUNDIN, 1984). Both theories result
in the expectation that impulsive structures will form
in the region just equatorward of the polar cap boun-
dary and that a small, twin vortex flow pattern will
exist briefly (for a few minutes) in the ionosphere.
However, for the impulsive penetration theory the
strong flow at the centre of the pattern will be
cquatorward, not poleward as in the FTE theory
(HEIkk1LA, 1982 ; COWLEY, 1986).

The importance of the observations presented in
this paper is that the main, central flow perturbation
is poleward, consistent with the expectations based
upon impulsive reconnection and FTEs, but not with
the impulsive penetration picture. Similar conclusions
were reached by GOERTZ et al. (1985).
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8. CONCLUSIONS

The EISCAT and AMPTE observations here pre-
sented exploit a unique opportunity to study the
response of high-latitude plasma convection to
changes in the IMF. The data reveal the controlling
influence of B, in that if B, is positive for a sufficiently
long period of time, convection at the sub-auroral
latitudes observed by EISCAT virtually disappears.
However, when B, is near zero the other two com-
ponents of the IMF can determine the convection
pattern. In these observations with negative B, a dusk
cell was not observed when B, was negative. A stag-
nation region was observed near dusk at A > 72.0°
on the two days when B, was strongly positive, but
not on the one day for which it was near zero.

The observations also illustrate how the plasma
convection pattern can determine the distribution of
plasma density in the high-latitude ionosphere. This
is the case for the observations made in October, when
features like the mid-latitude trough (seen at high
latitudes in the afternoon sector) and the morning—
afternoon asymmetry in densities are apparent. In
contrast, one month earlier solar photoionization
dominates and the convection pattern is not such a
major factor.

The unprecedented time resolution of the EISCAT
data and the near-Earth location of AMPTE-UKS
have allowed the lag between IMF changes and their
apparent ionospheric convection responses to be
quantified for the first time. The determination of a
lag of 11+ 1 min has interesting implications for our
understanding of how the onset of IMF-geomagnetic
field merging establishes a new enhanced pattern of
convection in the ionosphere and magnetosphere.

Lastly, bursts of rapid poleward flow seen in the
morning sector are found to be in agreement with the
predictions of a reconnection-based theory and not
with a picture of impulsive penetration of mag-
netosheath plasma into closed field lines, supporting
the idea that these are the ionospheric signatures of
flux transfer events.
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APPENDIX: ERRORS IN THE VELOCITY VECTOR V,—V, = 2Wsin 4 sin . (4)
DERIVED FROM THE UK-POLAR BEAM-SWINGING
EXPERIMENT Hence,
This Appendix discusses the errors that occur in velocity tan 4 = V,p/V, = ,"E_Z L cot i, (5)
measurements in a beam-swinging experiment such as UK- Vit ¥,
POLAR, in which velocity vectors are derived by combining
the line-of-sight velocities ¥, V, measured in two beam W e V= Vit VI-2V,V, cos 2y
directions at geographic azimuths 6 —y, -+, separated by =Vt Vi sin®2y : ()
an angle 2y (Fig. 13). The discussion refers to the velocities
in the plane of the radar beams, slightly inclined to the plane [ urthermore,
normal to the geomagnetic field, in which the results are L (VW) (V=)
eventually presented. This inclination, amounting to only a t= Foosty _Iéiﬁq‘ - N

few degrees, introduces small corrections (no more than a
few per cent) which will here be ignored.

For the UK-POLAR experiment # = 344°, ¢ = 12°. The
basic assumption is therefore that the velocity vector V is
sufficiently slowly-varying, in both space and time, that it
may be assumed to be the same at both points of measure-
ment (P, and P,) and at their midpoint, and to vary linearly
during a beam-swinging period. A further assumption,
necessary in the UK-POLAR experiment, is that one com-
ponent of V (i.e. the component parallel to the magnetic
field) can be neglected. Then the vector V at the midpoint
has ‘line-of-sight’ and ‘perpendicular’ components, as seen
from the transmitter, given by

Ve =(V,+V3)/2 cos ¢, H
Ve=(Vy—V3)/2sin . (2)

If the vector V has azimuth A with respect to the line-of-
sight direction, and magnitude W, then

Va+ ¥V, =2Wcos A cos i, 3

Figure 13 is drawn to resemble the layout of the actual
‘POLAR’ experiment and the vectors are drawn such that
V,, Va, ¥V, and ¥, are all positive, using the radar convention
that approach velocity is positive and recession velocity is
negative.

The random errors in ¥, and V, are assumed to be inde-
pendent and to have the same standard error AV, Then the
resulting standard error of the magnitude W is given by

AW = JI@W/V\)Y +(eW/cV,) LAY, (8
The standard error in azimuth is given by
Ad = JUGAIEV )Y +(3A/V.) LAY, (9)
On differentiating (5),

4 -2V,
{; {,! sec” A tan ﬂb = (l«’;:??)? (}G)
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Fig. 13. Velocity vectors for UK-POLAR. The thin per-

pendicular axes are the geomagnetic cardinal directions

(North at top) ; the dotted arrow L shows the direction 0 of

the L-shell meridian 334°; the beam directions 332° and 356°

are shown by dashed arrows. ¥, and V, are the observed

components of the plasma velocity, of which the line-of-sight
and perpendicular components are V; and V.

o4 2V,
ol A — 11
v sec? A tan ¥ TirV® (11
from which the standard error in 4 is found to be
AA = (AVIW){1+ cos 24 cos 24} ?/sin 2. (12)

This shows that the azimuthal error A4 is inversely pro-
portional to the magnitude W, as might be expected, and
depends on direction.

For the standard error in the magnitude W, differentiating
(6),
oW V4V, V.=V,

2W('3V1 T 2cos’y  2sin?y

(13)
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W VY,
dV, 2cos’y

V,—V,
2sin’
from which the standard error in the magnitude W is found
to be

(14)

AW = AV{1—cos 24 cos 2y} "*/sin 24, (15)

which also depends on direction. It is convenient to define
functions Fy(A4), F,(A) to describe the directional depen-
dence of the errors such that

AW = F,(A)- AV, (16)
AA = F(A)- (AVIW). an

Table 2 gives values of Fy{(A4) and F,(A) for various azi-
muths between 0° and 90°, including one beam direction
(4 =12°) and one direction perpendicular to a beam
(A =78). The values for other ranges of 4 are easily
obtained by symmetry. Table 2 shows that, for a given ratio
(AV/W), the azimuthal error varies by a factor of 4.7 over
the whole range of azimuths. Also tabulated are numerical
values of the standard errors, taking AV = 25 m s~ ', which
is typical of the UK-POLAR data. The two values of A4
correspond to W =100 m s™' and W = 500 m s~', which
represent ‘quieter’ and ‘more active’ parts of the flow pattern.
The error A4 is greatest if 4 = 0° or 180° (i.e. the velocity
vector is parallel or anti-parallel to the mean pointing direc-
tion ) and smallest if 4 = +90° (i.e. the velocity vector is
perpendicular to the mean pointing direction). The standard
error AW in the magnitude W varies in an opposite fashion,
being smallest in the mean pointing direction (4 = 07, 180°)
and greatest in the perpendicular direction (4 = +90°).

It is well known that a beam-swinging experiment such
as UK-POLAR, in which the angle 2y between the beam
directions is quite small, gives a poor measurement of vel-
ocities perpendicular to the mean line-of-sight. In this case,
the sum (V,+ V) is small and, as can be seen from equation
(7), W depends mainly on the term with the small denomi-
nator 4 siny. This tendency is accentuated in the case of
UK-POLAR by the fact that (magnetic) east-west velocities
are usually larger than north-south velocities. Nevertheless,
the westward and eastward flows recorded at various times
in the UK-POLAR observations do have the appearance
of being quite well organized, without large random errors
(except in more distant gates). This gives confidence in the
validity of the technique.

If, beside the random errors, there exist systematic errors
v,, v, in the measured components V|, V,, there will be sys-

Table 2. Numerical coefficients for errors in magnitude F,(4) and direction F,(A) as a function
of azimuth A4, where A = 0° refers to the mean direction § = 344° [see equations (16), (17)]

A AW AA(100) AA(500)
(deg) Fy(A4) F.(4) (ms™") (deg) (deg)

0 0.72 3.40 18 49 10

12 1.00 3.33 25 48 10

30 1.81 297 45 43 9

45 2.46 2.46 62 35 7

60 2.97 1.81 74 26 5

78 3.33 1.00 83 14 3

90 3.40 0.72 85 10 2

The numerica! values of A4 and AW assume that AV = 25 m s™'. The columns A4(100)
and AA(500) are computed for W= 100m s~ and W = 500 m s "
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tematic errors w, a in magnitude and direction of the derived  In the special case in which v, = v, = ¢, these simplify to
vector velocity. These are given by w = v cos A sec ), (20)

w = @W/aV o, +(@W/eV v, (18) a=—(@/W)sin dsecy. 2n
These also vary with direction, but in a different way from
a= (GA/oV v, + (6A4/dV ,)v,. (19)  the random errors as given by (12) and (15).



