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Abstract-Data recorded by the POLAR experiment run on the EISCAT radar during the international 
GISMOS campaign of 3-5 June 1987 are studied in detail. The polar-cap boundary, as defined by an 
almost shear East-West convection reversal, was observed to jump southward across the EISCAT field of 
view in two steps at 02:OO and 03:OO Magnetic Local Time and subsequently to contract back between 
0400 and 07:OO M.L.T. An annulus of enhanced ion temperature and non-thermal plasma was observed 
immediately equatorward of the contracting boundary due to the lag in the response of the neutral-wind 
pattern to the change in ion flows. The ion flow at the boundary is shown to be relatively smooth at 15 s 
resolution and directed northward, with velocities which exceed that of the boundary itself. The effect of 
velocity shears on the beamswinging technique used to derive the ion flows is analyzed in detail and it is 
shown that, for certain orientations of the cap boundary, spurious flows into the cap can be generated. 
However, these are much smaller than the observed flows into the polar cap and cannot explain the 
potential difference across the observed segment of the cap boundary (extending over 2 h of M.L.T.) which 
is roughly 7 kV. Similarly, an observed slowing of the zonal flow near the boundary cannot be explained 
as an error introduced by the use of the beamswinging technique. The results could be interpreted as being 
due to reconnection occurring on the dawn flank of the magnetopause (mapping to the polar cap at 04:3& 
06:30 M.L.T.). However, they are more consistent with recent observations of slow anti-sunward flow of 
closed field lines on the flanks of the geomagnetic tail, which appears to be generated by some form of 
“viscous” coupling to the magnetosheath plasma. 

1. INTRODUCTION 

Observations of plasma convection in the high-lati- 
tude ionosphere have revealed two types of flow rever- 
sal close to the poleward edge of the aurora1 oval: 
rotational reversals, where the velocity rotates from 
one zonal sense to the other through a meridional 
flow, and shear reversals where no rotation is 
observed. In studies of plasma convection, it is 
common to refer to these reversals as the “polar-cap 
boundary” and for a shear reversal this boundary 
is an. equipotental contour. Rotational reversals are 
found near the dayside merging gap, or “throat”, 
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and at the nightside reconnection region (which map 
to the dayside magnetopause and the tail neutral line, 
respectively). Shear reversals are observed by satel- 
lites nearer dawn and dusk (Heelis et al., 1976, 1982; 
Heelis and Hanson, 1980). Ground-based incoherent 
scatter radars, on the other hand, have tended to show 
rotational reversals over a much larger extent of the 
dayside polar cap boundary (e.g. Jorgensen et al., 
1984) although dayside shear reversals have also been 
reported (e.g. Kelley, 1985) and both types of reversal 
are present in the dayside convection data from the 
Sondre Stromfjord radar, as presented by Clauer et 
al. (1984) and Clauer and Banks (1986). 

In this paper we present a detailed set of obser- 
vations of an almost shear flow reversal at the polar 
cap boundary, observed near dawn using the EISCAT 
radar. This study will include: 2.5 min resolution 
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vector data on (1) the nature of convection at this 
boundary and (2) on the motion of the boundary 
itself; (3) 15 s resolution line-of-sight velocity data at 
and near the boundary; and (4) observations of the 
changes of ion temperature and ion velocity dis- 
tribution caused by the motion of the boundary. The 
following subsections give an introduction to each of 
these areas in turn. 

1 .l. Convection cells driven by “viscous interaction” at 
the magnetopause 

There is an important difference between the above 
definition of the polar-cap boundary (in terms of the 
pattern of high-latitude plasma convection) and the 
boundary between open and closed field lines. The 
latter will only coincide exactly with the flow reversal 
for purely reconnection-driven convection. Studies 
of the dependence of the cross-cap potential on the 
interplanetary magnetic field (IMF) have shown that, 
although convection is mainly driven by reconnection 
(Reiff et al., 1981, 1985; Sergeev and Kuznetsov, 
1981; Wygant et al., 1983 ; Doyle and Burke, 1983 ; 
Cowley, 1984, 1986), there is residual anti-sunward 
convection when the IMF is northward (an orientation 
for which little or no reconnection is expected at the 
subsolar magnetopause). When allowance is made for 
the influence of open field lines which remain con- 
nected to the IMF after it has turned northward at 
the subsolar magnetopause, it is found that only 
roughly 15-25 kV of the transpolar potential (which, 
to within the magnitude of any field-aligned potential 
differences, equals the cross-magnetosphere potential) 
cannot be explained by reconnection, compared with 
the 60-100 kV typical of southward IMF. This 
residual potential has been ascribed to a “viscous-like 
interaction”, of the kind suggested by Axford and 
Hines (1961), acting on the flanks of the magneto- 
pause where reconnection is not occurring (Crooker, 
1977). This has been included in a model of the 
convection pattern by Reiff and Burch (1985) as 
“viscous-interaction cells” in addition to the main 
dawn and dusk cells (driven by reconnection at the 
subsolar magnetopause) and “lobe cells” (driven by 
reconnection of open field lines at the sunward edges 
of the lobes). 

Direct evidence for this viscous interaction comes 
from observations of anti-sunward flow on field lines 
which are identified as closed on the basis of the 
measured energy spectrum and pitch angle dis- 
tribution of the energetic electron population : these 
have been made both at the low-latitude, near-Earth 
boundary layer (Eastman and Hones, 1979; Mozer, 
1984, 1986; see also review by Cowley, 1986), in the 
far-tail boundary layer (Sanders et al., 1980) and in 

the ionosphere (Coley et al., 1987). The potential 
across the boundary layer was found to vary between 
0 and 15 kV from IsEE- observations (Mozer, 1984, 
1986), giving a peak contribution from both flanks to 
the total cross-cap potential of 30 kV. The average 
value was 3.1 kV applied across an average width at 
the magnetopause of 0.8 R,. The ionospheric obser- 
vations by the DE2 satellite reported by Coley et al. 
(1987) gave an average potential of 2.5 kV per viscous 
cell for the cases where such a cell could be resolved. 
These authors note that the narrow latitudinal width 
of the ionospheric projection of the viscous cell 
(roughly 50 km) may allow parallel potential drops to 
“short out” from the ionosphere some of the viscous 
potential and therefore they quote this value as a 
minimum. If fully effective, this shorting-out would 
cause the ionospheric signature of the viscous cell to 
appear as a slowing of the flow at the cap boundary, 
accompanied by inverted-V electron precipitation. 

Details of the viscous-like interaction are not 

known. Penetration of solar-wind mass across the 
magnetopause has been suggested (Cole, 1974; 
Lemaire and Roth, 1978). The anomalous cross-field 
diffusion could be driven by electrostatic (Tsurutani 
and Thorne, 1982) or electromagnetic (Gendrin, 1983) 
waves. Other, less plausible mechanisms of mass and 
momentum transfer have been suggested, for example 
“impulsive penetration” (Heikkila, 1982 ; Lemaire, 
1987) or “gradient-drift entry” (Olson and Pfitzer, 
1985). The above theories are not really “viscous”, in 
that mass is transferred, and all require a breakdown 
of the MHD “frozen-in flux” condition. The Kelvin- 
Helmholz instability is a mechanism which could 
transfer momentum without the mass transfer of the 
above theories (Eviatar and Wolf, 1968; Pu and 
Kivelson, 1983). A review of the various proposed 
viscous and diffusion processes, with estimates of their 
efficiency, has been given by Hill (1983). The patterns 
of convection given by the Reiff and Burch (1985) 
model place this viscous interaction on the dayside of 
the convection pattern and predict shear convection 
reversals at the centre of the dawn and dusk cells and 
shear reversals (or rotational reversals with flow out 
of the polar cap) on the nightside. Heikkila (1982, 
1987) has suggested that the viscous interaction trans- 
fers both mass and momentum to the extent that the 
more distant geomagnetic tail is entirely populated 
with closed field lines carried anti-sunward. However, 
this is difficult to reconcile with a wide range of obser- 
vations which are more compatible with models con- 
taining one or more reconnection neutral lines in the 
tail, which have been very successful in explaining a 
great many observed features of the tail, for example 
plasmoid formation and structure (see Richardson et 
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al., 1988, and references therein). However, recently, 
Richardson et al. (1988) have also reported obser- 
vations of slow antisunward flows on closed field lines 
observed by ZsEE-3 on the flanks of the magnetotail, 
both earthward and tailward of the neutral line. Anti- 
sunward flows in a far-tail boundary layer have also 
been reported by Sanders et al. (1980), the average 
potential of 4.2 kV in these cases being very similar to 
that reported closer to the Earth by Mozer (1984, 
1986). In addition, Slavin et al. (1985) report that the 
average B, component of the far-tail magnetic field 
near 200 RE is negative in the centre of the tail, 
suggesting a location tailward of the neutral line, but 
positive on the flanks, indicating closed field lines. 
Richardson et al. (1988) interpret these observations 
as showing a viscous-like interaction across the mag- 
netopause which transfers momentum from the solar 
wind into the magnetopause, but which acts on the 
flanks of the magnetotail, rather than at the dayside 
magnetopause. This transfer carries closed, previously 
reconnected plasma sheet flux tubes from the region 
earthward of the neutral line into the distant tail in a 
layer on one or both tail flanks. Heikkila (1986) states 
that most of the viscous interaction occurs in the far 
tail, but it seems highly unlikely that this maps to the 
ionospheric convection throat region, as he suggests 
(Mozer, 1986). Rather, we expect the ionospheric sig- 
nature of such viscous interaction on the flanks of 
the tail to be a rotational reversal of flow across the 
boundary into the polar cap on the nightside. This 
process would carry closed flux tubes into the polar 
cap (as defined from the convection reversal), aug- 
menting the viscously driven cells at the expense of 
the reconnection driven ones. In this paper we present 
observations of just such a signature in the midnight- 
to-dawn M.L.T. sector. 

1.2. Motions of the polar-cap boundary 
The latitude of the convection polar-cap boundary 

at a given M.L.T. is known to be highly variable, as 
is expected when dayside merging is not balanced by 
nightside reconnection. For example, using data from 
the EISCAT and Sondre Stromfjord incoherent 
radars and from the Dynamics Explorer 1 satellite, 
Lockwood et al. (1986) deduced a large-scale polar- 
cap expansion, consistent with the application of 15& 
200 kV across the polar cap. The expansion was 
described by the model of Siscoe and Huang (1985), 
which assumed that the dayside merging gap was rela- 
tively narrow and did not move. The cap boundary 
away from the merging gap is then described as “adia- 
roic” (meaning “not-flowing across”), i.e. the bound- 
ary moves with the convection speed of the plasma. 
In the example discussed by Lockwood et al. (1986) 

the Sondre Stromfjord radar observed the motions of 
the plasma and the cap boundary motion in the middle 
of the afternoon sector; both were found to be 
directed southward with similar speeds, i.e. the 
boundary was adiaroic. At the same time, EISCAT 
observed flow out of the expanding polar cap in the 
pre-midnight sector, showing nightside reconnection. 
Conversely, in another example of a cap expan- 
sion, observed using the Sondre Stromtjord radar at 
roughly the same M.L.T. in the afternoon sector and 
following a southward turning of the IMF, de la 
Beaujardiere et al. (1987) reported that the flow at the 
boundary was northward, while the boundary moved 
southward. Hence in this second example the bound- 
ary is certainly not adiaroic. These observations imply 
that merging was occurring on field lines which map 
to the middle of the afternoon sector in the ionosphere 
for the event discussed by de la Beaujardiere et al. 
(1987) but not for that discussed by Lockwood et al. 
(1986). 

Large-scale expansions and contractions of the 
polar cap have also been deduced by Holzer et al. 
(1986) from the precipitation boundaries observed by 
two DSMP satellites and shown to be consistent with 
conservation of open flux (equivalent to Faraday’s 
Law), using IMF and westward electrojet current 
observations to quantify dayside merging and tail 
reconnection rates, respectively. A review of the 
observed responses of the polar cap--expansions, 
contractions and distortions-to changes in the IMF 
has been given recently by Lockwood and Freeman 
(1988). 

1.3. High-time resolution observations of plasma flow 
in the vicinity of the poIar-cap boundary 

The temporal variability of ionospheric convection, 
observed with 15 s resolution, has recently been sur- 
veyed by Todd et al. (1988) using data from the 
POLAR experiment run on the EISCAT radar. The 
POLAR field-of-view (f-o-v) was found to rotate into 
distinct regions of plasma flow at different U.T. Near 
magnetic noon, very low flow speeds were generally 
observed as the f-o-v is between the two cells, 
equatorward of the merging gap. However, bursts of 
poleward flow are observed in this M.L.T. sector and 
these are thought to be the low-latitude part of the 
ionospheric signature of Flux Transfer Events (FTEs) 
at the dayside magnetopause (Todd et al., 1986), as 
predicted by Southwood (1985, 1987). As a result, the 
plasma flow at the polar-cap boundary itself is also 
expected to exhibit strong impulsive bursts at these 
times, due to isolated reconnection events (the FTE 
model of Russell and Elphic, 1978) or due to vari- 
ations of reconnection rate over a broader longi- 
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tudinal extent (Southwood et al., 1988). Observations 
of impulsive flow bursts across the polar-cap bound- 
ary on the dayside have been presented by Goertz et 
al. (1985). It is not known if the flow at the polar-cap 
boundary at M.L.T. outside the merging gap shows 
similar impulsive bursts. Lockwood et al. (1988a) 
have considered the flow which would be induced near 
the dawn or dusk polar-cap boundary by the passage 
of an FTE formed near the subsolar magnetopause 
and subsequently dragged dawnward or duskward 
round the low-latitude magnetopause, as predicted by 
Cowley (1986). Todd et al. (1988) also note a channel 
of strong convection at the centre of the aurora1 oval, 
where the ion flows show other large fluctuations at 
Pc5 frequencies. However, as the POLAR f-o-v 
approaches the polar-cap boundary near dawn or 
dusk, the flows become smoother, with little or no 
such fluctuations. The observations of the polar-cap 
boundary near dawn presented here are the first to 
look at the cap boundary away from the merging gap 
with this high-time resolution. 

1.4. Ion heating due to motions of the polar-cap boundary 
The implications of large-scale expansions and con- 

tractions of the polar cap, as discussed in Section 1.2, 
for ion heating and the formation of non-thermal ion 
velocity distributions was considered theoretically 
by Lockwood and Fuller-Rowe11 (1987a, b). Non- 
thermal plasma has been observed by EISCAT, when 
operating in the POLAR mode, during periods of 
strong ion heating (Lockwood et al., 1987, 1988b, c). 
Near dawn and dusk, Lockwood and Fuller-Rowe11 
predicted that a band of high ion temperatures, 
probably containing non-thermal plasma, would 
form on the low-latitude side of a contracting polar- 
cap boundary and on the high-latitude side of an 
expanding boundary. This behaviour is a simple 
consequence of the inability of the neutral-wind 
pattern to respond to changes in cross-cap potential 
as rapidly as can the plasma-convection pattern. 

In this paper we present EISCAT observations of a 
contracting polar-cap boundary near magnetic dawn. 
The nature of the ion flows at this boundary are dis- 
cussed, making use of inferences from the observed 
ion heating. Following a description of the POLAR 
experiment and an overview of the period of interest 
in Section 2, we consider the possible errors intro- 
duced by the beamswinging technique employed to 
derive 2.5 min resolution flow vectors in Section 3. 
The nature of the flow reversal at the boundary and 
any flows across the boundary are then discussed in 
Section 4 and the variability of the flow at and around 
the boundary is assessed in Section 5 from 15 s reso- 
lution line-of-sight velocities. In Section 6 we consider 

the ion heating which results from the observed con- 
traction of the boundary. 

2. OBSERVATIONS 

The observations presented in this paper were made 
using the EISCAT Special Programme POLAR, using 
radar time contributed by all six EISCAT Associates. 
The period of observations, 3-5 June 1987, was part 
of an international GISMOS campaign (Global Iono- 
spheric Simultaneous Measurements Qf Substorms), 
during which observations were also made by a variety 
of other radars (including Sondre Stromfjord, Mill- 
stone Hill, STARE, SABRE and Goose Bay) and 
by ground-based magnetometers. The interplanetary 
medium was monitored by the IMP-8 satellite and 
aurora1 images were obtained by the Dynamics 
Explorer 1 satellite. The period of particular interest 
to this paper (l-5 U.T. on 5 June 1987) will also be 
discussed by Clauer et al. (1988), who will consider the 
global convection changes, using the EISCAT data 
in conjunction with all the other ground-based and 
satellite data accrued at this time. These combined 
data tell us much about the conditions which caused 
the polar-cap boundary to contract rapidly across the 
POLAR f-o-v. In this paper, we will concentrate on 
the nature of the boundary and the ionospheric effects 
seen by EISCAT in association with this contraction. 

The POLAR experiment has been described by van 
Eyken et al. (1984) and Willis et al. (1986). It employs 
the monostatic beamswinging technique to evaluate 
ion-flow vectors and other plasma parameters to the 
North of Tromso. The beamswinging cycle is 5 min 
long, with dwells at two azimuths, 24” apart. The 
azimuths employed have been chosen such that obser- 
vations at a given range along both are made on the 
same L-shell. Each dwell lasts 2 min and is followed 
by a 30 s period during which the antenna is in motion. 
Assuming the field-aligned flow is negligible, a field- 
perpendicular vector is derived every 2.5 min, by com- 
bining the dwell-averaged line-of-sight (l-o-s) velocity 
with an interpolated value from the two adjacent 
dwells at the other azimuth. This also assumes that 
the flow is uniform across the f-o-v and constant over 
the beamswinging cycle period. However, it should be 
noted that vectors containing completely independent 
information are only obtained once every 7.5 min. In 
addition, POLAR makes l-o-s velocity measurements 
every 15 s and these have been used by Todd et al. 
(1986, 1988) to deduce features of the flow at much 
higher time resolution. When considered this way, 
POLAR is giving 15 s scalar information from two 
spatially separated locations. The observations are 
made using a beam elevation of 21.5” and 12 receiver 
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gates, each 75 km long with centres at ranges 4.50+ 7% 
km (where n is gate number), invariant latitudes 
70.2 +0.6n”, and altitudes 175 +35n km, approxi- 
mately. The beam makes an angle in the range 70- 
74” with the geomagnetic field, depending on n and 
azimuth. 

An overview of the POLAR data for 4-5 June 1987 
is presented in Fig. 1, which shows 10 min averages 
of vector velocity, v, and 2 min averages of plasma 
density, N,, electron temperature, T,, and ion tem- 
perature, T,. The figure uses the concentric M.L.T.- 
invariant latitude polar dial format described by Willis 
et al. (1986). The scalar plasma parameters, N,, T, 
and ri, have all been determined with the assumption 
that the ion velocity distribution is Maxwellian (see 
Section 6). Between 12:00 and about 21:OO M.L.T., 
the data show strong sunward convection (westward, 
coloured green), typical of POLAR observations of 
the dusk cell in this sector (see statistical survey by 
Etemadi et al., 1988b). In this period, the flows gen- 
erally have little or no latitudinal variation in speed, 
suggesting the cap boundary remains to the North of 
the f-o-v. The decrease in speeds noted by Etemadi 
et al. (1988b) and Todd eb al. (1988) as the f-o-v 
approaches the cap boundary is observed near 20:00 
M.L.T. on this day. However, westward flow persists, 
with only a few minor interruptions, until strong east- 
ward flow is established at 00:30 M.L.T. The dawn- 
cell aurora1 oval Bows are interrupted at 02:OO M.L.T. 
when a reversal to eastward convection, thought to 
be the polar-cap boundary, jumps equatorward to the 
centre of the f-o-v, where it remains until 03:OO M.L.T. 
At this time the flow boundary jumps further 
equatorwards, giving westward polar cap flow at 
all latitudes within the f-o-v, whereas POLAR usually 
observes eastward flow at these times (e.g. Lockwood 
et al., 1986). At 04:30 M.L.T., the reversal begins to 
move poleward across the f-o-v. After an initial rapid 
contraction of the boundary at this time, there is little 
motion across the f-o-v between 05:OO and 06:OO 
M.L.T. In fact, this latter behaviour is roughly that 
expected for the rotation of the EISCAT f-o-v under 
a cap of constant radius and with a centre displaced 
by a few degrees from the invariant pole toward 
midnight. After 06:OO M.L.T., the boundary moves 
rapidly poleward and is no longer within the f-o-v 
after 07:OO M.L.T. Subsequently, the eastward flow 
of the dawn aurora1 zone is observed to decrease and 
by the end of the data the f-o-v is within the slow- 
flow region between the two cells (Todd et al., 1988 ; 
Etemadi et al., 1988b). 

The second band in Fig. 1 shows that the plasma 
density, N,, is reduced immediately poleward of this 
polar-cap boundary near dawn, but that this is not 

true following the two equator-ward jumps of the 
boundary near 02:OO and 03:OO M.L.T., when the 
plasma density remains high in the polar cap. In 
addition, the inne~ost plot shows that a band of 
high ion temperature moves across the f-o-v near 
dawn, close to this cap boundary and where the 
plasma is most depleted. This suggests that the low 
densities may be due to enhanced loss rates caused by 
the increase in ion flow speed, relative to the neutrals 
(which also elevates the ion temperature) (&hunk et 

ul., 1975), and are not due to a plasma hole within 
the polar cap (Brinton et al., 1978). The electron 
temperature plot largely reflects the height profile, 
with the greatest values in the furthest (highest) gate 
shown (gate 8). However, inspection of the data from 
any one gate shows that values are slightly larger when 
the f-o-v is in the Seward-convecting aurora1 oval. 
This may be the result of electron precipitation and/or 
heat conduction from the ion gas. 

Figure 2 presents a more detailed view of the con- 
traction of the polar cap and of the ion temperature 
enhancement, this time in a rectangular invariant lati- 
tude-U.T. frame. In order to compare Figs 1 and 2, it 
should be noted that M.L.T. x U.T.+2.5 h, for the 
centre of the POLAR field of view on this day. In this 
figure, the 2.5 min flow vectors are given in “electric 
field format”, with westward flow plotted up the page, 
and northward horizontally to the right. This prevents 
the largely East-West flow vectors being congested 
and clearly shows the flow reversal at the polar-cap 
boundary as a rotational reversal from westward (up 
the page) to eastward (down the page) via northward 
(to the right). The boundary appears to be close to 
the southward edge of the f-o-v until near 02:OO U.T. 
(as weak flows which fluctuate between westward and 
eastward are seen) after which a clear reversal is seen, 
first in gate 1 and then in gate 2 (the first and second 
horizontal rows of vectors, respectively). The flows 
in gate 3 then also fluctuate between westward and 
eastward between 02:30 and 03:30 U.T., as the cap 
boundary appears to move back and forth across this 
gate. There is a rapid poleward jump of the reversal 
after 03:30, followed by a short-lived expansion back 
across gate 4. Finally the boundary is seen to move 
rapidly poleward, crossing the most northerly gate 
shown (gate 7) near 04:15 U.T. 

Also shown in Fig. 2 are colour contours of ion 
temperatures, observed at both azimuths. These 
estimates assume that the ion velocity dist~bution 
remains Maxwellian, which for ion temperatures of 
the displayed colour contour levels (T, < 1600 K) is a 
good approximation and errors in Ti are small for this 
range (< 10%). However, within the (red) band are 
regions were Ti greatly exceeds 1600 K, in which non- 
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thermal plasma is identified. In these regions the errors 
in T, will be considerably greater (Raman et al., 1981; 
Suvanto et al., 1988 ; Lockwood et al., 1988b, c), and 
for this reason no contours of T, greater than 1600 K 
are shown in Fig. 2. This effect will be discussed fur- 
ther in Section 6. Note that a horizontal East-West 
gradient in T across the f-o-v appears in Fig. 2 as 
oscillations at the 5 min beamswinging period of the 
experiment. Such oscillations are particularly appar- 
ent for gates 2 and 3 in the period 02:0&03:00 U.T. 
However, the most obvious feature of the ion tem- 
peratures is the band of large values which always sits 
immediately southward of the flow reversal. In fact, 
the reversal coincides almost exactly with the 1300 K 
contour for most of the period, and at all times when 
the cap is contracting rapidly. Section 6 discusses why 
just such a band of high ion temperatures is expected 
immediately equatorward of this contracting polar- 
cap boundary, due to the response time of the neutral 
wind. The relationship of the convection reversal to 
the ion temperature enhancement is emphasized by 
Fig. 3, which is a plot of the 1300 K contours for 
the data from each azimuth in the same invariant 
latitude-U.T. frame as Fig. 2. Also shown are points 
where the zonal component of the convection along 
an L-shell changes sign. The relationship of these 
points to the polar-cap convection reversal will be 
discussed in Section 3: however, it can be seen that 
they remain at all times very close (to within about 
0.25 of a degree of invariant latitude) to the points at 
which T, rises above 1300 K. The ion temperature 
subsequently remains greater than 1300 K for a period 
of about 40 min. 

Another striking feature of Fig. 2 are the oscil- 
lations in plasma flow with period of about 40 min 
which are particularly evident close to the cap bound- 
ary (e.g. gates 14 at l-2 U.T.). These are also 
observed equatorward of the boundary, where there 
is considerable additional variability at lower periods. 
There is a general anti-correlation of flow magnitudes 
across the flow reversal boundary. This is most 
marked for pairs of gates which lie on either side of 
and close to the boundary (e.g. gates 2 and 4 between 
2:15 and 3:15 U.T. or gates 3 and 5 between 3:15 and 
4:00 U.T.) but often the effects are seen over a wider 
range of latitudes (compare gates 1 and 5 between 
3:00 and 4:00 U.T.). Comparison with Fig. 3 shows 
that the flows are reduced in a given gate when the 
boundary moves closer to it, whereas they increase as 
the boundary moves away from it, and motions in the 
boundary are in phase with the long period (N 40 min) 
oscillations in the flow near the boundary. Hence this 
anti-correlation shows that the boundary is a region 
of relatively slow flow, compared to the regions l”-2” 

of invariant latitude either side of it. The following 
section shows that this conclusion is not just a conse- 
quence of the beamswinging technique used to derive 
the flows. The westward flows in the polar cap are 
very uniform and constant, and tend to show only 
reductions from their constant value as the boundary 
approaches-these reductions extending over 2 or 3 
gates. However the auroral, eastward flows show 
periods of enhanced velocity, not just reductions. A 
notable example of this is gates 2 and 3 during the 
brief northwards excursion of the boundary shortly 
after 03:30 U.T. : the flow speeds in gate 2 reach over 
2.9 km s -’ at these times. 

3. EFFECT OF THE BEAMSWINGING TECHNIQUE 

ON OBSERVED FLOWS AT A SHEAR BOUNDARY 

The vector flows described in the previous section 

were all derived using the beamswinging technique. 
This assumes that the velocity is uniform over the 
f-o-v and that it is constant during the beamswinging 
cycle period. Neither of these assumptions is likely 
to be valid close to a moving polar-cap boundary. 
Etemadi et al. (1988a) have recently discussed the 
errors in the flow velocities which arise from temporal 
variations (on time scales short compared with the 
beamswinging period), without any spatial variations 
across the f-o-v. They concluded that although the 
lag giving peak correlation of the flow with some 
independent variable (e.g. IMF BZ) is not altered by 
the beamswinging technique, this is certainly not true 
for the direction and magnitude of the inferred flow 
at times close to a change in real flow. Clauer and 
Banks (1986) have considered the errors introduced 
by spatial variations in the flow within the f-o-v. 

In this section we consider how the beamswinging 
technique, as used in the POLAR experiment and 
hence in the analysis employed to derive the vectors 
in Figs 1 and 2, can affect the deduced flows when a 
shear reversal boundary moves across the f-o-v. In 
order to do this, we simulate the effects of a 180” shear 
boundary moving poleward, such that its intersection 
with the normal to the L-shell moves with speed V,, 
(positive northwards) in a frame of reference fixed 
with respect to the radar. The boundary is also 
inclined at an angle c( to the L-shell (see Fig. 4). Note 
that the definition adopted allows V, to be measured 
directly from Fig. 2, whereas the speed of the bound- 
ary normal to itself, V, cos tl, is not measurable (as 
the angle tl is not generally known). The flows on 
either side of the boundary are parallel to the bound- 
ary in the frame of reference moving with the 
boundary (i.e. it is a shear reversal in this frame). 
Equatorward and poleward of the boundary the zonal 
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FIG. 2, FOR AZIMUTH 1 (332O-SOLID LINE) AND AZIMUTH 2 (3%-BROKEN LINE). 

Also shown are the points for each range gate where the zonal convection component, along the L-shell, 
reverses sense. 

component, along the L-shell, is eastward and west- 
ward respectively: the convection speeds in the 
moving boundary frame are Vi and Vi (subscripts 
a and c referring to “auroral” and “cap” regions, 
respectively) which transform to V, and V, in the 
frame fixed with respect to the radar : 

V, = VL*t+V,cosa.n, 

V,= -_i*t+V,coscr*n 

where t is a unit vector tangential to the boundary in 

FIG. 4. GEOMETRY OF THE MODEL CAP BOUNDARY, RELATIVE 

TO THE POLAR BEAM DIRECTIONS, (1) AND (2), IN THE 

ELEVATION PLANE OF THE OBSERVATIONS. 

The look directions are Y = 11” on either side of the L- 
shell meridian (AT). The boundary velocity, V,, and the 
convection velocities in the aurora1 oval and polar cap, V, 
and V,, are all in the frame which is fixed with respect to the 
radar at Tromsij (T). Transformed into the moving boundary 
frame, the convection velocities become Vi and Vi which are 
antiparallel-i.e. the boundary is a shear reversal. A range 
gate is 2a long, centred on a range r. The boundary is inclined 
at an angle a to the L-shell and intersects the beam directions 
at r, , and rbZ, and the L-shell meridian through Tromsii at a 

distance db from Tromsii (T). 

the eastward direction and n is a unit vector normal 
to the boundary in a northward direction. 

The boundary described here would be expected 
between the aurora1 oval and the polar cap near dawn 
for the Heelis et al. (1982) convection model, while 
the polar cap is shrinking. 

Figure 4 defines the variables used and the geometry 

of the boundary relative to the POLAR look-direc- 
tions. The angle between the boundary and the L- 
shell is a and the angle Y, between the look-directions 

(1) and (2) and the normal to the L-shell, is 11” in the 
elevation plane of the observations. The boundary is 
taken to be straight over the f-o-v. 

For a given polar-cap boundary location and orien- 
tation across the f-o-v, it is necessary to compute the 
2 min integrations of line-of-sight velocities observed 
along each azimuth, V, and V1. These are combined 
to give the northward and eastward flows using the 
equations given by van Eyken et al. (1984) but with 
the value deduced for one dwell combined with the 
linearly interpolated value for the two adjacent dwells 
at the other azimuth, as described by Willis et al. 
(1986). This was the procedure used to derive the flow 
vectors shown in Fig. 2. It is not possible to simulate 
the l-o-s velocities in a fully rigorous and general 
manner, as factors like a large plasma density vari- 
ation across the shear can become important. Hence 
a simplified approach is used here. Figure 4 dem- 
onstrates that a range gate, of total length 2a, can 
straddle a shear flow reversal for one or both of the 
azimuths. In such cases, information is taken from 
both sides of the boundary, even in a single recorded 
auto-correlation function (acf) from that range gate. 
Hence the shear can affect the determined l-o-s 
velocity, in addition to causing errors if l-o-s velocities 
from both sides of the boundary are combined by the 
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beamswinging technique. For density observations 
(from the zero lag of the acf) n is 75 km for POLAR, 
falling to 50 km for the longest (sixteenth) lag. Analy- 
sis of POLAR data using various numbers of lags 
shows the optimum number for velocity determina- 
tion is about twelve, but that most of the velocity 
information is contained in the first three or four lags 
(B. J. I. Bromage, private communication). Here we 
adopt a weighting for l-o-s velocity measurements 
which is the same as that appropriate to the zero lag 
(density measurement). This gives a maximum spread 
of locations over which a shear can affect a range 
gate (a = 75 km) and full lag analysis justifies this 
approach as the l-o-s velocity weighting is found to 
be very similar to the triangular weighting for the den- 
sity (P. J. S. Williams, private communication). It is 
straightforward to allow for range-squared (spatial 
signal attenuation) corrections of the weighting across 
the gate, which are relatively long for POLAR com- 
pared to other EISCAT experiments. Further refine- 
ment of the computation of weighting functions is not 
considered worthwhile, bearing in mind that a range 
gate covers a range of altitudes and invariant latitudes 
and hence spatial variations in plasma density will, in 
practice, also influence the relative weight given to 
each part of a gate divided in two by the flow bound- 
ary. By integrating over the range gate, this simplified 
approach gives a weighting factor to that part of the 
gate in the aurora1 oval of: 

1 i-a 
w, = ~ 

c [ 
~+log&-l 1 rb < r 

1 a(O+rb-r) r2 
w, = - 

C [ rb(r--a) 
+log, ~ 

[ 1 rb(r-4 

where 

r(r+rb--a) 

rb(r-u) 
+2 1 rb ’ r (l) 

r 3 1 

r is the range of the centre of the gate, and rb is 
the range of the boundary along the look direction 
(defined for azimuth 1, rb, , in Fig. 4). The weighting 
function is averaged to allow for the variation of the 
distance rb (due to the motion of the boundary) during 
each 15 s pre-integration period. The weighting factor 
for that part of the gate in the polar cap is w, = 1 - 

The l-o-s V, and are determined 
2 min acfs by matched-filter tech- 

: as a result, this post-integration can be simu- 
lated by averaging the 15 s values. Instantaneous 

lkm 

5 lrilrlllilrirr”f;, 
4 IllIllliIitL,\\\ 

I 
lililtt 
(o)o= 0 ~‘lUllii\ 

(b),=7.5O 

I 

0 20 40 
Time hn) 

FIG. 5. SIMULATED FLQW VECTORS. 

These are shown for range gates 3,4 and 5 (r = 675,750 and 
825 km) in the same format as for Fig. 2, for model values 
Vb= lOOms-‘, Vi= VL= 1 kms~‘andaof(a)O”,(b)7.5” 

and (c) 15”. 

values of the l-o-s velocities are obtained from I’, and 
I’, by averaging using weighting functions w, and w,. 
The Vi and V2 values are then combined to give the 
flow vector in the same way as the experimental values, 
as described above. 

Some simulated vectors are shown in Fig. 5 as a 
function of time for flow speeds (in the reference frame 
for which the boundary is at rest) within the polar cap 
and aurora1 oval, Vi = V’L = 1 km SK’ and northward 
boundary speed V, = 100 m s-‘. The vectors are 
shown for three range gates (3, 4 and 5, for which 
r = 675, 750 and 825 km) for three boundary orien- 
tations, with tl positive (negative values are not 
expected at the M.L.T. of the observations, however, 
their possible effects will be discussed later). The 
vectors are shown in the same format as Fig. 2, with 
northward to the right of the figure, and in the frame 
of reference of the radar. In all three cases the vectors 
rotate from westward to eastward, through north- 
ward-as for the reversals shown in Fig. 2. In part (a) 
of Fig. 5, the angle CL is zero (boundary parallel to 



Ion flows at contracting polar-cap boundary 1239 

the L-shell). All vectors show the correct northward 
component of V, = 100 m s-i. The only effect of the 
beamswinging technique is to alter the step function 
change in real zonal flow to a smooth variation, pro- 
ducing an apparent but spurious slowing of the flow 
at the boundary. Because the boundary is moving 
northward at 100 m ss’, a given range gate is affected 
for about 12 min, corresponding to nine vectors. Note, 
however, that at a time when gate number n shows a 
zonal flow reversal, there is no effect on gates (n - 1) 
and (n+ l), on either side of it and that a maximum 
of two gates (which straddle the boundary) can be 
affected at any one time. As a result, we conclude that 
the slowing near the boundary observed in Fig. 2 is 
not merely a consequence of the beamswinging tech- 
nique as it often extends over four or five range gates. 

For parts (b) and (c) of Fig. 5, CL is 7.5” and 15”, 
respectively. This orientation reproduces the vectors 
seen away from the flow reversals in the polar cap and 
aurora1 oval in Fig. 2, with nearly pure westward flow 
in the cap, but with flow North of eastward in the 
aurora1 oval. For both parts (b) and (c), the same 
basic behaviour is seen, but there is a very slight 2.5 
min oscillation, which increases with increasing a, 
introduced into the vectors by the velocity com- 
bination algorithm. 

It is found that the zonal flows do not, in general, 
reverse from westward to eastward at the location of 
the true cap boundary, although this is very nearly 
true for CL = 0. The separation of this derived zonal 
flow reversal (shown in Fig. 5) and the point A for a 
given gate number (the mid-point between centres of 
the scattering volumes for the two azimuths-see Fig. 
4) A, is plotted in Fig. 6(a) as a function of the angle, 
c(. It can be seen that the two agree to within 2 km for 
the range -5” < a < 5”, but at very large angles of 
either sense, the East-West zonal flow reversal can 
lie 60 km equatorward of the true location of the 
boundary at the centre of the field of view, i.e. the true 
cap boundary can be roughly one range gate to the 
North of the derived zonal flow reversal. Part (b) of 
Fig. 6 shows V,, the component of the derived flow 
vectors normal to the boundary minus the true plasma 
velocity in the same direction (the latter being 
Vb cos a). Hence V, is a spurious flow into the polar 
cap introduced by the beamswinging technique. It can 
be seen that for -Y < a < Y (Y = 11” for POLAR) 
V, has magnitude less than 50 m SC’ and is into the 
polar cap for positive a (positive V,) and out of it for 
negative a. Larger spurious flows into the cap can 
only be generated if a < - 15”, for the case with 
Vi = VA = 1 km SC’. Increasing Vf and Vi is found to 
cause proportional rises in V,v. This effect, along with 
field-aligned flows, may provide an explanation of the 

relative absence of shear reversals from many radar 
data at certain times when we would expect them from 
satellite data (Jorgenson et al., 1984). In the following 
section, we study the Bows across the convection 
reversal boundary, with careful consideration given 
to the effects discussed in this section. 

4. DEDUCED FLOWS ACROSS THE 

POLAR-CAP BOUNDARY 

An analysis of the plasma flow near the boundary 
and of the motion of the boundary is presented in Fig. 
7. In part (a) it is assumed that the angle a is always 
zero, in which case the distance A is zero and average 
velocities of the boundary can be calculated from 
the intervals between zonal flow reversals in adjacent 
gates. The solid line in Fig. 7(a) shows this average 
speed of boundary motion between range gates 
(derived from Fig. 2) V,, whereas the thin line shows 
the cross-boundary convection component (north- 
ward in this case with c( = 0), V,,. This value is evalu- 
ated every 2.5 min by linearly interpolating between 
the two range gates adjacent to the inferred boundary 
location. It can be seen that the northward-directed 
cross-boundary convection generally exceeds the 
boundary speed. That this conclusion is independent 
of the assumed value for t( is demonstrated by Fig. 
7(b), which shows the potential along the cap bound- 
ary, @, computed in the frame moving with the bound- 
ary. Using velocities defined in the frame of the radar, 
this potential (across a segment of cap boundary of 
length L) is given by : 

CD, = 
s 

(V,, - V,, cos a)B dl (2) 
L 

where dl is an increment of length along the boundary 
and B is the geomagnetic field. In Fig. 7(b), three 
models of the polar-cap boundary orientation are 
employed which all assume that the polar cap is cir- 
cular in an M.L.T.-invariant latitude frame. In the 
first case, the invariant co-latitude of the centre of the 
polar cap, 0, is taken to be zero (i.e. the cap is centred 
on the invariant pole), which results in a being zero 
at all times, as assumed in Fig. 7(a). In the other two 
cases 0 is taken to be 3” and 6”, with the cap centre 
shifted towards the nightside and always on the 24 h 
M.L.T. meridian, giving ranges of a of 8.5-10.6” and 
18.2”-19.5”, respectively over the range of M.L.T. in 
which the polar-cap boundary is observed in Fig. 2. 
The range of f3 employed here covers the majority of 
values derived from global aurora1 images by Meng 
et al. (1977). Figure 7(b) shows that the apparent 
potential drop across this segment of the polar cap 
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does not vary greatly with the assumed model for a apparent flow into the polar cap, as in Fig. 7(b)], for 
and is roughly 7 kV. V,=lkm s-‘and~~=lSkms-‘,whichapplyon 

In Section 3, it was shown that a spurious flow into average to the data away from the boundary in Fig. 
the polar cap (of speed V,) could be generated by 2. The slowing of the flows at the boundary, as inferred 
the ~amswin~ng technique. The model boundary in Section 2, would decrease the mag~tude of these 
orientations used in Fig. 7(b) give spurious potential spurious potentials. The worst case, which generates 
drops of 0, 1.1 and -9 kV [positive values reflecting maximum northward flow into the polar cap, is with 
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Some information on the boundary orientation is 

> 
Y 

e 

inherent in Figs 2 and 3, which show that the ion 
temperature at the two azimuths is not exactly the 
same. Figure 2 shows that the ion temperature rise is 
largely coincident with the zonal flow reversal, which 
for small CI is close to the true convection boundary 
[A is small, see Fig. 6(a)]. This is expected for a con- 
tracting cap boundary, as will be discussed in Section 
6. Hence we can use the temperature rises seen at the 
two azimuths to determine rb, and rb2 (see Fig. 4) at 
any time, and hence we can estimate c(. The result is 
shown in Fig. 7(c). It can be seen that tl fluctuates 
over a large range, but the average is near 12”. Because 
this is greater than the half-angle of beamswing- 
ing, Y = ll”, this results in a spurious potential of 
-0.5 kV. From the variance of the tl values we 
deduce this spurious potential estimate has an error 
of roughly 1 kV, which is comparable to the uncer- 
tainty introduced into the measured @ values by tl. 

(b) 

Consequently, we conclude that errors introduced 
by the beamswinging technique cannot explain the 
observed flow into the polar cap and the 7 kV of 
potential observed along this segment of the cap 
boundary, although fluctuations in tl, particularly the 
two large negative excursions inferred for two brief 
periods of cap expansion during the overall contrac- 
tion, may well influence the temporal variation of 
(I’,- Vb cos cc) shown in Fig. 7(a). These temporal 
variations are smoothed out by taking the integral 
when evaluating the potential, @. 

-30-j 

5. FLOWS NEAR THE CAP BOUNDARY 

AT 15 s RESOLUTION 

I , 1 

(cl 1 2 3 Ii 

UT (hrs) 

FIG. I. ANALYSIS OF BOUNDARY MOTION AND CONVECTION 
NEAR TEE BOUNDARY As A FUNCTION OF U.T. 

(a) Velocity components, normal to the boundary, of con- 
vection (V,; thin line) and of boundary motion ( Va cos a ; 
bold line) for a circular polar cap centred at 24 h M.L.T. 
and invariant colatitude (3 = 0 (i.e. boundary orientation 
angle, a, always equals zero). (b) Potential along polar-cap 
boundary (in frame moving with the boundary), derived 
from integral of (V,- V, cos a), for 0 of O”, 3” and 6”. 
(c) Boundary orientation angle, a, inferred from ion tempera- 

ture variations at the two azimuths. 

a = 5.5” at all times (it is not considered possible for 
a to be less than - 15” for more than short periods), 
in which case an apparent, spurious, potential of only 
3 kV is generated. Hence we conclude that the flow 
into the polar cap is not produced solely by the beam- 
swinging technique. 

In addition to the 2.5 min resolution vector data 
from POLAR, there is much information to be 
obtained on the nature of the flows from the observed 
15 s line-of-sight (l-o-s) velocities. For example, Todd 
et al. (1986) used these l-o-s velocities to detect rapid 
bursts of poleward flow in the aurora1 ionosphere, and 
to show that they were consistent with the expected 
ionospheric signature of FTEs at the dayside mag- 
netopause. A survey of 15 s data from POLAR has 
been made by Todd et al. (1988) and has shown that 
flows have very different small-scale temporal and 
spatial structure in different parts of the convection 
pattern. This survey did not include observations of 
the cap boundary at the M.L.T. discussed here. In 
Fig. 8 we adopt the format of data presentation used 
and explained by Todd et al. (1988). The plots show 
the l-o-s velocities in the first 5 range gates for the 
period of Fig. 2 (1-5 U.T.). The data shown as squares 
are from azimuth 1 (11’ to the West of the L-shell 
meridian in the elevation plane of the observations) 
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FIG. 8. 15 s RESOLUTION LINE-OF-SIGHT VELOCITIES OBSERVED DURING THE PERIOD COVERED BY FIG. 2. 
Squares show data from azimuth 1, triangles are from azimuth 2 (see Fig. 4).Data are shown for range 
gates 1 (bottom panel, A = 70.8”) to gate 5 (top panel, A = 73.2”), for the periods : (a) 1:0&1:30 U.T. ; 
(b) 1:3&2:00 U.T. ; (c) 2:00-2:30 U.T. ; (d) 2:3&3:00 U.T. ; (e) 3:0&3:30 U.T. ; (f) 3:304:00 U.T. ; 

(g) 4:0@4:30 U.T. and (h) 4:30-5:OO U.T. 
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and those shown as triangles are from azimuth 2 (1 lo 
to the East of the L-shell meridian). The data shown 
as inverted-Y symbols are taken while the antenna is 
in motion between the two azimuths. The average 
point directions for these points are given in Fig. 1 of 
Todd et al. (1988). 

Parts (a) and (b) of Fig. 8 cover the period l:O& 
2:00 U.T., when the f-o-v is entirely within the polar 
cap (see Fig. 2). The data, for gates 3 and 4 in parti- 
cular, show almost square-wave modulation of the 
l-o-s velocities introduced by the beamswinging, 
showing that the flow is relatively smooth (compared 
with the variable aurora1 zone flow observed at similar 

M.L.T. by Todd et al. (1988) and to that observed to 
the South of the cap boundary at later times in Fig. 
8). Gates 1, 2 and 3 show considerable variation in 
the amplitude of the square wave at certain times (also 
seen in the vector data in Fig. 2), which we interpret 
as the slowing of the flows at the boundary. The lower 

signal-to-noise ratios of the data for gate 5 introduce 
more point-to-point random variability in the flows, 
as discussed by Todd et al. (1988). Overall these flows 
within the polar cap are very smooth and show little 
wave-like variation, on time-scales in the range 15 s- 
2 min (Fig. 2 shows there are oscillations of period 
40 min). 

Also marked in Fig. 8 are the times of poleward 
(P) and equatorward (E) motions of the convection 
reversal across each gate, as identified from Fig. 2. As 
an example of how the intervals during which these 
traversals occur are determined, let us look at the first, 
clear identification of the polar-cap boundary in Fig. 
2, namely the zonal flow reversal seen at 01:54:30 
U.T. in gate 1. Figure 6(a) shows that, in general the 
cap boundary is shifted from the location of the zonal 
flow reversal by a distance A. Because we do not know 
the angle tl with any certainty, we do not in general 
know A. Figure 6(a) shows that the magnitude A is 
small (< 30 km) for c( in the range - 15” < 01 < 15” 
and that the only large non-zero A values are negative. 
For a contracting polar-cap boundary this means that 
the zonal flow reversal, which lies at or equatorward 
of the true cap boundary, will be observed at the same 
time or after the true boundary is at the centre of the 
range gate in question. Hence Fig. 2 can only give an 
indication of where the cap boundary is, but not an 
accurate timing of its traversal of a given range gate. 
From the V,, values presented in Fig. 7, we can esti- 
mate the period during which the polar-cap boundary 
must have passed through the centre of each range 
gate, by assuming A lies in the range - 25 km < A < 0. 
This calls for the traversal of gate 1 to be in the period 
01:53:0&01:54:30 U.T. and inspection of Fig. 8(b) 
demonstrates that all data points in this period show 

slow, northward flow with very little point-to-point 
variation. The traversal periods for the other range 
gates were calculated in the same way and are shown 
in Fig. 8 by the horizontal bars. The letters P and E 
refer to poleward and equatorward traversals, respec- 
tively. The c( angle estimates shown in Fig. 7(c) some- 
times exceed 15” in magnitude, and the uncertainty in 
A could be considerably larger in such cases. Hence, 
the boundary may have passed a short time prior to 
the period shown for poleward (P) motion cases and 
after it for equatorward (E) motion cases. The periods 
marked vary in length because of the variety of 
deduced boundary speeds. The boundary crossings all 
show similar l-o-s velocity behaviour to that noted for 
gate 1, i.e. relatively smooth northward flow, with 
little point-to-point variation. This is certainly true to 
within experimental error of all poleward (P) 
traversals, but may not be true of the equatorward 
(E) ones. Figure 8(d) shows an equatorward crossing 
of gate 3 between 02:36 and 0244 U.T., during which 
a burst of enhanced northward flow (up to 500 m s-l) 
is seen around 02:37 in gates 2 and 3 (i.e. just 
equatorward of the boundary) with a second burst of 
southward flow of similar magnitude around 02:42 
U.T. This variability is superimposed on a general 
background northward flow. Figure 7(c) shows a large 
and rapid oscillation in the apparent c( in this period 
from +20” to - 15” during this period. The only 
similar excursion to large negative tl (< -20”) is also 
during a period of equatorward boundary motion, 
03:41:30-03:50:00 U.T. [see gate 4, Fig. 8(f)]. In this 
latter period a similar feature is seen, but it is known 
the boundary must move equatorward and then 
return poleward again within the one period of time. 

Figure 8(d) shows that considerable wave-like vari- 
ations of the l-o-s velocities, with periods close to the 
beamswinging cycle time (5 min), occur in the first 
half of the period 02:3&03:00, but only in the range 
gates equatorward of the cap boundary (gates 1 and 
2). Poleward of the boundary (gates 4 and 5) the flow 
shows much less sign of these oscillations (see also 
parts (c) and (e) of Fig. 8). Such PCS-frequency oscil- 
lations have been reported in the centre of the aurora1 
flow channel by Todd et al. (1988) at these, and other, 
M.L.T. It is interesting to note that there appears to 
be little transmission of the oscillations across the 
boundary: some such transmission may have been 
expected at least to some extent, due to the incom- 
pressible nature of the ionospheric flow, unless the 
oscillations were polarized in the East-West direction. 
It is also interesting that the amplitude of these oscil- 
lations decreases dramatically near 02:43 U.T., which 
is near the time that the boundary must have ceased 
moving equatorward, and that the inferred tl value 
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returned from its negative excursion. Inspection of 
Fig. 8(f) shows that the other period of equatorward 
motion and negative CI values also shows enhanced 
amplitudes at PCS frequencies which diminish at a 
time near the resumption of poleward motion. There 
is a clear correlation between these oscillations and 
the magnitude of the East-West flow (given by the 
separation between the l-o-s velocities for the two 
azimuths), as noted by Todd et al. (1988) and there 
are also certainly some oscillations at times when the 
boundary is moving poleward. Hence these data give 
an indication that boundary expansions and/or nega- 
tive tl (which, remember, is not the expected boundary 
orientation at this M.L.T.) may be associated with 
aurora1 zone flow oscillations, but a full correlative 
study of the Fourier components is required to estab- 
lish this with certainty. Alternatively, the expansions 
may just bring the region of the oscillations into the 
f-o-v. 

Part (g) of Fig. 8 shows that flow oscillations con- 
tinue while the cap boundary is moving poleward, but 
mainly exist in the centre of the aurora1 flow channel, 
as reported by Todd et al. (1988). These oscillations 
decrease, as do the East-West flow magnitudes as the 
f-o-v exits the whole convection cell in Fig. 8(h). 

6. ION HEATING DUE TO THE 

CONTRACTION OF THE POLAR CAP 

Lockwood and Fuller-Rowe11 (1987a, b) have pre- 
dicted the ion heating which would be expected in the 
F-region due to ion-neutral friction during motion of 
the polar-cap boundary. During a period of polar-cap 
contraction, there will be segments of an annulus, near 
dawn and dusk, where the ion flow has reversed from 
anti-sunward to sunward. This region lies between the 
original and present locations of the cap boundary. 
The thermospheric winds can only respond to a 
change in ion motions on a time scale of 10 min or 
greater (the time constant depending chietly on the 
plasma density). Prior to the contraction, the winds 
in the annulus will have been generally anti-sunward, 
driven by both momentum transfer from the anti- 
sunward plasma convection and the pressure differ- 
ence between the dayside and nightside due to solar 
heating. Hence in the poleward part of the annulus 
(immediately equatorward of the boundary), the ion 
temperature will be elevated because ion and neutral 
flows are in almost opposite directions, whereas 
immediately poleward of the boundary at any time 
they are in the same general direction and the ion 
temperature will be considerably lower. The ion tem- 
perature is elevated above the thermospheric tem- 
perature by the heating term which is proportional 

to (Vi-V,)’ : Lockwood and Fuller-Rowe11 predict a 
thermospheric wind of about 400 m s-’ for this sector, 
hence for V, = V, = 1 km s-l, this heating term is 
higher on the equatorward side of the boundary by a 
factor of (1.4/0.6)* z 5.4. Depending on the plasma 
density and on the rate of contraction of the bound- 
ary, the winds in the lower-latitude part of the annulus 
may have begun to respond to the change in ion 
velocity. In addition, the ion flows will be lower at 
large distances from the cap boundary. Consequently, 
it is expected that the ion temperature will be en- 
hanced in a band of latitudes immediately equator- 
ward of a contraction polar-cap boundary, with some- 
what lower temperatures at lower latitudes in the 
band. Note that, conversely, a similar band of high 
ion temperatures would be expected immediately 
poleward of an expanding cap boundary. 

The ion temperatures shown in Fig. 2 display 
exactly the behaviour predicted above, with an annu- 
lus of elevated ion temperature equatorward of the 
cap boundary, especially during the two periods of 
rapid cap contraction observed between 2:0&2:25 
U.T. and 3:254: 10 U.T. The exact coincidence of the 
rise in ion temperature with the zonal flow reversals 
indicates that the distance A must be small, and 
justifies the use of -25 km < A < 0 in the previous 
section and the use of ion temperatures to evaluate CI 
in Section 4. 

Lastly, we note that the ion-neutral velocity differ- 
ence is not sufficiently great to drive the plasma into 
a highly non-thermal state for much of the high ion 
temperature band (Ti > 1600 K). This assessment is 
made from visual inspection of the spectra, which take 
on a characteristic shape for non-thermal plasma, as 
predicted by Raman et al. (1981) and observed using 
the POLAR experiment by Lockwood et al. (1987, 
1988b, c). Attempts to fit most of the spectra in the 
band of high ion temperatures, yield estimates of the 
distribution shape distortion factor, D* (see Raman 
et al., 1981) of typically 0.3 +0.3, i.e. the distribution 
of l-o-s ion velocities can hardly be distinguished from 
a Maxwellian. These fits were carried out using the 
procedures described by Suvanto (1988) and Suvanto 
et al. (1988). Hence the ion temperature contour levels 
shown in Fig. 2, which are derived assuming a 
Maxwellian ion velocity distribution, are not seriously 
in error. However, there are several “hot spots” 
within the band coloured red where this Maxwellian 
ion temperature estimate exceeds 2000 K. Inspection 
of the spectra at such times shows the plasma 
to be highly non-thermal, with fits yielding D* values 
in the range 1.0-1.3. These ion temperatures are 
subject to up to 30% error due to the assumption 
of a Maxwellian distribution. The high D * values are 
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found in the centre of the Ti > 1600 K band where 
the ion flows are largest, and not at its poleward 
edge, as would be expected from the above discussion. 
Hence the ion temperature and D* values also show 
evidence for the slowing of the plasma flow at the 
boundary, in accordance with the beam-swinging flow 
data. Initial inspection of the ion temperature decrease 
on the equatorward half of the annulus shows that 
the response time of the neutral wind is of order 45 
min in this example. 

A fuller analysis of the non-thermal ion velocity 
distributions and ion heating during this period will 
be presented elsewhere. Here we just note the existence 
of high ion temperatures and non-thermal plasma in 
a band outside the contracting polar cap. 

7. DISCUSSION AND CONCLUSIONS 

The beamswinging technique can be used to study 
a shear-like polar-cap boundary, provided care is 
taken to ensure that possible spurious effects are not 
interpreted as real. It has been shown that the results 
summarized below cannot be explained in terms of 
the effects of beamswinging and a simple convection 
shear in the f-o-v. 

The EISCAT data from the POLAR experiment 
described in this paper give information on the flows 
and ion-velocity distribution (and hence ion tem- 
perature) and show that there is a slowing of the 
Bow near the dawn polar-cap boundary, as previously 
reported in the dusk aurora1 oval by Willis et al. 
(1986), Etemadi et al. (1988b) and Todd et al. (1988). 
This slowing is seen both inside and outside the cap 
boundary, as defined by the convection reversal, and 

extends over several range gates (i.e. over lo-2” of 
invariant latitude), but not as many as in the previous 
(dusk cell) observations. Furthermore, detailed 
analysis of the flows at the boundary indicate a per- 
sistent poleward flow across the boundary, into the 
polar cap, amounting to a total potential drop of some 
7 kV across the 2 h segment of the boundary observed. 

There are two possible mechanisms at the magneto- 
pause which could be invoked to explain the tlow 
across the cap boundary. The first is reconnection, in 
which case the open-closed field line boundary 
remains co-located with the convection reversal. It is 
not possible from these data to establish definitively 
whether or not weak quasi-steady reconnection is 
occurring or where the open-closed field line bound- 
ary is. However, the M.L.T. of the observations would 
require such reconnection on the flanks of the mag- 
netotail, in addition to that expected at the dayside 
sub-solar magnetopause. The width of the merging 
gap on the dayside is known to be very variable, for 

example Lockwood et al. (1986) and de la Beau- 
jardiere et al. (1987) have presented examples of cap 
expansions seen at Sondre Stromfjord in the mid- 
afternoon sector where merging was not and was 
occurring, respectively, at that M.L.T. However, we 
are not aware of any previous observations suggesting 
reconnection at the M.L.T. of these observations. 
Data from ion drift meters on satellites have not 
shown flow into the polar cap at these M.L.T. (e.g. 
Heelis and Hanson, 1980), which would suggest that 
this is not a common occurrence. Furthermore, recon- 
nection would give a sharp boundary between sun- 
ward convecting closed field lines and open field 
lines which would be dragged anti-sunward as soon 
as they were merged with the IMF. There are 
therefore difficulties in explaining the observed 
slowing of the flow at the boundary in terms of re- 
connection. 

The second mechanism which can be invoked to 
explain the flow into the polar cap is a viscous-like 
interaction at the magnetopause. Three separate 
hypotheses have been made for the necessary momen- 
tum transfer at the magnetopause : penetration of solar 
wind plasma filaments into the magnetosphere, wave- 
driven diffusion and boundary waves (in particular 
Kelvin-Helmholtz waves, see introduction Section 
1.1). Recent analysis of SEE-3 data from the distant 
(-200 RE) tail, carried out as part of the CDAW- 
8 workshop, has provided evidence for viscous- 
like interaction on the flanks of the magnetotail 
(Richardson et al., 1988). This evidence takes the form 
of observations of a thick (of order 10 RE) layer of 
closed plasma sheet flux tubes flowing slowly anti- 
sunward on the flanks of the tail. The antisunward 
flow speed of this plasma (lo&200 km s-‘) is much 
less than that occurring tailward of the neutral line 
(400600 km s-r) in the central region of the tail at 
these distances, such that Richardson et aZ. (1988) 
termed these flows the “slow plasma sheet”. The 
observations indicate that this population originates 
from the closed plasma sheet flux tubes located earth- 
ward of the neutral line, which initially flow earthward 
after reconnection, but are subsequently carried tail- 
ward, presumably by “viscous” coupling to the solar 
wind flow across the flanks of the tail, as is shown 
schematically in Fig. 9(a). This interpretation differs 
from that of Heikkila (1982,1986), who proposed that 
the flank layers are formed by the tailward transport 
of closed, dayside flux tubes, a proposal which is not 
supported by the ZSEE-3 tail data. A schematic of this 
flow pattern is given in part (a) of Fig. 9, which shows 
a snapshot of the inferred flow streamlines in the 
equatorial plane. The flanks of the magnetopause are 
depicted with wavy lines because Richardson et al. 
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( b) 

FIG. 9. .%lEMATIC OF VISCOUS INTERACTION EFFECTS ON 

CONVECTION SUGGESTED BY THE DATA PRESENTED BY 

bXABDSQN et al. (1988). 
(a) The flow in the equatorial plane of the mametotail and 
(bj a snapshot of the corrcspkding motion>f the iono- 
spheric feet of the field lines. The polar cap is considered as 

being in steady state. 

(1988) provide some evidence for the interaction aris- 
ing from Kelvin-Helmholtz waves, and they find no 
evidence of the additional plasma densities required 
by the hypothesis of penetration of solar-wind plasma 
or spatial diffusion from the sheath. 

In part (b) of Fig. 9, a schematic of the expected 
flow streamlines in the ionosphere is given, cor- 
responding to Fig. 9(a). Again, this is a snapshot at a 
particular time. The figure shows reconnection-driven 
cells, with plasma crossing the dayside merging gap 
and the nightside reconnection line (shown as dotted 
lines). The fact that the cap boundary was contracting 
in the period discussed in this paper indicates that 
there was an imbalance between the total merging 
rates at these two neutral lines, with more flux 
leaving the polar cap on the nightside than entering 
it on the dayside (see Lockwood and Freeman, 1988). 
However, a major duskward shift of the entire polar 
cap, for example under the influence of a strong swing 
to positive IMF B,,, may have the same effect, but 
seems unlikely. The schematic in Fig. 9(b), does not 
therefore correspond fully to the data, as the effects 
of the contraction of the cap have not been included 
(see Fig. 3 of Lockwood and Freeman, 1988). In Fig. 
9, we consider the effects of the viscous-like inter- 
action, without the cap contraction. The viscous-like 
interaction appears as a reversal in flow on closed field 
lines on the midnight side of dawn and dusk. Hence 
the boundary of open and closed field lines and the 
convection reversal no longer coincide. In this picture 

the number of closed field lines in the far magnetotail 
is continuously built up, i.e. the process feeds closed 
flux tubes from the nightside aurora1 zone into the 
antisunward-flowing polar cap, causing the sep- 
aration of the convection reversal and the open field- 
line boundary to grow. At the particular time rep- 
resented in Fig. 9(b) the convection reversal boundary 
is moving equatorward, and because ionospheric flow 
is incompressible, this gives a southward flow to the 
convection on closed field lines near midnight. Hence 
a viscous-driven cell is formed within the reconnection 
driven cell, as in the model by Reiff and Burch (1985) 
but which, from the Richardson et al. measurements, 
does not reach as far towards the dayside. 

It must be emphasised that Fig. 9(b) is only a snap- 

shot of the flow. It is known that the closed field lines 
cannot cycle around the viscous driven cells, because 
Richardson et al. observed the flows tailward of the 
neutral line to always be antisunward. Part (a) of Fig. 
9 is also a snapshot, because it leads to an accumu- 
lation of closed field lines in the tail, off the bottom 
of the figure. At some time these must be pinched off 
and the near-Earth portion return earthward. The 
absence of sunward-moving closed field lines in the 
far tail, either in or out of the equatorial plane, sug- 
gests that the pinching-off does not occur con- 
tinuously in the distant tail, beyond the neutral line, 
nor do the extended closed field lines move toward the 
centre of the tail and move earthward under magnetic 
tension. Rather, all anti-sunward closed field lines in 
the tail must be pinched off, possibly all at one time 
by the formation of a new neutral line which extends 
right across the magnetotail. In this case, the con- 
vection reversal will suddenly jump poleward, back 
to the open field line boundary, and the separation 
between the two will then grow again as the new 
neutral line retreats tailward and sunward- 
moving closed field lines are again exposed to the 
viscous interaction on the flanks of the tail. In this 
scenario, the ionospheric feet of some flux tubes would 
undergo the following motion. After emerging from 
the polar cap and being pulled sunward towards dawn 
or dusk in the usual manner, the tube would be slowed 
and turned antisunward by the viscous interaction, if 
it were close enough to the cap boundary. This would 
continue while the separation between the open field 
line boundary and the convection reversal grew, until 
the pinching-off occurred, when the flux tube is 
released from the viscous drag and moves sunward 
again. It is possible that a closed flux tube could un- 
dergo several of these cycles, before arriving at the 
dayside merging gap and re-entering the polar cap, 
causing a considerable increase in the residence time of 
some flux tubes in the region of aurora1 precipitation. 
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__ _ -_ reconnection lime 

FIG. ~~.SCHEMATICOFASNAPSHOTOFTHEIONOSPHERICFLOW 
WHEN VISCOUS INTERACTION AND POLAR CAP CONTRACTION 

AREZOCCURRINGATTHESAMETIME,ASINTHE EISCAT DATA 

P~SEN~DINTHISPAP~. 

As mentioned above, the schematic shown in Fig. 
9(b) does not fully describe the situation which is 
inferred from these EISCAT data. This is because in 
Fig. 9 there is viscous-like interaction on the flanks of 
the magnetotail, but the polar cap is in steady state 
(i.e. dayside and nightside reconnection rates are 
matched, see Lockwood and Freeman, 1988). In prac- 
tice, the viscous merging may be most significant when 
the IMF is no~hward when the cap is likely to be 
contracting, as in the data presented here. Figure 10 
combines the effect of the viscous-like interaction pre- 
dicted in Fig. 9 with that of the cap contraction, as 
predicted by Lockwood and Freeman (1988), and 
therefore illustrates the type of convection pattern at 
the time of the EISCAT observations. In Fig. 10 the 
nightside reconnection potential exceeds that on the 
dayside (in fact, by a factor 1 l/4 in this illustration), 
the difference resulting in a contraction of the polar 
cap. This causes poleward convection at and near 
the poleward-moving adiaroic open-closed field-line 
boundaries. 

There are two interesting features of the data pre- 
sented, other than the poleward motion across the 
convection boundary, which may be explained by the 
above scenario. The first is the slowing of the flow at 
the boundary. This would correspond to the gradual 
slowing of the sunward moving closed field lines on 
the flanks of the tail by the viscous interaction, and 
their subsequent tailward acceleration to values typi- 
cal of the slow plasma-sheet. However, it should be 
noted that a similar effect may be generated by the 
“shorting out” from the ionosphere of the viscous 
potential, caused by field-parallel potential differences 
between the ionosphere and the magnetosphere 
(Coley et al., 1987). The second is the presence of 

wave-like oscillations in the boundary (with a period of 
about 40 min) and in the flow close to the boundary. 
Similar oscillations were observed close to the region 
of viscous-like interaction on the flanks of the tail by 
Richardson et al. (1988). In both cases these suggest 
that the viscous interaction may be due to Kelvin- 
Holmholtz waves on the boundary. 

Lastly, it is interesting to compare the potential 
deduced in this paper with the values ascribed to 
viscous-like interaction in studies on the dependence 
of cross-cap potential on the interplanetary magnetic 
field and solar-wind velocity. Those studies show that 
when the IMF is northward there is still residual 
potential, even allowing for the time to lose open field 
lines which have remained connected through the far 
magnetotail to the IMF. The estimate of this residual 
potential of 35 kV by Reiff ef al. (1981) was revised 
to about 15 kV by Wygant et al. (1983) by making 
allowance for the time constant of the decay of open 
flux tubes. In comparing the above values with the 
observations presented here, we must estimate the 
M.L.T. range over which the viscous interaction acts. 
The adiaroic cap boundary between the reconnection 
line on the nightside and the merging gap on the 
dayside covers about 6 h of M.L.T., in both the dawn 
and the dusk sector (Heelis et al., 1982). If the poten- 
tial were applied uniformly at 7 kV per 2 h and did 
not vary with time, this would be a total potential of 
42 kV. This is similar to, although somewhat larger 
than, the values from the cross-cap potential studies, 
particularly those which allow for residual open field 
lines following a northward turning of the IMF, and 
larger than the m~imum value of 30 kV reported by 
Mozer (1984,1986). Richardson et al. (1988) conclude 
that the interaction only occurs on the flanks of the 
magnetotail, and not on the dayside, in which case 
the relevant segments of the cap boundary may be 
somewhat less than 6 h of M.L.T. long and 42 kV 
would then be an overestimate. In addition, Reiff and 
Luhmann (1986) suggest that the viscous potential on 
the dawn flank will be much greater than that on the 
dusk flank for the “garden-hose” orientation of the 
IMF, and this effect could reduce the total potential 
to nearer 20 kV, nearly all of which is applied on the 
dawn side. It is interesting to compare the peak value 
of 30 kV determined by Mozer (1984, 1986) with the 
average value of 3.1 kV (which is similar to the average 
of 2.5 kV derived by Coley et al., 1987). Hence there 
is considerable variation in the viscous potential and 
the example presented here is at the large end of the 
range of reported values. Reiff and Luhmann (1986) 
have sorted the data of Mozer (1984) and found a 
strong dependence on the orientation of the sheath 
held, just outside the magnetopause. The average 
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potential is larger (7.5 kV) when this field is strongly 
northward, compared to an average of 1.5 kV at other 
times. The contraction of the polar cap at the time 
reported here argues for a northward IMF (see 
Lockwood and Freeman, 1988) in this case, however, 
simultaneous IMF data are not available (see Clauer 
et al., 1988). The viscous potential is proportional to 
surface area of the flanks of the tail, it is possible that 
the neutral line in the tail was at great distances from 
the Earth during this period. Lastly, Sergeev and 
Kuznetsov (198 1) have determined polar-cap poten- 
tial from ground-based magnetometers and found a 
residual (viscous-like) term of 6(u/300)‘, where v is the 
solar wind speed in km sP’, giving 11 kV for a solar 
wind speed of 400 km s-l. We infer that the segment 
of the cap boundary over which the viscous-like inter- 
action acts is probably not much longer than the seg- 
ment observed here (corresponding to 2 h of M.L.T.), 
giving a total potential which would then not be much 
larger than the 7 kV derived for the observed segment. 
In agreement with Richardson et al. (1988), we place 
most of this potential across the flanks of the tail 
(corresponding to the pre-dawn ionospheric polar cap 
boundary). It is also important to note that this is 
an average value over the 2 h during which the cap 
boundary was observed. Figure 7 indicates that there 
was considerable temporal variation within this 
period. 
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