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Atssfrati-In
1984 and 1985 a series of experiments was undertaken in which dayside ionospheric flows
were measured by the EISCAT “Polar” experiment, while observations of the solar wind and interplanetary
magnetic field (IMF) were made by the AMPTE UKS and IRA4 spacecraft upstream from the E!arth’s bow
shock. As a result, 40 h of simultaneous data were acquired, which are analysed in this paper to investigate
the relationship between the ionospheric flow and the North-South (&) component of the IMF. The
ionospheric flow data have 2.5 min resolution, and cover the dayside local time sector from -0930 to
N 18:30 M.L.T. and the latitude range from 70.8” to 74.3”. Using cross-correlation analysis it is shown
that clear relationships do exist between the ionospheric flow and IMF B,, but that the form of the relations
depends strongly on latitude and local time. These dependencies am readily interpreted in terms of a twinvortex flow pattern in which the magnitude and latitudinal extent of the flows become successt‘vely larger
as B, becomes successively more negative. Detailed maps of the flow are derived for a range of B, values
(between f 4 nT) which clearly demonstrate the presence of these effects in the data. The data also suggest
that the morning reversal in the East-West component of flow moves to earlier local times as B, declines
in value and becomes negative. The correlation analysis also provides information on the ionospheric
response time to changes in IMF E,, it being found that the response is very rapid indeed. The most rapid
response occurs in the noon to mid-afternoon sector, where the westward flows of the dusk cell respond
with a delay of 3.9 k2.2 min to changes in the North-South field at the subsolar magnetopause. The flows
appear to evolve in form over the subsequent N 5 min interval, however, as indicated by the longer response
times found for the northward component of flow in this sector (6.7 f 2.2 min), and in data from earlier
and later local times. No evidence is found for a latitudinal gradient in response time; changes in flow take
place coherently in time across the entire radar field-of-view.

1. INTEODUCI’ION

of recent study has concerned the degree to which the
direction of the interplanetary
magnetic field (IMF)

The principal factor governing the structure and
dynamics of the Earth’s magnetosphere is the largescale convection driven within it by coupling to the
solar wind at the magnetopause (e.g. Cowley, 1980,
1982, and references therein). These flows are communicated along the magnetic field lines to the highlatitude ionosphere, where they are of major importante in terms of ionization transport and Joule
heating, as well as in driving thermospheric winds via
ion-neutral collisions (Quegan et al., 1982; Rees et
al., 1986, and references therein). An important topic

influences solar wind-magnetosphere coupling and
the consequent convection in the magnetosphere,
ionosphere and thermosphere, as postulated theoretically by Dungey (1961). As a result of these studies
a dependence of both the form and overall magnitude
of the flows on the orientation of the IMF has been
clearly established (Heppner, 1972, 1973 ; Killeen
et al., 1985; Baumjohann and Haerendel, 1985;
Baumjohamr et al., 1986 ; see also the reviews by
Cowley, 1983,1984, and references therein), thus complementing corresponding results obtained in sifu at
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the magnetopause (Rijnbeek et al., 1984; Berchem
and Russell, 1984 ; Cowley, 1986 ; Paschmann et al.,
1986). The ionosphere represents a convenient and
relatively accessible place to study these flows and
their IMF response, since it mirrors convection occurring over large volumes of the magnetosphere. Ideally,
these studies require flow measurements to be made
simultaneously over a wide range of latitude and
longitude with good (minute or better) time resolution. Practically, however, direct flow data are
obtained only from brief low-altitude spacecraft
passes, and from a small number of ground-based
radar systems. More global, but less direct information can also be obtained from ground-based magnetic measurements which record the perturbations
caused by the ionospheric currents driven by these
flows.
Electric field or ion drift measurements from lowaltitude polar orbiting spacecraft give - 10 min
“snapshots” of high-latitude ionospheric flows along
the spacecraft path, which can be related to concurrent conditions in the solar wind. By combining
together the data from many orbits obtained under
similar IMF conditions but along different paths,
detailed pictures of the flow can be built up, and have
been presented on this basis by e.g. Heppner (1977),
Heelis and Hanson (1980), Heelis (1984), Burch et al.
(1985) and Heppner and Maynard (1987). The results
indicate that the primary response of ionospheric
flows is to the North-South (B,) component of the
IMF. When the IMF is southward, or at least not
strongly northward, the measurements are found to
be consistent with a two-cell convection pattern with
antisunward flow over the polar cap and return sunward flow at lower latitudes in the aurora1 zone. The
magnitude and latitudinal extent of these flows are
observed to increase with progressively more negative
values of B,. In particular, the total cross-polar cap
electric potential, which is a measure of the overall ionospheric flow, has been shown to be strongly
modulated by IMF B, (Reiff et al., 1981 ; Doyle and
Burke, 1983 ; Wygant et al., 1983). In addition, the
detailed properties of the flow pattern, such as dawndusk flow asymmetries, have been shown to be
governed by the East-West component of the (By)
IMF (e.g. Cowley, 1981, and references therein).
While spacecraft provide rapid snapshots of flows
over wide regions of the high-latitude ionosphere, they
are unsuited to studies of its temporal response to
variations in the IMF and in the magnetosphere.
These changes take place on time scales of minutes
and tens of minutes compared with spacecraft orbital
periods of - 1.5 h. Ground-based systems, however,
allow continuous monitoring of a given region of the

ionosphere, such that the temporal evolution can be
studied, albeit in a restricted region. Ground-based
and space-based observations are therefore highly
complementary in nature and have been successfully
combined in some recent studies (Heelis et al., 1983;
Lockwood et al., 1986a).
In order to investigate the temporal response of the
magnetosphere to changes in the solar wind and IMF,
studies of the correlation between the latter parameters and magnetic disturbance indices derived from
ground-based magnetometer records (e.g. AE, AL,
Kp and Ds7) have traditionally been used (Schatten
and Wilcox, 1967; Amoldy, 1971; Tsurutani and
Meng, 1972; Burton et al., 1975 ; Holzer and
Slavin, 1979, 1982; Baker et al., 1981, 1983; Clauer
et al., 1981; Akasofu et al., 1982; Meloni et al., 1982;
Murayama, 1982; Bargatze et al., 1985 ; Tsurutani et
al., 1985). These studies address two basic questions.
The first concerns the form of the function of solar
wind and IMF parameters which best correlates with
geomagnetic activity, which has implications for the
nature of the coupling mechanism(s), and the second
concerns the time delay of the magnetosphere
response. On the first of these topics, it has again been
found that functions which emphasize the southward
component of the IMF have exhibited the highest
correlation coefficients. Among the most consistently
highly correlated have been the “half-wave rectifier”
functions VBs and V’B,, together with the “epsilon
parameter” (Perreault and Akasofu, 1978) given by
E = VB2 sin4 (e/2).
In these expressions V is the speed of the solar wind,
B, is defined as B, = 0 when IMF B, is positive and
Bs = B, when B, is negative, and t7 is the polar angle
of the IMF vector projected onto the GSM y-z plane,
measured from North. A preference for VB, or VzBs
has been indicated by some studies (Clauer et al.,
1981; Baker et al., 1983; Holzer and Slavin, 1982,
1983; Murayama, 1982; Bargatze et al., 1985). With
regard to the time delay, most investigators have
found that the magnetic disturbance “output” lags
the solar wind/IMF “input” by some 30-60 min,
though with an indication of smaller delays of - 15
min or less during more disturbed times (Baker et al.,
1981, 1983; Clauer et al., 1981; Bargatze et al., 1985).
It should be pointed out, however, that all of these
studies have used magnetic activity indices which
respond principally to the strength of the nightside
electrojet currents (i.e. the DP-1 current system). The
lengthy delays of ~45 min which have been found
can then be interpreted as the time scale required for
substorm onset in the geomagnetic tail and electrojet
intensification following southward turnings of the
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IMF. The time scale on which more general magnetospheric and ionospheric circulation is modulated
by IMF conditions is much less well established. The
magnetic counterpart of the high-latitude twin vortex
flows observed in the ionosphere is the DP-2 disturbance system, which is distinguished from DP-1,
in particular, by the lack of a strong current concentration in the nightside aurora1 zone (Nishida,
1968a). It has been well established that DP-2 disturbances are related to the North-South component
of the IMF, with Nishida (1968b) finding that highlatitude enhancements occur about 7 f 1 min after
southward IMF turnings impinge upon the Earth’s
bow shock. Similar short time scales have been found
in recent individual case studies by e.g. Pellinen et
al. (1982), Nishida and Kamide (1983), McPherron
and Manka (1985) and Clauer and Kamide (1985).
Although the above studies investigated relatively
small quantities of data, they are already sufficient to
show that more than one time scale is involved in the
response of the coupled magnetosphere-ionosphere
system to the solar wind, with changes in flow occurring on much shorter time scales (few minutes) than
is involved in the substorm process (few tens of
minutes). The relative lack of study of the former time
scale relative to the latter may presumably be related
to the fact that no simple index parameterizing DP-2
has yet been devised, in the same way that e.g. the AE
index (albeit imperfectly) parameterizes DP-1.
In addition to examining magnetic disturbances
measured on the ground, it has become possible more
recently to measure ionospheric flows directly using
incoherent scatter radars (Doupnik et al., 1972 ; Evans
et al., 1980; Wickwar et al., 1984). Most experiments
employed to date have concentrated on deriving profiles of the vector flow over a wide range of invariant
latitudes, using multi-point scans with cycle times of
typically 15-30 min (Evans et al., 1980; Foster et al.,
1981, 1982; Foster, 1983; Oliver et al., 1983; Foster
and Doupnik, 1984 ; Clauer et al., 1984 ; Jorgensen et
al., 1984; Clauer and Banks, 1986; Alcayde et al.,
1986 ; Fontaine et al., 1986). These studies have served
to determine the main features of the ionospheric
aurora1 zone flow, but their time resolution has been
too low to allow detailed examination of few-minute
ionospheric response times.
To overcome these difficulties, the EISCAT “Polar”
experiment was devised with the aim of determining
vector flows at high latitudes with significantly better
temporal resolution than has been generally obtained
hitherto (van Eyken et al., 1984; Willis et al., 1986). In
this experiment the radar beam is swung successively
between two dwell positions directed at low elevation
angles to the North of the transmitter site at Tromso,

with a full cycle time of 5 min. The data are then
analysed to produce a profile of the ionospheric vector
flow in the invariant latitude range -71”~-75”
(the
range over which the radar beams pass through the
F-region ionosphere), every 2.5 min. The experiment
therefore covers a relatively restricted range of latitudes, but has a temporal resolution which is about
one order of magnitude better than is typical of previous experiments. In 1984 and 1985 a series of
“Polar” runs was conducted in coordination with simultaneous measurements in the solar wind by the
AMPTE UKS and ZZU4 spacecraft. Initial studies on
an event-by-event basis have already shown the close
correspondences which exist between these data sets,
and their potential for studying the form and time
scale of ionospheric responses to variations in the
direction of the IMF (Bishbeth et al., 1985; Willis et
al., 1986; Lockwood et al., 1986b; Todd et al., 1987).
The purpose of this paper, therefore, is to present the
results of a detailed cross-correlation analysis of the
EISCAT “Polar” and the AMPTE data. In the next
section we will give further details of the “Polar” and
AMPTE experiments, and the joint data set derived
therefrom. By way of introduction to the nature of
the observations we will also overview one of the
joint experiments which provides further qualitative
evidence of the control exerted on high-latitude flows
by the North-South component of the IMF. Sections
3-5 then present the quantitative results of our
numerical analysis.
2. THE EISCAT “POLAR”

AND AMPTE

DATA SETS

The EISCAT “Polar” experiment was devised with
the principal initial aim of measuring flows in the
dayside aurora1 zone and polar cusp ionosphere with
good temporal resolution (van Eyken et al., 1984;
Willis et al., 1986). Since the cusp is usually located
far to the North of the EISCAT transmitter site at
Tromso (invariant latitude 66.3”), where the EISCAT
tristatic geometry is unfavourable, a beam-swinging
experiment is employed. The radar beam is swung
successively between two pointing directions which
have a low elevation angle (21.5”) and which are
directed in azimuth 12” on either side of the local
L-shell meridian (geographic azimuth 344”). Equal
ranges along the two pointing directions are thus
located at nearly equal invariant latitudes. The radar
antenna dwells for 2 min at each pointing direction,
and takes 30 s to complete each swing manoeuvre.
The full cycle time of two dwells and two swings is
therefore 5 min.
As mentioned above, the range of invariant latitudes covered by the experiment corresponds to the
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TABLE I

Gate
number

Range
(kmf

Height
0@

Invariant
latitude

1
2

525
600
675
750
825
900
975
1050
1125

211
243
277
311
346
382
418
455
493

70.8
71.4
72.0
72.6
73.2
73.8
74.3
74.9
75.4

:
5
6
7
8
9

Values given correspond to the centre of each range gate.

range over which the oblique radar beams pass
through the F-region ionosphere. In order to give
latitudinal resolution within this range, the return signal is divided into a number of contiguous gates. The
centre of gate 1 is located at a range of 525 km, a
height of 211 km and an invariant latitude of 70.8”.
The centres of subsequent gates are then displaced
successively by distances of 75 km along the beam,
corresponding to increments of approximately 35 km
in height and 0.6” in invariant latitude. For much of
the data used in this study (obtained mainly in the
dayside hours where the Region ionosphere is relatively dense), useful signal-to-noise is present out to
at least gate 7, located at a range of 975 km, a height
of 418 km and an invariant latitude of 74.3”. Under
these conditions, therefore, useful measurements are
generally obtained over the latitude range -7l”-74”, with a latitudinal resolution of -0.6”. The
ranges, heights and invariant latitudes of the “Polar”
gates are given in Table 1.
Vector flows are determined from the “Polar” data
by combining the line-of-sight velocities measured in
the two pointing directions for each of the range gates.
It is assumed in the analysis that the Non-South
and East-West components of the flow transverse to
the Earth’s magnetic field are the same in the two
scattering volumes, these being separated (in longitude) by = 200 km for gate 1, increasing to N 380 km
for gate 7. It is also assumed that the (unmeasured)
field-aligned component of the flow is zero, since these
flows are expected to be generally small compared
with the flows transverse to the field. The experiment
is in any case insensitive to flows along the field
because of the large aspect angle between the Geld and
the radar beam (- 74”). With these assumptions, the
line-of-sight velocities measured in each gate during
each dwell period are combined with the average of
the values obtained in the same gate in the two adjacent dwells at the other pointing direction. The latter

et al.
average is taken in order to form an appropriately
time-centred value. A latitude profile of the vector
flow is thus obtained every 2.5 min.
During autumn 1984 and summer 1985 a series
of “Polar” runs was conducted in coordination with
AMPTE UKS and IRM observations of the solar
wind and IMF, the spacecraft being located immediately upstream of the Earth’s bow shock (Bryant et al.,
1985). These experiments resulted in the acquisition
of approximately 40 h of simultaneous data, whose
distribution is shown in Fig. 1. The lower panel shows
the U.T. coverage on each of the five experiment days,
which were 29 September, 25 and 27 October 1984,
and 27 and 29 August 1985. The open areas bounded
by the solid lines correspond to the periods during
which the “Polar” experiment was NII on each day,
the magnetic local time (M.L.T.) of the measurements
being given approximately by adding 2.5 h to U.T.,
as indicated in the M.L.T. scale at the top of the figure.
The hatched areas bounded by the dashed lines then
indicate the intervals during which IMF data were
obtained, specifically by the UKS magnetometer
(Southwood et al., 1985) during the experiments in
1984, and by the IRM magnetometer (Luhr et af.,
1985) during the experiments in 1985. This information is combined in the upper panel of Fig, 1, which
shows a histogram of the number of experiments from
which data are availabie vs U.T. (M.L.T.), using the
same format as the lower panel. It can be seen that the
simultaneous data are mainly confined to the dayside
hours, from ~07~17 U.T., corresponding to -09 to
N 19 M.L.T. (This limitation results from the fact that
data were only acquired from the AMPTE spacecraft
by ground stations in the European sector, close to the
meridian of the EISCAT system.) Since the reversal
in the predominant direction of dayside flow from
eastward to westward has been found to take place at
least 2-3 h prior to local noon in the “Polar” data
(see e.g. Willis et af., 1986), most of the data considered here thus relate to the morning flow reversal
region, and the westward flows of the “dusk” aurora1
zone flow cell. The joint data set contains little information about the response of the dawn cell.
Visual inspection of the data immediately reveals
the common occurrence of apparently corresponding
features. A particularly obvious example has been
discussed in detail by Bishbeth et al. (1985) and Lockwood et al. (1986b), in which a sharp southward
turning of the IMF (observed at II:07 U.T. on 27
October 1984) was followed 12 min later by the
appearance of strong westward flows across the
“Polar” field-of-view in the mid-afternoon sector.
Additional examples have also been presented by
Todd et al. (1988). Qualitative descriptions of the joint
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The lower panelshows the intervals during which EIXAT and AMPTE data were obtained on each joint

experiment day, where the horizontal axis is U.T.. M.L.T. in the “Polar” field-of-view may be found by
adding approximately 2.5 h to these values, as indicated in the M.L.T. scale along the top border of the
plot. The open areas bounded by solid lines indicate the intervals of the EISCAT “Polar” experiments(note
that the experiments on 25 and 27 October 1984 actually started shortly before the end of the previous
day), while the hatched area bounded by the dashed line indicates the availability of AMPTE data (UKS
data for the experiments in 1984 and ZRM data for those in 1985). This information is combined in the
upper plot which shows a histogram of the number of experiments from which data are available
(same format as in the lower panel) vs UT. (M.L.T.) hour.
data for the experiments conducted on 29 September,

25 and 27 October 1984 and 29 August 1985 have
previously been published by Willis et al. (1986) and
Todd et al. (1988). Therefore, we will present here a
brief overview of observations on 27 August 1985,
which have not previously been published. The principal aim of the discussion is to provide a more
detailed ~troduction
to the nature of the joint
EISCAT “Polar”/AMPTE observations. At the same
time we shall also offer further qualitative evidence of
the correlation between the EISCAT and IMF data
sets, thus providing the motivation for the cross-correlation analysis presented below.
Figure 2 shows the data obtained during the joint
EISCAT/AMPTE
experiment on 27 August 1985. In
the upper part of the figure we show IMF data
obtained by the IRM spacecraft @cated at GSE (X,
Y, 2) = (10, 15, -3) RE upstream of the shock]
between lo:16 and 15:15 U.T. These data are plotted

in the form of cartesian components in GSM wordinates, which are routinely available as 5 s averages,
but have been further averaged here to 1 min values
in this overview plot. It can be seen that the IMF
B, com~nent
is p~o~n~tly
positive during the
experiment, though the interval is punctuated by relatively brief ( N 15 min) periods during which near-zero
or negative values of B, occur. Plasma data acquired
during the interval (kindly provided by Dr G. Paschmann) indicate a very steady solar wind flow with a
bulk speed of -650 km s- ’ and a proton number
density of ~2 cm- 3. In the lower part of the figure we
show the 2.5 min resolution ionospheric flow vectors
which were derived from the “Polar” data using the
method described above. In order to reduce congestion in this plot the predominantly Fast-West
directed flow vectors have all been rotated clockwise
through 90”, such that a westward flow vector points
upward, a northward 5ow vector to the right (as indi-
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FIG. 2. OVERVIEW

(brs) -->

PLOT OF THE IMF

AND IONOSPHERIC FLOW DATA OBTAINED DURING THE JOINT
~~S~A~lA~PTE EXPERIMENTON 27 AUGUST 1985.

The upper part of the figure shows 1 min averages of the IMF data obtained by the A~~~~~~spa~mft
upstream of the Earth’s bow shock (radial distance 18.7 RE, GSE latitude -8”, GSE local time 15.8 h).
The data are shown as GSM components. The lower part of the figure shows 2.5 min resolution ionospheric
flow vectors obtained simultaneously by the EISCAT “Polar” experiment. The flow vectors have been
rotated clockwise through 90” to help avoid clutter. Magnetic local time may be found approximately by
adding 2.5 h to U.T.

cated by the arrow), while an eastward flow vector
points downward. The vectors thus actually point in
the direction of the ionospheric electric field associated with the flow. A vector is plotted for a given dwell
and given gate provided the sisal-to-background
ratio exceeds 0.8%.
Flow measurements were obtained from O&33 to
1955 U.T. (- 11:OOto 22:30 M.L.T.), and encompass
four principal regions. With increasing local time
these are the dayside region equatorward of the auroral zone flow cells (O&33 to N 1O:OOU.T.), the dusk
cell of predominantly
westward flow (- 10:00 to
N 15:30 U.T.), the evening boundary region between
the dusk cell and the polar cap (N 15:30 to _ 19:OO
U.T.), and a region of eastward flow in the nightside
aurora1 zone (N 19:00-19:55 U.T.). At the start of the
experiment (N 11:OOM.L.T.) the “Polar” field-of-view
is located in the first of these regions where a flowburst event is in progress, characterized by a shortlived burst of rapid (e.g. N 500 m s- ’ in gate 4) poleward-directed
flow (Todd et al., 1986, 1988). After the
burst has died away, the flows remain very small for

more than an hour, until a burst of westward flow
appears, starting shortly before 1O:OOU.T. (N 12:30
M.L.T.). Westward flows are then observed essentially
continuously across the field-of-view until N 15: 30
U.T., when the weak flows of the polar cap boundary
region start to appear in the poleward gates. The
region of westward flow corresponds to the dusk auroral zone flow cell, in which it can be seen that the
flow vectors, though of consistent orientation, are of
very variable magnitude. Comparison with the simultaneous IMF data then shows an almost one-to-one
correspondence between peaks in the flow speed and
intervals of near-zero and negative B,, with the peaks
in flow appearing roughly 10 min after reductions in
the value of B,. For example, the reduction in B, from
N 5 to N 1 nT which occurs between lo:30 and IO:45
U.T. is followed by a burst of westward flow (peaking
e.g. at N 700 m s- ’ in gate 4) between lo:40 and 11:05
U.T. Similar flow enhancement
also follow the B,
reductions centred appro~mately
on 11:25, 12:00,
13:lS and 14:55 U.T. Some local time differences in
the ionospheric response to the IMF may, how-
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ever, be noted for future reference. In the noon and
early afternoon sector [up to N 1l:OO U.T. (N 13:30
M.L.T.) in Fig. 21 the flow falls very nearly to zero
when IMF B, becomes large and positive (above, say
1 or 2 nT), whereas later in the afternoon weak westward flows remain even under these conditions (e.g.
between 13:45 and 14:45 U.T. in Fig. 2). These observations indicate that weak quiet-time flows persist
during intervals of strongly positive IMF B,, but that
the “Polar” field-of-view lies equatorward of them
until after -13:30 M.L.T. (Observations on other
days indicate that, correspondingly, the eastward
flows of the quiet-time dawn cell recede beyond the
farther gates after -10:00 M.L.T. in the morning
sector.)
When the “Polar” field-of-view lies within the central and equatorward portions of the flow cells a relatively simple positive correlation is observed between
the flow speed and IMF B,, as discussed above. However, Fig. 2 shows that at later local times the fieldof-view moves into the poleward region of the cell
where flow speeds decrease with increasing latitude.
In this region more complex flow responses may be
anticipated, because although enhanced coupling at
the magnetopause will increase overall flow magnitudes, it will also in general result in an expansion of
the size of the flow system, due in part to the production of new open flux. This effect will then cause
the flow to weaken with increasingly negative IMF B,
in the region near the polar cap boundary, since there
the flow speeds decrease rapidly and reverse in sense
with increasing latitude. A simple model which illustrates this expected behaviour, and which will be compared with the results presented in Section 3, is shown
in Fig. 3. At the top of the figure we show an assumed
variation of the aurora1 zone flow with latitude for
several values of IMF B,.
At each B, the variation of
the flow speed with latitude is for simplicity modelled
by a section of a sinusoid, which increases from zero
at low latitudes to a peak at the centre of the aurora1
zone and then declines and turns negative. The region
of reversed flow corresponds to rhe polar cap. The
profile on the right side of the diagram, marked “ 2 O”,
is that assumed for positive B,, taken for simplicity to
be independent of the field magnitude. As B, becomes
increasingly negative we assume that the overall flow
speeds are enhanced, that the width of the aurora1
zone becomes larger, and that its high-latitude boundary (where the flow speed crosses zero) is displaced
equatorward as a result of an expansion of the polar
cap. These model assumptions are supported qualitatively by the results cited previously in the Introduction. The leftmost of the profiles (shown by the
solid line marked “ -4”) is taken to be that cor-
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responding to the largest commonly occurring negative B, value, such that this flow profile represents the
most developed pattern commonly encountered. In
the data set employed here B,is generally confined to
the range + 4 nT (cf. Fig. 4), thus explaining the choice
of labelling employed in Fig. 3.
Given this simple model, the graphs plotted beneath
the flow profiles then show how the flow will respond
to IMF B, at the various latitudes indicated by the
lettered arrows. These graphs are labelled VE (for
eastward flow) and are shown as negative values (for
the westward flows of the dusk cell) in order to correspond to the format of the data to be presented in
the next section. Latitudes (a) and (b) correspond to
points located at and equatorward of the peak in the
most expanded cell (B, = -4 nT), and show a simple
monotonic increase in flow speed as B, becomes
increasingly negative (over the range of B, values considered). The main difference between positions (a)
and (b) is that (b) also lies within the region of flows
for the most contracted (Bz > 0) cell, such that the
flow speed remains non-zero as B, becomes positive.
Similar behaviour is also found poleward of the peak
in the “most expanded” cell, but the flow response to
B, becomes increasingly weak with increasing latitude,
as shown in graph (c). Indeed, as the “cross-over”
point is approached the behaviour becomes nonmonotonic, and the flow speed starts to decline with
decreasing B,, after an initial increase. The “crossover” point is the point where the flow speed for the
“most expanded” and the “most contracted” cell are
equal at a given latitude (see upper diagram of Fig.
4). Equatorward of this point there is an overall
increase in speed in making the transition from the
“most contracted” to the “most expanded” cell, while
at the “cross-over” point itself there is no net change,
and the flow speed varies only very weakly with B, as
shown in graph (d). Poleward of the “cross-over”
point there is an overall decrease in flow speed as B,
decreases from zero to - 4 nT, such that the flow speed
becomes anticorrelated with negative B, as shown in
graph (e). We note, however, that the flow speed
response to B, is smaller here than in the equatorward
region [cf. graphs (a) and (b)] because of the overall
increase in flow speed assumed. This effect adds to
the increase in flow due to aurora1 zone expansion
in the equatorward region, but subtracts from the
reductions in flow resulting from the cell expansion in
the poleward region. As a result of this effect we do
not therefore expect the anticorrelations occurring in
the poleward part of the cell to be as marked as the
positive correlations in the equatorward region. We
also note that while the “cross-over” point in our
simple model has been taken to be colocated with
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As B, becomes increasingly negative the flow profile is taken to increase in overall magnitude, expand in
size, and shift towards the equator. The last effect results in a reversal in the sense of the flow
speed variation with IMF B, between the regions equatorward and poleward of the cross-over point [at
latitude (d)].

the peak in the “most contracted” cell (see upper
diagram), it could also occur somewhat poleward or
equatorward of this point, depending on the detailed
behaviour of the flow profiles as B, changes.
In summary, it can be seen from this simple model
that when the radar field-of-view is located equatorward of the peak in the “most expanded” cell a
strong positive correlation between ilow speed and
negative IMF B, is anticipated, arising from the combined effects of the expansion in the flow pattern and
the enhancement in the flow speeds. A positive cor-

relation should continue to be present poleward of
the peak in this cell, though rapidly diminishing in
magnitude as the “cross-over” point is approached in
the vicinity of the peak in the “most contracted” cell.
At this point the elects of cell expansion and flow
enhancement just cancel. Poleward of this point the
flow speed should increasingly anticorrelate with B,
as the boundary of the polar cap is approached, due
to the dominant effect of the expansion of the flow
pattern. However, these decreases should be partly
offset by the increase in flow speed which occurs, so
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that the anticorrelation effect should be weaker than
the positive correlations which are present in the
equatorward region.
These considerations will be borne in mind when
discussing the results presented in the next section.
We should point out here, however, that due to the
restricted latitudinal coverage of the “Polar” field-ofview, only some of the above range of behaviour will
be observable in any particular local time sector. However, owing to the nightside offset between the centre
of the polar cap and the magnetic pole, the radar fieldof-view will scan through these various regions with
increasing local time, e.g. being generally located in
the equatorward region of the flow cells in the noon
and early afternoon sector and in their poleward
region nearer to dusk (cf. Fig. 2). As the radar rotates
from the noon to the dusk meridian, therefore, the
form of the correlation between the flow speed and
IMF B, in each range gate should vary systematically
from strong positive correlations near to noon, to
weaker anticorrelations nearer to dusk, with a region
where there is little IMF B, dependence of the flow
between. This pattern should be observed in each gate,
but at successively earlier local times at successively
higher latitudes.
Returning now briefly to Fig. 2, it can be Seen from
the latitudinal gradients in the flow that (at least for
the lower gates where the behaviour is clearest) the
radar is located within the equatorward and central
portions of the dusk cell (where the flows increase or
remain relatively constant with latitude) until N 15:30
U.T., and in the poleward portions where the flows
decrease with latitude thereafter (until N 19:00 U.T.).
A positive correlation between the flow speed and
IMF B, is indeed apparent in the former region, as
discussed above, but it is impossible to relate the flow
modulations observed in the latter region to concurrent IMF B, variations (where anticorrelation is
expected) due to the lack of AMPTE IRM coverage
beyond 15: 15 U.T. It may be noted, however, that an
example of apparent anticorrelation between ionospheric flow speed and negative IMF B, has previously
been presented by Todd et al. (1988) from data
acquired in the dusk polar cap boundary region on 29
August 1985 (see their Fig. 6e).
In summary, the results presented in Fig. 2 (together
with those discussed previously by Rishbeth et al.,
1985; Lockwood et al., 1986b and Todd et al., 1988)
show that the pattern of dayside flows at “Polar”
latitudes responds clearly and promptly to the NorthSouth component of the IMF. We note, however, that
the flow response is expected to depend upon latitude
and local time, and should not always take the form of
a simple positive correlation. An important additional

feature of the data which should also be noted from
Fig. 2, is that the changes in flow resulting from
changes in B, appear to occur simultaneously across
the “Polar” field-of-view, with no noticeable delays in
the lower latitude gates compared with those at higher
latitudes (within the 2.5 min resolution of the data).
This suggests that, following a change in IMF B,, the
new flow pattern develops as a whole, coherently in
time, rather than by an intensification and equatorward expansion of the pre-existing tlow system.
As mentioned above, the delay in the ionospheric
response to changes in IMF B, measured by the
AMPTE IRM spacecraft is about 10 min in Fig. 2,
but more than half of this delay can already be
accounted for simply in terms of the IMF propagation
time between the spacecraft and the subsolar magnetopause, as will be discussed further in Section 3
below. The principal purpose of this paper, then, is to
follow up these findings with a quantitative crosscorrelation analysis which is able to examine the statistical significance of the relations noted visually, and
which is also able to assess more accurately the time
lags involved. In the next three sections, therefore,
we shall present the principal results of our crosscorrelation analysis of the EISCAT and AMPTE data
sets.
3. CROSS-CORRRLaATlON

ANALYSIS

In this study the data from all the joint EISCAT/
AMPTE experiments have been combined together
before being divided into different U.T. (M.L.T.)
intervals for analysis. In combining the data from
different experiment days, adjustment must first be
made for the time taken by the IMF signal to propagate from the spacecraft to the magnetosphere, since
this varies from experiment to experiment. We have
therefore carefully estimated the time taken by the
field changes to propagate from the spacecraft to the
subsolar magnetopause and have shifted the time axes
of the IMF data by this amount. The cross-correlation
values at zero time lag shown in the figures in this
section thus correspond to those derived by combining the ionospheric flow data directly with the
shifted IMF values, these representing (to the best of
our ability to estimate) a measure of the instantaneous
field at the subsolar magnetopause (modified, of
course, by flow compression effects). Any delays of
the ionospheric response to the IMF input relative to
zero lag will then correspond only to the time taken
by the coupling processes to act to the magnetopause,
and then for their effects to propagate to the “Polar”
field-of-view.
To estimate the time shift of the IMF data, use is
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TABLE 2

Experiment
date
29 Sept. 1984
25 Oct. 1984;
27 Oct. 1984*
27 Aug. 1985
29 Aug. 1985

Spacecraft position
GSE (X, Y, Z)
Earth radii
18.3
17.2
17.3
10.3

10.5

-0.4
-7.2
-6.5
15.4

Solar wind
density
speed
(km s-‘)
(cms3)

0.4
0.0
-0.2
-2.7

14.9 -2.6

IMF time
shift
Win)

400
600
450
650

5
3
5
2

8.8
4.9
6.8
5.5

650

3

5.3

* Experiment started on previous day.

made of the known position of the spacecraft and
the values of the solar wind bulk speed and density
measured in siru by the ZRM fast plasma analyser. The
latter measurements are used to estimate the subsolar
positions of the bow shock and ma~etopau~
from
the empirical models of Fairfield (1971), Formisano
el al. (1979) and Formisano (1979), from which the
IMF propagation times in the solar wind and in the
magnetosheath can be calculated. One uncertainty in
the calculation arises from the unknown orientation
of the planes in which the IMF is constant. We have
therefore made two estimates of the time shift,
assuming first that these planes are orthogonal to the
Earth-Sun line, and second that they lie at the gardenhose angle, and have then taken the average. The
uncertainty in the shift arising from this cause is estimated to be about + 1 min. During these experiments
the AMPTE UKS and ZZU4 spacecraft monitoring
the IMF were close to apogee (just upstream from the
bow shock) and hence slowly moving, while the bulk
speed and density of the solar wind were also nearly
constant over the intervals of observation. Consequently, in view of the uncertainty in the estimate, a
constant value of the time shift has been employed for
each of the experiment days used in this study. The
derived values are given in Table 2, together with the
data from which they were obtained. It can be seen
that the estimated shifts are typically about 6 min (as
indicated in the discussion of Fig. 2 in Section 2). The
major component of the shift comes from the time
taken by the flow to cross the subsolar magnetosheath,
at a speed of, on average, one eighth of the upstream
solar wind value. [Gas-dynamic models of the solar
wind interaction with the magnetosphere (Spreiter
and Stahara, 1980) show that the flow speed drops by
a factor of four at the subsolar shock, and subsequently decreases approximately linearly with distance in the magnetosheath between the shock and
the subsolar magnetopause.]
In the main analysis to be reported here, and illustrated in Fig. 4, the “Polar” data were divided into
successive 2 h intervals and cross-correlated with the

IMF data using relative lags between the two data sets
in the range +2.5 h. Here positive lags imply “Polar”
velocities lead the IMF (which is, of course, unphysical), while negative lags imply that the IMF leads the
ionosphere. Cross-oblation
coeflicients were computed for each gate separately with 30 s resolution in
the lag time, appropriately centred IMF parameters
being calculated from the 5 s data for this purpose.
The IMF parameter we have used in this analysis is
V*B, (where, somewhat unconventionally,
we have
treated Bs as a negative quantity), since, as shown in
the Appendix, of the functions usually considered,
this parameter generally gives the highest peak crosscorrelation coefficients.
In Fig. 4a we show results for the 2 h interval
centred on 1O:OOM.L.T., the earliest period for which
data are available. On the left-hand side of the figure
we show correiograms, derived as described above, in
which values of the correlation coefficient are plotted
vs time lag between the ionospheric and IMF data
sets (the latter shifted to the arrival time at the magnetopause as described above) for gates I, 3 and 5. The
solid and dashed lines show the correlation coefficients
for the East-West and No~~outh
components of
flow (taken as positive towards the East and towards
the North) and V’B,, respectively, while the dotdashed lines indicate the 99.9% statistical significance
level derived from Student’s t-test method. On the
right of the figure we show the related scatter plots
of the eastward component of flow VE (crosses) and
the northward component V, (squares) vs (V/500) ‘B,,
where the speed of the solar wind (V, in km s- ‘) has
been introduced into the latter quantity in order to
correspond to the function VzBs used in the correlation analysis, (It should be noted, however, that
the inclusion of V2 in this context does not have a
strong effect on the results presented. Consequently,
in the text below we shall for simplicity often refer to
the dependence of flow behaviour “on IMF B,“, even
though the quantities actually employed throughout
are V2Bs in the correlograms and V*B, in the scatter
plots and quantities derived therefrom.) The scatter
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plots have been produced using the lag time between
the data sets indicated by the position of the peak
correlation coefficient in the correlograms (for I’, and
V, separately), the values used being given in the
figure. Where no single obvious peak occurs above
the 99.9% significance level, the scatter plot has been
drawn using a nominal lag of 5 min for V, and 10 min
for V,, these representing “round numbers” which
are typical of the data set as a whole. Use of a nominal
value is indicated by placing a star against the lag
given in the scatter plot. The solid and dashed lines
in the scatter plots then show the result of fitting a
parabola through the FE and V, data, respectively
(thus corresponding to the solid and dashed lines in
the correlogram), using a quadratic least-squares fit.
Finally, the fitted lines are combined together in one
plot at the bottom of the figure, so that the behaviour
in different range gates (latitudes) may be readily compared.
With this introduction to the format of Fig. 4a we
now turn to its contents, and begin by noting that the
local time sector under consideration (09:0&l 1:OO
M.L.T.) often corresponds in the “Polar” data to the
region between the main aurora1 zone flow cells where
the East-West component of flow reverses in sign
(Willis et al., 1986). We note at the outset, therefore,
that the remarks made in the previous section relating
to Fig. 3, which were concerned principally with the
main part of the aurora1 zone flow cells, are not wholly
germane here. Considering the correlograms for FE
(shown by the solid lines), it can be seen that although
a broad region of positive correlation generally exists
for negative lag (IMF leads the ionosphere), the correlograms for all three gates have a ragged appearance, with multiple peaks which barely reach the
99.9% significance level. The FE scatter plots (plotted
with the nominal 5 min lag) then correspondingly
show only relatively weak dependences on IMF B,,
superimposed upon considerable scatter. Nevertheless, the mean flows indicated by the solid lines
do show that I’, decreases by small amounts with
decreasing IMF B, in all three gates. When IMF B, is
positive, flows are weak and westward (V, negative)
in the lower gates, but reverse in sign to become eastward (V, positive) in gate 5, indicating the presence
of the dawn aurora1 zone flow cell at the higher latitudes in this morning M.L.T. sector. However, when
IMF B, is negative, V, declines to become negative
(westward on average) in all three gates, with strongest
flows being found at lowest latitudes, as can be seen
in the combined plot at the foot of the figure. The
reversal in sign of FE in gate 5 as B, changes from
positive to negative suggests that the morning EastWest flow reversal shifts westward to earlier local
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times across N 10:00 M.L.T. as B, changes from positive to negative, as will be discussed further in Section
4. Overall, however, these flows show only a modest
response to IMF B,, and of themselves would not
convincingly demonstrate strong IMF control.
On the other hand, the correlograms for V, contain
a sharp peak in all three gates, with a lag indicating
an ionospheric response delay (relative to the arrival
of southward fields at the magnetopause) of about 12
min. Note that there appears to be little systematic
variation of the response delay with latitude, in agreement with the conclusions reached in Section 2 based
upon visual inspection of the data. The related scatter
plots show that V, increases from values which are
essentially zero (or weakly positive in the upper gates)
when B, is positive, to a few hundred metres per
second (again positive) when B, is a few nanoteslas
negative, with the northward flows increasing somewhat in speed with increasing latitude, as again indicated by the plot at the bottom of the figure. Thus in
the local time sector which lies in the vicinity of the
morning East-West flow reversal we find a strong
dependence of the North-South component of the
flow on IMF B,, but only rather weak dependence,
and much scatter, in the East-West component.
Results for the following 2 h interval centred on
12:00 M.L.T. are shown in Fig. 4b, in the same format
as Fig. 4a. Qualitative examination of the data in this
interval (e.g. that presented by Willis et al., 1986)
indicates the appearance of relatively weak Northwestward-directed flows in response to southward
turns of the IMF, with little flow present for strong
northward fields, as previously noted above in the
discussion of Fig. 2. Correspondingly, the correlograms for all three gates show that a prominent
peak (well above the 99.9% significance level) now
occurs for both V, and FE, with an ionospheric
response delay of about 5 min for each. This delay is
rather shorter than found in the previous M.L.T.
sector, but is again seen to be nearly independent of
latitude. The scatter plots appropriate to these peaks
plotted on the right of the figure show that, as
expected, flow speeds are small when IMF B, is
strongly positive, only weak westward flows of N 100
m s-’ then being present whose magnitude is not
strongly dependent on latitude or B,. Clearly the radar
field-of-view lies equatorward of the main quiet-time
flow pattern under these conditions. However, flow
speeds monotonically increase in magnitude as IMF
B, becomes increasingly negative. Since the magnitude
of V, is generally much larger than VN in each gate,
the flow is predominantly westward-directed, though
with a small northward tilt, and obviously corresponds to the “dusk” aurora1 zone flow cell. It is
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also clear from the plot at the bottom of the figure
that both components of the flow now increase in
magnitude with increasing latitude over the radar
field-of-view, suggesting a location within the
equatorward portion of the dusk flow cell excited
by coupling at the magnetopause, even for the most
negative values of IMF B, occurring in this sector
(- -5 nT). These results thus clearly correspond to
graph (a) in Fig. 3, though the onset of flow near the
equatorward edge of the cell appears to be rather more
gradual than in our simple model.
The correlograms for the 2-h period centred on
14:00 M.L.T. are shown in Fig. 4c, and exhibit peaks
for both V, and V, which are even more obvious than
in the previous interval. The peaks in VE occur with
an ionospheric response delay of N 5 min, with those
for VN occurring a few minutes later, at least for the
lower two gates. It will be shown in Section 5 below
that the delay inV, is, in fact, generally longer than
that in V, in the afternoon sector. This result implies
that although flow is excited very rapidly in the dayside ionosphere following southward turnings of the
IMF, the form of the flow does evolve over the subsequent N 5 min interval, in particular turning from
westward to north-westward in the mid-afternoon sector. This behaviour was previously noted by Willis et
al. (1986), Lockwood et al. (1986b) and Todd et
al. (1988) for the much-studied 11:19 U.T. (- 1350
M.L.T.) flow onset on 27 October 1984, the data for
which do, of course, form part of that shown in the
present figure. The other main point to note about
the figure is that, unlike the previous two intervals
where the flow drops essentially to zero when IMF
B, becomes significantly positive, the westward flow
component in this sector remains finite (and, indeed,
relatively constant) in these circumstances. It may be
recalled from the discussion of Fig. 2 in the previous
section that weak flows continue to be present in that

data when IMF B, is positive for local times later than
N 13:30 M.L.T., in agreement with the more general
results obtained here. Large enhancements in the flow
speed appear when IMF B, is negative, however,
reaching values (for a given B,) considerably in excess
of those found in the previous M.L.T. sector. This
result indicates that the radar field-of-view lies more
centrally within the flow cell in this local sector than
previously, in the region just equatorward of the peak
flow of the “most expanded” cell. The latter conclusion is indicated by the weak (compared with Fig.
4b) poleward-directed gradient in flow speed observed
for negative B,, as will be further substantiated in the
next section. These results clearly relate to graph (b)
in Fig. 3. The main conclusion to be drawn, however
(as well as from Figs 4a and 4b), is that they provide
strong quantitative support for the view reached
earlier from visual inspection of the data that the
dayside flows are closely controlled by the NorthSouth component of the IMF, and that they respond
to changes in this component within a few minutes
(N 5 min) of their appearance at the magnetopause.
Figure 4d shows results for the following 2 h period
centred on 16:00 M.L.T., which clearly shows quite
different behaviour from the two previous M.L.T.
sectors. The results for gate 1 are essentially similar
to those in the previous figure, and show a flat
response for positive B,, and a rapid, and on average
monotonic rise as B, becomes negative. In fact, the
response is very nearly the same as in gate 5 in Fig.
4c, indicating a location close to the peak in the “most
expanded” cell [graph (b) in Fig. 31 in this local time
sector. The response delay is about 6 min for V, and
20 min for I’,. The data for gate 3 also show a positive
correlation between the flow speed and negative B,,
though it is weaker than in gate 1, and there is no
response in I’,.,. It should be noted that when IMF B,
is positive the flow speed in this gate is higher than in

FIG.~~.THBFIGURIZSHOWSTHERESULTSOPTHECROSCORRELATIONANALYSISBETWENTHENORTHSOUTM
(V,) AND EAST--WEST(Va) COMPONENTS
OF IONOSPHERIC
FLOW AND V*&, FOR THE 2 h INTERVAL
OF
MAGNE’rKLOCAL TIME FROM 09:OOTO 11:OOM.L.T. (06:3(M8:30 U.T.).
On the left of the figure we show the correlograms for gates 1, 3 and 5 for lags of k2.5 h between the
ionospheric and solar wind data sets, with a lag resolution of 30 s. The solid tine is the correlogram for
Ve, and the dashed line the correlogram for V,. Negative lag means that the solar wind leads the ionosphere,
and vice versa for positive lag (unphysical). The dotdashed lines in these plots indicate the 99.9%
significance level. On the right of the figure we show scatter plots of the twovelocity components V,
(scuares) and VP (crosses) vs ~V/SOO)2B,,where V is the solar wind speed in km s-r. These have been
plotted using the lag time’indicamd by the peak in the correlogram, separately for V, and V, (the upper
and lower numbers, respectively, in the scatter plots). Where no obvious peak occurs above the 99.9%
confidence level the plots are produced for a nominal lag of 300 s for V, and 600 s for V, (indicated by
the starred values given in the plots), values which are typical of the data set as a whole. The solid lines
fitted to the data are parabolae obtained from a quadratic least-squares fit. Solid lines again refer to V,
and dashed lines to V,. These fitted lines are plotted together in the diagram at the foot of the figure,
according to the key given, so that latitudinal variations in the mean flows as a function of B, can be
readily assessed.
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gate 1, while for negative B, it is lower. This result
shows that gate 3 now lies between the peaks in the
“most expanded” and “most contracted” cells. Correspondingly, the data also show a reduced response
to B,, as in graph (c) of Fig. 3. The data for gate 5,
however, show that the modest steady flows which
are again present for positive B, (at values somewhat
larger than in gates 1 and 3) give way to very mixed
and variable values when B, is negative. The new
feature, compared e.g. with the data for gate 1, is the
appearance of increasing numbers of low values of the
flow components as B, becomes increasingly negative.
The average values, indicated by the fitted lines, now
show a decline in both V, and VE as B, becomes
negative. Note that the correlation coefficients have
correspondingly changed sign, though due to the
scatter in the data no marked peaks occur above the
99.9% significance level in the correlograms. The data
in this gate thus indicate a location close to the “crossover” point where, as shown in graph (d) of Fig. 3,
there is little response of the flow to B,. As will be
shown below, this gate also lies near the peak of the
“most contracted” cell in this local time sector, such
that the relationship between the location of this peak
and the “cross-over” point, is, in fact, close to that
depicted in the upper part of Fig. 3. In summary,
therefore, in this local time sector gate 1 lies near the
peak in the “most expanded” cell, gate 5 lies close
to the peak of the “most contracted” cell which is
approximately colocated with the “cross-over” point,
while gate 3 lies mid-way between the peaks. The
response of the flow in the three gates then corresponds to graphs (b), (c) and (d) in Fig. 3.
In Fig. 4e we finally show results for the 2 h interval
centred on 18:00 M.L.T. Here the data are very scattered, giving rise to no obvious and convincing peaks
in the correlograms. The scatter plots, however, produced for the nominal lags, indicate that for the first
time the flow speeds for positive B, decrease with
increasing latitude between gates 1 and 5, indicating
a location poleward of the peak flow in the quiettime dusk cell. The flow speed in gate 1 is, however,
comparable to that found in gate 5 in the previous
local time sector (Fig. 4d), indicating that the peak in
the “most contracted” cell now lies in its vicinity.
Correspondingly, there is little overall variation of the
flow with B, in gate 1, as expected for a location close
to the “cross-over” point [graph (d) in Fig. 31. The
simple model in Fig. 3 would then predict a decrease
in the flow speed with negative B, in gates 3 and 5
[graph (e)]. In fact the data do show increasing numbers of flow measurements for negative B, which are
smaller than the mean speeds for positive B, in these
gates, especially for gate 5. However, there is a wide

scatter in the data, resulting in littie overall response
to B,, and only gate 5 shows weak anticorrelation.
Overall, the results described above amply justify
and substantiate the conclusions reported previously,
based mainly on visual inspection of the EISCAT/
AMPTE
data set, that strong correlations exist
between high-latitude dayside ionospheric flows and
the North-South component of the IMF. It has been
shown, however, that the form of the correlation
varies significantly over the local time interval
for which data are available (-09:OO to - 19:00
M.L.T.), in a way which is readily understandable in
terms of the location of the radar field-of-view relative
to the quiet-time flow pattern and to the patterns of
enhanced flow excited by coupling at the magnetopause when IMF B, is negative. In the next section
we will look in more detail at these flows by using
the curves fitted to the scatter plots to examine the
flow pattern for various fixed values of IMF B,.
4. FLOW PATTERNS

FOR FIXED VALUES

OF IMF B,

Vector flow observations from individual runs of
incoherent scatter radar experiments are often presented in the form of M.L.T.-latitude polar dial plots,
rather than in the rectangular format e.g. used here in
Fig. 2. “Polar” dial plots of the 1984 EISCAT/
AMPTE experiments which form part of the present study may, for example, be found in Willis et al.
(1986) (their Figs 5-7). Such plots can clearly give
a more accurate impression of the two-dimensional
geometry of ionospheric flows, but it is then tempting
to interpret them in terms of an instantaneous flow
pattern. The results presented in the previous section
show that such interpretations will almost always be
invalid, due to the strong modulation of the flow by
IMF B,. For a single radar, dial plots of the flow
perforce take 24 h to complete, while IMF B, typically
varies significantly on much shorter time scales (as
on all the experiment days included in this study).
Inevitably, therefore, dial plots produced on this basis
will be substantially affected by the temporal variations in IMF B, which happen to occur during the
experiments, and cannot be taken to represent an
instantaneous picture.
From the results presented in the previous section
we can, however, attempt to reconstruct the flow pattern for a given IMF B, value by using the quadratic
lines fitted to the scatter plots. Rather than use separate lag values for each gate and M.L.T. sector determined from the peaks in the correlograms, we have
here, for simplicity, adopted a fixed lag value, to be
used for both VN and VE. The value adopted is 7 min
(420 s), which will be shown in the next section to be
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representative of the data as a whole (see also Fig. 4).
However, experimentation has shown that the results
are not very sensitive to the exact value chosen, to
within a few minutes, as may also be gauged from
the width of the peaks in the correlograms shown
in the last section. The results shown in Fig. 5 for
(V/500) ‘B, = 0, f 2 and f 4 nT were determined from
overlapping 2 h segments of data (as in Fig. 4) centred
at half-hour intervals from 09:30 to 18:30 M.L.T.,
with data from different gates (from 1 to 7) being
treated separately. No flows are plotted for a given
M.L.T. value if the data for that interval do not
encompass the IMF B, value corresponding to the
plot. Specifically, we do not extrapolate the quadratic
curves fitted to the scatter plot data more than f 1.5
nT beyond the maximum and minimum B, values in
that segment of data.
Turning now to the results in Fig. 5, we first consider the two flow maps for positive IMF B,, these
being taken together because of their close similarity.
These flows correspond to the “most contracted” pattern in the above discussion, and it may be recalled
that the scatter plots presented in the previous section
show little variation with B, when the latter is positive,
such that the fitted lines are then, in the main, flat.
(This lack of response to positive B, was, of course,
already implicit in our simple picture in Fig. 3.) The
only significant exception to this statement occurs at
the earliest local times for which data are available in
this study, in the mid-morning sector, where differences can be seen between the maps shown for B, = 2
and 4 nT (cf. also Fig. 4a). In this sector eastward
flows are observed in the upper gates, corresponding
to the equatorward region of the dawn aurora1 zone
flow cell, which decline in strength with increasing
local time as the cell recedes poleward across the fieldof-view. These flows give way at later local times to
the weak (typically 100 m s-‘) westward flows of the
quiet-time noon sector (Fig. 4b), this process being
essentially complete by N lo:30 M.L.T. in the map for
B, = 2 nT. The transition from eastward to westward
flows in the “Polar” data thus clearly takes place in
the pre-noon hours. The time of the transition for
B, = 4 nT is obscured by the lack of large B, data in
the immediate pre-noon hours which results in the
gaps in the corresponding vector plot at lo:30 and
11:00 M.L.T., but from the fact that the eastward
flows observed prior to the gap are considerably larger
for B, = 4 nT than at the same M.L.T. for B, = 2 nT,
we may infer that the transition takes place at a later
local time, nearer to noon, in the former case than in
the latter. It thus appears that the East-West flow
transition, while occurring consistently pre-noon in
the data, occurs at earlier local times, nearer to dawn,
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as B, falls in value. Examination of the results for
zero and negative B,, to be discussed further below,
sugges s that this shift continues, to -09:30 M.L.T.
when IMF B, = 0 nT, and into the early morning
region (where data are unavailable) when IMF B, is
negative.
Looking now at the flow maps for B, = 2 and 4 nT
at later local times, the radar field-of-view remains
equatorward of the main aurora1 zone flows from
w lo:30 to N 13:00 M.L.T., after which the westward
flows of the quiet-time dusk cell appear (in accordance
with the previous discussion of Fig. 2). The peak in
the dusk cell flow, where the speed maximizes at N 1
km s- ‘, crosses the field-of-view from the most poleward to the most equatorward gate between 15:00
and 18:00 M.L.T. Thus, in the “Polar” field-of-view,
flow speeds increase monotonically
with latitude
before 15:00 M.L.T., and decrease monotonically
with latitude after 18:00 M.L.T., as noted in the discussion of Fig. 4. Between these times the peak in the
flow speed occurs within the field-of-view so that the
variation of the observed speeds with latitude becomes
relatively small. The peak lies in the vicinity of gate 5
at 16:OOM.L.T. and near gate 1 at 18:00 M.L.T., in
conformity with the discussion of Figs 4d and 4e.
When IMF B, is near zero or negative, however,
substantial changes in the flow pattern are clearly
evident in Fig. 5. These can be discussed in terms of
three main effects. The first is the local time shift of
the dayside East-West flow reversal into the early
morning hours discussed above. This effect results in
the appearance of westward flows at all local times
for which data are available, extending from dusk into
the mid-morning hours. The second effect is a large
equatorward expansion of the flow pattern, including
an inferred expansion in the size of the polar cap (cf.
Fig. 3). This effect, taken together with the first, results
in the appearance of B,-modulated north-westward
directed flows throughout the noon sector, which
replace the weak (_ 100 m s- ‘) latitude-independent
westward drifts observed in this sector for positive
IMF B,. The expansion effect also results in the centre
of the dusk flow cell being traversed significantly
earlier in local time for negative than for positive
IMF B,. In the map for B, = -4 nT, for example, the
peak in the flow speed moves equatorward across the
field-of-view between 13:00 and 16:00 M.L.T., such
that flow speeds increase monotonically with latitude
before the former time, and decrease monotonically
with latitude after the latter. Note that these numbers
indicate that the peak of the “most expanded” cell lies
near gate 5 at 14:00 M.L.T. and near gate 1 at 16:00
M.L.T., in conformity with the discussion of Figs 4e
and 4d. For B, positive the corresponding times are
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FORMATFORFIXED VALueSOF(~/5~)*~,(viz.~, f 2 nT AND + 4 nT).

These were determined from overlapped 2 h M.L.T. segments of the data computed every half hour for
each gate (from 1 to 7) separately, by using least-squares quadratic fits to the data (as in Fig. 4). For
simplicity a constant lag time of 7 min between (shifted) IMF B, values and ionospheric velocity values
has been employed. Latitude profiles of the flow are not shown for a given M.L.T. sector and B, value if
the data from that sector do not extend to that B, value (to within a margin of 1.5 nT).

15:OO and 18:00 M.L.T., such that this feature has
shifted 2 h in local time between the maximum and
minimum B, values. This effect accounts for the
dependence of the latitudinal gradient of the flow on
B, found in Fig. 4, as previously discussed. Flows
increase with latitude (across gates l-5) over the whole
range of B, values encountered in our study at 1290
and 14:00 M.L.T. (Figs 4b and 4c), decrease with
latitude for all B, at 18:00 M.L.T. (Fig. 4e), while the
gradient reverses in sense as B, changes from positive
to negative at 16:00 M.L.T. (Fig. 4d).
These results also give the relevant information
required to define the spatial region where strong posi-

tive correlations are found between the flow speed and
IMF B,. It will be recalled from Fig. 4 that strong
correlations are generally confined to the region
equatorward of the mid-point between the peaks of
the “most expanded” and “most contracted” cells.
Poleward of the mid-way point only weak correlations
and much scatter are evident in the data, for reasons
already discussed. From the above results, the midway point crosses the “Polar” field-of-view between
14:OO(gate 7) and 17:00 M.L.T. (gate 1). Thus, for
example, strong correlations are observed from the
pre-noon hours until 14:00 M.L.T. in gate 7, 15:OO
M.L.T. in gate 5, 16:OO M.L.T. in gate 3 and 17:00
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M.L.T. in gate 1 (see Fig. 4). These results therefore
define the limits of the region from which flow
response times can be determined from the data, as
will be discussed further in the following section.
The third and final factor to be considered in Fig.
5 is the overall increase in the magnitude of the flow
speeds which are observed for increasingly negative
B,, typified by the enhancement of the peak flow speed
intheduskcellfrom
-1 kms-‘when&=
+4nT
to - 1.5 km s ’ when B, = -4 nT. It may be noted
from the discussion in Section 2 that it is the presence
of this factor which results in the strong positive correlations between flow speed and IMF B, in the region
equatorward of the cross-over point, and the much
flatter responses poleward of this point which are
observed in Fig. 4. Given just an expansion in the flow
pattern, but no increase in overall flow speed, we
would have expected the anticorrelation between the
flow and B, poleward of the “cross-over” point to
have been approximately equal in significance to the
positive correlation occurring in the equatorward
region. Instead, the enhancements in flow speed add
to the positive correlations equatorward of the crossover point but subtract from the anticorrelations poleward thereof, thus giving rise to a much stronger effect
in the former than in the latter region.
In conclusion we note that owing to the rather
restricted latitude and local time coverage of the joint
EISCAT ~‘polary71A~FT~ data set analysed here, the
results presented in this section represent only a modest contribution to an understanding of high latitude
flows and their dependence on interplanetary parameters. However, the results do convincingly demonstrate the potential of radar data to derive detailed
maps of ~~-latitude
flows which occur under different IMF conditions, by suitably combining data from
several experiments. In the future it should be possible
to extend our results in local time using the data from
subsequent “Polar” runs, and also extend them in
latitude, by using mod&d experiments run on the
EISCAT radar, together with data acquired from
other radar systems. With a larger data set it should
also be possible to look for more subtle effects in the
0ow data, such as dependences on the components of
the IMF in the equatorial plane.
5. ION~P~~C

EEX’ONSE

TIME

In this section we provide further details of the
results concerning the response time of the ionosphere
to changes in the North-South component of the
IMF. These are determined from the lag times of the
peaks in the correlograms between the flow components V, and V,, and V2Bs. However, we note that
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the oaxnrence of such peaks is confined to the region
equatorward of the mid-way point between the “most
expanded” and “most contracted” flow patterns in
the data set, and therefore that it is only in this region
that the response time can be reliably determined.
Explicitly, results for V, are obtained from the earliest
local times available (- 10:00 M.L.T.) until 17:00
M.L.T.ingate 1,16:00M.L.T.ingate3,15:00M.L.T.
in gate 5 and 14:OOM.L.T. in gate 7. At later local
times the relative lack of response of the flow to IMF
B, results in correlograms with no consistent peak, as
seen previously in Fig. 4. Results for VE are further
restricted by the lack of strong response of this component in the vicinity of the East-West flow reversal,
such that significant peaks do not occur in the VE
correlograms until after - lo:30 M.L.T. (cf. Fig. 4a).
One of the points made above, arising from both
visual inspection of the data shown in Fig. 2 and
from the correlograms in Fig. 4, is that within a given
M.L.T. sector there appears to be no systematic variation in the ionospheric response delay with latitude
across the “Polar” field-of-view. This topic is further
investi~t~
in Fig. 6, where we show the delay vs gate
number (spanning the latitude range 70.8”74.3” from
gates 1 to 7) for three non-overlapping 2 h local time
sectors, centred on lO:OO, 12:OO and 14:00 M.L.T.
(Later M.L.T. intervals are not displayed due to the
restrictions noted above, remembering that the “midway” point appears in gate 7 at 14:OOM.L.T. and has
reached gate 3 by 16:OOM.L.T.) Squares and triangles
show the response times of VN and V,, respectively,
and the error bars are obtained from a visual estimate
of how well the position of the peaks in the correlograms can be determined. The points plotted correspond only to well-defined peaks in the correlograms which are above the 99.9% sign%cance level
and are consistently present from sector-to-sector
and gate-to-gate.
In can be seen from Fig. 6 that, overall, there are
no systematic variations of the response time with
latitude in each of the three M.L.T. sectors shown.
There is some indication of an increase in the response
time of V, with latitude at 12:OOand 14:OOM.L.T.,
though the variation is probably not significant within
the estimated errors. The overall lack of latitudinal
dependence is consistent with the finding in Section 2
that foliowing changes in the North-South
component of tbe IMF, the flows appropriate to the new
value are established coherently in time across the
whole “Polar” field-of-view. It can also be seen, however, that variations do occur with M.L.T. At 10:00
M.L.T. the average response time for V, is 11.Ok 1.6
min (see Fig. 4a and associated discussion), decreasing
to 5620.6 and 6.6k1.9 min at 12:OO and 14:00
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The local time dependence of the ionospheric
response delay is explored in greater detail in Fig. 7,
where we show the delay for gates 1,3 and 5 vs M.L.T.,
in a format similar to that employed in Fig. 6. The
M.L.T. coverage in each gate again reflects the restrictions in these data discussed above. Results are shown
for overlapped 2 h segments of data computed every
half hour. It can be seen that the response times are
fairly constant in the noon to mid-afternoon sector
(- 12:oo to N 15:OOM.L.T.), where the radar fieldof-view lies within (or just equatorward of) the
equatorward and central portions of the quiet-time
dusk cell. Here the response time for V, is 3.9 f 2.2 min,
but is again somewhat larger for VNat 6.7k2.2 min.
These numbers were obtained from the weighted
response times centred at integer hourly M.L.T. values
from 12:00 to 15:OO M.L.T. inclusive, with values
from all gates being included. At earlier local times
the response times for FN and F, are nearly equal in
the lower gates, and tend to increase with decreasing
local time to 11 min at 10:00 M.L.T., as noted above.
At later local times, nearer to dusk, the response times
in the lower gates again increase, to - 10 min for Va
and -20 min for V,.
The principal conclusion arising from these results
is that changes in flow occur very promptly in the
dayside ionosphere in response to variations in the
North-South component of the IMF. About 4 min
after a southward turning of the IMF appears at the
magnetopause, flows are excited within the “Polar”
field-of-view which are westward directed in the early
afternoon sector, turning to north-westward at noon.
However, the longer response delays which occur at
earlier and later local times, and in the early afternoon
VNresults, show that the flow pattern must evolve in
form over a -5 min interval following the initial
excitation. In particular, north-westward flows appear
to continue to grow in the mid-morning hours, possibly as a result of a shift in the location of the morning
East-West flow reversal occurring on these time
scales, and the early afternoon flows rotate in direction from westward to north-westward as previously
noted in Section 3. The latter effect could result from
a distortion in shape of the polar cap region, if a bulge
of open flux is temporarily produced in the dayside
ionosphere by enhanced reconnection at the magnetopause. This would have the effect of reducing the
northward tilt of the afternoon amoral zone “return”
flows, until the boundary resumes a more usual orientation as the open flux redistributes itself. Clearly
these remarks are speculative, and further clarification
is required of how the dayside flows evolve following
rapid changes in the IMF direction. To this end, it
will be necessary to undertake further case studies of
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FIG. 7. THIS FIGUREHAS A SIMILARFORMAT TO

FIG. 6, BlJr SHOWS
THERESPONSE
TIMBVSM.L.T. FORGATES
1,3 ANIJ5.
Values are shown every half hour determined from overlapping 2 h segments of data.

the ionospheric response to abrupt changes in the
IMF in different M.L.T. sectors.
6. SUMMARY
In 1984 and 1985 a series of five experiments was
undertaken in which ionospheric flows were measured
by the EISCAT “Polar” experiment, while observations of the solar wind and IMF were made
upstream of the Earth’s bow shock by the AMPTE
UKS and IRM spacecraft. The “Polar” data provide
a 7-point profile of the ionospheric flow between 70.8”
and 74.3” invariant latitude every 2.5 min, with the
data acquired simultaneously with AMPTE (totalling
40 h) covering the dayside local time sector from
-09:30 to -18:30 M.L.T. This data set therefore
refers principally to the region of the morningside
East-West flow reversal and the “dusk” aurora1 zone
flow cell. Relatively little information
has been
obtained about the properties of the dawn flow cell in
this study. Previous papers have presented examples
of apparent correlations between these data sets,
specifically between the flows and the North-South
component of the IMF, principally from visual inspection of the data (Rishbeth et al., 1985; Todd et al.,
1988). The aim of the present paper has been to establish quantitatively
whether statistically significant
relationships exist for the data set as a whole, and, if
so, to determine both the form of the ionospheric flow

response to IMF B, and the time scales involved.
To this end the two components of ionospheric flow
(northward and eastward) have been cross-correlated
with the interplanetary half-wave rectifier function
V2Bs (where V is the solar wind speed and B, is the
southward field component). The latter function was
chosen after a preliminary analysis showed that it
tends to give higher peak cross-correlation coefficients
than the other parameters which were tried (which
included B,, B,, YB,, E etc.). The detailed form of the
flow response was then examined by forming scatter
plots of the “Polar” data vs V’B,, using the lag time
corresponding to the peak in the corresponding correlogram, and then fitting quadratic curves through
the data.
This analysis has shown that the behaviour of the
correlograms, and the corresponding relationships
between the ionospheric flow components and IMF
B,, depends strongly on both latitude and local time.
Clear, statistically significant, correlation peaks well
above the 99.9% significance level, which correspond
to strong IMF B, dependence of the flows, are
observed in some regions, but only small correlations,
corresponding to scattered data and little IMF dependence, are observed in others. Specifically, at any given
latitude within the “Polar” field-of-view a strong positive correlation between the westward “dusk cell” flow
and negative IMF B, is observed in the noon and early
afternoon sectors. At later local times nearer to dusk
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the correlations become successively weaker (and the
data correspondingly more scattered and exhibiting
less B, dependence), until eventually weak anticorrelation between the westward flow and IMF B, is
observed (at least in the more poleward of the
EISCAT gates). This pattern of behaviour occurs at
successively earlier local times with increasing
latitude, the appearance of weak correlations occurringe.g. in gate 7 (73.4”) at N 14:00 M.L.T., compared
with -17:OO M.L.T. in gate 1 (70.8”). It has been
shown that these results can be explained in terms of
a simple model in which the magnitude and latitudinal
extent of the flows becomes successively larger as B,
becomes successively more negative. These features of
the response have been confirmed by deriving detailed
flow maps for various B, values from the scatterplot data. At the simplest level, the strong positive
correlations are observed in the equatorward portions
of the flow cells where both effects mentioned above
combine to produce large increases in flow speed with
negative B,. The equatorward portions of the cells are
observed in the “Polar” field-of-view at sufficiently
early local times, but due to the nightside offset
between the centre of the polar cap and the magnetic
pole, the field-of-view moves into the poleward portions of the flow cells at later local times (successively
later at successively lower latitudes). In the poleward
region, anticorrelation occurs between the flow and
IMF B, due to the equatorward shift of the flow
pattern arising from the expansion of the polar cap
with negative B,. However, this effect is by no means
as great as the positive correlation observed in the
equatorward portions of the cell because it is offset by
the overall increase in flow speed (rather than being
augmented by the latter, as in the equatorward
region). It is only in the equatorward portions of the
cells, therefore, that clear peaks in the correlograms
are obtained.
As a consequence of these effects, the data which
can be used to investigate the ionospheric response
time to IMF changes are restricted, but nevertheless
a number of important results have been obtained. It
has firstly been found that no significant latitudinal
dependence in response time is present in the data,
thus confirming previous suggestions, based upon visual inspection, that flow changes take place coherently
across the radar field-of-view, with no noticeable lag
from gate-to-gate. However, variations do occur with
local time. The most rapid response is observed in the
noon to mid-afternoon sector, where the westward
flows of the dusk cell respond to the direction of the
magnetosheath field at the subsolar magnetopause
with a delay of only 3.9f2.2 min. This response is
very fast, but is nevertheless rather longer than the
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Alfven-wave transit time between the equatorial magnetopause and the ionosphere. This transit time is
well known for the “Polar” field-of-view from the
characteristic period of ULF pulsations which are
often observed in the data in the dayside ionosphere
(Todd et al., 1988). Assuming that the oscillation
represents a standing wave in the fundamental mode,
the typical wave periods of -4 min represent the
Alfven wave travel time between one hemisphere to
the other, and back again. The Alfven wave transit
time between the equator and the ionosphere on these
field lines is then no more than N 1 min, and although
the “Polar” field-of-view is generally located on closed
field lines equatorward of the dayside cusp, the transit
time in the vicinity of the latter can hardly be very
different. The rather longer flow response times found
here may then contain contributions
from other
factors, such as the time taken for coupling processes
to be initiated at the magnetopause (though we know
of no reason why this should be significant), the
“impedance mismatch” between the magnetosphere
and ionosphere which may require several Alfven
wave transits between the magnetopause and ionosphere to establish ionospheric flow, and the time
taken for the ionospheric effects to expand from their
initial point of contact with the ionosphere to the
“Polar” field-of-view in the manner described by
Lockwood et al. (1986b).
It may be recalled from the Introduction that rapid,
few minute responses have previously been reported
for the excitation of the DP-2 current system following
southward turnings of the IMF, and we would relate
our results directly to those. Our results clearly bear
no relation to the N 45 min delays typically found for
the response of magnetic disturbance indices such as
AE or AL to IMF B,. These latter parameters must
therefore be responding to a different characteristic
time scale of the coupled solar wind-magnetosphereionosphere system (i.e. the time scale for the onset
of the substorm instability in the geomagnetic tail).
However, longer response times are observed in our
data in earlier and later local time sectors, and in V,
relative to V, in the early afternoon sector. These
results suggest that after the initial excitation of the
ionospheric flow on the above time scales, the flow
continues to evolve in form over the following
-5 min, as the system accommodates to the new
boundary conditions. Further case studies need to
be undertaken
to establish the details of how
dayside flows are excited and subsequently evolve
following sudden changes in the IMF.
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APPENDIX

In this appendix we briefly report the results of a preparatory study which was undertaken to determine the func-

tion of solar wind and IMF parameters which should best
be used in the cross-correlation analysis reported in this
paper. To this end, correlograms were derived (as in Section
3) using a variety of such functions. with the aim of finding
the function which gave the highest and clearest peaks. The
functions investigated included B,, VB,, V2Bz,Bs, Us, VzBs
and E (as defined in Section 1).
Particular attention was paid to the early afternoon sector
where correlation effects tend to be clearest. It was found
that, generally, V2Bs gives the highest peak values, as illustrated in Fig. Al. Correlograms are shown for the 2 h interval
centred on 14:OOM.L.T. in a similar format to those shown
on the left side of Fig. 4. Here, however, solid lines refer to
V*B, and dashed lines to E. Results for V, are shown on the
left side of the figure, while those for VN are shown on the
right. It can be seen that in general V2Bs provides a peak
near zero lag which has a larger value of the cross-correlation
coefficient and is better defined than for E. The correlograms
for the other parameters investigated generally lie between
these two limits. Consequently V’B, was chosen as the parameter to be employed in the cross-correlation analysis presented in this paper.

