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Abstract. We have analysed a database of ~300 h of
tristatic ionospheric velocity measurements obtained
overhead at Tromse (66.3° magnetic latitude) by the
EISCAT UHF radar system, for the presence of flow
effects associated with the y-component of the IMF.
Since it is already known that the flow depends upon
IMF B., a least-squares multivariate analysis has been
used to determine the flow dependence on both IMF B,
and B, simultaneously. It is found that significant flow
variations with IMF B, occur, predominantly in the
midnight sector (~2100-0300 MLT), but also pre-dusk
(~1600-1700 MLT), which are directed eastward for
IMF B, positive and westward for IMF B, negative. The
flows are of magnitude 20-30 m s™' nT™' in the mid-
night sector, and smaller, 10-20 m s nT 7!, pre-dusk,
and are thus associated with significant changes of flow
of order a few hundred m s™' over the usual range of
IMF B, of about +5 nT. At other local times the IMF
B,-related perturbation flows are much smaller, less
than ~5 m s™! nT™!, and consistent with zero within the
uncertainty estimates. We have investigated whether
these IMF B,-dependent flows can be accounted for
quantitatively by a theoretical model in which the
equatorial flow in the inner magnetosphere is indepen-
dent of IMF B,, but where distortions of the magneto-
spheric magnetic field associated with a “penetrating”
component of the IMF B, field changes the mapping of
the field to the ionosphere, and hence the ionospheric
flow. We find that the principal flow perturbation
produced by this effect is an east—west flow whose sense
is determined by the north-south component of the
unperturbed flow. Perturbations in the north-south flow
are typically smaller by more than an order of magni-
tude, and generally negligible in terms of observations.
Using equatorial flows which are determined from
EISCAT data for zero IMF B,, to which the corotation
flow has been added, the theory predicts the presence of
zonal perturbation flows which are generally directed
eastward in the Northern Hemisphere for IMF B,
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positive and westward for IMF B, negative at all local
times. However, although the day and night effects are
therefore similar in principle, the model perturbation
flows are much larger on the nightside than on the
dayside, as observed, due to the day-night asymmetry in
the unperturbed magnetospheric magnetic field. Overall,
the model results are found to account well for the
observed IMF B -related flow perturbations in the
midnight sector, in terms of the sense and direction of
the flow, the local time of their occurrence, as well as the
magnitude of the flows (provided the magnetic model
employed is not too distorted from dipolar form). At
other local times the model predicts much smaller IMF
B)-related flow perturbations, and thus does not
account for the effects observed in the pre-dusk sector.

Key words: Magnetospheric physics (magnetosphere—
ionosphere interactions) — lonosphere (plasma
convection; auroral ionosphere)

1 Introduction

Observations by polar-orbiting spacecraft and ground-
based radars have amply demonstrated that the flow in
the high-latitude ionosphere is strongly modulated by
the direction of the interplanetary magnetic field (IMF)
(e.g. Reiff and Burch, 1985; Heppner and Maynard,
1987; Rich and Hairston, 1994; Weimer, 1995; Ruoh-
oniemi and Greenwald, 1996). The form of the convec-
tion, whether two or more cells, together with their
overall size and strength, are determined principally by
the IMF B. component. When IMF B, is negative the
flow is twin-celled, with antisunward flow over the polar
cap and return sunward flow in the auroral zones. For
positive IMF B. these flows weaken, contract poleward,
and cells with a “reversed” sense of flow may appear
within the polar cap. These effects are controlled
principally by the location and rates of magnetic
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reconnection between the magnetosheath and magneto-
spheric fields at the magnetopause boundary, and
consequent activity in the tail (Dungey, 1961; Crooker,
1979; Lockwood, 1995).

The IMF B, component also plays a significant role,
however, and is associated with a set of dawn-dusk
asymmetries in the ionospheric flow pattern, with
primary effects occurring on open field lines within the
polar cap. These asymmetries reverse in sense with IMF
B,, and are oppositely-directed in the Northern and
Southern Hemispheres. Specifically, the flow of newly
opened field lines in the dayside cusp is directed
westward in the Northern Hemisphere when IMF B,
is positive, and eastward when it is negative, and vice-
versa in the Southern Hemisphere (e.g. Galperin et al.,
1978; Heelis, 1979). These flows are directly associated
with the Svalgaard-Mansurov effect in ground magnetic
data at cusp latitudes, and related signatures in the cusp
field-aligned current system (e.g. Friis-Christensen and
Wilhjelm, 1975; lijima et al., 1978; McDiarmid et al.,
1978). The flows are believed to be due to the effect of
the magnetic tension force acting on newly reconnected
flux tubes in the presence of IMF B, (Jorgensen et al.,
1972). For IMF B, positive, for example, open tubes are
pulled westward in the Northern Hemisphere and added
preferentially to the dawn side of the northern tail lobe,
while simultaneously being pulled eastward in the
Southern Hemisphere and added preferentially to the
dusk side of the southern tail lobe, and vice versa for
IMF B, negative. The antisunward flow over the polar
cap is thus correspondingly asymmetric, with stronger
flows on the dawn side in the Northern Hemisphere for
IMF B, positive, and simultaneously on the dusk side in
the Southern Hemisphere, and vice versa for IMF B,
negative (Heppner, 1972). The overall effect on open
field lines is thus to add a westward zonal circulation to
the Northern Hemisphere flow when IMF B, is positive,
and an eastward zonal circulation when IMF B, is
negative, and vice versa in the Southern Hemisphere.

Other IMF B,-related effects have also been observed
which imply the existence of flow asymmetries on closed
field lines as well. Newell et al. (1989) have reported that
the local time of the dayside cusp moves in response
to IMF B,, to the postnoon hours in the Northern
Hemisphere for IMF B, positive, and to the prenoon
hours for IMF B, negative, and vice versa in the
Southern Hemisphere. This implies that closed field lines
have a preferential eastward and poleward flow into the
post-noon cusp in the Northern Hemisphere for IMF B,
positive, and a preferential westward and poleward flow
into the pre-noon cusp for IMF B, negative, and vice
versa in the Southern Hemisphere. Similarly, Rodger
et al. (1984) and Heppner and Maynard (1987) report
that on the nightside, the Harang discontinuity occurs at
earlier local times in the Northern Hemisphere for IMF
B, positive, and later for IMF B, negative, and vice
versa in the Southern Hemisphere. Since the Harang
discontinuity marks the point where the nightside zonal
flow reverses from west to east with increasing local
time, this effect can also be viewed as being due to the
presence of additional eastward flows in the Northern

Hemisphere for IMF B, positive, and westward flows
for IMF B, negative, and vice versa in the Southern
Hemisphere. Finally, many studies have shown that the
polar cap as a whole is shifted towards dawn in the
Northern Hemisphere for IMF B, positive, and towards
dusk for IMF B, negative, and vice versa in the
Southern Hemisphere (e.g. Holzworth and Meng,
1984; Heppner and Maynard, 1987). This implies that
in the Northern Hemisphere for IMF B, positive the
return sunward flow in the dusk auroral zone is spread
over a greater latitude range than on average and is
hence weakened, while in the dawn auroral zone it is
concentrated over a smaller latitude range and is hence
strengthened, with opposite effects occurring simulta-
neously in the Southern Hemisphere. These perturba-
tions are again equivalent to adding eastward flows to
the sunward return flows at dawn and dusk in the
Northern Hemisphere for IMF B, positive, and west-
ward flows for IMF B, negative, and vice versa in the
Southern Hemisphere. Taken together, these effects
discussed associated with the dayside cusp, the Harang
discontinuity, and the dawn-dusk shift of the polar cap,
all imply the existence of an eastward zonal flow on
closed field lines in the Northern Hemisphere for IMF
B, positive, and a westward zonal flow for IMF B,
negative, and vice versa in the Southern Hemisphere.
This sense of flow is thus the opposite to that which
occurs simultaneously at higher latitudes on open field
lines in the corresponding polar caps. Both are implicit
in the recent statistical models derived from spacecraft
and radar data cited, for example, those of Weimer
(1995) and Ruohoniemi and Greenwald (1996).

While the presence of oppositely directed zonal flows
and consequent opposite asymmetries in the northern
and southern hemispheres presents no conceptual diffi-
culties on open field lines in the polar caps, the existence
of related effects on closed field lines as well raises issues
of the apparent lack of inter-hemispheric conjugacy. In
general, the resolution of these issues requires that the
magnetic field lines in the closed region of the magnet-
osphere undergo IMF B,-dependent distortions such that
conjugacy is in fact maintained. For example, it is
inevitable that the closed field lines that are moving into
the post-noon cusp in the Northern Hemisphere when
IMF B, is positive are magnetically connected to the
closed field lines that are simultaneously moving into
the pre-noon cusp in the Southern Hemisphere. Similarly,
the last closed field lines mapping to the open-closed field
line boundaries at dawn and dusk at differing magnetic
latitudes in the two hemispheres must also be magneti-
cally connected, as must the field lines mapping to the
northern and southern Harang discontinuities. It was
shown by Cowley (1981) that the field distortions
required to maintain conjugacy in these circumstances
can be qualitatively accounted for by the presence of a B,
field in the region of closed field lines which has the same
sense as the interplanetary B,. That is, the y-component
of the interplanetary field must at least partially ““pene-
trate” into the magnetosphere, as expected on basic
theoretical grounds in a magnetically “open” system.
Figure 1, taken from Cowley et al. (1991), shows the field
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Fig. 1. Sketch showing the distortions of the Earth’s closed field lines
produced by adding a uniform field in the + y-direction (left to right),
viewed from the direction of the Sun. The solid lines are the distorted
field lines, and the dashed lines the corresponding undistorted field
lines (From Cowley et al., 1991.)

distortions that take place when a field in the +y-
direction (left to right) is added to a dipolar field. The
dashed lines show the undistorted dipolar field lines, while
the solid lines show the distorted field lines. At noon and
midnight the field becomes tilted out of meridian planes to
join dusk-side points in the Northern Hemisphere to
dawn-side points in the Southern Hemisphere, as re-
quired to maintain conjugacy of the flow into the cusp and
in the Harang region. Simultaneously, the field lines
become displaced in latitude at dawn and dusk consistent
with the observed dawn-dusk displacements of the polar
cap. The consequent differential zonal flows between
Northern and Southern Hemispheres then act to tilt the
field out of the magnetic meridians between nightside and
dayside orientations as the field lines propagate in local
time. Subsequently, it has been shown that such IMF B,-
related perturbation fields do indeed exist in the region of
closed field lines. At geostationary orbit, for example, the
penetrating field is found typically to be a significant
fraction of the simultaneous IMF B, field (Cowley and
Hughes, 1983; Nagai, 1987; Wing et al., 1995).

We investigate a database of ~300 h of EISCAT
observations of the F-region ionospheric flow overhead
at Tromsg, located in the closed-field line auroral zone
region at 66.3° magnetic latitude (nominally near-
conjugate to geostationary orbit), to quantitatively
determine the dependence of the flow on IMF B,, and
how this varies with magnetic local time (MLT). We
have then compared these observations with those
expected theoretically on the basis of the field-distortion
hypothesis outlined to determine the degree to which the
observed flow perturbations can be accounted for
quantitatively on this basis.

2 Data sets and analysis procedure

The measurements of ionospheric flow employed in this
study were obtained by the tristatic EISCAT UHF
incoherent scatter radar system using the CP-1-K
common programme experiment, which has been run
typically on several days each year since 1993. In this
experiment the radar beam is pointed along the

magnetic field line at Tromse (Norway), approximately
southward at an elevation angle of 77.5°, while remote
site receivers at Kiruna (Sweden) and Sodankyld
(Finland) are pointed at a fixed intersection with the
transmitted beam at an F-region altitude of 278 km.
Continuous tristatic measurements of the plasma flow at
a single point essentially overhead at Tromse are
thereby obtained. The measurement point corresponds
to a magnetic latitude of 66.3°, or an L-value of 6.2 R,
nominally close to geostationary orbit (at an equatorial
radial distance of 6.6 Rg) in the region of closed field
lines. The radar data are integrated over 2 min intervals,
thus setting the temporal resolution of the velocity
measurements used in this study.

To determine the dependence of the flow on IMF B,
the radar data have been analysed by means of a
multivariate analysis technique with concurrent IMF
measurements made by the IMP-8 spacecraft. This
spacecraft moves in a near-circular orbit at 35 Ry, and
provides vector IMF data at 15 s resolution, and solar
wind plasma data with a resolution between 60 and
300 s. The latter data are employed to estimate the
propagation delay of the IMF between the spacecraft
and first effects in the polar ionosphere. This estimate
includes the propagation delay (1) from the spacecraft to
the subsolar bow shock taking account of the “phase
front” orientation of variations in the IMF, (2) the
propagation across the subsolar magnetosheath from
bow shock to magnetopause, whose positions are
determined from empirical models, and (3) a 2 min
Alfvénic propagation along open field lines into the
polar ionosphere. Full details may be found in Khan
and Cowley (1999), where essentially the same radar and
IMF data set was used to investigate flow modulations
associated with IMF B. (though the data employed here
has been somewhat augmented on the nightside to
improve statistics). Once the propagation delay for a
particular interval has been determined (typically lying
in the range 5-15 min with an estimated uncertainty of
+2 min), this has been removed prior to averaging the
15 s IMF data over the “same” 2 min intervals as the
radar data. These joint 2 min-averaged “‘simultaneous”
radar-spacecraft data sets form the basis of the multi-
variate analysis presented here. Overall, about 300 h of
simultaneous data are employed, obtained during 1993—
97. The data span all local times, though the hemisphere
centred on dusk is favoured relative to the hemisphere
centred on dawn. Typically ~8 radar experiment-days
contribute data at each local time in the dawn hemi-
sphere, and ~13 experiment-days in the dusk hemi-
sphere (see Khan and Cowley, 1999, for further details).

To investigate the variation of IMF B,-associated
effects with MLT, we have divided the ionospheric flow
data into overlapping 2 h intervals of MLT, in steps of
1 h of MLT, and we consider the behaviour of the field-
perpendicular flow components directed towards mag-
netic east, vg, and magnetic north, vy. Since the flow is
known to depend strongly upon IMF B, (e.g. Khan and
Cowley, 1999), in addition to any possible IMF B,
effects, we have performed a least-squares multivariate fit
to the data, in which the flow dependencies on IMF B.
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and B, are obtained simultaneously. That is, we have fit
the radar velocity component data to the linear function

v =, +g,B, +g.7Bg . (1)

Here the IMF B. dependence is parameterised in terms of
the “half-wave rectifier”” function 7 ?Bg (as in Khan and
Cowley, 1999), where 7" is the speed of the solar wind
normalised to 500 km s™' [i.e. ¥ = (Vop(km s~')/500)],
and Bg = B. when B. is negative while B¢ = 0 when B.
is positive. Previous studies have indicated that this
function generally gives the highest correlations with
ionospheric flows (e.g. Etemadi et al., 1988). The output
parameters of greatest interest for this study are the
gradient coefficients g, which describe the dependency of
the flow on IMF B,, but we will also display the values of
v, and g. as well, for purposes of comparison with the
corresponding results derived previously by Khan and
Cowley (1999). The coefficients are determined for a
given subset of the data by finding the values which
minimise the normalised fit parameter f given by

F=Y ) 3 @)
i=1 i=1

applicable to either eastward or northward flow compo-
nents, where the v, are the velocity component data
values, and the v/ are given by Eq. (1). They are obtained
by equating the partial differentials of f with respect to
the coeflicients to zero, yielding three simultaneous linear
equations which can be solved for the coefficients. For
each subset of the flow data, corresponding to a given
MLT sector, this procedure is carried out for a range of
delay times between the flow measurements and the
corresponding interplanetary parameters. A global min-
imum in f for that data set should then occur at the time
corresponding to the response delay of the flow in that
MLT sector to the first arrival of IMF effects in the
ionosphere. Our goal is thus to determine the coefficients,
principally the g, values, which correspond to the delay
time giving the best fit of Eq. (1) to the data (i.e. the
smallest value of /). The delay times determined will also
be displayed for comparison with the corresponding
results of Khan and Cowley (1999), derived using cross-
correlation between the ionospheric velocity components
and the above “half-wave rectifier”” function.

The top panels of Fig. 2 show typical examples of the
normalised fit parameter f determined for each of the
flow components, vz (left) and vy (right), shown versus
delay time over an interval of —10 to + 60 min, with a
resolution of 2 min (the resolution of the data). For
positive delays the interplanetary medium leads the
ionosphere, while for negative delays the ionosphere
(unphysically) leads the interplanetary medium. Fig-
ure 2a shows results for the dayside local time sector
1000-1200 MLT. A clear minimum in the fit parameter
is observed in the results for both vz and vy at a delay of
2 min. This corresponds exactly to the delay previously
determined from the maximum in the cross-correlation
function between these flow components and ¥ 2Bg by
Khan and Cowley (1999). The lower panels show scatter
plots of the velocity components versus IMF B, at that

delay time, where the IMF B. effect has been “removed”
from the data using Eq. (1). That is, we plot v; — g,7 *Bg
for the g. value corresponding to that flow component
and delay time, thus removing the systematic variations
with IMF B_, and leaving only the possible IMF B,
effects, plus scatter due to other flow effects not
accounted for in the analysis (e.g. non-linear responses,
ULF waves, substorms, etc.). These values of g. were
found to be 17.7 and —=12.3 m s™' nT~! for v and vy,
respectively, in this case. The central solid lines in the
scatter plot then show the least-squares linear fit between
this “corrected” velocity data and IMF B,, the slope of
which is just the value of g, in Eq. (1). In this case,
however, the value is found tobe 1.2 = 1.7 m s nT™!
for vg, and 2.0 = 1.1 ms™' nT™' for vy, such that
both are very small, and essentially consistent with zero
within the standard errors of the slope of the least-
squares fit. The flanking solid lines in the scatter plot
show these uncertainties in the slope, where the lines
have been drawn through the point representing the
average of the velocity component and IMF B, mea-
surements (through which point the best fit line also
always passes). Such null results are found to be typical
of those obtained in the dawn and dayside sectors (0400—
1500 MLT). Thus although in principle IMF Bj-related
flows may in general be expected at these local times, as
indicated in the introduction, they are clearly not of
significant amplitude at EISCAT latitudes.

In Fig. 2b, however, results for the nightside sector are
shown, for the interval 00000200 MLT. Here the fit
parameter f for vy shows a broad but well-defined
minimum, between delay times of ~14 to ~40 min, with
a global minimum at 34 min (again consistent with the
results of Khan and Cowley, 1999). The scatter plot for vg
at this delay shown beneath (with an IMF B. effect
associated a g, value of —=41.3 m s™! nT~! removed), now
indicates a strong variation of the flow with IMF B,. This
result is found to be insensitive to the value taken for the
delay time within the minimum. The mean eastward flow
is near to zero for IMF B, ~ —5 nT, but increases to
~600 m s~' for IMF B, ~ +5 nT. The gradient of the
least-squares best fit line is correspondingly found to be
g, = 657 £73m s'nT L a significant value clearly
not consistent with zero within the uncertainty limits. The
sense of the change in the flow, with increasing eastward
flow for increasing IMF B,, is in conformity with the
discussion in the introduction. Although the magnitude
of this effect is the largest of those found in the data set
examined here (being about twice the average midnight-
sector value), such positive gradients in vz are found to be
typical of the data in the dusk (~1600-1700 MLT) and
midnight (2100-0300 MLT) sectors, as will be shown
later. Turning now to the data for vy shown on the right
side of Fig. 2b, it can first be seen that the fit parameter f is
near unity, and shows only weak variations with delay
time and no significant minimum for positive delays. This
is indicative of only weak control of this flow component
in this MLT sector by the IMF, as also found by Khan and
Cowley (1999). In this case, we therefore show the scatter
plot for vy at the same 34 min lag as for vz (with a weak
IMF B.effect associated with a g. value of 6.4 m s nT™!
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removed). The gradient of the best fit line with respect to
IMF B, is found to be 8.8 = 42 m s nT™!, as shown,
associated with only weak variations of the north—south
flow over the usual range of IMF B,. Weak gradients in
vy, near the limits of uncertainty, are found to be typical
of the dusk and midnight sectors.

3 Observational results

Having introduced the analysis procedures and initial
results in the previous section, we now turn to the
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overall results. Although not a principal concern of the
present work, in Fig. 3 we first show the results for the
delay time between the interplanetary parameters and
the flow response obtained from the minima in the fit
function f. These demonstrate that the delays are
essentially the same as those determined from the
cross-correlation study between the flow components
and 7B by Khan and Cowley (1999). Figure 3a shows
the delay time versus MLT (centred at midnight)
obtained from the v data, plotted as solid circles. The
error bars have been determined by the method
illustrated by the dashed lines in the upper panels of
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Fig. 2a, b. Normalised fit parameter f of the multivariate analysis
given by Eq. (2) versus delay time, and corresponding scatter plots of
velocity versus IMF B,, for a 1000-1200 MLT, and b 0000-
0200 MLT. In both cases the left-hand plots are for vg, and the
right-hand plots are for vy. The upper panels show the fit parameter
versus delay time in the range —10 to +60 min, where the
interplanetary parameters lead the ionosphere for positive lags. The
scatter plots beneath correspond to the delay time for which the value
of f is smallest, in the cases where the latter has a well-defined
minimum. The estimated uncertainty in the delay time is indicated by
the dashed lines in the upper panels. We first identify the distinct “slot”

Fig. 2. We first identify the “slot” in the f values
associated with the minimum, and then take the width
of the “slot” half-way between its ‘“top” and the
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associated with the minimum in f; and then take the width of the
“slot” half-way between its “top” and the minimum f value, as
indicated by the horizontal dashed line. The scatter plots show the
corresponding velocity component versus IMF B,, where the
variation with IMF B. has been removed from the velocity data by
use of the g. coefficient obtained from the fit. The central solid line is
the least-squares fit to this data, while the flanking lines indicate the
uncertainty in the slope. All lines pass through the point correspond-
ing to the mean velocity component value and the mean IMF B, value
of the data set shown

minimum f value. It can be seen from Fig. 2 that this
gives a reasonable estimate of the uncertainties in the
position of the minimum. The delay times are typically
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Fig. 3a, b. Flow response delay
times versus MLT (centred on
midnight) obtained from the
minimum in the multivariate fit
parameter f for a vz, and b vy,
shown by the solid circles joined
by straight lines. The error bars
have been determined as
indicated in Fig. 2. The open
diamonds show the values
determined by Khan and Cowley
(1999) from a single-parameter

cross-correlation analysis of the
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short on the dayside, ~2 to ~8 min, and longer on the
nightside, ~10 to ~35 min, consistent with the cross-
correlation results of Khan and Cowley (1999). The
values determined in the latter study are shown by
diamonds for purposes of comparison, and with few
exceptions are consistent with the results of the present
study, within the uncertainty limits. Similar comments
apply to the delay times determined from the vy data,
shown in the same format in Fig. 3b, which also show
short delay times on the dayside, longer in the midnight
sector, and agreement with the prior results of Khan and
Cowley (1999).

corresponding flow components
with 2By

The principal observational results of our study are
shown in Fig. 4, where the coefficients v,, g,, and g.,
defined by Eq. (1), are plotted versus MLT (centred at
midnight) which correspond to the fits obtained at the
delay times shown in Fig. 3. Results for vz are shown in
Fig. 4a. At the top of the plot the value of v, is shown,
corresponding to the flow when Bg and B, are both zero
(basically the mean “background” flow for northward
IMF). The flows are directed westward from pre-noon
through dusk to pre-midnight, and eastward from pre-
midnight through dawn to pre-noon, consistent with a
somewhat rotated relatively weak normal twin-cell flow
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Coefficients vs MLT for vg
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pattern. The gradients g. and g, with respect to ¥~ 2By
and B,, respectively, are shown beneath. The values of
g. are shown by the solid circles joined by a thin solid
line. Where no clear minimum in the fit parameter f was
evident, the delay time corresponding to the minimum
in the fit parameter for the other velocity component
was used. The coefficients calculated in this manner are
shown by open symbols. For vz this applies only to
two cases, centred at 0200 and 1800 MLT, where it is
nevertheless clear that the results follow the overall
trends very well. It can be seen that the values of g. are
positive from pre-noon to dusk, and negative from
dusk through midnight and dawn to pre-noon. Since
¥"2Bg takes only negative values, this corresponds to
increasing westward flows with negative IMF B. in the

Fig. 4a.

former

sector, and increasing eastward flows in
the latter. Comparison with the upper panel shows
that this simply corresponds to the expected enhance-
ment of the twin-cell flow pattern for negative IMF B..
The only exception to this statement occurs in the post-
dusk sector, where v, and g. are both negative,
implying a westward flow for positive IMF B, which
weakens and reverses towards eastward as IMF B.
becomes increasingly negative. This effect corresponds
to the expected westward motion of the Harang
discontinuity at a given auroral latitude as the flow
pattern expands, as found previously by Khan and
Cowley (1999). The corresponding gradient values
obtained in the latter study are shown by the open
diamonds in Fig. 4a, and clearly agree with the present
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Fig. 4a, b. Coefficients of the
multivariate analysis of the

_ dependence of the flow compo-
nents on interplanetary 7 >Bg

. and B,, for a vg, and b vy, plotted
versus MLT (centred on mid-

. night). The coefficients are as
defined in Eq. (1). The upper
panel shows v,, the “back-
ground” flow when B, and By are
both zero (essentially the mean
flow for northward IMF). Be-
neath this we show the flow
gradients g. (solid circles joined
by a thin line) and g, (solid
triangles joined by a thick line),
determined at the delay times
which give the minimum f value,
as shown in Fig. 3. In those few
cases where there is no clear
minimum in f, we have used the
delay time determined from the
other flow component. These
values are shown by the open
symbols of similar type. The
results of straightforward single-
variable cross-correlation
analyses between the flow com-
ponent and the corresponding
interplanetary parameters are

i also shown in the lower panel.
Results for #?Bg are shown by
— diamonds, determined at the
delay times of the peaks in the

a corresponding cross-correlation
| functions, taken from Khan and
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results very well. Typical gradients are g, ~ 50
m s~ nT™!, corresponding to a substantial change in
the flow of ~250 ms™' for #?Bsg~ —5nT, a not
untypical value.

The main new results of our study, however, are the
g, values shown by the triangles joined by a thick solid
line in the lower panel of Fig. 4a, which give the
gradient of the flow component relative to IMF B,. In
agreement with the results shown in the previous
section, it can be seen that the values are small,
essentially consistent with zero, in the post-midnight,
dawn, and dayside sector, from 0300-1500 MLT. How-
ever, the values are consistently positive, and inconsis-
tent with zero within the uncertainty limits (determined
as the standard error of the least-squares fit gradient),

4 6 8 10 12

Cowley (1999). Results for IMF
B, are shown by crosses, deter-
mined at a fixed delay time of
20 min

both in the pre-dusk sector, 1600-1700 MLT, and in the
midnight sector, 2100-0300 MLT. A positive value of g,
implies increasing eastward flows with increasing IMF
B,, consistent with the theoretical discussion in the
introduction. The average value of g, over the interval
1600-0200 MLT is 21.7 + 1.6 m s~! nT™', increasing
to 30.8 + 3.1 m s™' nT~" if we restrict attention to the
midnight sector, 2100-0200 MLT, where the effect is
largest and most consistent. Although these values are
rather smaller than the corresponding gradients associ-
ated with IMF B. (i.e. the g. values), they are neverthe-
less associated with significant changes in the flow, as
already evident in Fig. 2b. As indicated in the latter
figure, the typical range of IMF B, values is roughly
+5nT, thus giving changes in the east-west flow
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of ~300ms~! over this range of IMF B, if
g, ~30m s~' nT~'. Such changes are not insignificant
relative to typical values of the flow, as is evident from
the v, values shown in the top panel of the figure.

In order to investigate the robustness of the results
concerning the dependence of the flow on IMF B,, we
have also analysed our data set using two other
methods. First, we have simply performed a single-
parameter cross-correlation analysis between the flow
components and IMF B, analogous to the analysis
between the flow components and ¥ ?Bg presented
previously by Khan and Cowley (1999). The results
show that, unlike the case of ¥ 2By, the cross-correlation
coefficient with respect to IMF B,, alone does not depend
strongly on the delay time, over positive delays typically
of several tens of minutes. This fact we attribute
principally to the greater persistence of the value of
IMF B, in the interplanetary medium than IMF B. (as
verified by auto-correlation analysis of the IMF data
used here). In this situation the gradients of the flow
component with respect to IMF B, have simply been
determined by least-squares fits at a fixed typical delay
time of 20 min (the results are insensitive to the exact
choice). The gradients so determined are shown by
crosses in Fig. 4a, and are clearly quite close to the
values determined here using the multivariate fit.
Second, at an even cruder level, the data in each MLT
sector has been divided into two groups, for IMF B,
positive and negative (at various fixed delay times over
an interval of a few tens of minutes), and each group
averaged to find the mean flow component and the mean
IMF B,. A gradient has then been determined from the
differences between these averaged values. Again the
results (not shown) indicate the same features as those
shown in Fig. 4a. We are therefore convinced that the
IMF B, -related effects indicated in Fig. 4a are robust
features of the data set employed here.

Results for vy are shown in Fig. 4b in the same
format as Fig. 4a. The value of v, shown in the upper
panel is negative from pre-dusk through to the post-
midnight sector, and positive from post-midnight to
post-noon, again reflecting a somewhat rotated twin-
cell flow pattern. The gradient g. of the flow with
respect to #2Bg shown by the solid and open circles
(joined by a thin line) is essentially in antiphase with
this variation, again indicative of a growth in the
magnitude of these flows with negative IMF B.. The
diamonds are the corresponding gradients determined
from the cross-correlation analysis of Khan and
Cowley (1999), with which the present values are seen
to be in excellent agreement. The triangles joined by
the thick line show the gradient g, with respect to IMF
B,. These tend to be small, rather scattered on the
nightside, and in only two or three cases are the values
seemingly inconsistent with zero. The crosses again
show the gradients determined from a simple cross-
correlation between vy and IMF B,, at a fixed lag of
20 min, and indicate a similar behaviour. Overall we
conclude that there is no clear significant dependency
of the north-south component of the flow on IMF B,
in this data set.

10ms-!
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Fig. 5. Perturbation flow vectors for a +1 nT IMF B, component in
the interplanetary medium, relative to zero IMF B,, obtained from
the values of the gradient coefficients g, for vz and vy in Fig. 4,
plotted versus MLT in a polar format with noon at the fop and dusk
to the left. For a =1 nT IMF B, component, the perturbation flow is
reversed in direction

A summary of our results on the flow dependence on
IMF B, is shown in Fig. 5, where the gradient coeffi-
cients g, for vy and vy are displayed as vectors on a polar
plot versus MLT, with noon at the top and dusk to the
left. This plot thus shows the direction and magnitude of
the perturbation flow vector for a 1 nT positive IMF B,
field in the interplanetary medium, relative to zero IMF
B,. For a 1 nT negative IMF B, field the perturbation
flow vectors would be reversed in direction. This plot
emphasises the fact that the perturbation flow vectors are
directed principally east-west, with much smaller and
variable north-south components, and are eastward in
sense for IMF B, positive. Principal effects are confined
to the region three hours on either side of midnight,
where the perturbation vectors are of magnitude ~20—
30 m s~ nT_', though there is also a weaker effect of a
similar nature in the dusk sector. Other than this, there is
essentially no response of the flow to IMF B, on the
dayside at EISCAT latitudes.

4 Theoretical model

In this and the following section we investigate the degree
to which the ““field distortion” picture of the origin of
IMF B,-dependent flow perturbations on closed field
lines, outlined in the introduction, can account quanti-
tatively for the observed perturbation flows determined.
That is, we assume that the flow in the equatorial plane
of the magnetosphere is fixed, and examine the changes
in ionospheric flow which result from the altered field
mappings arising from a “penetrating” IMF B, field. In
this section the theoretical procedures we have adopted
are described, while in the next the results will be
described and compared with the above observations.
Our first task is to determine the unvarying flow in
the equatorial plane which is to be mapped from the
equator into the ionosphere along the distorted field
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lines. This equatorial flow has been obtained from the
EISCAT data themselves by mapping the observed flow,
together with the corotation motion of the radar, along
undistorted model magnetic field lines to the equator.
The flow component values used for this purpose are the
most “‘typical” flow values for this data set in a
particular MLT sector, obtained from the multivariate
fit discussed. That is, the radar values are obtained from
the minimum f fits to Eq. (1) for each flow component,
with 7"?Bg being taken to be the averaged value in the
data set for that MLT sector, and IMF B, being set to
zero (since we are looking for the flow perturbations
about the B, = 0 state). These flow components (not
inclusive of corotation) are shown together with the
averaged values of 7 2Bs employed versus MLT in
Fig. 6a. The typical value of #"2By for the data set is
~—=2 nT. The flow components are also shown (again
without the corotation component) in polar dial format
in Fig. 6b. The flows are of the expected twin-vortex
form, though the axis of approximate symmetry is
rotated by ~2 h of MLT away from the noon-midnight
meridian towards earlier local times, as noted in the
previous section. This rotation is consistent with the
results of previous statistical studies at EISCAT lati-
tudes (e.g. Rich and Hairston, 1994; Weimer, 1995;
Ruohoniemi and Greenwald, 1996).

We now map these flows, with added corotation,
along undistorted field lines into the equatorial plane,
assuming that the field lines are electric equipotentials.
To do this we have employed the Tsyganenko (1989)
field model (henceforth the “T89” model), simplified to
the case of zero dipole tilt. The model is parametrised in
terms of the Kp magnetic disturbance index, undiffer-
entiated by + or — qualifiers. In Fig. 7 we show
mappings of the EISCAT field lines, drawn from a
magnetic latitude of 66.3° at 1 h intervals of MLT, for
(from top to bottom) the Kp = 0, 1, 2, and 3 models. It
can be seen that the field lines on the dayside change
relatively little with Kp, being essentially those of an
undisturbed dipole. On the nightside, however, the
quasi-dipolar field lines present in the Kp = 0 model
become increasingly tail-like as Kp increases, with major
tail-like changes being present for Kp = 3. Examination
of the Kp values for the intervals used in this study
shows that the average modal value (undifferentiated by
+ or — qualifiers) of Kp is Kp = 3. Here, however, we
will employ all four field models in order to examine the
degree to which the results depend on the nature of the
unperturbed field.

The mapping of the ionospheric flow into the equa-
torial plane along the model field lines is performed as
follows. Suppose the averaged flow measured in a certain
MLT interval has components vz and vy transverse to
the ionospheric magnetic field. We assume that this flow
is appropriate to the centre of the MLT interval
concerned (in the rotating frame), at the magnetic
latitude of EISCAT. To take account of the corotating
motion of the radar around the dipole axis we also add a
constant eastward corotation velocity of v¢ =
194.3 m s™! to these measurements, as appropriate to
the magnetic latitude and height of the observation
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Fig. 6. a Shows the unperturbed “typical” ionospheric flows
employed in our theoretical analysis versus MLT, obtained from the
multivariate fits whose coefficients are shown in Fig. 4. The vz and vy
component values shown in the second and third panels, respectively,
have been computed using the averaged values of ¥ 2Bg shown in the
upper panel, and IMF B,, has been taken to be zero. Corotation, not
included here, adds 194.3 m s™' to the eastward component of the
flow in the inertial frame. b Shows the “typical” flow components
plotted in a, presented as vectors in a polar dial format, with noon at
the top and dusk to the /eft. Corotation is again not included

b

point. We then set up a local coordinate system in the
ionosphere whose origin is located at this observation
“point”, whose z axis is directed downwards along the
magnetic field, with x pointing north and y east, both
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Fig. 7a—d. Plot of EISCAT field
lines in GSM coordinates pro-
jected onto the X—Z (left), X-Y
(centre), and Y—Z (right) planes,
for (from top to bottom) the T89
akKp=0,bKp=1,cKp=2,
and d Kp = 3 models, for zero
dipole tilt. Field lines are drawn
| 1R 1Ry from 66.3° magnetic latitude at
L ) 1 h intervals of MLT
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transverse to the field. The ionospheric electric field where v, =vg+vc, and B; is the strength of the
associated with the flow in the non-rotating frame is then ionospheric magnetic field. If the ionospheric potential

. . is then taken to be ¢;, at the observation point (an
Ej = —v; x Bi = —vpBix + onBiJ , 3) arbitrary value), the potential elsewhere (locally) is
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}i(x,¥) = bjp + (vpx — vny)Bi . (4)

We now take three points in the ionosphere and map
them along the undistorted model field lines into the
equatorial plane. These are ‘“‘point 0 given by
(x0,¥0) =(0,0), the observation point in the ionosphere,
“point 17 displaced through distance A to the north
such that (x1,y1) = (A,0), and “point 2 displaced
through distance A to the east such that (x;,)) =
(0,A). The potentials at these points are then ¢,,,
¢,, +VvpB;A, and ¢, — vyB;A, respectively. We now set
up another local coordinate system in the equatorial
plane whose origin is at the mapped observation point,
corresponding to “point 0’ in the ionosphere, whose X
axis points towards the Sun and whose Y axis points to
dusk, both transverse to the northward equatorial field.
Let us then suppose that “point 1” in the ionosphere
maps to (X1,Y;) in the equatorial plane, and “point 2”
to (X»,Y>), determined by numerical integration of the
model field lines. From the assumed equipotentiality of
the field lines we know that the potentials at the mapped
points in the equatorial plane are the same as the
potentials at the corresponding points in the ionosphere.
If we then assume that the equatorial potential is given
locally by

0P 0P,

¢m(XaY):¢in+§0X+WOY1 (5)

equivalent to assuming a locally uniform equatorial
electric field, we can then determine the differential
coeflicients by knowing the values of the potentials at
mapped equatorial points 1 and 2. Simple manipulation
yields

0p,,| _ (Yiow + houp) BiA (6a)
x|, hr-xn)

and

0, (Xioy +Xou;)BiA (6b)
oY |, X\ Y- X))

Equations (5) and (6) thus define the equatorial
electrostatic potential local to the mapped observation
point in the non-rotating frame. The equatorial plasma
velocity at the mapped observation point is then given

by
)

L[ 2,
Uy = (vm,y ) va) - a (_W
where B,, is the equatorial field strength at the mapped
observation point. These velocities are presented as
vectors in the equatorial plane for all four T89 Kp
models in Fig. 8, where results for the mapped ““typical”
flows plus corotation are shown. To obtain these results
we have employed a value of A in the calculations which
is sufficiently small that the results become, for practical
purposes, independent of its value. Empirical investiga-
tion indicates that this condition is satisfied at EISCAT
latitudes for A = 10 km (corresponding to ~0.1° of
latitude), and this value has been employed throughout.

0P,
. oX

In each case the flow vectors are plotted at the EISCAT
observation point mapped to the equator along the
model field, while the circle shows the dipole mapping
(to 6.2 Rp), thus indicating the degree of field distortion
away from the dipole in the model. The equatorial
velocities so derived show a principally sunward flow, as
expected. The vectors are also typically tilted towards
dawn, except in the noon sector, where the corotation
effect produces a tilt towards dusk. The more significant
variation, however, concerns the nightside flows, which
increase with Kp and become more sunward-directed as
the nightside field becomes more tail-like and displaced
away from the dipole mapping. For example, the
equatorial flow on EISCAT field lines near midnight
increases by a factor of ~2 from the Kp =0 to the
Kp = 2 model, and by a further factor of ~8 from Kp =
2 to Kp =3 (note the change of velocity scale in the
latter plot). This effect is due to the reducing value of
the equatorial field strength B,, at the mapped point as
the model field becomes more tail-like (see Eq. 7).
Having thus derived the local equatorial potential (or
equivalently the equatorial flow), we can now map it back
into the ionosphere along model magnetic field lines
which are distorted by the presence of an IMF B,-
dependent perturbation field, thus determining the
corresponding perturbation flow in the ionosphere.
Following the earlier studies by Cowley and Hughes
(1983) and Nagai (1987), Wing et al. (1995) have used
~5 years of data from the GOES-6 and -7 spacecraft to
show that the B, perturbation field at geostationary orbit
varies from ~0.3 of IMF B, at noon, to ~0.8 of IMF B,
at midnight. Here we have adopted their values, and have
assumed that for a +1 nT B, field in the interplanetary
medium, a B, perturbation field exists on nominally near-
geostationary EISCAT field lines which varies sinusoi-
dally with MLT from a minimum value of 0.3 nT at noon
to a maximum value of 0.8 nT at midnight. That is, the
perturbation field for 1 nT of IMF B, is given by

B, =(0.55—-0.25 cosy)nT , (8)

where  is the azimuthal angle measured from noon.

Using this perturbation field in the magnetosphere,
the perturbed flows in the ionosphere are calculated in
the following way. We map along the distorted magnetic
field lines from points 0, 1, and 2 in the ionosphere,
defined as before, to the equatorial plane. Suppose
the equatorial coordinates of these field lines in the local
(X, Y) system are now found to be (Xo, ¥5), (Xo + X/,
Yo+ Y]), and (Xo + X3, Yo + ¥3), respectively. Then as-
suming the equatorial potential function is fixed locally
via Egs. (5) and (6), we find the potentials at points 1
and 2, ¢/, and ¢/ ,, relative to the potential at point 0,
¢, to be given by

0y 0y,

Dot = Do +6—XOX{+6—YOY{ (9a)
and

0y, 0y,
Gz = Do +§0X£+WOY£ ~ (9b)
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Since the distorted field lines are also assumed to be
equipotentials, these are also the potentials in the
ionosphere at points 1 and 2, relative to point zero.
Consequently, the perturbed velocity components in the
ionosphere are given by

! !/

I (¢m2 - ¢m0) o _L 6(pm / % /

W= ga - malax | Tar ),
(10a)

and

/ /

w (¢ml — ¢m0) _ 1 % / % /

U="TgA Ba\ax | Tar | )
(10b)

Substituting for the derivatives from Eq. (6) finally
yields the following expressions for the perturbed
velocity components

(Y - X60) 4 (61 - X51)
N (XY, —Xo))

and

(11a)

}25kms!

1200

Fig. 8. Flow vectors in the mag-
netospheric equatorial plane derived
by mapping the EISCAT “typical”
velocities for zero IMF B,, plus an
added eastward corotation flow
about the dipole axis, along equi-
potential model magnetic field lines
to the equator. Results are shown
using the EISCAT flows mapped
using the T89 Kp = 0, 1, 2, and 3
models as indicated. In each plot
noon is at the rop and dusk to the
left

XY —Xon) (116)

The perturbed ionospheric flows v), and v}/ are thus
determined in terms of the measured flows and the
displacements of the mapped field lines in the equatorial
plane. The velocity perturbations are then given by the
following differences

duy = vy —uy
ov (X (V3 = 1) — (X3 — Xo)1) + e (XoYs — X3 Ys)
Xih—-XxX2h)

(12a)
and
dvg = vy — v,
_ (X —X)h - 6(Y - 1)) +ov (X[ H — X, V)
(Xi¥2 —Xoh) '

(12b)

We note that these velocity perturbations are linearly
proportional to the perturbation B, field applied,
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provided the latter remains small compared with the
unperturbed field along the model EISCAT field lines.
The validity of linearity for the conditions of interest
here has been examined by direct evaluation of these
formulae on nightside field lines (for which breakdown
is most likely) using perturbation B, fields over a range
of several nT. The results for the Kp = 0-2 models were
found to be very closely linear over this range, and for
the Kp = 3 model approximately so (because the
applied perturbation fields then become comparable
with the weak equatorial nightside fields of the undis-
turbed model). If we then evaluate dvg and dvy using a
distorted magnetic field which corresponds to +1 nT B,
in the interplanetary medium, i.e. using the magneto-
spheric perturbation field given by Eq. (8), then the
values derived represent the change in the flow compo-
nents per nT of IMF B,. These values thus represent the
theoretical counterpart of the IMF B -related gradient
vectors obtained from the coefficients g, in the previous
section, and shown in Figs. 4 and 5, which show
the observed change in the flow components per nT of
IMF B,

5 Theoretical results

Before describing the results obtained by mapping the
“typical” flows at EISCAT for zero IMF B, (plus
corotation) along distorted field lines, it is instructive
first to consider the effects associated with each unper-
turbed flow component separately. We note from
Eq. (12) that for a particular field mapping, the
difference flows ovg and Jvy are given by a linear
combination of terms proportional to vy and vy. In
Fig. 9 we thus take an unperturbed flow with a
northward component of vy = 100 m s™! at all MLT,
and zero vi. We note that this sense of vy is appropriate
to the geophysical case on the dayside, but is generally
opposite on the nightside. For simplicity we also take a
constant +1 nT perturbation B, field at all MLT. In
Fig. 9a we plot the difference velocity components dvg
(upper panel) and Jvy (lower panel) determined from
Eq. (12), versus MLT (like Fig. 4, centred on midnight).
The dash-double-dot lines show results for the Kp =0
model, the dash-dot lines Kp = 1, the short-dashed lines
Kp =2, and the long-dashed lines Kp = 3. Considering
first the results for dvg in the upper panel, the east—west
difference flows are directed eastward by day and
westward by night, and are near zero on the dawn-dusk
meridian, in conformity with the discussion given in the
introduction. If we consider the noon-midnight merid-
ian, for example, an unperturbed northward flow in the
ionosphere corresponds to an exactly radial flow away
from the Earth in the equatorial plane at both noon and
midnight. As we move along these magnetospheric
streamlines in the distorted field case, the ionospheric
footprint in the Northern Hemisphere (which is also a
streamline) moves poleward and increasingly to the east
at noon, and poleward and increasingly to the west at
midnight, as in Fig. 1, hence giving rise to the east—west
difference flows shown in the figure. In the geophysical

case, of course, the generally poleward flows by day and
equatorward flows at night both give rise to an eastward
difference flow, as we previously discussed. It can be
seen in Fig. 9a, however, that for a constant unper-
turbed northward flow, and a fixed perturbation B, field
(1 nT), the east-west difference flows are much larger by
night than by day for all the field models considered
here. The nightside difference flows also increase strong-
ly with increasing Kp, particularly for the Kp = 3 model.
Values peak at midnight at =7 m s~' for the Kp =0
model, =13 m s™' forKp = 1,29 m s™' for Kp = 2, and
—406 m s~' for Kp =3, compared with a value of
~1ms™ at noon for all models. This day-night
asymmetry, and the increasing nightside effects with
increasing Kp, are due to the increasingly tail-like fields
in the model on the nightside with increasing Kp. As the
model field lines become more distended with Kp, and
the equatorial fields weaker and more comparable in
magnitude with the perturbation B, field, so the field
distortion effects and the velocity perturbations become
increasingly large.

The north—south difference flow, dvy, is shown versus
MLT in the lower panel of Fig. 9a. Values are positive
on the dusk side and negative on the dawn side, and
again much larger by night than by day. More signif-
icantly, however, noting the change in scales between the
upper and lower panels of the figure, they are in all cases
much smaller than the differences in the east-west flow
component, and are generally negligibly small. Overall,
therefore, the dominant effect is in the zonal component
of the flow, and the latitudinal component is generally
negligible. This conclusion is illustrated directly in
Fig. 9b where we show the perturbation velocities as
vectors in polar dial format for all four Kp models.
These vectors point almost directly westward by night
and eastward by day (for northward unperturbed flow
and a positive added B, field), the dayside vectors being
only just visible on the low-Kp model plots, illustrating
the strong day-night asymmetry in the effect. The
nightside vectors become increasingly large with Kp
(note the changes in scale from plot to plot), with the
largest values being concentrated near midnight where
the model field is most tail-like at EISCAT Ilatitudes.

In Fig. 10 results are shown in the same format for an
assumed eastward flow vz = 100 m s™' at all MLT, and
zero vy. We note that this flow has the same sense as the
corotation flow (but is a factor of ~2 less in magnitude),
while with respect to the solar wind-driven flows it has
the same sense as the geophysical case at dawn, but is
opposite at dusk. The perturbation field is again a
constant +1 nT B, field at all MLT. In this case, the
east—west difference component, dvg, shown in the upper
panel of Fig. 10a, is directed westward at dusk (weak-
ening the unperturbed flow), and eastward at dawn
(strengthening the unperturbed flow). As previously
discussed in the introduction, this effect is due to the
dawnward shift of the feet of the field lines near the
dawn-dusk meridian in the Northern Hemisphere for B,
positive, as seen in Fig. 1. Because this shift increases
with latitude, it “‘expands” the auroral zone flow over a
greater latitude range at dusk, and hence weakens it,
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Fig. 9a, b. Theoretical difference flow components in the Northern
Hemisphere obtained from Egs. (12), for the case in which the
unperturbed flow has been taken to be a poleward flow of 100 m s™!
at all local times, with zero eastward flow. The magnetospheric
perturbation field has been taken to be a positive B, field of 1 nT. In
a, the two perturbation flow components are plotted versus MLT
(centred on midnight), with dvg being shown in the upper panel and

while “compressing” the flow over a narrower latitude
range at dawn, and hence strengthening it. The opposite
effects in the Southern Hemisphere produce an inter-
hemispheric differential zonal flow which tilts the field
lines out of the magnetic meridian as they propagate
azimuthally around the Earth, the tilt being just that
required by the presence of the perturbation B, field. As
before, the perturbation flows are stronger by night than
by day, due to the day-night asymmetry in the T&9
model, and peak ~3 h of MLT before and after
midnight rather than near the dawn-dusk meridian.
The north-south difference component, dvy, shown in
the lower panel of Fig. 10a is an order of magnitude
smaller than Jvg, and near the noise level of the
calculation (difference flows of ~0.1 m s™'). Hence, as
is also clear from the polar dial vector plots shown in
Fig. 10b, the difference velocities associated with an
unperturbed east-west flow are also predominantly
zonal, like those associated with an unperturbed vy
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ovy in the lower. Note the change of scale between the panels. The
dash-double-dot lines show results for the T89 Kp = 0 model, the
dash-dot lines Kp = 1, the short-dashed lines Kp = 2, and the long-
dashed lines Kp = 3. In b, the difference flow vectors are shown in a
polar dial format with noon at the top and dusk to the left. Note the
change in velocity scale from plot to plot

flow shown previously in Fig 9. However, the magnitude
of the effect is less than a tenth of that associated with
vy, for the same magnitude of unperturbed flow and the
same perturbation B, field. Values peak in the pre- and
post-midnight sectors at ~1 m s~ for the Kp = 0 and
Kp = 1 models, ~2 m s™' for Kp =2, and ~4 m s~' for
Kp = 3. However, because in the geophysical case the
solar wind-driven east-west flows near dawn and dusk
are larger than the north-south flows near noon and
midnight by factors of ~5 (see Fig. 4), this effect will still
contribute at modest levels.

Overall, therefore, these preparatory results show
that the principal difference velocities are those associ-
ated with the unperturbed north—south flow. They are
predominantly zonal, and for the usual geophysical
situation of poleward flows by day and equatorward
flows by night are directed eastward in both cases for a
positive By, perturbation field, with maxima at noon and
midnight, and zeros near dawn and dusk. However,
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Fig. 10a, b. As for Fig. 9 except that the unperturbed flow has been
taken to be an eastward flow of 100 m s™" at all local times, with zero
northward flow. The magnetospheric perturbation field has again

because of the noon-midnight asymmetry in the back-
ground field, the effects on the dayside are much smaller
than those on the nightside, and are generally of
negligible amplitude. The difference velocities associated
with the unperturbed east-west flow are also predom-
inantly zonal. Given the usual geophysical situation of a
westward unperturbed flow at dusk and an eastward
unperturbed flow at dawn, the difference velocities are
again directed eastward for a positive B, perturbation
field, though corotation will introduce an asymmetry by
adding to the effect at dawn while subtracting from it at
dusk. This difference flow is intrinsically weaker than
that associated with the unperturbed north—south flow.
However, because it is essentially in quadrature with the
MLT phasing of the north—south flow effect, with zeros
near noon and midnight and peaks between, it may be of
some significance near dawn and dusk where the velocity
perturbations associated with the unperturbed north—
south flow are small.

With this introduction, we now finally turn to the
main results, the difference flow vectors derived using
the “typical” EISCAT flows for zero IMF B, shown in
Fig. 6, together with the sinusoidally varying magneto-
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been taken to be a positive B, field of 1 nT. Note also the difference in
the velocity scales compared with Fig. 9

spheric perturbation B, field given by Eq. (8), which we
take to correspond to a +1 nT. B, field in the inter-
planetary medium. As previously pointed out, these
difference velocities then represent our theoretical esti-
mates of the B,-related velocity gradient vectors obtained
from the g, coefficients of our fits to the EISCAT data, as
shown in Figs. 4 and 5. Theoretical results based on
“typical” EISCAT flows for zero IMF B, conditions
(plus corotation) are shown in Fig. 11, in the same
format as Figs. 9 and 10. All four T89 field models are
again employed in order to demonstrate the dependence
of the results on the unperturbed magnetic field structure.
The eastward difference component, shown in the upper
panel of Fig. 11a, is positive at all MLT, but again much
stronger by night than by day. Peak values at midnight
depend strongly on the model field, reaching a value of
12m ™! (per nT of IMF B)) for the Kp =0 model,
20m s~ forKp=1,46m s~ forKp =2, and 642 m s~
for Kp = 3. By comparison, values at noon are less than
1 m s™, of negligible amplitude. The nightside flows are
also seen to be somewhat asymmetrical in form about
midnight, with generally larger values pre-midnight than
post-midnight. Since the main contribution to the zonal
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Fig. 11a, b. Difference flow vectors in the Northern Hemisphere
corresponding to a +1 nT B, field in the interplanetary medium (the
internal perturbation field being given by Eq.8), where the

difference flow comes from the effect associated with the
north-south component of the unperturbed flow, this
asymmetry has its origin in the MLT-dependence of the
unperturbed vy component at EISCAT. Examination of
the “typical” flows displayed in Fig. 6a shows that the
equatorward flow on the nightside peaks not at midnight,
but in the pre-midnight Harang sector, and then reverses
to a poleward flow in the post-midnight sector, beyond
~0200 MLT. The zonal difference velocity associated
with this component therefore tends to be enhanced pre-
midnight, and reverses to become relatively small but
westward between 0200 and 0600 MLT. The zonal flow
associated with the unperturbed east-west component
(which includes the corotation flow) then adds a weak
eastward flow in the dusk sector which reverses to a weak
westward flow pre-midnight, and a stronger eastward
flow post-midnight (see the upper panel of Fig. 10a).
This modestly extends the MLT region over which the
eastward flows are significant towards both dusk and
dawn, in particular cancelling and reversing the post-
midnight westward flows that result from the unper-
turbed north—south flow effect alone.

These results can be compared quantitatively with the
observed IMF B,-related gradients for vz shown in
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unperturbed flow has been taken to be the “typical” EISCAT flow
(corresponding to zero IMF B,). The format is the same as in Fig. 9

Fig. 4a. It can be seen that a reasonable measure of
agreement has been achieved, concerning the sense of
the effect and the large day-night asymmetry. The theory
indicates that significant perturbation flows should be
confined between ~2000 and ~0200 MLT, in good
agreement with the main region of non-zero g, values
shown in Fig. 4a, between ~2100 and ~0300 MLT. The
theory does not account, however, for the smaller
additional effect observed in the data in the pre-dusk
hours. With regard to the absolute magnitude of the
effect, it can be seen that good agreement is obtained for
the modestly distorted tail-like fields of the Kp = 1 and 2
models, which give peak values of ~20-40 m s~ ' (per nT
of IMF B,), similar to those observed. The Kp =3
model clearly produces values which are far too large,
by an order of magnitude, indicating that the nightside
field distortion in the magnetic model is far from typical
of EISCAT field lines.

Results for the north-south component of the
difference flow are shown in the lower panel of Fig. 11a.
These are again dominated by the effect associated with
the north-south component of the unperturbed flow
shown in Fig. 9, and for the generally equatorward flow
at night gives equatorward difference flows pre-midnight



H. Khan, S. W. H. Cowley: Effect of the IMF B, component on the ionospheric flow overhead at EISCAT 1521

and poleward flows post-midnight. However, these are
much smaller than the zonal difference flows discussed
already, w1th peak amplitudes for the Kp = 0-2 models
of ~1 ms™" (per nT of IMF B ). Such amplitudes are
very small compared with those in v, and agree with the
observed gradients in Fig. 4b in the sense that both
indicate the presence of negligible IMF B, -related effects
in the north—south component of the flow.

Finally, in Fig. 11b these theoretical perturbation
flows for a +1 nT IMF B, field are shown as vectors in
a polar dial format, so that they may be compared with
the corresponding presentation of EISCAT results
shown in Fig. 5. The overall agreement seems reason-
able. The theoretical results correctly give the direction
of the main component of the perturbation flow,
principally eastward for positive IMF B, the strong
day-night asymmetry, and, for the less distorted models,
a reasonable estimate of the magnitude of the effect, of a
few tens of ms~' nT™'. As indicated, the principal
discrepancy lies the lack of explanation of the smaller
effect observed at dusk.

6 Summary

We have employed a database of ~300 h of tristatic
ionospheric velocity data obtained overhead at Tromso
(66.3° magnetic latitude) by the EISCAT UHF radar
system, and have analysed them for the presence of
flow effects associated with the y-component of the
IMF. In common with the findings of previous
statistical studies of data from both polar orbiting
spacecraft and ground-based radar, we find that such
effects are indeed present. Since it has already been
established by Khan and Cowley (1999) that the
EISCAT flows respond to IMF B., we have undertaken
a linear least-squares multivariate analysis in which the
flow responses to IMF B, and B. (specifically the “half
wave rectifier” function W 2Bs) have been determined
simultaneously. With regard to the variation with
respect to IMF B., the results confirm, and are in
accord with, the results of Khan and Cowley (1999). In
addition, the results derived here also show the
presence of perturbation flows associated with IMF
B,. For positive IMF B, the perturbation flows are
directed principally eastward, with negligible north—
south components, and occur in two adjacent local
time sectors. The principal sector lies on the nightside
between ~2100 and ~0300 MLT, thus being centred on
mldnlght The magnltude of the east—west perturbanon
flow in this sector is 20-40 m s~' nT~'. The variation in
the east-west flow over the usual range of IMF B,
(~£5 nT) due to this effect is thus ~200—400 m s_l,
which is therefore significant compared with averaged
flows of ~3OO 500 m s~'. A similar but smaller (10—
20 m s~! nT™Y) effect is observed in the pre-dusk sector,
at ~1600-1700 MLT. At other local times no IMF
B-dependence is observed w1th1n the uncertainty
estimates (i.e. values are ~5m s~ nT™! or less), this
situation applying in the pre-dawn sector and over
most of the dayside.

The presence of oppositely-directed IMF B, -related
perturbation flows in the Northern and Southern
Hemispheres (as indicated by previous studies), raises
issues of magnetic conjugacy in the closed field line
EISCAT regime investigated here. We have thus con-
sidered whether the observed perturbation flows can be
accounted for quantitatively by a model in which the
equatorial flow in the inner magnetosphere is indepen-
dent of IMF B,, but where the flow perturbations are
produced by distortions of the magnetospheric magnetic
field associated with a ““penetrating”’ component of the
IMF B, field. We have thus set up a theoretical model in
which the EISCAT flows for zero IMF B,, plus
corotation, are mapped to the equator along undistorted
magnetic field lines (given by the T89 model) to provide
an estimate of the equatorial flow, and are then mapped
back to the ionosphere along distorted field lines to
determine the magnitude and direction of the flow
perturbations thereby produced. The field distortion
employed is simply due to an added B, field whose
amplitude is a fraction of the IMF B,, varying with
MLT, which is based on measurements at geostationary
orbit (nearby nominal EISCAT field lines). The princi-
pal effect produced is the appearance of east—west
perturbation flows in the noon and midnight sectors
whose sense is determined by the north—south compo-
nent of the unperturbed flow, and which in the
geophysical case are generally directed eastward in the
Northern Hemisphere for IMF B, positive. However,
the model perturbation flows are much larger on the
nightside than on the dayside, as observed, due princi-
pally to the day-night asymmetry of the magnetospheric
field. East—west perturbation flows are also present in
the dawn and dusk sectors whose sense is determined by
the east-west component of the unperturbed flow
(including corotation), and which in the geophysical
case are again generally directed eastward in the
Northern Hemisphere for IMF B, positive. However,
these are generally smaller than the flow effects associ-
ated with the unperturbed north-south flow, and
contribute only at modest levels at EISCAT latitudes.

Theoretical results have been derived starting from
“typical” ionospheric flows at EISCAT for zero IMF B,
(obtained from the multivariate fits), to which corotation
has been added, which can be directly compared with the
observed flow perturbations. The model results are found
to account well for the observed effects in the midnight
sector, in terms of the direction and sense of the flow, and
their local time extent. The magnitude of the effect
also agrees with the observations for the low-Kp mag-
netic models. The high Kp magnetic model (Kp = 3)
produces theoretical values which are too large by an
order of magnitude, indicating that the nightside disten-
sion of the field in the model is far from typical at
EISCAT latitudes. The model does not reproduce the
lesser IMF B -related flow effects observed in the pre-
dusk sector. Although the model indicates the presence
of eastward-directed perturbation flows in this sector for
positive IMF By, as observed, their amplitude is much
smaller than those observed. The perturbation magnetic
fields in the magnetosphere in this sector must be much
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larger than those employed in the present model if these
flow perturbations are to be explained in terms of the
theory proposed here.
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