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Dayside Ionospheric Convection Changes in Response to Long-Period 
Interplanetary Magnetic Field Oscillations' Determination of 

the Ionospheric Phase Velocity 

M. A. SAUNDERS, 1 M.P. FREEMAN, 1'2 D. J. SOUTHWOOD, 1 S. W. H. COWLEY, 1 M. LOCKWOOD, 3 J. C. SAMSON, 4 
C. J. FARRUGIA, 5 AND T. J. HUGHES 6 

Ground magnetic field perturbations recorded by the CANOPUS magnetometer network in the 7 to 13 MLT 
sector are used to examine how reconfigurations of the dayside polar ionospheric How take place in response to 
north-south changes of the IMF. During the 6-hour interval in question IMF Bz oscillates between_+7 nT with about 
a 1-hour period. Corresponding variations in the ground magnetic disturbance are observed which we infer are due 
to changes in ionospheric flow. Cross correlation of the data obtained from two ground stations at 73.5 ø magnetic 
latitude, but separated by ~ 2 hours in MLT, shows that changes in the How are initiated in the prenoon sector (~10 
MLT) and then spread outward toward dawn and dusk with a phase speed of ~ 5 km s '1 over the longitude range 
~8 to 12 MLT, slowing to ~2 km s 'l outside this range. Cross correlating the data from these ground stations with 
IMP 8 IMF Bz records produces a MLT variation in the ground response delay relative to the IMF which is 
compatible with these deduced phase speeds. We interpret these observations in terms of the ionospheric response 
to the onset, expansion and decay of magnetic reconnection at the dayside magnetopause. 

INTRODUCTION 

Many observations over the past 25 years demonstrate that the 
plasma flow in the Earth' s high-latitude (polar) ionosphere is driven 
by coupling between magnetic field lines in the outer magnetosphere 
and the solar wind. The nature of this coupling, and the ionospheric 
plasma flows which result, depends strongly on the direction and 
strength of the interplanetary magnetic field (IMF) [Cowley, 1983; 
Reiff and Luhmann, 1986; Lockwood and Freeman, 1989]. When 
the IMF z component is either negative or near zero, the flow is of a 
twin cell form, with antisunward flow over the polar cap and return 
sunward flow at lower latitudes in the auroral zones [e.g. Heppner 
and Maynard, 1987]. Both the spatial extent of these flow cells and 
the associated flux transport within them increase as IMF Bz 
becomes more negative [Heppner, 1972, 1973; Friis-Christensen 
and Wilhjelm, 1975; Reiff et al., 1981; Doyle and Burke, 1983; 
Wygant et al., 1983; Holt et al., 1987, Hairston and Heelis, 1990]. 
The expansion of the flow cells with negative IMF Bz is also 
reflected in the location of the auroras [Vorobjev et aL, 1976; 
Horwitz andAkasofu, 1977; Holzworth and Meng, 1975,1984]. This 
behavior indicates that, as suggested first by Dungey [1961], 
magnetic reconnection at the dayside magnetopause between the 
IMF and closed terrestrial flux tubes is the primary coupling 
mechanism producing polar ionospheric plasma flows. Direct 
observations at the magnetopause have now confirmed this inference 

[Paschmann et al., 1979, 1986; Sonnerup et al. 1981; Rijnbeek et 
al., 1984; Berchem and Russell, 1984]. However, when IMF Bz 
becomes significantly positive, above ~ 1 to 2 nT, "reversed" 
convection cells containing sunward flowing plasma can appear 
within the polar cap [Maezawa, 1976; McDiarmid et al., 1978a; 
Burke et al., 1979; Reiff, 1982]. These flows are believed to be driven 
by reconnection poleward of the cusps between the IMF and open 
tail lobe field lines [Dungey, 1963; Russell, 1972]; indeed, direct 
experimental evidence for reconnection at the tail lobe 
magnetopause has now begun to emerge [Gosling et al., 1991]. In 
the case of both "normal" and "reverse" flow cells, dawn-dusk 

asymmetries also occur in the flow. These are directly related to the 
sense of the IMF By component [Heppner, 1972; McDiarmid et al., 
1978b; Heppner and Maynard, 1987], and result from the 
dawn-dusk forces exerted on newly opened flux tubes by this 
component [Jorgensen et al., 1972; Atkinson, 1972; Cowley, 1981] 
(see also Cowley et al. [ 1991] and the references therein). 

Given the strong response of the dayside polar ionospheric flows 
to the IMF vector outlined above, and the rapid time variability 
(periods as short as a few minutes or less) often present in the IMF, 
questions immediately arise concerning the time scale and the nature 
of polar ionospheric plasma flow reconfigurations following 
changes in the IMF. Following the early discussion by Russell 
[ 1972], recent studies have emphasized the need to discuss the flow 
in terms of two time-dependent components which are usually 
superposed. One component is driven by coupling (principally 

IBlackett Laboratory, Imperial College of Science, Technology and reconnection) at the daysidemagnetopause, while the other is driven 
Medicine, LOndon, United Kingdom. by reconnection in the tail [Lockwood and Freeman, 1989; 

2Now at Upper Atmospheric Science Division, British Antarctic Survey, 
Cambridge, United Kingdom. 

•Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshim, United 
Kin•gdom. 

'anadian Network for Space Research, Physics Department, University 
of Alberta, Edmonton, Alberta, Canada. 

5NASA Goddard Space Flight Center, Greenbelt, Maryland. 
61-Ierzberg Institute of Astrophysics, National Research Council of Cana- 

da, Ottawa, Ontario, Canada. 

Copyright 1992 by the American Geophysical Union. 

Paper number 92JA01383. 
0148-0227/92/92JA-01383505.00 

Lockwood et al., 1990; Cowley and Lockwood, 1992]. The 
high-latitude flows driven by dayside reconnection are strongest on 
the dayside and are associated with an expanding polar cap, while 
plasma flows driven by tail reconnection are greatest on the nightside 
and accompany a contracting polar cap. Quantitative models for 
these flows have been derived by Siscoe and Huang [ 1985]. 

With regard to the time scale for the flow response it is well 
known that the first of the components, that driven by coupling at 
the magnetopause, responds rapidly to changes in the IMF on time 
scales of several minutes, though it may take intervals of 10-15 min 
for the flow pattern to reconfigure completely [Nishida, 1968a,b; 
Pellinen et al., 1982; Nishida and Kamide, 1983; McPherron and 
Manka, 1985; Clauer and Kamide, 1985; Rishbeth et al., 1985; Todd 
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et al., 1986; Clauer and Friis-Christensen, 1988; Greenwald et al., 

1990]. The flow driven by reconnection on the nightside is related 
principally to instability of the central magnetotail system and to 
substorms [e.g. Russell and McPherron, 1973; Hones, 1973], and 
has a more complex response. However, studies of the correlation 
between IMF Bz and magnetic disturbance indices such as AE and 
AL, which emphasize nightside current systems, indicate that these 
flows respond to IMF Bz with about a 40-min time delay [Baker et 
od., 1981, 1983; Bargatze et al., 1985a, b]. 

Following a burst of re, connection at the magnetopause or in the 
central magnetotail, one would expect a twin-vortical plasma flow 
system to be excited in the two conjugate ionospheres after the 
appropriate Alfv•n wave propagation delay along the field lines. 
Initially these plasma vortices will be localized near the conjugate 
reconnection sites but will then expand outwards to fill the whole 
polar caps [Lockwood et al., 1986; Cowley and Lockwood, 1992]. 
The speed at which the flow pattern expands and evolves will be 
determined by a number of factors. These include the time scale for 
flux tubes to evolve following reconnection (for example, in moving 
from the dayside to the tail after subsolar reconnection), the 
expansion of the reconnection X line over the magnetopause 
following a switch in the sense of the IMF, or across the magnetotail 
following the onset of a substorm, and the finite speed at which 
information propagates in the magnetosphere-ionosphere system 
following the change in magnetospheric boundary conditions. The 
time scale associated with each of these processes may be simply 
estimated as about 10 min, this corresponding to characteristic 
speeds of a few 100 km s -1 and to characteristic spatial scales of a 
few tens of RE [Cowley et al., 1991]. The phase speed with which 
the flows expand and change at ionospheric heights is thus expected 
to be ,-, 5 km s -1, this corresponding to the above ,-,10-min time scale 
and to the --- 3000-km horizontal spatial scale of the vortical flows. 

There have, however, been few observations which measure, 

either directly or indirectly, the expansion speed of a perturbation to 
the polar ionospheric flow pattern following the onset of 
magnetopause or tail reconnection. Here we focus on the response 
to dayside reconnection by examining variations in the dayside flow 
triggered by changes in IMF Bz. Two approaches may be taken. The 
first (indirect) method is to examine the time delay, as a function of 
position, for ionospheric flows to respond to variations in IMF Bz. 
This approach was employed by Etemadi et al. [1988], who 
performed a cross correlation analysis against IMF Bz of dayside 
flows recorded by the European Incoherent Scatter Radar (ElSCAT) 
"Polar" experiment. They found that for the magnetic latitude range 
71ø to 74 ø the ionospheric response delay varied with local time from 
a minimum of-3 min in the early postnoon sector to ,-,10-15 minutes 
near to the dawn-dusk meridian. These time delays were calculated 
from the time at which a particular value of IMF Bz is estimated to 
have been present at the subsolar magnetopause. This increasing 
delay corresponds to the spread of a new flow pattern away from the 
noon sector at an average phase speed of-4 km s '1 [Lockwood and 
Cowley, 1988]. Similar results were derived by Todd et al. [1988] 
using the same data set as Etemadi et al. [1988], but who instead 
examined the response of the flow to well-marked southward or 
northward turnings of the IMF. A notable feature of their results is 
the similar response time of the flow to southward and northward 
turnings of the IMF. After a southward turning an enhanced flow 
appears first near noon and then expands in local time, while 
following a northward turning a reduction in the flow also appears 
first near noon, and similarly expands. An alternative and more direct 
approach to determining flow pattern expansion speeds is to examine 
the correlation between the flows (or a related ionospheric parameter 
such as the F region ion temperature) at two adjacent points in the 

ionosphere. To date, only one such determination has been published 
for the response to dayside reconnection, that of Lockwood et al. 
[ 1986] (see also Lester et al. [ 1990] for a similar analysis in relation 
to tail reconnection). These authors examined an ion temperature 
enhancement seen in the two radar beams of the EISCAT "Polar" 

experiment, this feature being associated with an abrupt onset of 
flow in the afternoon sector following a sudden southward turning 
in the IMF. They found that the temperature enhancement (and by 
implication the flow enhancement) propagated eastward away from 
noon across the radar field of view at a speed of 2.6 km s -1. 

In this paper we use data to examine the temporal response of the 
dayside polar ionospheric flow to a change in the IMF using both of 
the approaches described above. Specifically we examine the 
magnetic field perturbations observed on the high-latitude dayside 
of the Earth by the CANOPUS ground magnetometer network 
located in northern Canada. Our data span a 6 hour interval in which 
the IMF Bz component oscillates between_+7 nT with about a 1-hour 
period. During this interval the east-west or Y component of the 
ground magnetic field exhibits related oscillations which we infer 
are due to Hall currents driven by the north-south component of the 
ionospheric flow. Oscillations of similar amplitude and period are 
also present in the IMF By component and the north-south or X 
component of the ground magnetic field during the interval but these 
will not be the major focus of the paper. We concentrate here on the 
Y component ground magnetic signals as these correlate most 
strongly with the IMF Bz component. We first use the data from two 
ground stations located at 73.5 ø magnetic latitude but separated in 
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Fig. 1. Comparison of (top) the interplanetary magnetic field and (bottom) 
the CANOPUS ground magnetometer data for an 8-hour interval on Decem- 
ber 8, 1990. The IMP 8 records are 15-s averages in GSM coordinates and 
show the interplanetary shock at 1419 UT and its associated Alfv•nic wave 
train. The CANOPUS records, which consist of X, Y and Z component data 
from a single station (Contwoyto Lake) at 5-s resolution, show oscillations 
with a period similar to that seen in space. 
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MLT by -2 hours to examine the east-west phase propagation of the 
variations in the Y magnetic field component over the MLT range 
from 7 to 13 hours. We find that the field variations propagate 
eastward and westward away from the prenoon sector with a phase 
speed of,-,5 km s 'l, though with decreasing speed at later local times. 
Second, we compare the data from these stations with concurrent 
IMF Bz observations and show that the observed variations in the 

response delay with MLT are entirely compatible with the east-west 
phase speeds determined from the two-station comparison. 

OBSERVATIONS 

Figure 1 is an overview plot presenting the interplanetary 
magnetic field and the ground magnetometer data from one of the 
CANOPUS stations employed in this paper. The data cover the 
interval from 1300 to 2100 UT on December 8, 1990 (which, 
incidentally, occurred during the first Earth encounter of the Galileo 
spacecraft). The upper panel shows the magnitude and components 
(in GSM coordinates) of the interplanetary field recorded by the IMP 
8 satellite, which at the time was located in the solar wind upstream 
of the Earth nearly on the Earth-Sun line at (38,3,-2)RE in GSE 
coordinates. The lower panel displays the three components of the 
geomagnetic disturbance, namely X (geographic north-south, with 
north positive), Y (geographic east-west, with east positive) and Z 
(vertical, with positive downward) recorded by the station 
Contwoyto Lake of the CANOPUS magnetometer network. The 
horizontal dashed line associated with each component is the mean 
value of the component on that day. Scaling is given by the 100-nT 
bar mark on the bottom right. 

The field and plasma data from IMP 8 show that an interplanetary 
shock swept by the satellite at 1419 UT. This shock was recorded 
on the ground as a storm sudden commencement (ssc) at 1426 UT 
(Solar Geophysical Data, Part 1, Feb. 1991). The shock and the ssc 
are indicated in Figure 1 by the heavy vertical lines. The former is 
associated with an abrupt doubling of the IMF field strength and a 
change from a steady +Y, -Z pointing magnetic field to one where 
the magnetic field exhibits large oscillations in direction. These 
oscillations occur mainly in the Y and Z components where they are 
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Fig. 2. IMP 8 IMF Bz data displayed with the Y component ground magne- 
tometer data from five CANOPUS stations. The antiphase relationship is 
consistent with reconnection causing the signals seen on the ground. Shading 
highlights the association of the maxima in IMF B: with the minima in ground 
By. 

in antiphase. Analysis to be reported elsewhere shows that these 
signals are accompanied by similar perturbations in solar wind 
plasma velocity and are Alfv6n waves propagating toward the Earth 
in the solar wind frame. The important point for this study, however, 
is that IMF Bz oscillates between about _+7 nT six times during the 
postshock interval, with a period of ,--1 hour. Related oscillatory 
magnetic field variations are seen in the Contwoyto Lake (CONT) 
geomagnetic data. These perturbations are evident in all the 
components but are clearest in the Y component data where they 
reach ,-,100 nT peak-to-peak amplitude. For this reason we focus on 
this component in our space-ground comparison. Cross correlation 
of the full IMF and station CONT By time series indicates that, as 

expected, it is IMF Bz rather than IMF By which exerts primary 
control over the ground By signal. The peak correlation between the 
full (1500 to 2100 UT) IMF Bz and CONT By time series is 0.40, 
while that between the full IMF By and CONT By time series is just 
0.14. Thus the two parameters of principal interest to our study are 
IMF Bz and CANOPUS By. 

Figure 2 presents an overview of the IMF Bz and CANOPUS By 
data sets. The top panel displays the IMF Bz field recorded by IMP 
8 and the lower panels give the Y component of the geomagnetic 
disturbance recorded by five stations of the CANOPUS network. 
During the interval in question the CANOPUS network is located in 
the morning sector rotating from predawn to just past noon. The 
relative locations of the stations are shown in Figure 3 as a function 
of geographic latitude and longitude. The five stations whose data 
are presented in Figure 2 are highlighted: Dawson (DAWS), 
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STATION SITE GEOGRAPHIC L INVLAT 
CODE LAT. LONG. 

Rankin Inlet RANK 62.82 267.89 12.44 73.53 

Eskimo Point ESKI 61.11 265.95 10.20 71.75 

Fort Churchill FCHU 58.76 265.92 8.18 69.53 

Contwoyto Lake CONT 65.75 248.75 12.36 73.47 
Dawson DAWS 64.05 220.89 5.89 65.67 

Fig. 3. CANOPUS magnetometer station positions displayed in geographic 
coordinates. Data from the five stations shown highlighted are used in this 
paper. 
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Contwoyto Lake (CONT), Rankin Inlet (RANK), Eskimo Point 
(ESKI) and Fort Churchill (FCHU). RANK, ESKI and FCHU form 
a latitudinal chain (L=8-13) down the west coast of Hudson Bay, 
while CONT and DAWS are displaced in longitude by 2 hours and 
4 hours of magnetic local time at L-values of about 12 and nearly 6 
respectively. The location of each station, including its magnetic 
coordinates, is given in the table at the bottom of Figure 3. As 
indicated by the shading stripes a clear relationship exists between 
the space and ground signals in Figure 2. Intervals of negative IMF 
Bz are associated with positive deflections in the CANOPUS data 
indicating a poleward ionospheric plasma flow. The data also 
suggest that during intervals of positive IMF B: negative deflections 
of the field relative to the overall baseline occur, indicating 
equatorward flow at these times. However, the correct baseline for 
the ground magnetometer data needed to infer the direction and 
absolute magnitude of the flow is uncertain during this disturbed 
interval, so definite conclusions are difficult to draw. However, the 

results derived below are independent of any such inferences. 
In Figure 2 the CANOPUS data are shown displaced in time 

relative to IMF Bz by 18 min. This is the optimum overall lag 
computed from cross-correlating the full IMF B: and station CONT 
Brtime series, and is reliable since the two time series are correlated 

at greater than a 99% confidence level (cross correlation 
coefficient=0.40, number of pairs of points=4679 [Fisher, 1948]). 
The 18-min lag compares with an estimated value of 13 min for 
changes in the interplanetary field to move from IMP 8 to the noon 
sector ionosphere. The 13-min figure consists of ~11 min for IMF 
changes to move from the satellite to the dayside magnetopause 
(computed using the algorithm of Etemadi et al. [1988]) with ~ 2 
min for propagation to the ionosphere as an AlfYdnic disturbance. In 
making the former estimate, account is taken of the slowed plasma 
flow speeds in the magnetosheath, using values for the position of 
the subsolar bow shock (11.9 RE) and magnetopause (8.8 RE) based 

1 upon the prevailing flow speed (400 km s' ) and density (15 cm '3) 
of the solar wind. The assumptions and uncertainties in this 
calculation are discussed by Lester et al. [ 1990]. 

Examination of the CANOPUS data show that the signals at 
RANK, ESKI and FCHU, the stations forming the latitude chain, are 
in phase with each other but there is a slight phase difference between 
these three sites and the stations CONT and DAWS, which are at 

different magnetic local times. In the following section we examine 
in more detail the phase delay between the signals recorded at CONT 
and RANK, stations situated at corrected invariant latitudes of 73.5 ø 
(L=12) and separated in corrected magnetic longitude by 28 ø (nearly 
two hours of magnetic local time). This will provide information on 
the east-west phase velocity of the field variation recorded on the 
ground. 

LONGITUDINAL PHASE MOTION 

Figure 4 shows superposed the CONT (solid line) and RANK 
(dashed line) Y component traces. The magnetic local times of each 
station are plotted along the abscissa. These show that during the 
interval in question the stations rotate with the Earth from near dawn 
to the early afternoon sector; for example, RANK moves from 5 
MLT at 1300 UT to 13 MLT at 2100 UT. Although the field 
variations at each station appear similar, a clear time lag is evident 
both near the start and, more noticeably, toward the end of the 8-hour 
interval. However, the sense of the lag changes. In the pre-10 MLT 
sector the field variations around 1600 UT have RANK leading in 
phase, while in the post-10 MLT sector the variations around 1930 
UT show that CONT now leads in phase. This change in phase is 
consistent with an expansion of perturbations to the ionospheric flow 
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Fig. 4. Superposition of CONT and RANK magnetometer data, as a function 
of both UT and magnetic local time (MLT). The time delay between the two 

signals, shown explicitly in the lower panel, indicates I•hase motion away 
from about 10 MLT initially at a phase speed of 5 km s'. 

pattern away from ~10 MLT. The time lag between correlated 
signals at the two stations is shown explicitly in the lower panel of 
Figure 4. Cross correlation functions were calculated by cross 
correlating the two time series using a 1-hour sliding window on data 
of 5-s resolution. Only lags at the correlation peak and with a 
correlation coefficient above 0.5 are plotted, these values being 
significant at greater than the 99% confidence level. A positive lag 
indicates that RANK leads in phase while a negative lag implies that 
CONT is leading. In the postdawn sector, between -7 and 9 MLT, 
the lag is +2.5 min, implying a westward phase speed of 5 km s 'l for 
the disturbance propagation. Similar lags but negative in sign are 
observed between ~10 and 11 MLT, indicating eastward phase 
motion at about the same speed. From 11 to 12 MLT, however, the 
lag increases to ~ -7.5 min, indicating a slower eastward propagation 
at -2 km s 'l. At later MLTs this speed slows even further. 

A similar phase speed is obtained by comparing D component 
magnetograms from the two U.S. Geological Survey (USGS) 
stations Barrow and College (data courtesy of the USGS in Boulder, 
Colorado) situated at nearly the same invariant latitude as the 
CONT-RANK pair but at a MLT 3 hours earlier. These stations 
record signals similar to those seen at CONT and RANK, these being 
particularly clear during the 1800 to 2100 UT interval when College 
leads Barrow in phase by 4 min (data not shown). This phase lag 
corresponds to a tailward phase speed of 3 km s 'l at a longitude of 
about 8 MLT. Thus when the CONT-RANK station pair is seeing 
duskward phase motion at 11 MLT, the Barrow-College station pair 
observes dawnward motion, at 8 MLT. This result agrees with our 
finding that the phase velocity reverses about 10 MLT during this 
interval. Overall, these results are thus compatible with the simple 
estimate made in the introduction that the phase speed associated 
with flow pattern expansion away from the noon sector should be of 
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the order of several kilometres per second. The results are also 
consistent with the only previous direct measurement of dayside 
convection pattern phase speed: the 2.6 km s 'l eastward value 
obtained by Lockwood et al. [1986] in the postnoon sector. 

VARIATIONS IN TI-IE IONOSPHERIC RESPONSE TIME 

If the ground magnetic perturbations are due principally to 
variations in the ionospheric plasma flow driven by magnetic 
reconnection at the magnetopause, then the ground disturbance 
should be correlated with IMF Bz with a response delay time which 
varies in local time in a manner compatible with the above 
determined longitudinal phase motions about the prenoon sector. 
The results of cross-correlating IMF Bz with the Y component of the 
ground magnetic disturbance observed at CONT and RANK are 
shown in Figure 5. A sliding 2-hour window was used with cross 
correlation functions computed every half hour. Results for RANK 
are shown displaced slightly to the left of each half hour of MLT, 
while those for CONT are displaced slightly to the right. The level 
of correlation is indicated by the shading code defined at the top left 
of the figure. Even cross correlations as low as 0.25 imply reliable 
time lags, for their significance levels are much greater than 99% 
[Fisher, 1948], due to the large number ofpairs of points (1437) used 
in computing each correlation. The ionospheric response time is 
plotted as the ordinate and is shown after subtracting 13 min from 
the computed time lag, this representing our best estimate of the time 
required for the IMF "signal" to propagate from IMP 8 to the noon 
sector ionosphere (as discussed earlier). 

Figure 5 suggests a trend in response times with shorter delays of 
- 5 min occurring in the prenoon sector at 8-12 MLT, and longer 

delays of-10-15 min being observed in the regions 1-2 hours on 
either side. The response time variation expected for a propagation 
speed of 5 km s 'l away from 10 MLT over the 8-12 MLT interval is 
shown by the superposed solid lines. Within their uncertainty the 
results in Figure 5 are clearly compatible with the phase propagation 
speeds derived directly from the two-station cross correlations 
presented in Figure 4. At earlier and later local times the dashed lines 
indicate the variation expected in the response time for slower phase 
speeds of 0.7 and 1.3 km s '1 respectively, values again compatible 
with the two-station results obtained later in the interval in Figure 4. 
The results shown in Figure 5 are very similar to those derived 
previously by Etemadi et al. [ 1988] and by Todd et al. [1988] using 
the EISCAT-AMPTE data set. However, in their study the minimum 
in the response time was just postnoon (-1330 MLT; see Lockwood 
and Cowley [1988], rather than prenoon (-10 MLT) as found here. 
The reason for this difference is unclear. It does not appear to result 
from the effect ofIMF Br, since the latter is generally positive during 
the intervals of negative IMF Bz (Figure 1). For reconnection-driven 
ionospheric flow in the northern hemisphere, positive IMF By favors 
the displacement of plasma flow initiation toward postnoon rather 
than prenoon [e.g., Heppner and Maynard, 1987]. 

INTER PRETATION 

Figures 6 and 7 present schematic diagrams indicating our 
interpretation of the above results. Figure 6 shows the expected 
dayside ionospheric polar flow pattern at two times, separated by-5 
min, shortly after a sudden southward turning of the IMF Bz 
component impacts the magnetopause. The initiation of 
reconnection at the magnetopause results in the equatorward motion 
of the open/closed field line boundary mapping to the reconnection 
X line (heavy solid line in the figure), followed by the excitation of 
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Fig. 5. Results of cross-correlating IMF Bz and ground Br data to give the 
ionospheric response time as a function of MLT. Two correlation results are 
presented at each half hour of MLT, the left-hand value being that between 
IMF Bz and CONT By, and the right-hand value being that between IMF Bz 
and RANK By. 

............. Old Polar Cap 
Boundary 

Reconnection X-line 

mapped to ionosphere 

Fig. 6. The onset and rapid expansion of plasma flows in the polar dayside 
ionosphere expected from the commencement of magnetic reconnection at 
the dayside magnetopause. 
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Fig. 7. (a) The decay of polar ionospheric plasma flows expanding a way from 
the noon sector expected to follow a northward tuming of the IMF impinging 
upon the magnetopause and (b) a possible scenario for sunward plasma flows 
during intervals of steady northward IMF. 

no explanation, or that our "best" estimate of the IMP 8-to-ground 
propagation delay (13 min) is in error by a small margin. 

Our results also indicate that flow reductions following northward 
turnings of the IMF are initiated in the prenoon sector before 
spreading rapidly in local time, a result in agreement with the 
fmdings of Todd et al. [ 1988]. As indicated in Figure 7a we envisage 
a cessation of reconnection spreading outward from an initial central 
point giving rise to corresponding effects in the ionospheric flow. 
This figure represents the situation 3 min after the initiation of this 
process, and indicates the possible existence of a weak equatorward 
flow in the region between the now separated and contracting 
reconnection regions. A similar flow pattern has been drawn by 
Southwood [1987], but in the context of two spatially separated flux 
transfer events. This equatorward flow will, however, only be 
present during the-5- to -10-min interval which it takes the 
twin-vortical flow to die away. 

Earlier we commented that the deflections in the Y component 
ground magnetic disturbances (within the uncertainties of their 
absolute baselines) may indicate the presence of continuous 
equatorward flows in the prenoon sector during the intervals of 
strongly northward IMF Bz. If this is the case we would infer the 
existence of sunward flows in the polar cap driven by reconnection 
at the tail lobe magnetopause as discussed in the introduction and 
illustrated in Figure 7b. The observation of sunward flows at these 
latitudes would be unusual [Etemadi et al., 1988] but not perhaps 
unreasonable considering that the large positive excursions of IMF 
Bz follow on from the large negative excursions, the latter implying 
a substantially expanded polar cap, at least during the initial period 
of positiveBz. A further example of sunward flows driven by positive 
IMF Bz being observed at a relatively low latitude on the dayside 
may be found in the work ofKnipp et al. [1991]. 

a twin-vortical flow. Initially the flow is confined to the vicinity of 
the mapped X line (Figure 6a), but subsequently it expands outward 

1 
(Figure 6b) with a phase speed of -5 km s- . This phase expansion 
occurs both as a result of the reconnection X line spreading over the 
magnetopause, and as the response to the reconnection spreads 
through the magnetosphere-ionosphere system. Subsequent 
variations in the magnetopause reconnection rate will also give rise 
to phase motion away from the site of the initial change. Indeed the 
1530 UT to 1615 UT interval in Figure 4 suggests that this behavior 
applies to all variations with periods from ~10 min upward. 

The major flow perturbation in Figure 6a is associated with the 
regions of poleward plasma flow. The equatorward flow on the 
leading edges of the expanding twin vortices is considerably weaker 
and, for stations in the throat region, would be observable at any one 
site for only about a minute following the initiation ofreconnection. 
Thus the leading edges of the twin vortices are not expected to 
produce significant signals on the ground in this region. However, 
for stations outside that region one might see a weak equatorward 
flow component associated with the expansion of the polar cap 
[Siscoe and Huang, 1985]. The vorfical flow patterns also have clear 
implications for the expected X-Y plane polarization patterns in the 
ground magnetometer signals. This polarization should vary with 
latitude and reverse sense about the site of initial change (~ 10 MLT). 
Detailed examination of the X-Y plane polarization will be a topic 
for future study but initial work suggests it to be largely linear, 
indicating CANOPUS station locations close to the polar cap 
boundary. A final feature of note is that the minimum response delay 
in Figure 5 is ~5 min rather than zero. This suggests either that 
changes in the reconnection rate are substantially delayed at the 
magnetopause before spreading in local time, for which we know of 

CONCLUSIONS 

How polar ionospheric plasma flows reconfigure following the 
onset or decay of dayside magnetopause reconnection is a topic of 
much interest to studies of magnetosphere-ionosphere coupling. A 
parameter central to this question is the longitudinal phase motion 
with which perturbations to the flow pattern expand away from the 
noon sector. Prior to our study only one direct measurement of this 
phase speed has been made (that by Lockwood et al. [1986]), and 
two indirect measurements (those by œtemadi et al. [1988] and by 
Todd et al. [ 1988]). Here we make a continuous assessment of this 
east-west phase propagation speed over the 6 hour MLT range 
between 7 and 13 hours. Two independent approaches are employed 
which give compatible results. The first involves cross-correlating 
signals from two ground magnetometer stations situated at 73.5 ø 
magnetic latitude and separated by ---2 hours in MLT; the second 
involves cross-correlating records from these same stations with 
IMF Bz to confirm that the ionospheric signals are related to the IMF 
and to determine how the ionospheric response varies with 
longitudinal position. We find that the ground signals exhibit phase 
motion away from ---10 MLT toward dawn or dusk, initially at a speed 
of 5 km s -1 but slowing to 2 km s -I or less at MLT displacements of 
2 hours or more. We interpret the observations in terms of the plasma 
flow excited by the onset, expansion and decay of magnetic 
reconnection at the dayside magnetopause. The 5 km s 'l value agrees 
with simple estimates for the expansion speed of a flow pattern in 
the magnetosphere-ionosphere system. 
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