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Abstract. A study has been performed on the occur-
rence of pulsed ionospheric ¯ows as detected by the
CUTLASS Finland HF radar. These ¯ows have been
suggested as being created at the ionospheric footprint
of newly-reconnected ®eld lines, during episodes of
magnetic ¯ux transfer into the terrestrial magnetosphere
(¯ux transfer events or FTEs). Two years of both high-
time resolution and normal scan data from the CUT-
LASS Finland radar have been analysed in order to
perform a statistical study of the extent and location of
the pulsed ionospheric ¯ows. We note a great similarity
between the statistical pattern of the coherent radar
observations of pulsed ionospheric ¯ows and the tradi-
tional low-altitude satellite identi®cation of the particle
signature associated with the cusp/cleft region. How-
ever, the coherent scatter radar observations suggest
that the merging gap is far wider than that proposed by
the Newell and Meng model. The new model for cusp
low-altitude particle signatures, proposed by Lockwood
and Onsager and Lockwood provides a uni®ed frame-
work to explain the dayside precipitation regimes
observed both by the low-altitude satellites and by
coherent scatter radar detection.

Key words. Magnetospheric physics (magnetosphere±
ionosphere interactions; plasma convection; solar wind-
magnetosphere interactions).

1 Introduction

The high-latitude ionospheric regions have traditionally
been described in terms of the magnetospheric source
regions to which they are believed to map, characterised
by comparing high-altitude spacecraft plasma measure-

ments with the ®eld-aligned plasma characteristics
observed at low altitudes. Newell and Meng (1988,
1992) and Newell et al. (1989) studied data from many
thousands of low-altitude polar-orbiting satellite passes,
which provided meridional cuts through the high-
latitude ionosphere. They derived statistically averaged
mappings of the dayside ionosphere to the magneto-
sphere according to particle precipitation characteristics.
The results are illustrated in Fig. 1 (from Newell and
Meng, 1992).

Newell and Meng (1988, 1992) de®ned a `cusp
proper', a relatively limited region localised near local
noon, with a typical width of 2.5 hours MLT, where the
entry of magnetosheath particles was most direct. The
magnetopause reconnection X-line was assumed to map
to the cusp proper. They de®ned the region just
equatorward of the cusp as the cleft/low-latitude boun-
dary layer (LLBL) region. This region was characterised
by having a slightly lower ¯ux of particles with slightly
higher energies compared to the cusp, and was believed
to consist of a mixture of magnetosheath and magne-
tospheric particles. Newell and Meng (1988) believed
that `for many years the terms `cusp' and `cleft' were
used interchangeably', and that this resulted in the
broad cusp as identi®ed by, among others, Heikkila and
Winningham (1971).

The Newell and Meng model for mapping the
dayside ionospheric regions has been criticised by
Lockwood et al. (1996), Lockwood (1997) and Onsager
and Lockwood (1997), for considering the ionospheric
precipitation regions to be simply the ®eld-aligned
projection of the overlying magnetospheric regions.
These workers considered that the Newell and Meng
model neglected magnetic convection and the motion of
particles in crossed electric and magnetic ®elds. They
o�ered a reinterpretation of the Newell and Meng
dataset, including in their new model the e�ect of
velocity dispersion and solar wind plasma concentration
on the precipitating particles.

Observations of the dayside cusp have revealed it to be
ahighly dynamic regionof themagnetosphere. In the cuspCorrespondence to: G. Provan
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region, impulsive dayside reconnection at the magneto-
pause boundary is believed to be the primary mechanism
for the transfer of ¯ux from the Earth's magnetosheath to
the magnetosphere and episodes of such ¯ux transfer are
referred to as ¯ux transfer events (Russell and Elphic,
1978, 1979; Elphic and Russell, 1979). Much theoretical
work had been developed to explain and model FTEs at
the dayside magnetopause and at the ground (Cowley,
1984; Siscoe and Huang, 1985; Cowley et al., 1991, 1992;
Cowley and Lockwood, 1992; Lockwood, 1993), and
Glassmeier and Stellmacher (1996) stated that `transient
reconnection at the dayside magnetopause causes an
AlfveÂ n reconnection pulse localised in space and time,
which causes bursts of ionospheric ¯ows associated with
transient auroral forms and transient or wave packet-like
ground magnetic variations'.

The ®rst observation of impulsive dayside reconnec-
tion was published by Haerendel et al. (1978) using data
from the HEOS-2 satellite. Russell and Elphic (1978,
1979), analysed data from the ISEE-1 and -2 satellites
and o�ered a detailed description of ¯ux transfer events
`in which reconnection starts and stops in a matter of
minutes or less, resulting in the ripping o� of ¯ux tubes
from themagnetosphere', and o�ered a theoretical model
for the observed magnetic signatures. The ®rst ground-
based observations of ¯ux transfer events were published
by Van Eyken et al. (1984) and Goertz et al. (1985).
Goertz et al. (1985) used data from the STARE radar (a
VHF coherent scatter radar sounding the E region
ionosphere, Greenwald et al., 1978). They detected a
convection boundary in the radar's ®eld of view. Pole-
ward of this boundary the ¯ow was observed to be
antisunward, with an occasional signi®cant north-south
component. Flows across the convection boundary
occurred sporadically in spatially localised regions with
scale sizes between 50±300 km, and with a repetition rate
of the order of minutes. In addition, Sandholt et al.
(1990, 1992) observed periodic auroral events at the polar
cap boundary between 0900 and 1500 MLT, seemingly
the optical ionospheric signature of ¯ux transfer events.
Moen et al. (1995) used satellite data combined with
optical observations and data from the EISCAT radar to

observe high-latitude plasma ¯ow variations accompa-
nied by bursts of return ¯ow at lower latitudes.

HF radars have been established as powerful tools
for the study of the cusp. Strong HF radar backscatter
with antisunward convective ¯ows, have previously been
demonstrated to be co-located with DMSP particle
signatures of the cusp and poleward moving optical
transients characteristic of pulsed reconnection during
FTEs (Yeoman et al., 1997). Neudegg et al. (1999)
observed an FTE at the magnetopause with the Equa-
tor-S spacecraft whilst corresponding transient plasma
¯ows where observed in the near conjugate polar
ionosphere by the CUTLASS Finland HF radar.
Provan et al. (1998) have previously used data from
the CUTLASS Finland radar to perform a detailed
study of the dynamics and extent of pulsed antisunward-
moving transient features, detected poleward of a
convection reversal boundary (CRB) at high latitudes
in the CUTLASS ®eld of view (f.o.v.). These pulsed
ionospheric ¯ows (PIFs) had an average recurrence rate
of 7 to 8 min. This is close to the average recurrence rate
of FTEs as ®rst reported by Rijnbeek et al. (1984).
Lockwood and Wild (1993) also reported observing
FTE with a mean recurrence rate of 8 min, although the
occurrence rate was highly skewed, having upper and
lower decile values of 1.5 min and 18.5 min respectively.
Pinnock et al. (1995) observed pulsed velocity transients
in data from the Halley HF radar. The transients
signi®cantly increased the line-of-sight Doppler velocity
and had an average recurrence rate of 7 min. Rodger
and Pinnock (1997) observed pulsed velocity features
which were almost omni-present, but a large one
occurred every 7 min. Pinnock et al. (1995) and Rodger
and Pinnock (1997) identi®ed these features as the
ionospheric signatures of FTEs. The PIFs observed by
the CUTLASS Finland radar were identi®ed as the
potential ionospheric signatures of FTEs, created at the
footprint of newly reconnected ®eld lines as they are
pulled antisunward by the magnetosheath ¯ow. In this
work, average mappings of the ionospheric footprint of
newly-reconnected ®eld lines are derived by performing
a statistical study on the occurrence of PIFs as observed
by the CUTLASS Finland radar, detailing the dates,
magnetic local times and latitudes over which the
signatures were observed. The study incorporates data
from two years of high-time resolution and normal scan
data from March 1995 to February 1997.

It is important to note that when references to the
cusp are made here, it is the narrow de®nition of the
`cusp proper' as proposed by Newell and Meng (1988)
which is being described. The data presented in this
work suggest that the cusp proper is only a subset of the
region of newly reconnected ®eld lines.

2 Observations

2.1 Selection of radar data

The ionospheric convection velocities in this study are
provided by the CUTLASS Finland radar. CUTLASS is

Fig. 1. A map of the high-latitude ionosphere to regions of the
magnetosphere based on plasma characteristics (Newell and Meng,
1992)
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a bistatic HF coherent radar, with stations in Finland
and Iceland, and forms part of the international
SuperDARN chain of HF radars (Greenwald et al.,
1995). Each radar of the system is a frequency agile (8±
20 MHz) radar, routinely measuring the line-of-sight (l-
o-s) Doppler velocity and spectral width of, and the
backscattered power from, ionospheric plasma irregu-
larities. The radars each form 16 beams of azimuthal
separation 3.24°. Each beam is gated into 75 range bins,
each of length 45 km in standard operations, when the
dwell time for each beam is 7 s, giving a full 16 beam
scan, covering 52° in azimuth and over 3000 km in range
(an area of over 4 � 106 km2), every 2 min. Common-
volume data from the two stations can be combined to
provide convection velocities perpendicular to the
magnetic ®eld, although no common volume backscat-
ter was used during the intervals under study here.

Provan et al. (1998) have previously observed PIFs in
one day of high-time resolution (14 s) data from the
CUTLASS Finland radar. The PIFs appeared as pulsed
antisunward moving transient features observed pole-
ward of a CRB in the radar's ®eld of view, with
westward antisunward ¯ow at higher ranges and east-
ward sunward ¯ow lower ranges. A beam-swinging
technique was used to measure the plasma velocities
poleward of the CRB. The observed velocities supported
the view that the PIFs were the potential ionospheric
signatures of FTEs, created at the footprint of newly
reconnected ®eld lines as they are pulled antisunward by
the magnetosheath ¯ow.

Equatorward of the CRB continuous backscatter was
observed with the magnitude of the l-o-s velocity having
a quasi-periodic nature. By measuring the spectral width
poleward and equatorward of the CRB and comparing
this with HF radar signatures of the LLBL and the cusp
as de®ned by Baker et al. (1995), the authors were able
to identify the polar cap boundary in the pre-noon
sector in the CUTLASS f-o-v, with antisunward ¯ow on
open ®eld lines within the polar cap and sunward ¯ows
on lower latitudes on closed ®eld lines. The quasi-
periodic nature of the magnitude l-o-s velocity equator-
ward of the CRB is probably created due to the
modulation of the return ¯ow on closed ®eld lines over
a time period of less than a minute (see Pinnock et al.,
1995).

The same techniques used by Provan et al. (1998)
have been employed on the statistical dataset presented
here to identify the CRB and PIFs poleward of the CRB.
The results do not prove that the CRB is necessarily
collocated with the open/closed ®eld line boundary, the
position of this boundary in the cusp region is an active
area of research where no ®rm consensus has been
reached. Recent work by Lockwood (1997) has place the
open/closed boundary equatorward of the CRB.

The initial part of this survey involved a study of the
latitude-time-velocity (LTV) plots for two years of
CUTLASS Finland high-time resolution data. The
initial part of this survey involved a study of the
CUTLASS Finland high time resolution (HTR) data
obtained over the interval March 1995 to February
1997. HTR modes of the radar camp on between 1 and 3

beams instead of the entire sixteen, for example the
radar could scan beams 5,12,5,12,5,12,¼ or beams
0,5,1,5,2,5,¼. With a dwell time of 7 s for each beam,
this results in a time resolution of between 7 and 21 s for
the HTR beams. HTR scans are run irregularly for up to
30% of each month. During the above two year interval,
there were 113 days of HTR data. Latitude-time-
velocity plots of the l-o-s velocity were studied for these
days. A total of 31 days were judged to very clearly
display PIF signatures, appearing as pulsed antisun-
ward-moving rapid velocity transients with a typical
recurrence rate of 7±8 min (varying between 5 and
12 min). The absolute minimum value of the l-o-s
velocity of the PIFs was 400 ms)1 (directed either away
from or towards the radar), if background ¯ow was
present the PIFs increased the l-o-s velocity by at least
200 ms)1 over a time period of less than a minute (see
Pinnock et al., 1995).

Figure 2 illustrates the LTV plot for beam 5 for one
of these 31 days, for the interval 0530±0900 UT on 4
August, 1996. For beam 5 at these latitudes
MLT � UT+2. The transients appear as pulsed red
stripes and are observed poleward of a convection
reversal boundary (CRB), where the l-o-s velocity
changes from positive values (green and blue, towards
the radar) to negative values (yellow and red, away from
the radar), some of the transients are marked with black
lines. The transients are observed from �0610 to 0830
UT (�0810±1030 MLT) between the magnetic latitude
75° to 81.5° (where we use altitude-adjusted corrected
geomagnetic, AACGM, co-ordinates, based on the
PACE geomagnetic co-ordinates of Baker and Wing,
1989). The direction of plasma ¯ow either side of the
CRB is consistent with the radar observing a typical
southward IMF dawn cell convection, with the plasma
rotating in an anti-clockwise direction.

For the 31 days of high-time resolution data, the
occurrence distribution of pulsed transients features as a
function of magnetic latitude and magnetic local time
was calculated. Figure 3 presents the occurrence distri-
bution of PIFs observed with high-time resolution data.
The PIFs were mainly observed between 0800 and 1210
MLT, in a region stretching from 76° to 82° magnetic
latitude. PIFs can, however, be observed during the
entire interval between 0250 and 1650 MLT, between
magnetic latitudes of 74° and 88°. This demonstrates
that although it is most likely that PIFs will be observed
in a region in the pre-noon sector, they can actually be
observed over 14 h of local time in a region covering 12°
of magnetic latitude.

As there were only 31 days of high-time resolution
data in total and no data at all for certain months, it
became a concern that the data sample was not large
enough to o�er a statistically signi®cant result. It was also
impossible to do a study of e.g. occurrence rate of PIFs
per month. The possibility of using normal-scan (2 min
resolution) data to identify the PIFs was therefore
considered. Normal-scan data have a resolution of
2 min for each beam, which is a borderline resolution
for detecting features which last for only 8 min. A study
was performed where high-time resolution data depicting
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several pulsed transients, was transformed into a simu-
lation of normal scan data by removing seven out of every
eight data points. A comparison of the two datasets
demonstrated that the transient signatures are still
observable in the latitude-time-velocity plot of normal
resolution. Although the resolution of a normal scan is
too coarse to allow a study of the dynamics of the pulses
as performed by Provan et al. (1998), normal scans can
nevertheless be used to investigate their occurrence.

A study was undertaken of two years of data,
presented in the form of LTV plots, for beam 5 of the
Finland radar when the radar was run in a normal scan
mode. The two year period was the same interval
previously studied with high-time resolution data. As
before, only days during which PIFs could be observed
very clearly were included in the study. On some days it

was di�cult to determine whether the observed ¯ow was
due to pulsing transients poleward of the CRB or the
pulsating return ¯ow on the equatorward side of the
boundary. On these days radar data from two beams
were studied instead of just one, one of the beams
pointing in an eastward direction and the other beam
pointing in a westward direction. On many occasions,
observing the ¯ow patterns from two di�erent directions
helped determine the position of the CRB and thus
resolve any ambiguity in the observations.

2.2 Statistical characteristics of PIFs

During the 2 years, there were 376 days of normal scan
data, a total of 132 days clearly displayed PIF signa-

Fig. 2. Latitude-time-velocity (LTV) plots
for beam 5 of the CUTLASS Finland radar,
between 0530 and 0900 UT on the 4 August
1996. The Doppler velocity is colour-coded
with positive velocities indicating motion
towards the radar and negative velocities
away from the radar. Overplotted black lines
trace the motion of some of the individual
transients

Fig. 3. Occurrence distribution in lati-
tude and MLT of pulsed ionospheric
¯ow (PIF) signatures, as observed by
the CUTLASS Finland radar from
March 1995 to February 1997 when
run in high-time resolution mode
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tures. The occurrence distribution of PIFs as a function
of magnetic latitude and MLT was calculated for these
132 days. The occurrence distribution for normal
resolution data was very similar to the occurrence
distribution obtained with high-time resolution data.
Figure 4 presents the combined occurrence distribution
of the ionospheric signatures of pulsed transients for
both the normal scan and high time resolution data. The
distribution illustrates that the PIFs can be observed for
approximately 12 h of local time centered in the pre-
noon sector and over approximately 10±15° of magnetic
latitude, but that the signatures are most likely to be
observed over a latitudinally narrow region extending
over a number of hours of MLT in the pre-noon sector.
The occurrence plots in Figs. 3 and 4 are analysed
quantitatively below.

The e�ect of the IMF By component on this average
distribution is discussed in Provan et al. (1998). They
showed that the statistical location of PIFs is strongly
dependent on IMF conditions, moving to the pre-noon
sector during intervals of positive IMF By and into the
post-noon sector during intervals of negative IMF By.
The data in Fig. 4 are recorded predominantly under
positive IMF By conditions, and hence are shifted
dawnwards of noon. The PIFs can be observed for
approximately 11±12 h of local time and over 10±15° of
magnetic latitude during intervals of both positive and
negative By.

As stated, there were 132 days of normal resolution
data which clearly displayed PIF signatures, for each of
these days we measured the magnetic latitudinal extent
over which the transient signature could be observed by
beam 5 of the radar. From the magnetic latitudinal
extent of the individual signatures, it was possible to
determine the MLT extent of the PIF signatures.

Figure 5a illustrates the distribution of the magnetic
latitudinal extent of the PIF signatures for these days.
The peak of the distribution is between 3° and 4°
magnetic latitude, 70% of the PIFs have a latitudinal
extent of between 3° and 7° magnetic latitude. Figure 5b
displays the distribution of the MLT extent of the PIF
signatures. The distribution has a peak at 2.5±3 hours.

The two years of normal scan data were used to
investigate whether there were any seasonal variations in
the occurrence of PIFs. Figure 6 illustrates the normal-
ised occurrence per calendar month on which PIFs were
observed with normal scan data (black line with
overplotted triangles). PIFs are observed most frequent-
ly around the equinoxes (September and March/April)
and less frequently during the solstices. Figure 7 illus-
trates the average magnetic local time of the initial
observation of the poleward moving transients as a
function of calendar month. The transient signatures are
initially observed earliest in the day during early summer
(0700 MLT in April) and latest during mid-winter
(1130±1200 MLT in December/January).

In order to determine the total duration of magnetic
local time during which an individual sequence of PIF
signatures could be observed by the CUTLASS Finland
radar, data recorded by multiple radar beams were
utilised. For each day of normal scan data during which
transient signatures were observed in beam 5, LTV plots
were produced for a number of beams. From these LTV
plots an estimate of the UT of the initial observation of
the ®rst PIF signature (start time) and ®nal observation
of the last signature (end time) was determined. Polar
plots depicting the backscatter velocity observed by all
the radar beams at any one instant of time, overlaid on
an axis showing geomagnetic latitude and magnetic local
time, were then plotted in order to accurately derive the

Fig. 4. Occurrence distribution in lati-
tude and MLT of PIF signatures, as
observed by the CUTLASS Finland
radar from March 1995 to February
1997 when run in high-time and normal
resolution mode
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start and end magnetic local times of the PIF signatures.
Usually, a number of polar plots produced for di�erent
times were studied before ®nding the two plots from
which the start and end times of the signatures could be
inferred most accurately.

From the 132 days of normal scan data for which
PIF signatures were detected with beam 5, it was
possible to use polar plots to estimate the MLT duration
of a sequence of PIF signatures for 98 separate days. As
an example, Fig. 8 depicts four LTV plots and two polar
plots for data recorded on the 6 March, 1995, one of the
98 days included in the study. The LTV plot depicts
backscatter velocity recorded on beams 2, 6, 11 and 12
between 0500 and 1100 UT. The LTV plots demonstrate
that the sequence of PIF signatures are initially observed
in beam 2 at 0640 UT and ®nally observed in beam 11 at

0848 UT, these times are marked with vertical dashed
lines on the LTV plots. Two polar plots for 0640 UT
and 0848 UT are also shown. Beam 2 (marked with a
black line on the polar plot produced at 0640 UT)
detected the PIF signature ®rst at ~ 0700 MLT, while
beam 11 (marked with a black line at the polar plot
produced at 0848 UT) observed the ®nal PIF signature
at ~1300 MLT. So for this day PIF signatures were
observed for a duration of 6 h of MLT.

Fig. 5a, b. Distribution of a the magnetic latitudinal extent and
b MLT duration of PIF signatures observed by beam 5 of the
CUTLASS Finland radar, for the subset of events observed when the
radar was run in a normal scan mode

Fig. 6. Normalised occurrence of days per calendar month from
March 1995 to February 1997 on which PIF signatures were observed
by the CUTLASS Finland radar when run in a normal scan mode,
compared with the occurrence of backscatter from the CUTLASS
Finland radar and the occurrence rate of geomagnetic storms

Fig. 7. Average time of initial observation of PIF signatures, for the
subset of events observed by the CUTLASS Finland radar when run
in a normal scan mode. The observations were made between March
1995 and February 1997
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The azimuthal extent of the sequence of PIF signa-
tures was calculated for the 98 days of normal scan data.
The estimated average latitude at which the transients
were observed was 77° (one hour of MLT at a latitude of
77° is equal to 375 km in an azimuthal direction). The
duration of the transient in MLT has been converted
into the extent of the transient signature in the
azimuthal direction. Figure 9 presents the distribution
of the azimuthal extent of the sequence of PIFs in MLT
and km, as inferred from polar plots for 98 days of data.
The transient signatures can be observed for a duration
of between 0±0.5 and 12.5±13 h. The peak of the
distribution is between 4 and 4.5 h, whilst for 28% of
observations the ionospheric signature of PIFs can be
observed for a duration of between 8 and 13 h. In the
case of the remaining 34 days for which the azimuthal
extent of the signature could not be estimated, this was
either because the radar, although scanning in the
normal scan mode on beam 5, was not scanning on all
the beams in this way, or simply because the start and
end times of the transient signatures could not be clearly
identi®ed from the polar plots.

3 Discussion

In the introductory section we discussed the concept of
using PIF signature detected by the CUTLASS Finland
HF radar (hereto said to be the ionospheric signatures of
FTEs) as a means of identifying the ionospheric signa-
tures of newly reconnected ®eld lines. The PIF signatures
do not necessarily map to the `cusp proper', rather they
give an estimate over the extent that newly reconnected
®eld lines convect while still being detected by the HF
radar. Figure 4 demonstrates the probability of the
observing the signature of newly reconnected ®eld lines
with high time and normal resolution radar data. The plot
illustrates that although the signature of newly opened
¯ux is most likely to be observed in the pre-noon sector in
a latitudinally-narrow region stretching for a few degrees,
newly open ®eld lines can be identi®ed over approximate-
ly 12 h of local time, and over a wide latitudinal range.

Using data from all the beams of the CUTLASS
radar o�ers the possibility to observe the ionospheric
signature of newly reconnected ®eld lines simultaneously
for up to 8 h of local time. Figure 9 illustrates the
distribution of the azimuthal extent in MLT and
equivalent kilometres of the ionospheric footprint of
the newly reconnected ®eld lines. In this case the newly
reconnected ®eld lines were observed only with normal-
resolution data. The distribution had a peak at 4±4.5 h
in magnetic local time (~1500 km), while for 28% of
observations the PIFs extended between 8 and 13 h
magnetic local time (3000±4700 km). These observations
o�er a minimum extent of ionospheric footprint of
newly reconnected ¯ux, the dataset being constrained by
the limited ®eld-of-view of the radar, and the sporadic
nature of the FTE process itself.

There are, in fact, a number of potential sources of
errors that have to be considered when mapping the
ionospheric footprint of newly-reconnected ®eld lines

using this technique. Firstly, a ®nite value of IMF By

can lead to the size of the region of newly reconnected
®eld lines being over-estimated. Secondly the size of the
region of newly reconnected ®eld lines may be over- or
underestimated due to the temporal and spatial vari-
ability of the region of open ¯ux, for example due to the
changing IMF (on average every 20±40 minutes) or the
rotation of the region of newly reconnected ®eld lines
with the sun, this will be investigated further in Sect. 3.1.
Thirdly, it is possible that the backscatter may be
created by precipitation from source regions other than
the cusp (on mantle ®eld lines), resulting in an overes-
timation of the extent of the ionospheric footprint of the
newly reconnected ®eld lines.

Fourthly, the ionospheric signatures of open ®eld
lines are created due to the enhanced ionisation of the
ionosphere by the precipitation of particles associated
with newly opened ®eld lines. As the ionisation may
persist after the precipitation has ceased, and will be
convecting away from the source region, this may lead to
the extent of the ionospheric footprint of newly recon-
nected ®eld lines being either overestimated or underes-
timated, depending on the geometry of the radar beams
and the orientation of the By component of the IMF.

We have attempted to predict the signi®cance of these
errors when using FTE signatures to map the ionospher-
ic footprint of newly reconnected ®eld lines. A ®nite IMF
By component moves the PIF azimuthally as it moves
poleward, leading to an overestimate in MLT of the
region of newly reconnected ®eld lines. Using the
empirical electric ®eld model presented by Heppner
and Maynard (1987), we have estimated that for a
transient initially at 75° magnetic latitude at 10 MLT,
observed under positive IMF By conditions in the
Northern Hemisphere (3+ £ Kp £ 4)), the transient
may have moved up to 2 h in MLT by the time it
reaches 80° magnetic latitude. Provan et al. (1998) have
previously presented a comparison of the velocity of the
region of radar backscatter forming the PIFs with the
measured plasma convection velocity. These two veloc-
ities were not equal, suggesting that the patch of newly
reconnected ®eld lines map to still active reconnection
regions. In addition the study of Yeoman et al. (1997),
demonstrated that there is an excellent degree of co-
location between radar backscatter, DMSP and optical
cusp signatures. Rodger et al. (1995) used simultaneous
optical all-sky imager and photometer data together with
HF radar data to prove that their respective ionospheric
signatures of the magnetospheric cusp are collocated to
better than 1° latitude. Observing the ionospheric foot-
print of the newly reconnected ®eld lines simultaneously
over a wide range of magnetic local time, as done in this
study, would appear to be the optimum way of reducing
the uncertainties involved in estimating the spatial extent
of the region of newly reconnected ¯ux.

3.1 Comparison with previous observations

The results presented in this study illustrate that
although the signature of newly opened ¯ux is most
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likely to be observed in the pre-noon sector in a
latitudinally narrow region stretching for a few degrees,
newly open ®eld lines can be identi®ed over approxi-
mately 12 h of local time and over a wide latitudinal
range. The PIFs observed by the CUTLASS Finland
radar have previously been identi®ed as the potential
ionospheric signature of FTEs (Provan et al., 1998,
1999). Previous work by Russell et al. (1996), has
observed FTEs over a wide range of MLT. By studying
the occurrence rate of FTEs in the magnetosphere and
the magnetosheath, they discovered that for southward
IMF, FTEs occurred almost uniformly between 0500
and 1900 UT. Provan et al. (1999) have previously also
observed a very wide distribution shifted toward dawn
during intervals of positive IMF By.

As described earlier, Newell and co-workers identi-
®ed the typical duration of the cusp to be about 2.5 h in
total local time extent, an LLBL which typically
extended from about 0900 MLT to 1500 MLT, and a
mantle which stretches from 0800 to 1600 MLT. When

comparing the particle distributions calculated by Newell
and Meng (1992) with the occurrence distribution of
PIFs derived from both the normal and high-time
resolution radar data (as presented in Fig. 4), the
similarity of the spatial and temporal extent of the two
distributions is striking. The radar and satellite data
both appear to observe enhanced precipitation for
approximately 12 h of local time and 15° of magnetic
latitude. The peak in the occurrence distribution in
Fig. 4, suggests that the ionospheric signature of open
®eld lines as observed by HF radar is most likely to be
observed over a number of hours of local time in a
latitudinally narrow region, an area very similar in
extent and duration to the region identi®ed as the `cusp
proper' by Newell and Meng (1988, 1992). Areas
surrounding the `cusp proper' have been identi®ed as
the cusp/cleft region by Newell and Meng (1992).
However the radar data presented here suggests that
the ionospheric signatures of newly opened ®eld lines are
often observed in these regions, just less frequently than
at the pre-noon peak.

From low-altitude satellite data Newell and Meng
(1992) believed a typical cusp to be observable for 2.5 h.
However the satellite results represent a typical location
of the cusp, found by studying over 60 000 satellite
passes which recorded observations every 100 min, and
therefore does not directly signify the temporal extent of
the cusp at any given moment. As stated in Sect. 3, it is
not claimed that the observations presented here directly
represent the temporal extent of the region of newly
reconnected ®eld lines, although we do believe that the
large f.o.v of the CUTLASS radar o�ers considerable
advantages when determining the size of the ionospheric
footprint of the newly reconnected ®eld lines, as can be
illustrated by comparing Figs. 5b and 9.

Figure 5b depicts the occurrence distribution of the
magnetic latitudinal extent of the PIFs observed by only
beam 5 of the radar when run in a normal scan mode.
The distribution has a peak at 2.5±3 h, similar to the
extent of the `cusp proper' as identi®ed by Newell and
Meng (1988, 1992), but 2 h less than the peak in the
distribution of the duration of PIFs derived using the
whole ®eld of view of the radar (see Fig. 9). These
results would suggest that single-point measurements
can result in the extent of the magnetospheric source
regions of newly reconnected ®eld lines being under-
estimated, probably due to the temporal variability of
the high-latitude ionosphere. Thus, it is probable that
the spatial extent of the ionospheric footprint of newly
reconnected ¯ux is greater than the size of the cusp
proper as predicted by Newell and Meng (1988, 1992).

3.2 Comparison with theoretical models

Newell and Meng (1992) viewed the low-altitude particle
population to be the ®eld aligned projection of the
particle populations of the overlying magnetospheric
regions, and thus used them to attempt a classi®cation
and identi®cation of the dayside ionosphere. The basic
regimes have been de®ned as central plasma sheet (CPS),

Fig. 8. a Latitude-time-velocity plots for beams 2, 6, 11 and 12 for
the CUTLASS Finland radar, recorded on the 6 March 1995, 0500 to
1100 UT. A number of pulsed transients can be observed in each
beam. The dashed vertical lines in beams 2 and 10 mark the ®rst and
®nal observation of the transient signatures with respect to MLT as
determined from the plots. b Polar plots depicting the backscattered
velocity observed at any one instance of time over a full radar scan,
overlaid on an axis showing geomagnetic latitude and magnetic local
time for 1-o-s velocity observed on 6 March 1995, at 0640 and 0848
UT. Beam 2 and beam 10 are marked with black lines in the polar
plots. The transient signature can be observed for 6 h of MLT

b

Fig. 9. Azimuthal extent of the sequence of PIFs in MLT and the
equivalent size in km, calculated from observations made using the
entire f.o.v of the CUTLASS Finland radar when run in a normal
scan mode (see text for details)
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boundary plasma sheet (BPS), low latitude boundary
layer (LLBL), cusp, mantle and polar rain, with the CPS
traditionally lying on closed ®eld lines, and the cusp,
mantle and polar rain on open ®eld lines. Debate
remains over the nature of the BPS and LLBL ®eld lines.

Lockwood et al. (1996), Lockwood (1997) and
Onsager and Lockwood (1997) criticised this model of
dayside particle precipitation for failing to take into
account magnetospheric convection and the time-of-
¯ight of magnetospheric ions when considering particle
precipitation in the low-altitude ionosphere. Onsager
and Lockwood (1997) stated that as a result of the
velocity ®lter e�ect `not only does a spectrum of
di�erent energy particles (at one pitch angle) from one
point in the magnetosphere map to a spread of locations
in the ionosphere, but also a spread of energies seen at
any one point in the ionosphere maps to a spread of
source locations in the magnetosphere'.

Lockwood (1997) and Onsager and Lockwood
(1997), o�ered reinterpretation of the particle classi®ca-
tions produced by Newell and Meng (1992), involving a
detailed description of the consequences of the velocity
®lter e�ect on the observed precipitation regions. The
most energetic ions and electrons predicted from the
model, observed ®rst after reconnection, would be
classi®ed as CPS in the scheme of Newell and Meng
(1992). This modelling then predicts that the CPS,
traditionally seen as lying on closed ®eld lines, is in fact
partially on open ®eld lines. Slightly less energetic
precipitation, which would have been classi®ed as BPS
or LLBL in the traditional system, are predicted by the
authors to lie well into the open ®eld line region.

Newell and Meng (1992) determined the extent of the
cusp proper by a threshold ¯ux count of low energy ions
and assumed that the ionospheric projection of the
merging gap (de®ned as the cusp) was proportional only
to its length on the magnetopause. Crooker et al. (1991)
modelled the length of the ionospheric projection of the
merging gap. They concluded that for a given merging
line length at the magnetopause, the longitudinal extent
of its projection in the ionosphere would vary with the
merging rate. The cusp would span the dayside of the
polar cap boundary from 1 h either side of local noon
for a polar cap potential of 20 kV, to 3 h either side of
local noon for a cross-polar cap potential of 170 kV, a
value representative of strongly southward IMF e.g.
Rei� et al. (1985). This value is consistent with the width
of the region of poleward ¯ow across the CRB in
convection models such as Heppner and Maynard
(1987). Crooker et al. (1991) stated that `the predicted
local time span of the cusp seems broad compared to the
commonly held view that cusp particles precipitated in a
localised region around local noon as proposed by
Vasylinuas (1979)'. They believed that the under-esti-
mation of the size of the cusp was due to previous
workers assuming that the cusp was a ®eld-aligned
projection of the active X-line.

Lockwood (1997) stated that, as the particle ¯ux
density in the ionosphere re¯ects the particle ¯ux density
in the source magnetosheath plasma connected to the
linking ®eld lines, then the apparent extent of the cusp as

measured using the Newell and Meng technique will
vary with solar wind concentration in both the latitu-
dinal and longitudinal directions. Thus, the traditional
technique for the identi®cation of the extent of the cusp
proper is, to some extent, arbitrary. Lockwood (1997)
also modelled the poleward ¯ow speeds, which would be
initiated by applying transpolar voltages across the
active X-line. A typical transpolar voltage (100 kV for a
southward IMF) applied to a cusp whose longitudinal
width is described by Newell and Meng (1992), would
support a typical poleward ¯ow speed of 3 kms)1. This
is approximately 5 or 6 times larger than the typical
poleward ¯ow speeds already observed (Pinnock et al.,
1995; Provan et al., 1998). Lockwood (1997) suggested
that the reconnection merging gap might in fact be ®ve
or six times larger than the cusp proper as identi®ed by
Newell and Meng (1992).

There is great similarity between the statistical
pattern of the occurrence of pulsed antisunward moving
backscatter regions which are identi®ed here as the
coherent radar signature of newly reconnected ®eld lines
and the traditional low-altitude identi®cation of the
particle signature of the cusp/cleft region made by
Newell et al. (1992). However, although the region
identi®ed as the `cusp proper' by Newell and Meng
(1992) is almost identical in spatial and temporal extent
to the region where the coherent radar signature of
newly opened ®eld lines is most likely to be observed,
radar signatures of newly opened ®eld lines can be
observed over a much larger area than the `cusp proper'
region, just less frequently than at the peak. Also, the
study of the duration of the signature of newly recon-
nected ®eld lines using the entire radar f.o.v, suggests
that single-point measurements cannot accurately deter-
mine the size of the ionospheric footprint of magneto-
spheric source regions in a highly variable ionosphere.
As the boundary of the `cusp proper' has been
interpreted as representing the extent of the merging
gap, this indicates that the size of the active X-line as
inferred from the coherent radar signature of newly
reconnected ®eld lines can be far greater than the
merging gap predicted by the Newell and Meng model.
This larger extent of the merging gap is more consistent
with the observed poleward convective velocities.

The new model of low-altitude particle signatures as
proposed by Lockwood (1997) and Onsager and Lock-
wood (1997), gives a convincing explanation of the
occurrence distribution of the coherent scatter signature
of newly reconnected magnetic ®eld lines. It explains why
the size of the cusp proper is a partially arbitrary region
and predicts that it is smaller than the ionospheric
footprint of the merging gap. This new model of dayside
precipitation provides a uni®ed theory to explain both
the radar observations and the low-altitude satellite
observations of the dayside precipitation regimes

3.3 Seasonal variations

The normalised occurrence of PIFs observed every
month by the radar run in a normal-scan mode is
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illustrated in Fig. 6. There is clearly a sharp decline in
the number of PIFs observed during summer months
and a peak in observations at the autumn and spring
equinoxes. Milan et al. (1997) performed a study of the
variation in backscatter occurrence distributions ob-
served by the CUTLASS radar per calendar month,
overplotted on Fig. 6 is the backscatter occurrence
distribution for the pre-noon sector (at the time and
latitude at which the signature of newly-opened ¯ux is
most likely to be observed (see Fig 4)). The rate of
backscatter occurrence shows a clear peak at the spring
equinox, with a minimum in the rate of occurrence in the
summer.

The minimum in the rate of backscatter occurrence in
the summer months, as reported by Milan et al. (1997),
is due to the seasonal variation in the propagation of
radio waves in the ionosphere. The soft energy particles
associated with open ®eld lines precipitate into the high-
latitude F-region ionosphere. During the summer
months it is di�cult for HF radars to sound the distant
F-region, as photoionisation increases the ionospheric
ionisation concentration, resulting in the radio waves
being more strongly refracted in the ionosphere, thus
requiring the propagated rays to make more hops in
order to sound the distant F-region ionosphere. Any
increase in ionised particles in the D region ionosphere
also results in an increase in the rate of absorption of the
radio wave. The signal is thus required to pass through
the enhanced D-region three or more times leading to a
signi®cant amount of signal absorption. During the
summer months, observation of the high-latitude iono-
sphere is thus not usually possible as any returned signal
is likely to be too weak to detect.

Propagation e�ects explain the minimum in the rate
of occurrence of PIFs in the summer, but not the
equinoctial maxima. Overplotted an Fig. 6 is the
monthly distribution of magnetic storm occurrence
between 1963 and 1991 (Taylor et al., 1996). There is a
peak in the occurrence distribution at the equinoxes and
minima in January and July. The authors propose that
this semi-annual variation in the occurrence of storms
was due to the semi-annual variation in geomagnetic
activity. It has long been established that there is a semi-
annual variation in geomagnetic activity, with peaks
observed near the equinoxes (e.g. McIntosh, 1959;
Taylor et al., 1996). McIntosh (1959) proposed that
this semi-annual variation was created due to a system-
atic annual variation in the angle between the Earth's
dipole axis and the Sun-Earth line. Russell and McP-
herron (1973) suggested that the semi-annual variation
was created by a semi-annual variation in the e�ective
southward component of the IMF.

A convolution of backscatter occurrence and storm
occurrence is overplotted in Fig. 6. This distribution has
a very similar shape to the PIFs distribution occurrence
with a clear peak at the equinoxes and a minimum
during the summer months. Thus we believe that the
most likely cause of the seasonal variation in the
occurrence rate of PIFs within the CUTLASS Finland
radar can be explained by a combination of the annual
variation of propagation of radio waves in the iono-

sphere and the semi-annual variation of dayside recon-
nection at the magnetopause. It is noted that more PIFs
are observed at the autumn equinox than at the spring
equinox. The authors believe that this is probably
related to the fact that the IMF By component was
positive for 71% of the intervals presented in this study
(see Provan et al., 1999), but further discussion on this
subject is beyond the scope of our current study, and
will await improved data coverage. It is possible that the
observed seasonal variation of PIFs is related to the
creation of polar cap patches of enhanced plasma
density during ¯ux transfer events (Lockwood and
Carlson, 1992). Such polar cap patches are produced
by solar photoionisation on the dayside and would thus
exhibit variations with solar luminosity. Valladares
et al. (1996) have modelled the formation of the polar
cap patches using large plasma ¯ows. However, a study
of the relationship between seasonal variation of polar
cap patches and PIFs is also beyond the scope of this
study.

Figure 7 illustrates the average time of initial obser-
vation of poleward moving transients per month as
observed by the radar when run in a normal-scan mode.
The error bars marked on the graph is equal to the
standard deviation at each data point. Initial observa-
tions of the graph suggests that on average the initial
observations of PIFs occurred earliest in the day during
the early summer months (0700 MLT in April) and latest
in the day during the winter months (1130±1200 MLT in
December/January). A con®dence test was performed on
the time of initial observation of the transients in the
winter months (December, January and February), and
in the summer months (April, May and June), to make
sure that the time of initial observation of the transient
signature was signi®cant. The di�erence in the time of
initial observation of the PIFs is signi®cant at the 99%
con®dence level. This again is probably due to seasonal
e�ects on the propagation of radio waves in the
ionosphere. In the summer, it appears to be all but
impossible to sound the ionosphere in the day-time due
to the high-rate of D-region absorption or lack of
irregularities due to high Pedersen conductivity and very
smooth ionosphere due to insulation. At night the D
region completely disappears while the electron density
in the F region decreases slowly. Although the F region
electron density increases rapidly after sunrise, it will be
possible for HF radars to observe PIFs occurring in the
very early morning. This is just one example of how the
radar limits the observation of the ionospheric signature
of newly reconnected ®eld lines, potentially underesti-
mating the MLT extent of newly-opened ®eld lines.

4 Conclusions

1. This study involves a new method of mapping the
dayside ionospheric regions using HF radar data. Pulsed
ionospheric ¯ows have been detected by the CUTLASS
Finland HF radar, which have been postulated to be the
ionospheric signatures of ¯ux transfer events. By
utilising the fact that the ionospheric signatures of
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FTEs are observed solely at the footprint of the newly
reconnected ®eld lines, these poleward moving transient
signatures are used as a means of identifying the regions
of the high-latitude ionosphere which map to newly
opened ®eld lines.

2. Observing the ionospheric ¯ows with all the radar
beams o�ers a unique possibility to observe the iono-
spheric footprint of newly-open ¯ux simultaneously for
up to 8 h of local time. The azimuthal extent of the
observed pulsed ionospheric ¯ows had a peak at 4±4.5 h
magnetic local time (�1500 km), while for 28% of
observations the signature extended between 8 and 13 h
MLT (3000±4700 km). The distribution of the temporal
duration of pulsed ionospheric ¯ow observed with beam
5 only had a peak at 2.5±3 h. These results would
suggest that due to the temporal variability of the region
of newly opened ¯ux it is impossible to accurately
measure the extent of the ionospheric footprint of newly
opened ®eld lines using single point measurements.

3. The data show a strong seasonal variation in the
occurrence rate of PIFs and the time of initial observa-
tions of the PIFs, with a minimum in the rate of
observation of PIFs in the solstices and maxima at the
equinoxes. This annual variation can be attributed to a
combination of seasonal e�ects on the propagation of
HF radio waves in the ionosphere, speci®cally the
increased rate of F-region refraction and D-region
absorption during the summer months. The semi-annual
variation in geomagnetic activity, as modelled by
McIntosh (1959) and Russell and McPherron (1973),
results in equinoctial maxima in the rate of geomagnetic
activity driven by reconnection, and hence in the
observation of ionospheric FTE signatures.

4. A comparison between the statistical pattern of the
occurrence of coherent radar signatures of newly opened
®eld lines and the traditional low-altitude satellite
identi®cation of particle signatures associated with the
cusp, suggests that the extent of the merging gap as
predicted by Newell and Meng (1988, 1992) is far
smaller than the size of the merging gap as inferred from
the coherent scatter radar data. These results would
suggest that the division of the cusp into di�erent
magnetospheric source regions based upon the charac-
teristics of energetic particle precipitation as suggested
by Newell and Meng (1988, 1992) is not always accurate.

5. The new model of low-altitude particle signatures
as proposed by Lockwood (1997) and Onsager and
Lockwood (1997) o�ers a uni®ed theoretical framework
to explain the dayside precipitation regions. This new
model predicts that the reconnection merging gap is
much greater than the region de®ned as the cusp proper
by Newell and Meng, and this is clearly veri®ed by our
observations. This model also demonstrates that the
boundary of the cusp proper is to some extent an
arbitrary one, determined by the density of the magne-
tosheath particle density, and is not truly representative
of the size of the reconnection region.
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