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Abstract. Thirteen events of high-latitude ionospheric
travelling convection vortices during very quiet condi-
tions were identi®ed in the Greenland magnetometer
data during 1990 and 1991. The latitudes of the vortex
centres for these events are compared to the energetic
electron trapping boundaries as identi®ed by the particle
measurements of the NOAA 10 satellite. In addition, for
all events at least one close DMSP overpass was
available. All but one of the 13 cases agree to an
exceptional degree that: the TCV centres are located
within the region of trapped, high energy electrons close
to the trapping boundary for the population of electrons
with energy greater than >100 keV. Correspondingly,
from the DMSP data they are located within the region
of plasmasheet-type precipitation close to the CPS/BPS
precipitation boundary. That is, the TCV centres map to
deep inside the magnetosphere and not to the magne-
topause.

Key Words. Ionosphere (Electric ®elds and currents;
Particle precipitation) � Magnetospheric physics
(Magnetosphere-ionosphere interaction)

1 Introduction

In the recent work of Yahnin et al. (1997) and Yahnin
and Moretto (1996) it was demonstrated for a few case
studies that the position of the centres of the ®eld-
aligned currents driving ionospheric travelling convec-
tion vortices (TCV) coincide with regions of plasma-
sheet-type precipitation as identi®ed by particle pre-
cipitation data from the DMSP satellites. This result was
founded on the Newell scheme (Newell et al., 1991) for

the identi®cation of plasma regions. The aim of this
present study is to make a systematic veri®cation of this
result. This will be done in two ways: by using a larger
number of events and by using two independent
identi®cations of particle precipitation boundaries as
was also done for one of the events of Yahnin et al.
(1997).

The indication that the driving ®eld-aligned currents
of the TCV's originate in the plasmasheet/ring-current
region is a challenge to our present theoretical under-
standing of the possible generation mechanisms for the
TCV phenomenon. All models so far propose currents
generated directly at the magnetopause or in the low
latitude boundary layer (LLBL). Furthermore, if several
generation mechanisms are at play, as some of the most
recent results suggest (Moretto et al., 1997; Ridley et al.,
1997) the question of how, if possible at all, to classify
the ionospheric TCV signature accordingly is an
important outstanding question in the present TCV
research. The particle signatures described in this work
may serve as a valuable tool in the e�orts to de®ne a
classi®cation.

One set of low-altitude precipitation data for this
study is provided by the high-energy electron measure-
ment onboard the NOAA 10 satellite, which in the
Northern Hemisphere crosses the late morning sector
and hence is useful for TCV studies. In the Greenland
magnetometer data of 1990 and 1991 13 TCV events in
close coincidence with the NOAA satellite crossings
were identi®ed by visual inspection. For these the
positions of the convection vortex centres are compared
to the energetic electron trapping boundaries as
identi®ed in the data of the NOAA satellite for the
>30 and >100 keV energy bins, respectively.

A further boundary is provided by the energetic
proton data in the proton isotropy boundary (IB).
According to the works of Sergeev et al. (1993, 1997) the
IB corresponds to the boundary separating the adiabatic
and chaotic regimes of particle motion and is controlled
by the near-Earth magnetic ®eld con®guration. This
boundary exists at all local times and on the dayside twoCorrespondence to: T. Moretto

Ann. Geophysicae 16, 891±899 (1998) Ó EGS ± Springer-Verlag 1998



origins of the boundary are possible. According to the
calculations of Sergeev et al. (1997) based on magneto-
spheric magnetic ®eld models, close to noon (10±14
MLT) the chaotic regime of proton motion is due to the
cusp-related magnetic ®eld depletion, and the expected
location of the IB is approximately 1� equatorward of
the magnetic cusp. This implies a magnetic ®eld
magnitude in the equatorial plane on the order of 50±
60 nT. Further away from noon the IB location is
controlled by the ®eld con®guration at dawn and dusk
and there the crucial magnetic ®eld magnitude is of the
order of 20±30 nT. Thus, the comparison with the
location of the IB provides not only information on the
location of the TCVs relative to the regions of adiabatic
and chaotic regimes of the proton motion, respectively,
but also an estimate of the magnetic ®eld strength in the
TCV current source region. Both of these may be
important for future theoretical considerations.

In addition, for all events at least one close DMSP
overpass was available providing the locations of the
particle precipitation regions according to Newell et al.
(1991). This allows for direct veri®cation of the results of
the previous studies.

In the next section we describe the various data sets
used in this study and how the events were identi®ed and
selected. Then a large table listing the relevant para-
meters of each data set for all of the events is presented
and the results of this large overall comparison between
the data sets are pointed out. For one event, the particle
data look very unusual, whereas there is nothing special
about its magnetic signature or the general activity level
of the day. Analysing the conditions of this exceptional
event may give an insight into some of the important
parameters for the classi®cation and, the mechanism(s)
responsible for the general result. It should serve as an
important test case for proposed models. Therefore we
devote a section to the discussion of the data for this
event. The ®nal section holds our discussion and
conclusions.

2 Event selection and ground-based data analysis

The TCV events are identi®ed in the magnetic data from
the stations at the west and east coast of Greenland. The
nearly meridional line of 10 stations on the west coast in
particular is an ideal set-up for this identi®cation (Friis-
Christensen et al., 1988; McHenry et al., 1990). First,
TCV candidate (impulsive magnetic) events were
selected by eye-inspection of the Greenland magneto-
grams and the resulting list of times were checked for
availability of suitable NOAA satellite over-passes.
Then each event was analysed with respect to TCV
features, i.e. it was checked to see whether the magnetic
variations match the interpretation of Hall-current
vortex structures passing in an east/west direction
overhead the line of stations. This selection left 13
events for consideration. All of them are morning events
(8±12 MLT) as a result of the NOAA 10 satellite orbit.
In addition, most of them are during the winter months
of 1990/91 and while this could be a real e�ect of the

TCV occurrence pattern it could also be an e�ect of the
visual inspection. Looking for impulsive events tends to
favour the quieter winter background of magnetic
activity. For eight of these events the vortex structure
could be identi®ed in the data from both the east and
west coast stations (separated by 2 h of local time) hence
verifying the assumption of a travelling structure. The
remaining ®ve events were only seen clearly on the west
coast.

The analysis of the magnetic data was carried out on
the basis of equivalent convection vector time-series
plots, examples of which are displayed in Fig. 1 for the
west and east coast data, respectively, for the event on
September 19, 1990. For each event the magnetic latitude
of the vortex centres was estimated from such displays. In
the case of Fig. 1a, all of the vortex centres are observed
close to the station of SKT and so are positioned at
roughly 73� Invariant Latitude. By comparing the signals
from nearby stations, in this case the stations of SKT and
GHB, these positions can be estimated to an accuracy of
approximately 1�, depending slightly on where along the
chain the vortices are observed.

The vector plot for the east coast in Fig. 1b illustrates
that for this case a similar structure is observed here 4±5
min earlier. However the number of available observa-
tion sites is too small to allow for any detailed analysis,
for example an estimate of the latitude of the vortex
centres. The delays observed from the east to the west
coast for all of the events range from 3±5 min and this
agrees well with the typical travel speed for TCV events
resulting from previous studies (Hughes et al., 1995;
LuÈ hr et al., 1996; Yahnin et al., 1995; LuÈ hr and Blawert,
1994; Friis-Christensen et al., 1988).

Fig. 1. Time-series of equivalent convection vectors (in units of nT)
for the interval 1055 - 1120 UT on September 19, 1990. The top frame
display the data of theWest Greenland chain of stations (IAGA codes
right, and Invariant Latitude left) and the bottom frame is for the East
Greenland stations. The displacements between the starting points
re¯ect the distribution of the stations in MLT, 20 sec� 0.2 h of MLT,
that is assuming a velocity of 4±6 km/s
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One last point we would like to make about this
selection of TCV events is that they all occur during very
quiet conditions. Values of KP on the order of 1±2
prevail for these events. This most likely is a result of
selecting only purely impulsive events and of having to
rely on the visual detection of the events, both of which
favour very quiet background conditions. There is an
ongoing discussion whether similar events (of magnetic
signatures that can be interpreted as travelling structures
of ionospheric convection vortices) observed during
more disturbed periods, e.g. concurrent with other types
of large pulsation activity, belong to the same class of
events (Moretto et al., 1997; Ridley et al. 1997).
However for the present study we do not wish to engage
in this discussion and all of our events clearly are of the
well-de®ned (original) type.

3 The particle precipitation data

The ¯eet of NOAA satellites (Kroehl, 1982; Hill et al.,
1985) have low-altitude (850 km) polar orbits such that,
most importantly for this study, the satellites in the
Northern Hemisphere mostly scan the day-side and in
the Southern Hemisphere the night-side. For the
NOAA 10 and 12 the orbits in the Northern Hemi-
sphere align approximately along 21±09 MLT. The
medium energy proton and electron detector (MEPED)
carried by NOAA spacecraft measures the ¯uxes of
trapped and precipitating electrons, respectively, with
lower limit energy cut-o�s of 30, 100, and 300 keV. For
the present study we determine from this data set the
boundaries for trapped energetic electrons for the >30
keV and >100 keV populations, respectively. Each
boundary is de®ned as the latitude, where the order of
magnitude drop in intensity occurs from the equator-
ward to the poleward side. An example of this data set is
provided in Fig. 2 for the same event, on September 19,
1990, as for Fig. 1. The determination of the electron
trapping boundaries are illustrated by the top two
panels on which the vertical lines labelled TB mark the
latitudes of the boundaries. The observation of the >30
keV trapped electron population is a good indicator that
one is inside the radiation belt.

The source region in the magnetospheric equatorial
plane can be further characterised in terms of the
magnetic ®eld con®gurations by including the isotropy
boundary (IB) of the energetic protons. This is de®ned
as the magnetic latitude at which the trapped and
precipitated ¯ux reach the same level. For this study, the
boundary is determined from the > 30 keV proton data.
The determination for the event on September 19, 1990
is illustrated by the bottom panel of Fig. 2.

Another detector, the total energy detector (TED),
onboard the NOAA satellites measures particles with
energies less than 20 keV. Unfortunately, the detector on
NOAA 10 was out of work for the period of our study.
Data from TED, in the form of the total energy ¯ux of
low-energy electrons and protons as well as the ¯ux in two
di�erent energy bins, will be presented only for one case
for which data from NOAA 12 was available (Sect. 5).

To identify precipitation regions from the lower
energy, <30 keV, particle data of the DMSP satellites
we have used the automated identi®cation scheme of
Newell et al. (1991). Most interesting for this study is the
position of the boundary between the CPS and the BPS
type precipitation regions.

4 The overall comparison

4.1 Table entries

To facilitate the comparison between the ®ndings of the
various observations we summarise our description
from the full data set for the whole set of events in
Table 1. First, we describe brie¯y the entries of each of
the datasets for this table.

The focus of this study is the mapping of the source
region of the ®eld-aligned currents that drive the TCV
events. Therefore, for the comparison the TCV events
are described simply by the following parameters: the
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Fig. 2. MEPED data from NOAA 10 for the dayside northern polar
crossing on September 19, 1990, which crosses the latitude of the TCV
event at approximately 1120 UT, 10 MLT. Each panel displays the
measured directional particle ¯ux, in units of 1=cm2 s ster, on a
logarithmic scale as a function of corrected magnetic latitude for the
two sets of directions: the dotted line is the ¯ux approximately along
the magnetic ®eld lines (precipitating), and the full line is the ¯ux close
to perpendicular to the ®eld lines (trapped). The top two panels are for
electrons of energies > 30 keV and > 100 keV, respectively. The
vertical lines labelled TB mark the latitude of the identi®ed trapping
boundaries. The bottom panel is for protons of > 30 keV, and the
vertical line labelled IB marks the latitude of the determined proton
isotropy boundary. The bar labelled TCV through all panelsmarks the
determined latitude of the TCV centres for the event
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date, UT, and MLT times of the events and the
estimated latitude(s), Invariant Latitude, of the vortex
centres. For some events all vortices of the sequence are
not centred at the same latitude and for these a range,
covering the observed di�erences in latitude, will be
given as the entry for this parameter in the table. We
should also note that a range given for the MLT value
indicates that the event is observed in both the east and
west coast data, whereas a single value means that the
event is only identi®ed at the west coast.

The NOAA particle precipitation data are given the
following entries: ®rst are listed the UT and MLT for
one or more times, close to the UT and MLT times of
the event, when the satellite track crosses the latitude of
the vortex centres, as given by the TCV latitude entry of
the table, or the ®rst value for this in the range. Then
follow the latitudes (Invariant Latitude) estimated for
these polar crossings of the electron trapping boundaries
for the two lower energy limits of 30 and 100 keV,
respectively. Finally, the last column holds the proton
isotropy boundary. In all cases the results are for the
NOAA 10 satellite, except for one of the entries for the
July 29, 1991 event, where NOAA 12 data was also
available. This entry has its UT time in brackets.

The entries listed for the DMSP data are the UT and
MLT times and the latitudes of observed CPS/BPS
boundaries identi®ed on relevant DMSP tracks of polar
crossings. Data from the DMSP F8, F9, and F10
satellites are used interchangeably. Where latitudes are
negative it means that they result from Southern
Hemisphere crossings. For the event of 910729, no
CPS region was observed in the data. Instead, the BPS/
Mantle and BPS/LLBL boundaries are listed as
observed.

In the last columns are listed for each event the KP
values for the 3-h interval enclosing the event as well as
the daily sum.

4.2 Results

Most striking in this comparison is the astounding
agreement between all but one of the events in the
following behaviour: the TCV centres are positioned at
latitudes well below the latitude of the >30 keV electron
trapping boundary and below, or close to, the >100 keV
boundary as identi®ed in the NOAA data. For all but a
few events, of which one of them is the exceptional July
29 event, the proton IBs practically coincide with the
latter. Consequently an alternative way to state the
result is that the TCV centres are inside the proton IBs.
Furthermore, for all events they are positioned within,
but for many cases close to, the CPS/BPS boundary as
determined by the DMSP data. We shall return in the
next section to the very important single event of July
29, 1991 for which this pattern is not apparent.

On the basis of a single event, particularly good
evidence for the result is given by the event on
September 19, 1990, which also was the event used for
Fig 1. For this event we have an exact, both in UT and
MLT, DMSP overpass and a very close NOAA over-

pass which place the TCV centres at 73� inside the CPS/
BPS boundary at 75�, that is by roughly 2�, and
coinciding, within 1�, with the >100 keV trapping
boundary at 74� (and the proton IB also at 74�). This
event represents very well the general features of the
events and the pattern of the result. Therefore we shall
use it as a reference to compare against when analysing
the exceptional July 29 event. Apart from this excep-
tional event not much variability exists amongst the
events. The latitudes of the TCV centres span a range of
approximately 5�, 70±74�, the >100 keV electron
trapping boundaries and the proton IBs range from
73±76�, the >30 keV electron trapping boundaries from
76±78�, and ®nally the CPS/BPS boundaries from 74±
77�.

We should like to make one further comment about
the results of this table. This concerns the TCV events
that are identi®ed in the west coast data alone and which
therefore constitute a less certain class of events. These
events are listed as the lower ®ve entries of the table.
However, neither in the characteristics of the events or
in the comparison with the particle boundaries do we
observe any di�erences as compared to the other events.

5 The exceptional case

It is of course very important to investigate as carefully
as possible the conditions and signatures of the one
exceptional event found. Determining which parameters
are important for this event to give a di�erent result may
give an important clue as to what are the mechanisms
responsible for the general result.

First, we shall present the magnetic signature of the
event. The vector time-series plots of the east and west
coast data for the event, on July 29, 1991, 1110±1135
UT, are displayed in Fig. 3. As a TCV signal in this way
it looks almost indistinguishable to the event of Fig. 1
on September 19, 1990. The vortices are clearly de®ned
and are centred at a latitude only about one degree
higher. However, the amplitude of the magnetic signal
(and hence likely the intensity of the associated ®eld-
aligned currents) are about half the size. In both cases a
consistent signal is clearly identi®ed in the east coast
data and the lead to the west coast signal, indicating the
travel speed of the TCV structure, is 4±5 min. Both
events appear on very quiet backgrounds, the general
activity level on the September 19, 1990 being slightly
higher than on the July 29, 1991. The 3-hour KP index
for the 09±12 UT interval reads 2ÿ and 1�, respectively,
on the two days. The daily summed KP is 24ÿ on the
September 19, 1990 in contrast to 13 on the July 29,
1991. When compared to the full set of events, however,
the latter is close to the average value for this measure of
activity.

The particle data, in contrast, exhibit large di�er-
ences as compared to the other events. This is illustrated
by Fig. 4 which exhibit the data for the two dayside
north polar passes of NOAA 12, which had come into
operation by the time of this event, during and after the
event, respectively. The format of the ®gures are the
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same as for Fig. 2 except that data from the TED
instrument were also available and are displayed in the
top two panels of each ®gure. We note that overall the
¯ux levels are much increased after the event, right
column, as compared to the level at the time of the
event, left column. Correspondingly, the electron trap-
ping boundaries, which are observed at unusually low
latitudes by the earlier crossing, are observed at higher
latitudes by the later crossing. In comparison, a small
equatorward shift of the IB is observed between these
two orbits.

To further illustrate these changes in the particle data
characteristics, a summary of the NOAA particle data
for the ®rst 16 h of the day (orbit by orbit) of this event
is presented in Fig. 5. Data from all dayside north polar
passes for both NOAA 10 and NOAA 12 are included.
The top panel displays the maximum ¯ux level for the
two energy bins of the trapped energetic electrons that
were used for the determination of the boundaries in
Table 1 as observed at lower latitudes on each north
polar pass on the dayside. The estimates of these
boundaries for each of the passes are shown in the
second panel along with the proton IBs. The gap in the
IB determination for the morning hours (approximately
3±9 UT) results because the maximum magnetic latitude
of the spacecraft for these orbits were not high enough
(below 76�) to observe the boundary. That is, the
boundary in this period is at 76� or higher. The bottom
two panels exhibit the energy ¯ux levels from the
complete lower energy population (third panel) as well
as for two separate low energy bins (fourth panel). These
data are from the TED measurements of the NOAA
satellites which were operational at the time of this

event. Each point of these curves estimates the energy
¯ux value of the ¯at sub-polar part of the signal for each
polar pass, representing the value of the energy ¯ux level
of the central plasma sheet region. All panels show the
time of the TCV event, and in the second panel also the
latitude of the vortex centres is shown. It is observed in
the ®rst, third, and fourth panel, that the intensities of
the high-energy trapped particle and total energy ¯uxes
decrease steadily until the time of the TCV event.
Furthermore, the TCV event coincides with steep
increases in all of these ¯ux measurements. This, in
passing, is usually taken as a signature of a SI event. The
second panel illustrates how in correspondence with this
behaviour of the ¯uxes, the trapped electron boundaries
exhibit a very similar time-dependence, whereas the
proton IB remains practically constant. It should be
noted that a similar behaviour of the time-history has
not been observed for any of the other events, neither
for the ¯uxes or the trapping boundaries.

The LANL energetic electron data from geosynchro-
nous orbit (summary plots for browsing are available
on-line1 ) may aid the explanation of the apparent
depletion and shrinkage of the CPS (ring current) that is
observed in Fig. 5. No injections at all are observed in
the LANL data for more than 20 h prior to the event.
While this explains the depletion well it does not
necessarily imply shrinkage or con®nement to lower
latitudes of the radiation belt. Alternatively, we suggest
that the decrease of the particle ¯ux in the equatorial
plane a�ects the level of cyclotron waves there, leading
to isotropisation of the distribution function. The
particles with small pitch angles will disappear. These
are the ones that are observed as 90� particles at the
ionospheric satellites. In this way, the decrease in
latitude of the energetic particle boundaries may only
be apparent and the decrease in latitude of the
precipitation data boundaries be interpreted as a
signature of a decreased level of cyclotron turbulence
in the outermost part of the radiation belt where the ¯ux
level becomes much reduced. This interpretation is
supported by the fact that the proton IB boundary
shows no signi®cant variations during this time interval.
The stability of the proton IB is a strong indicator that
the con®guration, at least magnetically, of the magneto-
sphere is not undergoing large variations.

Regarding the DMSP data, which for this event did
not observe any CPS-like precipitation, it is interesting
to note that Newell et al. (1996) report and discuss a
similar case. Their event, which was observed in the
night sector, also occurred after a prolonged interval of
very quiet conditions. It seems that indeed such
conditions lead to a diminution of the CPS/outer
radiation belt population.

We conclude, that the plasma boundaries for this
event most likely do not di�er signi®cantly from what is
found for the rest of the events. Consequently, if the
morphology of the plasma regions as described by these
boundaries turns out to be the dominant factor for the

Fig. 3. Time series of equivalent convection vectors (in units of nT) for
the interval 1110±1135 UT on July 29. 1991. The top frame display the
data of the West Greenland chain of stations (IAGA codes right, and
Invariant Latitude left) and the bottom frame is for the East
Greenland stations. The displacements between the starting points
re¯ect the distribution of the stations in MLT, 20 sec � 0.2 hours of
MLT, that is assuming a velocity of 4±6 km/s

1http://leadbelly.lanl.gov/lanl_ep_data/lanl_ep. html)
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generation mechanism, this event is no exception. In
other ways, however, the magnetospheric conditions for
this event seem to be very di�erent, and for any model to
be considered valid, it should be able to account for this.

6 Discussion and conclusion

The result of the comparison as presented in Table 1 is
so clear in its conclusion that the TCV ®eld-aligned
currents originate deep inside the magnetosphere close
to the outer edge of the radiation belt (ring current) that
not much discussion is called for. On the other hand, the
implications of this result for the understanding of TCV
events, both in terms of categorisation and generation
mechanisms, are so many and so complex that a full
discussion hereof is outside the scope of what we are

able to o�er here. We shall limit ourselves to a few
remarks.

The selection criteria imposed for this study were
deliberately very strict. Impulsive ground magnetic
signatures on a quiet background being clearly consis-
tent with an interpretation in terms of travelling
convection vortex structures (e.g. by exhibiting a
westward phase motion of the signal) were required.
In this way we have ensured that we are dealing with
only one well-de®ned type of events, the ones that were
originally studied under the name of TCV events. On the
other hand, this limits our result to this type of events.
Consequently, it cannot resolve the question of how to
categorise the diverse set of TCV-like events that has
now been recognised to exist (c.f. the discussions in
Moretto et al. 1997; Ridley et al., 1997). To extend the
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comparison to the broader set of events, however, seems
an obvious task for a future study.

For most of our events the TCVs are observed near
noon, where likely the isotropic proton precipitation is
due to scattering of the particles near the magnetic cusp
(Sergeev et al., 1997). This implies a verticalmagnetic ®eld
at the equatorial plane for the IB-related ®eld line of 50±60
nT. The TCV centres, which are located 2±3 degrees
equatorwardof the IB, hencemust originate froma region
of even stronger magnetic ®eld. Assuming that the
vortices travel approximately along L-shells, this means
the source region has a similar ®eld strength also for
TCV events observed at other MLTs, for example 08±10
MLT. This agrees well with the results obtained by
Yahnin et al. (1995) and L�uhr et al. (1996) by direct

mapping of the TCV trajectories using Tsyganenko
models. They found that at dawn the trajectories mapped
to deep inside themagnetosphere as far as 5±7 Earth-radii
from the magnetopause.

None of the existing models to explain high-latitude
dayside transient events like the TCVs considered here
are able to satisfy the fact that the ®eld-aligned currents
are generated deep inside the magnetosphere, except
possibly for the model proposed by L�uhr et al. (1996). In
this model the ®eld-aligned currents are associated with
a mode conversion of a fast mode compressional wave
into an alfv�en wave at a density gradient proposed to
exist in the LLBL. However not much experimental
evidence exists to verify this and hence one might just as
well imagine the necessary gradient to exist at some
other plasma boundary further inside the magneto-
sphere. More observational work will be needed to settle
this question.

Other suggestions to explain this new result are at
this stage equally immature and speculative. One idea is
to explain the magnetic TCV signatures in terms of ®eld-
line resonances, an idea that seems more obvious now
that the source region is placed clearly within the closed
®eld-line region of the magnetosphere. Like the model of
L�uhr et al. (1996) referred to already as well as all
previous models this still associates the events with a
source, or trigger, in the solar wind. Another idea that is
being investigated at the moment is that the TCVs could
be the signature of surface waves on an inner magneto-
spheric boundary, for which, however, no detailed
description, nor observational veri®cation, has yet been
given. Both surface waves directly driven by an external
source event and caused by an internal magnetospheric
instability are considered. In conclusion, it is our
impression that this new ®nding has initiated much
interesting activity and that we anticipate with great
suspense much work on this problem for the near
future.
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