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Energetic ions ( >15 keV) moving upstream from the Earth’s bow shock frequently appear at the sunward lagrangian point (L1) approximately 1.5x106 km upstream from Earth.  The most common orientation of the interplanetary magnetic field (IMF) at L1 during these upstream events is near-radial from the sun (the nominal direction for connection to the magnetosphere).  However, strong unidirectional beams of ions streaming away from Earth, consistent with good magnetic connection to the bow shock, are observed even when the IMF is transverse to the radial direction.  This study includes for the first time observations of upstream events from as many as four upstream spacecraft.  Included in this report are energetic ion and magnetic field measurements from: (1) ACE/EPAM, ACE/MAG;  (2) WIND/3DP, WIND/MFI;  (3) IMP8/EPE, IMP8/MAG; (4) GEOTAIL/EPIC, and GEOTAIL/MAG.  In addition, the ACE/SWEPAM instrument identifies IMF connection between the L1 point and the Earth’s bow shock by the presence of low-energy (272-372 eV) bi-directional electron flux.  Instruments on the IMP8 and GEOTAIL spacecraft simultaneously measure the energetic ion intensity and IMF configuration close to the Earth’s bow shock during times of particle enhancements observed at L1.  Analysis of ACE, WIND, IMP8, and GEOTAIL observations from February through November 1998 show that >40% of upstream events are observed during times of non-radial (>30( from the GSE X-axis) IMF orientation.  A second and independent study of ACE/EPAM observations of over 500 upstream energetic ion events from launch through November 1998 confirm this result.  We find similar distributions of radial and non-radial IMF orientations both close to the bow shock and at L1.  This implies that the IMF configurations during upstream events are large-scale spatial structures with radii of curvature on the order of the Earth-L1 distance, i.e. 0.01 AU.  These spatial structures are being convected through the L1 point into the Earth’s foreshock.

Introduction


Observations of energetic ions (> 15 keV) upstream and propagating away from the Earth’s bow shock were first reported by Asbridge et al. [1968].  These upstream ions, occasionally accompanied by electrons, move upstream from what is known as the terrestrial foreshock [Anderson 1981, Sanderson et al., 1983].  Measurements from the ISEE 3 spacecraft, [Balogh et al., 1978], first established that energetic ions from the region of Earth’s bow shock are observed far upstream at the L1 point, 1.5x106 km upstream from Earth.  Spacecraft close to the Earth’s bow shock found these energetic ions to be nearly isotropic, while far upstream (>200 RE) these energetic ions are anisotropic and field aligned, [Mitchell et al., 1983].  The orientation of the interplanetary magnetic field (IMF) at the L1 point during upstream events was investigated by Sanderson et al. [1981], who reported that during times of radial IMF there is a high probability of observing energetic ions.  However, we find in this study that although most upstream events observed at L1 occur during times of radial field, i.e. within a 30( cone about the radial direction, a significant fraction of events (>40%) occur during times of non-radial fields.


Previous multi-spacecraft studies of upstream events have included spacecraft both upstream from the Earth’s bow shock and inside the magnetosphere [Sarris et al., 1978, Sarris et al., 1987].  Other studies have included two spacecraft, one at the Lagrangian orbit and another near the bow shock [Scholer et al., 1981, Scholer et al., 1980, Mitchell et al., 1983].  We present for the first time a study of upstream events observed from as many as four upstream spacecraft: ACE at the L1 point; IMP8 and GEOTAIL in Earth orbits that occasionally allow the observation of upstream events; and WIND whose trajectory went from an L1 orbit back into multiple Earth orbits.  The orbits of these four spacecraft allow the most definitive study to date of the interplanetary field structure from the Earth’s bow shock through the L1 orbit during upstream events.

Observations


 Figure 1 shows the orbits of ACE, WIND, IMP8, and GEOTAIL from February through November 1998.  The ACE spacecraft, shown in purple, remained in a halo orbit about the L1 point, while the WIND spacecraft, shown in red, began at an orbit of the L1 point, and then proceeded toward the bow shock for multiple Earth orbits.  Both IMP8 (gold), and GEOTAIL (green), were at times in favorable positions to observe upstream events close to the bow shock.  The instruments used in this study were EPAM [Gold et al., 1998], MAG [Smith et al., 1998] and SWEPAM [McComas et al., 1998] on ACE, 3DP [Lin et al., 1995] and MFI [Lepping et al., 1995] on WIND, EPIC [Williams et al., 1994] and MAG [Kokubun et al., 1994] on GEOTAIL, and EPE [Williams, 1977], and MAG [Mish et al., 1976] on IMP8.  


 During the period from February to November 1998, 66 different events fit the criteria for the multi-spacecraft study and were examined in detail.  The criteria for this study include:  (a) ion intensity enhancements of at least one order of magnitude over  pre-event intensities; (b) overlapping intensity enhancements for at least one spacecraft orbiting L1 plus at least one spacecraft close to but upstream from the Earth’s bow shock; and (c) the presence of bidirectional electron flows at ACE (indicating a probable connection to the Earth’s bow shock).  Many authors have confronted the difficulty in comparing upstream events at multiple spacecraft, [e.g. Mitchell et al., 1983].  Although using overlapping intensity enhancements to identify the “simultaneous” events does introduce a certain amount of ambiguity, it still allows us to select time periods in which we can compare observations taken at up to four locations.


Since this study focuses on upstream events that occur during times of non-radial IMF geometry, it is important to establish that the IMF structures in which these particles propagate actually connect with the Earth’s bow shock.  This is especially important for those events where the linearly extrapolated IMF does not appear to intersect the Earth’s bow shock.   It is well established that bi-directional or sunward flowing low-energy electrons are a signature of connection to planetary bow shocks [ e.g. Klimas, 1985; Thomsen, 1985].  These bi-directional flows and IMF orientations at the sunward LaGrange point were studied by Stansberry et al. [1988], who report that bidirectional electron heat flux is an indication of connection to the bow shock.  Although the IMF is predominantly radial during the times of connection, a significant fraction of bidirectional electron events, identified by Stansberry et al. [1988] as “marginal events”, exist during times when the IMF is not radial.  On occasion, bidirectional electron flows can be produced by reflection off an enhancement in the IMF [Gosling et al., 1993], as opposed to the bow shock.  However, excluding times of CME or CIR activity, such occurrences appear to be rare at L1 compared to bow shock connection.  The SWEPAM instrument on ACE measures the pitch angle distributions of low energy electrons and provides intervals during which bidirectional electron flows are observed.  These bidirectional electron flows (excluding CME and CIR events) are taken as indicative of IMF connection to the bow shock.  Periods of enhancement due to CME and CIR activity were not included in this study.


The actual direction of the IMF was not used as a criterion for this list; thus both radial and non-radial events were included.  Two IMF orientations are now discussed for which upstream energetic ion enhancements are observed.  The first category contains those events observed on mostly radial field lines, where a radial field is defined to be within 30( of the Geocentric Solar Ecliptic (GSE) X axis, where the X axis is the Sun-Earth line, the Z axis is the ecliptic north pole, and the Y axis completes the right handed coordinate system.  The second category contains events where the angle the IMF makes with the GSE X axis is beyond 30(.

Direct IMF connection: Radial field


The category of upstream events where the IMF is predominantly radial is represented by the June 30, 1998 event shown in Figure 2.  All four spacecraft were outside the Earth’s bow shock and in position to observe the event.  Intense ion flux enhancements lasting for over two hours were observed at IMP8 (Figure 2a) which was 40 RE upstream from the noon sector of the Earth’s bow shock during this event.  Simultaneous enhancements were also observed at GEOTAIL (Figure 2b) and at WIND (Figure 2c) on the dusk side of the bow shock, revealing the large spatial extent through which these particles propagate upstream from planetary bow shocks [Haggerty et al., 1999, Dwyer et al., 2000].  The event was observed by ACE/EPAM (Figure 2d) ~235 RE upstream from Earth with energetic ion enhancements over an order of magnitude above pre-event levels. ACE/SWEPAM (Figure 2e) measured bidirectional electron flows from ~07:00 through ~08:45 (the sunward flow seen during this period at ~180(), after which, on the basis of the disappearance of bi-directional electron flows, the IMF lines at ACE seem to disconnect from the Earth’s bow shock.   


At ACE the upstream ions exhibit an anisotropic anti-field-aligned beam distribution as seen in the 47-68 keV ion pitch angle distribution (PAD), shown in the upper right portion of Figure 2f.   The two minute averaged PAD is plotted with the pitch cosines on the horizontal axis and the count rate (normalized to the count rate in the peak sector) on the vertical axis with the peak count rate indicated in the frame.  The eight 45( sectors of the LEMS120 system (sweeping out a cone of 120( from the spacecraft-Earth direction) are indicated with numbers one through eight.  Figures 2f and 2g show the magnetic field vectors projected on to the GSE X-Y and X-Z planes respectively, along with a nominal bow shock, [Ipavich et al., 1981].  The IMF components in Figure 2f and Figure 2g are shown only during times of particle enhancement at each spacecraft.  The X-Y components of the IMF were radial and quiet at L1 while more variation in the X-Y plane is observed close to the shock at GEOTAIL and IMP8.  The X-Z components of the field at L1 were well confined to the ecliptic.  Upstream particles on radial field lines are consistent with many events reported in the literature.  However, we shall now demonstrate that this simple direct connection occurs in only  ~60% of those events observed at L1 by the ACE spacecraft.

Indirect IMF connection: Non-radial field


An example of the greatly unexplored category of upstream events at L1 where the IMF geometry is significantly non-radial is illustrated in Figure 3.  This upstream event on May 12, 1998 was observed by all four spacecraft with ACE and WIND in a halo orbit about L1 while IMP8 and GEOTAIL were upstream and slightly duskward from the nose of Earth’s bow shock.  Ions at IMP8, GEOTAIL, and ACE were observed with enhancements up over two orders of magnitude above background, while lesser, but still significant, enhancements were observed at WIND, where the duration of the event was shorter and more erratic than those observed at the other spacecraft.  Strong sunward electron flows were observed by SWEPAM (Figure 3e) at 0( between ~14:00 and ~14:30 UT simultaneously with the intense ion enhancements measured by EPAM.  The EPAM pitch angle distribution in the top right corner of Figure 3f shows this event is a strongly anisotropic field-aligned beam event, similar to the radial event of June 30.  The significantly non-radial X-Y components of the IMF, (shown only during times of enhanced ion intensity), observed at L1 clearly indicate that a linearly extrapolated field line does not intersect the bow shock during the majority of the event.  Large variability in the field can be seen at IMP8 and GEOTAIL, with the IMF pointing radially at times and other times pointing toward the dusk side of the bow shock at an angle equal to that expected for an undisturbed field.  The X-Z components of the field show that the IMF during this period is not clearly confined to the ecliptic plane and is disturbed and variable near both L1 and close to the Earth’s bow shock.


To further demonstrate that the linearly extrapolated field lines do not intersect the bow shock during the majority of the event, a high-resolution miss-distance calculation was performed.  The linear miss-distance is defined as the distance between the Earth and the intersection with the Y-Z plane (GSE) of a straight line extrapolated along the locally measured magnetic field vector.  The bottom panel of Figure 4 shows a schematic illustrating the definition of miss distance.  The top panel of Figure 4 shows the spin averaged intensity of the 47-68 keV ions (indicated on the right ordinate) and the extrapolated miss-distance in Re (indicated on the left ordinate).  The second and third panels of Figure 4 show the longitude (() and latitude (() of the IMF.  Other than a brief four-minute excursion during which the linearly extrapolated field may have intersected the Earth’s bow shock, the miss-distance is over 100 Re.  This illustrates that far upstream at the L1 point a linearly extrapolated local field line is not a reliable indicator of connection to the bow shock.

Statistical Analysis: Four spacecraft


A quantitative summary of the IMF orientation at each of the four spacecraft during simultaneous upstream events is shown in the histograms of Figures 5, 6, and 7.  The data comprising the histograms consists of each IMF vector at the resolution supplied by the magnetic field instrument teams during which a particle enhancement was observed at the spacecraft.  The histograms for each spacecraft were calculated independently and normalized to the number of IMF vectors that each spacecraft contributed to the period.  Of the 66 events included in the statistical study, 40 events were observed at IMP8, 38 at GEOTAIL, 57 at WIND, and 60 at ACE.  The X-Y and X-Z projections and the cone angle (( = cos-1{Bx/|B|}) of the field shown in Figures 5, 6, and 7 are shown only during times of upstream particle enhancements at each spacecraft.


The projection of the IMF on the X-Y plane during each of the events of the multi-spacecraft survey, as indicated by the sketch at the bottom of Figure 5, was binned in one of twelve 30( sectors.  The projected IMF vectors oriented in sectors one, six, seven, and twelve are within 30( of the X-axis in the X-Y plane.  The projected IMF vectors that are oriented outside ( 30( are non-radial in the X-Y plane.  The histogram for the X-Y projections clearly shows that a significant By component (either positive or negative) is common during upstream events at all four spacecraft.


The projection of the IMF on the X-Z plane is shown in Figure 6.  IMF vectors in sectors one, six, seven, and twelve are within 30( of the X-axis in the X-Z plane while IMF vectors falling outside these sectors have a significant Bz component (either positive or negative).  The X-Z histogram shows that while the IMF during most upstream events tends to be oriented near the ecliptic plane a significant number of events are observed during times of significant Bz, (i.e.  tan-1 |Bz/Bx| > 30().


The cone angle that the IMF makes with respect to the GSE X axis is a better indicator of the field orientation during the upstream events than the projections onto either the X-Y or the X-Z planes.  The histogram representing the IMF cone angle and the one sigma error bars are shown in Figure 7, where sector one represents the sunward pointing 30( cone and sector six represents the earthward 30( cone.  Sectors two through five represent non-radial (>30() IMF orientations.  The cone angle histogram clearly shows that >40% of upstream events are observed during non-radial IMF orientations.  A detailed analysis of the IMF orientation during this study (similar to that described in the next section) shows the differences in sector 1 and sector 6 of Figure 7 can be attributed to the overall IMF direction and not to a Bx asymmetry during upstream events.  The measurements of the IMF cone angle at each upstream spacecraft show roughly the same distribution.

Statistical Analysis: ACE near the L1 point


A second survey using upstream energetic ion event observations at ACE from August 31, 1997 - November 22, 1998 yielded over 500 upstream events.  Figure 8 shows IMF cone-angle histograms from this single spacecraft survey for three different combinations of datasets.  The top panel of Figure 8 shows the entire IMF dataset from the launch of the ACE spacecraft, August 31, 1997, through November 22, 1998.  This panel shows the overall orientation of the IMF during the entire dataset used for this survey, regardless of the presence of upstream ions.  The middle panel shows the IMF orientation throughout all 24 hours of each day that contained upstream events observed at ACE.  The lower panel shows the IMF orientation only during times of upstream energetic ion events.  


The similarity of the distributions in the middle panel and the top panel clearly shows that the 24-hour IMF distributions on event days are a statistically unbiased sample of the IMF distribution over more than a year.  On the other hand, the lower panel of Figure 8 combines IMF observations from over 500 upstream events at ACE and yet looks remarkably similar to Figure 7 of the multi-spacecraft survey.  Clearly the required condition for observing upstream events at the L1 point are atypical conditions for the IMF that are met during time intervals that last only a small fraction of a day.  The orientation of the IMF during 60% of the 500 upstream events observed at L1  is radial (a cone angle within 30( of the X-axis).  However, the remaining 40% of the upstream ion events observed at L1 occur during non-radial IMF orientation (outside 30( from the X-axis).  

Discussion


The multi-spacecraft survey of upstream events from the Earth’s bow shock to the L1 orbit demonstrates that upstream events at L1 occur during times of both radial and non-radial IMF orientation.  Although upstream events have been studied for decades, a full understanding of the interplanetary structures through which these energetic particles propagate has not yet emerged.  This study advances our understanding of these structures by showing the distant upstream region is in fact connected to the Earth’s bow shock, not only through radial fields but also during significantly non-radial IMF orientations. 

There is the question of what range of energies and pitch angles allows the energetic ions to reach the L1 orbit from beyond the bow shock.  Mitchell et al. [1983] demonstrated that the pitch angle distributions of >60 keV ions observed by ISEE-3 in the L1 orbit were mainly beam-like.  This implies very weak pitch angle scattering over most of the distance between the bow shock and L1 orbit.  Consequently, the velocity of the ions parallel to the magnetic field unit vector b is approximately independent of the distance along the field line, but they do experience the ExB drift at the transverse velocity of the solar wind V(.  The ions’ net velocity is then dr/dt = (v(b)b + V(.  The implications of this formula would be drastically different if V( would be incorrectly replaced with the full solar wind velocity V.  If we take coordinates x positive along the XGSE axis and y transverse to the XGSE axis but in the plane containing b, then the equations of motion are

dx/dt = (vcos( - Vsin2(                                  
 (1)

   dy/dt = (vsin( - Vsin(cos(                                         (2)

where (=(v(b)/v is the pitch cosine and cos(=b(XGSE.  Note that these equations are local descriptions of the propagation and are therefore not restricted to linear field lines, e.g., ( may be a function of position.  It is clear from Eq. (1) that an ion can locally propagate upstream (dx/dt>0) if (>(V/v)sin(tan(.  Since the velocity of a 50 keV proton is about 3000 km/s, upstream propagation for these ions in a solar wind with V=500 km/s is possible for all (>(1/6)sin(tan(.  For ( even as large as 45(, this local upstream propagation condition is satisfied by all pitch angles less than 83(.  The condition (<45( is usually met for field lines connecting the L1 orbit to the dayside bowshock even if they have moderate curvature.  However, there is the additional restriction that the field line must have made first contact with the bow shock at a time early enough to allow the ion to reach the L1 orbit.  This restriction discriminates against small pitch cosines for non-zero (.  The restriction was analyzed by Mitchell and Roelof [1983] for straight-line magnetic fields.  We will not go further into this analysis in this paper, but, observationally, the “square wave” intensity history that often is seen in beam-like upstream ion events implies that this additional condition has usually also been satisfied because the connection has been established long enough for the quasi-stationary spatial distributions to appear at L1.


A situation that could produce upstream events with non-radial IMF is when upstream particles close to Earth’s bow shock are injected onto pre-existing convected spatial distortions in the IMF that the energetic ion guiding centers must follow upstream.  Tangential and rotational discontinuities are observed frequently at L1 convecting towards the Earth’s bow shock, as well as occasional large-scale rotations such as those in magnetic clouds.  Figures 5-7 reveal that essentially the same distributions of radial and non-radial IMF are observed both near L1 and near the bow shock; this implies to us that the dominant structure has a spatial scale comparable to the distance between L1 and Earth.  Since this distance is on the order of 0.01 A.U., non-radial IMF events would be expected if the solar wind occasionally contained field lines whose radius of curvature was on the order of 0.01 A.U. Recently Moldwin et al. [2000] reported magnetic flux ropes in the solar wind with diameters on the order of 0.01 AU.  These flux ropes reported by Moldwin et al. [2000] are therefore likely candidates for IMF structures that could produce the non-radial upstream ion events observed near L1.

Summary and Conclusions


This multi-spacecraft study shows that strong unidirectional beams of ions streaming away from Earth, consistent with good magnetic connection to the bow shock as evident from the bi-directional heat flux measurements, are observed even when the IMF orientation at L1 shows significant deviations from the radial direction.  Analysis of ACE, WIND, IMP8, and GEOTAIL observations from February through November 1998 show that >40% of upstream events are observed during times of non-radial (>30( from the GSE X-axis) IMF orientation.  ACE/EPAM observations of over 500 upstream energetic ion events from launch through November 1998 confirm this result.  We find similar distributions of radial and non-radial IMF orientations both close to the bow shock and at L1.  This implies that the IMF configurations during upstream events are large-scale spatial structures with radii of curvature on the order of the Earth-L1 distance, i.e. 0.01 AU.  These spatial structures are being convected through the L1 point into the Earth’s foreshock.  The most straight forward interpretation of the results from this study is that the strongly field-aligned beams of upstream ions follow discontinuities and rotations in the IMF.  Therefore these ion beams are observed at locations and during IMF orientations that are inconsistent with linear connection of field lines from L1 to the bow shock.  The energetic ions and electrons in upstream events may therefore provide a valuable tool to probe spatial discontinuities in the IMF on a scale order 0.01 A.U. 
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Figure 1.  Trajectory of ACE, WIND, GEOTAIL, and IMP8 projected on to the GSE XY and XZ planes from DOY 43-308, 1998.  The ACE trajectory is shown in purple, WIND in red, GEOTAIL in green, and IMP8 in gold.  A nominal bow shock is shown in blue.

Figure 2.  (a) IMP8/EPE response to E>15 keV ions.  (b) Response at GEOTAIL/EPIC to 58-77 keV ions, (c) WIND/3DP response to 61-81 keV ions, (d) 47-68 keV ions at ACE/EPAM.  (e) 272-373 eV electron pitch angle distributions measured by ACE/SWEPAM indicating that ACE was on field lines that connect to the bow shock from ~0700-0845 UT.  (f) IMF projection on to the GSE XY plane only during times of particle enhancement.  A two minute averaged 56 keV ion PAD measured at EPAM in shown in the upper right corner of panel (f).  (g) IMF projection on to the XZ plane following the same stipulations as described for panel (f).  A nominal bow shock is also shown in (f) and (g).

Figure 3.  Ion intensity histories from EPE, EPIC, 3DP, and EPAM are shown for the May 12, 1998 upstream event in panels (a- d), respectively, and SWEPAM electron PADs are shown in panel (e).  Panel (f) shows the XY projection of the field and an EPAM PAD is shown in the upper right corner.  The XZ projection of the IMF is shown in panel (g).

Figure 4.  The top panel shows both the spin averaged 47-68 keV ions measured at EPAM and scaled on the right ordinate and the extrapolated miss-distance in Re scaled on the left ordinate.  The second and third panels show the longitude (() and latitude (() of the IMF.  The bottom panel shows a schematic illustrating the definition of the miss-distance used in this study.

Figure 5.  The direction that the projection of the IMF makes on to the GSE XY plane is binned in twelve, 30( sectors.  A total of 66 upstream events observed at up to four spacecraft is included in the histogram.  The schematic under the histogram shows the orientation of each 30( sector on the XY plane.

Figure 6.  The direction that the IMF projection makes on the XZ plane binned into twelve, 30( sectors.  Each spacecraft’s histograms were individually normalized, and the same events were used as shown in Figure 5.

Figure 7.  The IMF cone angle with respect to the GSE X axis including the one-sigma error bars binned in six, 30( sectors.  Each histogram is normalized and constructed as shown in Figure 5.    

Figure 8.  Histograms showing the polar or cone angle the IMF makes with respect to the spacecraft spin axis.  IMF cone angles are grouped into six 30( directions shown on the X-axis and the percentage that each direction makes is shown on the Y-axis.  (a) Shows the IMF orientation during the entire 1997:243-1998:326 period.  (b) Shows the orientation of the IMF only on those days from launch through 1998:326 that contained upstream events.  (c) Shows the IMF orientation only during times of particle enhancement.











