'.) Check for updates

A n . l ADVANCING
EARTH AND
nu -~ SPACE SCIENCES

JGR Space Physics

RESEARCH ARTICLE  Suprathermal Outflowing H* Ions in the Lobe Driven by an

10-10297202412032557 Interplanetary Shock: 1. An Observation Event
Key Points: Chih-Ping Wang' ©, C. G. Mouikis? ©©, Xueyi Wang® ©©, Arnaud Masson® ©©, and Yu Lin®
o Cluster observed suprathermal
outflowing H" ion beams and ion chpartmcnt of Atmospheric and Oceanic Sciences, University of California, Los Angeles, Los Angeles, CA, USA, 2Spacc

conics in the lobe after the impact of an
interplanetary (IP) shock

e The outflowing H* ions appeared
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were likely pre-existing thermal polar . . + . . . .

) ) showing suprathermal (tens to hundreds of eV) outflowing H™ ions in the lobe driven by the impact of an
wind being accelerated caused by the

enhanced Poynting fluxes interplanetary (IP) shock. A spacecraft in the lobe at altitudes of ~6.5 R first observed enhanced downward DC
Poynting fluxes ~2 min after the shock impact and then, another § min later, the appearance of suprathermal
outflowing H* ions as ion beams and ion conics. The increasing downward DC Poynting fluxes and the
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Suprathermal outflowing H* ions in the

lobe driven by an interplanctary shock: 1. Solar wind ions and the outflow ions from the ionosphere are the two ion sources for the Earth's magnetosphere
An observation event. Journal of

Geophysical Research: Space Physics, (e.g., Chappell et al., 1987, 2000; Kistler et al., 2023). The main outflow ion species are H", H,*, and O" ions.

1. Introduction

129, €2024JA032557. https://doi.org/10. The outflow ions can come out of the ionosphere at different latitudes and flow into different magnetosphere
1029/20241A032557 regions, including the cusp, mantle, and lobe at high latitudes within the open field-line region and the plasma
Received 16 FEB 2024 sheet and plasmasphere at lower latitudes within the closed field-line region. The lobe outflow ions are subse-
Accepted 29 JUN 2024 quently transported tailward, and some of them can later enter the tail current sheet and drift earthward,
contributing to the plasma sheet and ring current populations (e.g., Kistler et al., 2010; Mouikis et al., 2010).
Complicated multi-step processes are involved in generating ionospheric ion outflows. For example, upwelling
O™ ions interacting with the H neutrals create H* ions through charge exchange (O + H — H* + O), which
provides the source ions for the H* outflow. These source ions are then accelerated by different mechanisms to
become ion outflows, which, based on the ion energies, can be separated into two categories (e.g., Yau
etal., 2011): (a) “bulk ion flows” are thermal outflows with energies up to a few eV, such as the polar wind (e.g.,
Yau et al., 2007), and (b) “suprathermal ion outflows” are more energetic outflows with energies from tens to
hundreds of eV, such as ion beams (the maximum particle flux is peaked along the upward magnetic field di-
rection) and ion conics (the maximum particle flux is peaked at an angle to the magnetic field) (e.g., Horwitz
et al., 1982; Sharp et al., 1977). Past studies identified six outflow drivers (e.g., Strangeway et al., 2000, 2005;
Zhao et al., 2020), including downward DC Poynting flux (note that downward is toward the ionosphere in this
paper), downward AC Poynting flux, electric field amplitude of extremely low-frequency waves, precipitating
electron density, precipitating electron number flux; and precipitating electron energy flux. These drivers can
contribute to ion outflows through various processes at different altitudes from the ionosphere up to a few Rg.
These processes can result in an increased number of upwelling ions below ~1,000 km, and polar wind ions, ion
beams, and ion conics above 1,000 km. The intensities of these outflow drivers depend on the external coupling of
the magnetosphere with the solar wind as well as the internal disturbances within the magnetosphere. An
interplanetary (IP) shock is considered an important solar wind driving condition because the associated changes
in the interplanetary magnetic field (IMF) and the solar wind dynamic pressure (Pgy,) are sharp and large and the
©2024. American Geophysical Union. All impact of Pgy, on the magnetosphere is global and rather immediate. Observations showed that Pgy, disturbances
Rights Reserved. can enhance polar wind particle fluxes above the polar cap (e.g., Moore et al., 1999).
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Using observations at ~6,000 km altitude during the solar minimum and non-storm conditions, Peterson
et al. (2008) showed statistically that suprathermal outflows are much less frequently observed above the polar
cap, as compared to the polar wind. In this study, we investigate an event showing an IP shock can drive a
significant amount of suprathermal H* outflows from the polar cap. A Cluster spacecraft, in the lobe at altitudes
of ~6 R, above the polar cap, observed the appearance of suprathermal outflowing H* ions ~10 min after the
shock impact, and ~8 min after observing enhanced downward DC Poynting fluxes. The outflowing ions had
energies from ~20 to 2,000 eV and the pitch-angle features of ion beams and ion conics. The initial increase in the
outflow fluxes was well correlated with the initial increase in the downward DC Poynting fluxes with the 8-min
time delay. A plausible scenario to explain such observations is the acceleration of pre-existing H* polar wind
ions at low altitudes over the polar cap by processes driven by the enhanced Poynting fluxes and the subsequent
upward transport of these suprathermal ions to the Cluster altitudes at ~6 R.. In a companion paper (Wang
et al., 2024; hereafter referred to as Paper 2), we simulate H* ions coming from both the solar wind and iono-
sphere sources using a 3D global hybrid code and present the simulation-observation comparison results to
support our explanation of the Cluster observations. In this paper, Cluster data are described in Section 2. We
present the details of the event and our analysis in Section 3 and discuss the scenario in Section 4. We summarize
our findings in Section 5.

2. Data

For the event presented in this paper, we use observations from Cluster (Escoubet et al., 1997). DC magnetic field
measurements are provided by the FluxGate Magnetometer (FGM, Balogh et al., 1997), the DC electric fields by
the Electric Drift Instrument (EDI, Paschmann et al., 1997), the AC electric field fluctuations by the Spatio-
Temporal Analysis of Field Fluctuations (STAFF, Cornilleau-Wehrlin et al., 2003) instrument, the H' ions
from ~40 eV to 40 keV by the Cluster lon Spectrometry/Composition and Distribution Function analyser (CIS/
CODIF, Reme et al., 2001) instrument, and the electrons from 0.59 eV to 26.4 keV by Plasma Electron and
Current Experiment (PEACE, Johnstone et al., 1997) instrument. Cluster mission consists of four spacecraft (C1—
C4) launched in 2000, in a nominal 4 R X 19 R polar orbit. During this event, C2 was close to C1 (~1 Ry apart)
while C4 was closer to C3 (~0.6 Ry apart) (See Figures Sla and S1b in Supporting Information S1). The four
spacecraft crossed the cusp in the southern hemisphere successively like a “string of pearls” with C1 and C2
reaching the cusp about 60 min earlier than C3 and C4 (C1 and C3 were ~2.4 R apart). For this study, we use the
data from C1 and C3 because the CIS/CODIF measurements were not available for C2. The ions observed by C3
and C4 were very similar (see Figures S1f and S1h in Supporting Information S1) but the EDI measurements were
only available for C3 during the event. The 1-min solar wind and IMF data and the SYM-H index are from OMNIL.
Note that the OMNI solar wind and IMF data have been propagated from the spacecraft locations in the upstream
solar wind to the bow shock nose (Papitashvili & King, 2020). The SYM-H index can be used as a high-resolution
Dst index (Wanliss & Showalter, 2006). The PC(N) index is the Polar Cap definitive Index determined from the
North polar cap station (Qaanaaq, +85° magnetic latitude) in Greenland (World Data Center For Geomagnetism,
Copenhagen (2019)). Note no other observations from the ground, such as radar measurements of the ionosphere
convection, and low-altitude satellites were available near the footprints of Cluster during this event.

3. Event Observation
3.1. Event Overview

We investigate an IP shock event on 17 July 2002 when one of the Cluster spacecraft was in the cusp while
another was in the lobe not far from the cusp. The changes in the IMF and solar wind parameters associated with
the IP shock are shown in Figures 1a—le. The Pgy jump was very sharp with an increase from 2 to 10 nPa within
1 min (Figure le). The impact time of the Pgy, jump on the magnetosphere was ~16:02 UT (the vertical dotted
line), as indicated by a sharp jump in SYM-H (Figure 1f). SYM-H first increased quickly from —17 to 24 nT
within ~5 min and then gradually decreased to ~7 nT. This transient response with an initial quick increase within
5 min followed by a decrease was also seen in the electric and magnetic fields and the associated downward DC
Poynting fluxes observed in the lobe, as presented in Section 3.5, and outflow particle flux in the lobe, as pre-
sented in Section 3.4. Note that in Figures 1a—1e we have time-shifted the solar wind and IMF data by ~4 min so
that the Pgy, jump coincided with the SYM-H jump to better visualize the different solar wind/IMF conditions
before and after the shock. The shock impact caused disturbances in the polar cap ionosphere at ~16:04 UT, as
indicated by the jump in the PC(N) index (Figure 1h). Across the shock front, IMF B_ became more negative, IMF
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Figure 1. The interplanetary magnetic field IMF) and solar wind conditions for the interplanetary (IP) shock event on 17 July
2002. (a) IMF components, (b) IMF magnitudes, (c) solar wind number densities, (d) solar wind flow speeds, (e) solar wind
electric field, (f) solar wind dynamic pressures, (g) SYM-H index, and (h) PC(N) index from OMNI. The IMF and solar wind
parameters have been time shifted so that the start of the IP shock coincides with the jump in SYM-H at 16:02 UT (indicated
by the vertical dotted line).

B, changed from negative to positive (Figure 1a), and the IMF strength increased by a factor of ~2 (Figure 1b).
The solar wind density increased by a factor of ~3 (Figure 1c) while the solar wind speed only increased slightly

(Figure 1d). The resulting solar wind electric field strength increased by a factor of ~3—4 and the Pgyy, increased
by a factor of ~5.

Figure 2 gives an overview of the cluster observations from C1 and C3. The thin lines in Figures 2a and 2b show
the X-Z and X-Y projection, respectively, of the trajectories of C1 (blue) and C3 (red) from 15:50 (indicated by the
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Cluster observations by C1 and C3
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Figure 2. Projections of the spacecraft trajectories from 15:55 (rectangles) to 16:25 UT in the (a) X-Z plane and (b) X-Y plane
for C1 (blue) and C3 (red). (c) SYM-H index. Cluster measurements of (d) magnetic field components, (¢) magnetic field
strength, (f) H* density, and energy spectrum of (g) H* and (h) electron energy fluxes for C1 (left panels) and C3 (right
panels). For the horizontal axis, “l;” is the field line length from the spacecraft to the ground estimated using the T96
magnetic field. The magenta curves in (g)—(h) indicate spacecraft potential (SCpol).

rectangles) to 16:50 UT. Figure 2a also shows the open (black) and closed (light blue) magnetic field lines from
the Tsyganenko 96 (T96) magnetic field model (Tsyganenko, 1995, 1996) with the model input conditions of
Pgw = 2 nPa, Dst = =20 nT, IMF B, = —5 nT, and IMF B, = —1 nT corresponding to the observed conditions
before the IP shock (Figure 1). The area of the cusp from this magnetic field configuration is indicated. Both C1
and C3 were in the southern hemisphere lobe directly above the polar cap (X ~ 0 to —2) near the noon-midnight
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meridian (Y ~0 to 2 Rg). The field-line length from the spacecraft to the ground (see the values of “/z” in the
bottom of Figure 2) was ~5.7 and 6.6 R for C1 and C3, respectively, at 16:00 UT. They were moving from the
nightside toward the dayside, C1 encountered the cusp earlier at ~15:53 UT while C3 remained in the lobe and did
not encounter the cusp until about 60 min later at ~16:57 UT (see Figure S1f in Supporting Information S1).
Figures 2d and 2e show the changes of the Cluster magnetic fields associated with the shock impact at 16:02 UT
(indicated by the vertical dotted line) as shown in SYM-H (Figure 2c). Before the impact, B, was positive at C1
and negative at C3, while at both locations B, was positive and B, was negative (Figure 2d). After the impact, B, at
C1 changed from positive to nearly zero, while B, at C3 became more negative. At both locations, B, became less
negative while the magnitude of I1B,| decreased. The impact caused a |B| decrease at C1 but a |Bl increase at C3
(Figure 2e). The observed magnetié field changes are compared with the T96 model fields in Section 3.2.

Figures 2f-2h show the H" ions and electrons observed by Cluster. The magenta curves in the energy spectrum
shown in Figures 2g and 2h indicate the spacecraft potential. The left panels show that C1 entered the cusp from
the lobe side at ~15:53 UT and then exited the cusp to the dayside plasma sheet at ~16:34 UT. Before the impact,
C1 observed both cool (~200 eV) and warm (~5 keV) H* ions and cool electrons (~100 eV), indicating that it
was at the edge of the cusp. About 5 min after the impact, at ~16:07 UT, C1 observed a large enhancement in both
the H* and electron particle fluxes and the H* density jumped from ~1 to 8 cm™. The peak particle enhancement
(indicated by the vertical dashed line) coincided with the significant drop in IBl (Figure 2e), which was a
diamagnetic property that indicated that C1 went into the exterior cusp. We investigate in Section 3.3 the pitch
angle distributions of the H™ particle fluxes within the cusp observed by C1 to show they consisted of both
downward- and upward-going ions. On the other hand, C3 was in the lobe before the impact, as indicated by the
absence of H" ions and the presence of polar rain electrons. About 10 min after the impact, at ~16:12 UT
(indicated by the vertical dotted-dashed line), C3 observed the appearance of both suprathermal H* ions and
electrons with H* densities of a few cm™. We investigate in Section 3.4 the plasma moments and the pitch angle
distribution of the H" particle fluxes observed by C3 to show that they were outflowing ion beams and ion conics.
In Section 3.5 we investigate the C3 measurements for the six outflow drivers and their correlations with the
enhanced particle fluxes of the outflowing H* ions.

3.2. Magnetic Field Changes Due To the IP Shock

We compare the magnetic field observed by C1 and C3 with the T96 model magnetic fields to evaluate the field
variations due to the changing spacecraft locations and the shock impact. Figures 3a-3d show the X-Z distri-
butions at Y = 1 R (we choose a Y location in between C1 and C3, see Figure 2b) of the T96 B,, B, B, and |BI,
respectively, for a condition before the impact with Pgy, = 2 nPa, Dst = =20 nT, IMF B, = —5 nT, and IMF
B, = —1 nT (left panels, fields with subscript of “before”), a condition after the impact with Pgy, = 9 nPa,
Dst = +20 nT, IMF B, = 2 nT, and IMF B, = —6 nT (middle panels, fields with a subscript of “after”), and the
differences due to the impact (right panels, subtract the fields of “before” from the fields of “after”). The values
specified for these before and after the impact conditions are based on the observed values shown in Figure 1. The
T96 fields show that, throughout the region from the cusp to the lobe where Cluster spacecraft were moving
through during the impact, the magnetopause compression by the Py, jump causes a decrease in B, and increases
in both B, and B,. The impact results in a decrease of Bl around the cusp (including the cusp and its immediate
vicinity), as observed by C1 (Figure 2e), but an increase in IBl in the lobe, as observed by C3.

Figures 3e-3g compare the Cluster fields with the T96 fields in B,, B,, and B, respectively. The T96 fields, for
both the “before” and “after” fields, are predicted along the Cluster trajectories. The observed fields from 15:55 to
16:02 UT agree quantitatively fairly well with the T96, ... fields (red dashed lines), indicating the variations are
due to spatial variation. For the fields after 16:07 UT, the T96 fields only qualitatively agree with the
increasing or decreasing trends of the observed fields. The quantitative field changes due to the impact predicted
by the T96 model are relatively better in B, than in B, and B, components. In Section 3.5, we use the differences
between the C3 fields and T96,.,. fields (i.e., the differences between the blue line and red dashed lines in
Figures 3e-3g) to compute Poynting fluxes associated with the impact. Note that the B, observed by C3 (the right
panel of Figure 3f) showed a bipolar perturbation with a positive perturbation first then a negative perturbation (by
comparing with <B>, the 10-min running averages of B, indicated by the magenta curve) between ~16:02 and

after

16:12 UT. Such bipolar B, perturbations are also seen in the simulated B, changes in the lobe (Figures 3e-3g of
Paper 2) corresponding to a transient enhancement of upward field-aligned currents (FACs) in response to the
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Figure 3. (a)—(d) X-Z profiles (at Y = 1 R,) of the T96 magnetic fields in (a) B,, (b) By, (©) B, and (d) IBI for a pre-shock
condition (left panels, T96y(ore: Py, = 2 nPa, Dst = =20 nT, interplanetary magnetic field (IMF) B, = =5 nT, and IMF
B, =—1nT) and a shock condition (middle panels, T96,4,: P,, =9 nPa, Dst =20 nT, IMF B, =2 nT, and IMF B, = =6 nT),
and the differences (T96,¢¢; — T96pcqore- right panels). (e)—(f) Cluster measurements (blue lines) of (e) B,, (f) B,, and (g) B, by
C1 (left panels) and C3 (right panels) in comparison with T96, .. (red dashed lines) and T96,,.. (green dashed lines). The

10-min running averages of B, observed by C3 (<B,>) are indicated by the magenta dotted line in the right panel of (f).
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Figure 4. C1 measurements of H* ions from 16:06 to 16:11 UT. (a)-(d) The H* moments: (a) densities, (b) parallel (red) and
perpendicular (blue) temperatures, (c) pressures (plasma pressure in blue, magnetic pressure in green, and total pressure in
red), and (d) parallel (red) and perpendicular (blue) bulk flow speeds. (e-m) Energy spectrum of H* particle energy fluxes at
8 pitch angles (PA = 5°,28°,50°, 84°,95°, 129°, 151°, 174°). The particle energy fluxes as a function of PA for (n) 3,148 eV
and (o) 1,198 eV H* ions. The purple-shaded interval indicates the exterior cusp. The orange-shaded intervals indicate the
times of observing ion conics.

WANG ET AL. 7 of 18

A ‘6 “+T0T ‘TOY6691T

dny wouy

ASUADIT SUOWWO)) 2ANEAI) d[qear[dde ay) Aq PauIdA0F are Sa[ONIE Y $3sn JO SA[NI 10§ AIRIQIT] AUI[UQ) AI[IA UO (SUOHIPUOD-PUB-SULI) WO A3[1m’ KIeIqi[aurjuo//:sdiy) SUONIpuo)) pue SWId ], 3yl S *[$707/60/S1] uo Areiqi aurjuQ A3[Ip © SO ‘BruIofife) JO ANsIoAiuf) - DNV ONId-HIHD £q LSSTEOV [FT0T/6T01 01/10p/wod i’ £



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032557

shock impact. As discussed in Section 4, associated with enhancing upward FACs, a parallel upward electric field
might develop and accelerate the polar wind ions to ion beams.

3.3. Changes in the Cusp Due To the IP Shock Observed by C1

In this section, we show that C1 observed large changes in the plasma moments and magnetic fields due to
encountering the exterior cusp after the shock impact. As shown in Figure 2, C1 was already in the vicinity of the
cusp before the shock impact. Figure 4 shows that a few minutes after the impact, at ~16:07:15 UT, C1 observed a
sharp jump in H" density from ~2 to 8 cm™> (Figure 4a) and enhancements of H* particle fluxes at all pitch angles
(Figures 4e—4m). From 16:07:15 to 16:09:55 UT (purple-shaded interval), the H* density remained high and the
H* temperatures were > ~ 1 keV (Figure 4b), and the resulting enhanced plasma pressure (blue line in Figure 4d)
and depressed magnetic pressure (green line in Figure 4d) indicated the diamagnetic signature of the exterior cusp.
The H* bulk field-aligned flow (V,, red line in Figure 4c) was mainly downward within the exterior cusp and
mainly upward after 16:09:30 UT. Lavraud et al. (2004, 2005) used Cluster observations to establish statistically
the spatial distributions of the cusp and showed altitudinal variations of the plasma moments from the region of
the exterior cusp (within approximately 2 Ry inside the magnetopause, for example, see Figure 3 of Lavraud
et al. (2004)) to the cusp region below. Compared with their statistical altitudinal variations, the different cusp
plasma moments inside and outside the exterior cusp observed by C1 in this event were consistent with the
differences seen between the exterior cusp and the cusp below. Similarly, comparing with the statistical distri-
bution of V| shown in Figure 4 of Lavraud et al. (2005) suggests that C1 was likely in the cusp/mantle transition
region during the upward-flow-dominated interval after ~16:09 UT. Since C1 was moving very slowly and
toward lower altitudes (Figure 2), this consistency indicates that the above encounter of the exterior cusp by C1
should be due to the region of the exterior cusp being pushed downward to the C1 altitudes as the magnetopause
was compressed by the Pgy jump (red line in Figure 4a).

Figures 4e—4m show the energy spectrum of H* energy fluxes at 8 different pitch angles, and Figures 4n and 40
show the energy fluxes as a function of pitch angle for 3,148 and 1,198 eV H™ ions, respectively (see Figure S2 of
Supporting Information S1 for other energy channels). Since Cluster spacecraft were in the southern hemisphere
at the time, thus the parallel direction (PA < 90°) was upward from the ionosphere while the anti-parallel direction
(PA > 90°) was downward. Within the exterior cusp (purple-shaded interval), the particle fluxes were enhanced at
a few keV and in all pitch angles with relatively higher fluxes around the perpendicular direction than along the
two field-aligned directions (see Figure 4n). This is quantitatively similar to the simulated pitch-angle distribution
within the exterior cusp for the H* ions from the solar wind (see Figure 6b of Paper 2 for ¢ ~33—37 min). During
the interval after ~16:09:50 UT when C1 was likely in the cusp/mantle boundary, for most of the time it observed
similar particle fluxes in all pitch angles with relatively larger fluxes in the upward direction than the downward
direction. This pitch-angle distribution is similar to the simulated pitch-angle distribution in the cusp/mantle
transition region for the H* ions from the solar wind (see Figure 6b of Paper 2 for ¢ > 37 min). During the upward-
flow-dominated interval C1 also observed ion conics for a few very brief intervals (orange shaded) (see
Figure 40). This conic distribution is characteristically similar to the simulated pitch-angle distribution within the
cusp and mantle regions for the outflow H* ions from the ionosphere (see Figure 6d of Paper 2). Thus, the
observed mixture of the two characteristically different pitch-angle distributions suggests the co-existence of H*
ions from the solar wind and the ionosphere in the cusp/mantle region.

3.4. Outflowing H* Ions in the Lobe After the IP Shock Impact Observed by C3

We show in Figure 5 that C3 in the lobe observed outflowing H* ions that appeared ~10 min after the shock
impact. Note that around the same time similar outflowing H* ions were also observed by C4, which was ~0.6 Ry
from C3. The outflowing H™ ions had density up to ~4 cm™ (Figure 5a), temperature of ~100-500 eV
(Figure 5b), field-aligned upward flow speed of ~60 km/s (red line of Figure 5c), and perpendicular flow speed of
<~5 km/s in the X-direction (blue line in Figure 5c). The associated plasma pressure (blue line in Figure 5d) was
two orders of magnitudes smaller than the magnetic pressure (red line in Figure 5d). Figures Se—5n show that the
H* particle fluxes were mainly in the parallel direction (i.e., outward in the southern lobe). The flux increase
consisted of three succeeding enhancements (indicated by “1,” “2,” and “3” on the top of Figure 5a and the
vertical dotted lines) with the energy range (the range is indicated approximately by the two magenta dotted lines
in the PA = 5° energy spectrum of Figure 5e) becoming higher and the pitch-angle distribution changing from ion
beams to ion conics. This change in pitch-angle distribution can be seen in Figures 5o and 5p for the energy fluxes
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Figure 5. C3 measurements of H" ions from 16:10 to 16:22 UT. (a) Densities, (b) parallel (red) and perpendicular (blue)
temperatures, (c) pressures (plasma pressure in blue and magnetic pressure in red), and (d) parallel (red) and perpendicular
(blue) bulk flow speeds. (e-n) The H* particle energy fluxes at 9 pitch angles (PA = 5°, 28°, 50°, 84°, 95°, 106°, 129°, 151°,
174°). The particle energy fluxes as a function of PA for (0) 107 eV and (p) 739 eV H" ions. (q) The H" outflow flux mapped
from the C3 altitude to 4,000 km altitude.

as a function of pitch angle for 107 and 739 eV, respectively (the pitch-angle distributions for other energy
channels are shown in Figure S3 of Supporting Information S1). The first enhancement was from ~16:12:00 to
16:13:00 UT, the second one was from ~16:13:00 to 16:15:00 UT, and the third one was from ~16:15:00 to
~16:22:00 UT. The first enhancement was seen at energies <~100 eV and was highly field-aligned with sub-
stantial fluxes only seen within small pitch angles (PA < 30°). The second enhancement started with the
appearance of highly field-aligned and relatively higher energy H" ions (up to ~1,000 eV) followed by the
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appearance of lower energy H* ions (up to ~200 eV) with pitch angles extending to a larger range (PA < ~106°).
The pitch angle distributions of the first and second enhancements showed the signature of ion beams (the
maximum flux is at PA ~ 0°). The third enhancement was similar to the second enhancement in terms of higher
energy particles appearing first, but the overall energy was higher, and the pitch-angle distribution showed the
signature of ion conics (the maximum fluxes were at ~50° from ~16:16:00 to 16:20:00 UT). Note that from
~16:15:00 to 16:16:00 UT, there was a co-existence of ~100 eV particles from the second enhancement and
~1,000 eV particles from the third enhancement. From the first to the third enhancements, the flux values
increased by more than an order of magnitude. As discussed in Section 4, the above changes in the energies and
pitch-angle distributions may be a result of acceleration by multiple mechanisms.

The outflowing H* ions observed by C3 was not likely due to the encounter with the cusp. Since C1 and C3 were
in the string-of-pearls formation, if the cusp region did not change, then C3 would cross the same cusp region
crossed by C1 earlier. But the time lag between C1 and C3 was about 50 min, and C3 did not encounter the cusp
until ~16:57 UT. Since the magnetopause was compressed by the IP shock, the cusp region might move even
when C3 only moved ~0.3 R from 16:00 to 16:10 UT (see Figure 2). However, the pitch-angle distribution of the
H* ions observed by C3 was characteristically different from that of the cusp H* ions observed by C1, indicating
that the appearance of the outflowing H" ions was not likely a result of the cusp being pushed tailward to the C3
location by the magnetosphere compression due to the shock impact. Thus, it is more likely that the H" ion beams
and conics came upward from the polar cap, not due to an encounter with the cusp.

Figure 5q shows the calculated field-aligned fluxes for the outflowing H' ions (e.g., Zhao et al., 2020),
fas = [ 2n-J(E, O)cos(0)sin(0)dOdE, where J is differential energy flux, E is particle energy from 30 eV to
30 keV, and 6 is pitch angle from 0° to 90° (for outward direction only). For comparison with the results from
previous studies (e.g., Zhao et al., 2020), the computed f;;, values at the C3 location are then mapped to 4,000 km
altitude using fi;,/B = constant, where the B strength at C3 was from the observation and at the 4,000 km altitude
is from the T96,.,. fields. The fi;, values increased from ~2- 107 #/s/cm? to the peak value of 3-10° #/s/cm? in
about 5 min then decreased. Note that this 5-min time scale was similar to that seen in the initial increase of SYM-
H (Figure 1f) we described in Section 3.1. In comparison, the statistical fi;, values around the cusp are from 10%to
10° #/s/cm? as observed by the FAST satellite at ~4,000 km altitudes (Zhao et al., 2020).

3.5. Outflow Drivers and Correlations With H* Outflow Flux Observed by C3

In this section, we investigate the changes in the six outflow drivers described in Introduction due to the shock
impact observed by C3 and show that the initial increase of DC Poynting fluxes was well correlated with the initial
increase of fi;, observed by C3 ~8 min later. We examine in Figures 6 and 7 the six drivers: (a) Downward field-
aligned DC Poynting flux (Spcy); (b) downward field-aligned AC Poynting flux (Sxcy); () electric field
amplitude of extremely low frequency (ELF) waves (Ag, p); (d) Precipitating electron density (n,); (€) precip-
itating electron number flux (f,,); (f) Precipitating electron energy flux (f..).

Note that since C3 started to observe outflowing H* ions after ~16:12 UT, we only investigate the changes in the
six drivers before 16:12 UT. For computing the DC and AC Poynting fluxes, we use the methodology of the
previous studies (e.g., Strangeway et al., 2000; Zhao et al., 2020), which assumes that the magnetic field
B =B, + 6B, where B is a background field and &B is a perturbation field. In this study, we use Brog pefore s the
B,. Figure 6 shows the calculated Poynting fluxes S = E X 6B/u, from the electric fields and magnetic fields
observed by C3, where 6B = B3 — Brog, pefore (€€ the right panels of Figures 3e-3g, blue lines are B3 and red
dashed lines are Brgg pefore)- The observed electric drift and electric fields are shown in Figures 6a and 6b,
respectively. The magnetic field perturbations are further divided into two different frequency ranges,
OB = 6B + 6B o, where 6By is for <0.1 Hz (Figure 6¢, 6By is 10 s running averages of 6B) and 6B ¢, is for
>0.1 Hz (Figure 6d). The Poynting flux is thus divided into the DC Poynting flux (Spc = E X 6Bp/p) and AC
Poynting flux (Syc = E X 6B5c/pg). The parallel DC (Spc ) and AC Poynting fluxes (S,c ) mapped to the
4,000 km altitude using S/B constant are shown in Figures 6e and 6f, respectively. The intensity of the downward
Spcl Speidowns 1-€.» negative Spc ) values indicated by blue-shaded intervals) increased from ~16:04 UT to
~16:09 UT and then quickly decreased afterward. The Sp || 4own iNCrease was due to increases in the intensity of
both E and 6B while the Spc ) gown decrease corresponded to a decrease in E. This ~5 min time scale in the
Spbe.i.down INCTEase was similar to those seen in the initial increase of SYM-H (Figure 1f) and the initial increase of
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Figure 6. C3 measurements of (a) electric drift, (b) electric fields, magnetic field perturbations (c) 6By and (d) 6B o, and the
field-aligned (e) DC and (f) AC Poynting fluxes mapped from the C3 altitudes to 4,000 km altitude.
Ju+ (Figure 5q). Compared with the increase in Spc i gown b€ing continuous, Figure 6f shows that S, c j gown Was
only enhanced sporadically from ~16:06 to 16:10 UT with large fluctuations in the intensity.
Compared to the DC Poynting fluxes, the shock impact did not cause substantial enhancements in Agy g, Neps fons
and £, before the appearance of outflowing H* ions. Figure 7a shows the power spectrum density of electric field
power within the frequency range of 8—4,000 Hz and Figure 7b shows the corresponding values of Ag; . Before
the H" outflow, there were a few very brief (less than a minute) increases of Ag; g at ~16:02, 16:06, and 16:11 UT.
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Figure 7. C3 measurements of (a) electric field power spectrum and (b) amplitude of extremely low frequency waves
computed from (a). (c) Electron energy fluxes at pitch angle = 172°. The gray curve indicates the spacecraft potential. The
three drivers associated with electron precipitating (d) density (nep), (e) number flux (f,,), and (f) energy flux (f..) computed
from (c).

Figure 7c shows the electron energy fluxes at PA = 172° (the black curve indicates the spacecraft potential). We
assume these fluxes represent those within the loss cone for the electron precipitation and the corresponding n,,
fens and £, (integrated over the energy range from the spacecraft potential to 20 keV) are shown in Figures 7d-7f,
respectively. Comparing the values 10 min before and 10 min after the impact, there were no clear changes in the
electron fluxes and the values of the associated ngp, fon, and fee.

We plot in Figure 8 the H* outflow fluxes (Figure 8a, the same as Figure 5q) with the six outflow drivers (Figures
8b—8g). As described above, both the initial increase in the H™* outflow fluxes and the initial increase in the DC
Poynting fluxes had a similar time scale of ~5 min. Since there was a time delay between their starting times, to
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C3 observations of H+ outflow fluxes and the six outflow drivers
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Figure 8. C3 observations of (a) H" outflow fluxes, and the six drivers: (b) downward Sp;, (¢) downward Sy, (d) A p,
(€) Mep, (£) fon, and (g) fi. The correlations of the outflow fluxes from 16:13:30 to 16:219:00 UT (yellow-shaded interval in
(a)) with the six drivers from 16:04:00 to 16:09:30 UT (purple-shaded interval in (b)—~(g)) for (h) downward Sy,

(1) downward Sac . () ApLps (K) 1, (M) fe,, and (0) £

investigate their correlations, we take the fi;, data within a window of 330 s starting from its first appearance at
16:12:00 UT (yellow-shaded region in Figure 8a) and correlate them with the Spc || gown data within the same 330-s
window from its first appearance at 16:03:50 UT (purple-shaded region in Figure 8b). As shown in Figure 8h, they
were highly correlated with the correlation coefficient of 0.9. The linear fit of this correlation (red line in Figure 8h)
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gives fi, = IOS‘GSDCJLdownO‘SS (#/s/cm?) at 4,000 km altitude. Compared with the statistical results of the H*
outflow fluxes in the cusp by Zhao et al. (2020), for the same intensity of the DC Poynting fluxes, the H" outflow
fluxes observed in the lobe during this IP shock event were about an order of magnitude larger. For the other five
drivers, since they did not have a clear increase during the ~5 min purple-shaded interval after the shock impact
(Figures 8c—8g), they were not correlated with the increasing outflow fluxes, as shown in Figures 8i—8n.

The observed enhancements in the electric fields, magnetic field DC perturbations, and downward field-aligned
DC Poynting fluxes caused by the shock impact shown in Figure 6 are also seen in the simulation results (see
Figures 7a—7f of Paper 2). The simulation also shows that the enhanced downward DC Poynting fluxes increase
the numbers of H" ions coming out of the polar-cap ionosphere, and that these ions reach the high-latitude lobe a
few minutes later with a pitch-angle distribution of ion conics (see Figures 7f—7g of Paper 2). Thus, the simulation
supports that the outflowing H* ions observed by C3 in the lobe were plausibly outflows from the polar cap.

4. Discussion

The enhanced downward DC Poynting fluxes were observed by C3 in the lobe about 2 min after the IP shock
impact and then, after ~8 min, outflowing H" ions appeared in the southern lobe. The outflowing ions started with
ion beams at < ~100 eV and were followed by ion conics of several hundreds of eV, suggesting that multiple
acceleration mechanisms were involved. A good correlation was found between the increasing downward DC
Poynting fluxes and the increasing outflow fluxes. Here, we discuss possible explanations and conclude that these
outflowing H* ion beams and conics were likely a result of the acceleration of pre-existing polar wind ions driven
by the enhanced Poynting fluxes.

Based on previous studies (e.g., Strangeway et al., 2005), downward Poynting fluxes is one of the energy sources
to drive ionospheric outflows, and there are two ways the downward Poynting fluxes can contribute to iono-
spheric H* outflows: (a) Poynting fluxes go down to the ionosphere F region (~150-500 km altitude) and cause
Joule dissipation, which heats ions sufficiently to cause ion upwelling and thus provide more source ions for
generating outflow H* ions as the polar wind above ~1,000 km altitude. The observed average temperature of the
H polar wind ions is < ~2 eV (Su, Horwitz, Moore, et al., 1998; Su, Horwitz, Wilson, et al., 1998; Yau
etal., 2007). (b) Poynting fluxes reaching down to altitudes of ~1,000 km to 15,000 km can cause acceleration of
the polar wind to generate suprathermal outflow ions, including the ion beams associated with parallel accel-
eration and ion conics associated with perpendicular acceleration. The parallel acceleration can be due to the
upward quasi-static parallel electric field (e.g., Lu et al., 1992) associated with upward FACs. The altitude of such
a parallel electric field is below ~15,000 km (e.g., Ergun et al., 2004; Reiff et al., 1993). The perpendicular
acceleration can be due to the interaction with different wave modes, such as ion cyclotron waves (e.g., Chang
et al., 1986; Crew et al., 1990), broadband waves (e.g., André et al., 1990), lower hybrid waves (e.g., Chang &
Coppi, 1981), and dispersive Alfvén waves (e.g., Chaston et al., 2004). This wave acceleration typically occurs
below ~10,000 km (e.g., Moore & Horwitz, 2007). It is thus expected that, through these acceleration processes,
the larger energy source going down would result in more suprathermal outflow ions coming out. This expected
good correlation has been shown statistically in the previous studies using the observations from a satellite at
~4,000 km altitude (e.g., Strangeway et al., 2005; Zhao et al., 2020). As the suprathermal outflow ions moving
upward from the acceleration altitudes, this good correlation should continuously be seen at higher altitudes but
with a time delay, which plausibly explains the C3 observations at ~6 R altitude that the initial increase in the
outflow fluxes was well correlated with the initial enhancements of the downward DC Poynting fluxes several
minutes earlier.

In this event, C3 observed the suprathermal outflowing H* ion beams and ion conics, indicating that the observed
enhanced Poynting fluxes led to the acceleration of the polar wind. Based on the two ways Poynting fluxes affect
outflows described above, we consider two scenarios illustrated in Figure 9 and make simple estimations of the
times needed for H* suprathermal outflows to reach the C3 altitude (~6.5 R) after enhanced Poynting fluxes
reached down to lower altitudes. We assume that the time for Poynting fluxes propagating downward from C3 to
the ionosphere is negligibly short.

1. The first scenario consists of two steps (Figure 9a). First, the enhanced downward Poynting fluxes reached the
F region and enhanced upwelling ions to generate more polar wind ions, and during the second step these polar
wind ions were then accelerated by processes driven by enhanced Poynting fluxes reaching down to altitudes
above 1,000 km. Considering that the upwelling speed increases linearly from 0 at 400 km altitude to ~1 km/s
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Two proposed scenarios for the ion beam and ion conics observed by C3
(a) Scenario 1 (b) Scenario 2

altitude c3 altitude
C3

oRe * 6 Re A* A

ion conics

ion beam
Poynting flux
Poynting flux

ion beam
ion conics

Poynting flux

15,000 km
acceleration
. 15,000 km
polar wind
1000 km
x
=
E’ upwelling
Il (V) < 1 km/s)
y pre-existing
400 km| & polar wind
\ 4 1000 km
F region Joule heating
polar cap polar cap

Figure 9. The processes proposed for producing the ion beam and ion conics observed by Cluster C3 are illustrated in (a) for
scenario 1 and (b) for scenario 2.

at 1,000 km altitude (e.g., Endo et al., 2000), it would take ~25 min for upwelling ions to move from 400 to
1,000 km altitude to generate the source for the polar wind. Thus, this first step alone takes much more time
than the 8-min delay. Even without including this first step, we can consider the second step alone as the
second scenario.

2. In the second scenario (Figure 9b), there were pre-existing polar wind ions and they were accelerated due to
enhanced Poynting fluxes reaching altitudes above 1,000 km. Note that C3 would not observe such pre-
existing H* polar wind ions because their thermal energy of ~1 eV was substantially lower than the in-
strument's energy range (~40 eV). As shown in Figure 5e, the first field-aligned suprathermal H* ions
observed by C3 at ~16:12 UT were at an energy of ~100 eV, suggesting polar-wind H* ions being accelerated
parallelly from 1 to 100 eV. If we consider that the Poynting fluxes caused a field-aligned potential of 100 eV
in the region between 1,000 and 15,000 km altitude, for a 1 eV H* polar wind ion already at 1,000 km, as it
moves upward, it would be accelerated by this parallel electric field to 100 eV when it reaches 15,000 km
altitude in about 160 s (this estimate time would be shorter if the altitude range for the 100 V potential is
shorter). It would then take this 100 eV H* ion another 210 s to move from 15,000 km to 6.5 Ry, thus a total of
~6 min travel time. This is significantly closer to the 8-min delay compared to the first scenario.

Therefore, based on the above simple estimations, we conclude that the H* ion beams and conics observed by C3
in the lobe were likely a result of the pre-existing polar wind ions being accelerated by the enhanced Poynting
fluxes. Note that the scenarios in Figure 9 do not require a spacecraft to remain on the same magnetic field lines to
see the Poynting fluxes first and outflows later. We expect that the enhanced downward Poynting fluxes and the
resulting outflows occurred over the entire polar cap, as supported by the simulation results shown in Paper 2.
Thus, the scenarios apply to C3 since it remained in the lobe on the field lines connected to the polar cap.

Note that the first scenario in Figure 9 might also occur in this event. Even though it cannot explain the initial
appearance of the H* outflow, it may explain the weak outflowing H* ions observed by C3 after 16:30 UT shown
in Figure 2g. Regarding acceleration of the polar wind, the parallel electric field is considered as an important

WANG ET AL.

15 of 18

A ‘6 “+T0T ‘TOY6691T

sduy) SUONIPUO pue SWIAL, 31 338 *[KZ0/60/S1] U0 AIqIT uIUQ A1 A * SO “BIUIOJ[ED) JO ANSIAIN - DNV A ONId-HIHD £4 LESTEOV [7T0T/6T01"01/10p/wod K[t

SULID}/ WO KA[IM

Pt

ASURDIT suowwo)) A1) 2[qearidde ayi Aq pauIA0S e SAOIIE YO 1SN JO s 10§ KreIqr] auljuQ) A3[IAN UO (SUOT:



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032557

Summary of observations and relevant processes

Before 16:02 UT + Observations < Processes
Do - 16:00 UT: C1 in the cusp, C3 in the lobe
o
) - IP shock front arrived, pushed the
exterior

magnetopause inward

cusp @c3
+ 16:02 UT: YM-H jumped
cusp - Magnetospheric magnetic fields were
compressed
polar wind + 16:03-16:04 UT: C1 and C3 saw magnetic field
ionosphere changes
16:02 to 16:10 UT + Magnetosphere compression enhanced

Poynting fluxes flowing downward from the
magnetopause to the ionosphere

» 16:04 UT: Downward Poynting flux at C3 started
to increase

- Poynting fluxes drove processes that
accelerated pre-existing polar wind to generate
superthermal outflow ions flowing upward

The exterior cusp was pushed to lower altitude
along with the inward magnetopause

~ ~Y
generating superthermal outflow

» 16:07 UT: C1 saw exterior cusp
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+ Superthermal outflow reached C1

16:10 UT: C1 saw mantle and superthermal
outflow

- Superthermal outflow reached C3

16:12 UT: C3 saw superthermal outflow ion
beam

+ 16:15 UT: C3 saw superthermal outflow ion
conic

Figure 10. Schematic summary of the observations and relevant processes.

mechanism for suprathermal outflows at the auroral latitudes, where FACs are enhanced by disturbances within
the plasma sheet. In this event, we showed that enhancements of FACs down to the polar cap driven by an IP
shock impact can also result in large H" suprathermal outflows into the lobe. In addition, the appearance of ion
conics suggested perpendicular acceleration by waves. Those responsible waves were likely driven by the
enhanced Poynting fluxes at altitudes below 10,000 km, which explains why there were no substantial en-
hancements of electric field wave observed by C3.

5. Summary

In this study, we used two Cluster spacecraft, one in the cusp and one in the lobe, to analyze an event of outflowing
H* ions in the lobe resulting from the impact of an IP shock on the magnetosphere. The key observations and the
relevant processes are schematically summarized in Figure 10. By comparing the observations at the two loca-
tions, we ruled out that the appearance of the H* outflows in the lobe was due to encountering the cusp. The shock
impact caused an increase in SYM-H. The spacecraft in the lobe at altitudes of ~6.5 R observed enhanced
downward DC Poynting fluxes ~2 min after the SYM-H increase and then, after another 8 min, the appearance of
outflowing H* ion beams and ion conics. Interestingly, a similar increasing trend with a time scale of ~5 min was
seen in the increases of SYM-H, the downward DC Poynting fluxes, and the outflowing H* fluxes. Thus, the
increasing outflow fluxes were highly correlated with the increasing downward DC Poynting fluxes with the 8-
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min time delay. We also examined other outflow drivers but did not find good correlations with the outflow
fluxes. Based on our understanding of how Poynting fluxes affect outflow, we concluded that such time delay can
be explained by the time needed for the enhanced DC Poynting fluxes to reach down to lower altitudes, drive
processes to accelerate pre-existing polar wind ions to ion beams and ion conics, and then these suprathermal ions
flow upward to the spacecraft altitudes. This conclusion is also supported by the simulation results presented in
Paper 2.
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