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Abstract. We report the first observations that connect a burst of fast flows and Pi2 fluctuations
in the mid-tail current sheet at X ~ —60 Rg with ground magnetic negative bays and Pi2
pulsations at high-latitudes near 70°. Both the flow burst and negative bays occurred around
midnight and were isolated and lasted for ~10 min. The flow burst had the characteristics of a
low-density plasma bubble. It was moving earthward at ~340 km/s and was accompanied by
field-aligned currents. The timing and equatorward motion of magnetic bays can be accounted
for by this earthward moving bubble. Enhanced Pi2 fluctuations were observed within both the
bubble and the magnetic bays. Pressure anisotropy with higher parallel pressure was observed
associated with the flow burst and was firechose unstable. We discuss firehose instability as one

of the possible mechanisms for the Pi2 fluctuations.
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1. Introduction

Nightside ionosphere at auroral latitudes is magnetically connected to the magnetotail current
sheet. Major magnetic field disturbances observed on the ground, such as magnetic bays and Pi2
pulsations (6-25 mHz and 40-150 s), have been associated with different disturbances in the tail.
Magnetic bays have been observed during substorms, pseudo-breakups, or poleward boundary
intensifications [Lyons et al., 1999]. They are often associated with bursty bulk flows (BBFs)
and magnetic field dipolarization in the tail plasma sheet, during which the connection between
the currents in the ionosphere and tail is established through a substorm current wedge (SWC)
current system [e.g., McPherron, 1972; Kepko et al., 2015]. Pi2 pulsations can be observed
either during quiet times or disturbed times [e.g., Keiling and Takahashi, 2011]. Ground Pi2
pulsations at high latitudes have been observed within an interval of magnetic bays [Keiling et
al., 2008; Murphy et al., 2011]. BBFs have been considered as one of many different energy
sources for Pi2 pulsations. Many observational studies have shown space Pi2 pulsations
associated with BBFs [e.g, Saito et al., 2008; Xing et al., 2015], as well their connections with
ground Pi2 pulsations [e.g., Kepko and Kivelson, 1999, Murphy et al., 2011; Runov et al., 2014,
Gabrielse et al., 2017]. Kepko and Kivelson [1999] correlated BBF velocity variations with
ground Pi2 waveforms. Gabrielse et al. [2017] showed that ground Pi2 pulsations were observed
earlier at higher latitudes, in good correspondence with earthward moving BBFs. However, the
satellite data used in these previous studies were at » < ~20 Rg, so they may only observe BBFs
that were likely propagated from further down the tail. It thus remains unclear whether high-
latitude Pi2 pulsations are connected to BBFs in near-Earth (» < ~30 Rg), mid-tail (» ~30-100
Rg), or distant tail (» > 100 Rg) current sheet. In this paper, using simultaneous observations from

ground magnetometers and Acceleration Reconnection Turbulence and Electrodynamics of
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Moon’s Interaction with the Sun (ARTEMIS) in the tail, we present a case study showing that
ground magnetic bays and Pi2 pulsation observed at ~70° latitude were very likely connected to
mid-tail BBFs observed at X ~—60 Rg. This is, to our knowledge, the first observational study to
establish such magnetic connection between the ionosphere and mid-tail current sheet. We select
this particular event because of many good circumstance conditions. The tail current sheet had
been relatively steady for more than 1 hr. Both ARTEMIS and ground magnetometers were close
to midnight. The perturbations observed at both ARTEMIS and ground were sharp and isolated.
The two ARTEMIS probes were separated in the X direction and the ground magnetometers
were aligned along approximately the same geomagnetic longitudes, which were ideal for
determination of earthward and equatorward propagation of the disturbances. These good
conditions allow for establishing the tail-ionosphere connection with less ambiguity. Such
ground-ARTEMIS conjunction events were very rare and the conditions were the most ideal for
this event. We present the ARTEMIS observations of the BBFs in section 2. Magnetic bays
observed on the ground and their connection with the BBFs were presented in section 3. The Pi2
pulsations observed in both the tail and on the ground were presented in section 4. In section 5
we discuss firehose instability as one of possible mechanisms for generating the Pi2 fluctuations
in the tail by comparing the results of a PIC simulation with ARTEMIS observations.
2. BBFs and Plasma Bubble in Mid-Tail

In this event study, a burst of mid-tail BBFs was observed by the two ARTEMIS probes
[Sibeck et al., 2011], P1 and P2, at ~05:25 UT on 6 December 2014 at X ~ —-60 Rg. ARTEMIS
magnetic field vectors (3 s resolution) were measured by the fluxgate magnetometer (FGM)
instrument [Auster et al., 2008], and plasma moments (3 s resolution) were measured by the

electrostatic analyzer (ESA, 0.006-20 keV/q for ions and 0.007-26 keV for electrons)
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[McFadden et al., 2008] and the solid state telescope (SST, 35 keV—-6 MeV for ions and 30 keV—
6 MeV for electrons). Figures 1a shows observations of P1 (in blue) and P2 (in red) from 05:10
to 05:50 UT. Prior to 05:25 UT, both probes were in the plasma sheet (as indicated by hot ions of
~2 keV and small magnetic field strengths) and observed only weak and gradual plasma and
magnetic field variations with bulk flow speed less than ~100 km/s. This relatively quiet plasma
sheet had lasted for more than one hour since ~04:10 UT. At ~05:25 UT, bulk flows were
sharply enhanced in the earthward direction; it reached ~600 km/s but the enhancement quickly
diminished at ~05:36 UT. Within this 11 min flow burst, density and pressure dropped
significantly by a factor of ~2, while temperature increased by a factor of ~1.5. This density
reduction indicated that this flow burst was associated with a plasma bubble. Magnetic fields
also changed significantly within the plasma bubble with magnetic field strength jumping to ~13
nT. The quiet plasma sheet beforehand and the isolated flow burst allowed for identifying the
initiation and duration of the tail disturbances, as well as corresponding ground disturbances,
with less timing ambiguity.

There was a slight difference between the times when the two probes observed the bubble,
suggesting the bubble was propagating. However, in this case the observed peak bulk flow speed
cannot be used to represent the propagation speed. Within the bubble, electric drift (Vexg), as
shown in Figure 1a, was substantially smaller than bulk flows. The difference at the flow peak at
~05:27 UT was due to strong diamagnetic drift resulting from sharp plasma and magnetic field
gradients, while the difference after the flow peak is to the parallel flows. Diamagnetic drift
includes a magnetization component not associated with transport, thus making it unreliable to
use bulk speeds for the bubble’s propagation speeds. Figure 1b shows the probe locations in

aberrated geocentric solar magnetospheric coordinates (A-GSM, the aberration angle was ~4°
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corresponding to the solar wind speed of ~400 km/s at the time [e.g., Dmitriev et al., 2003]). At
05:25 UT (as indicated by squares) the two probes were mainly separated in the X direction with
P1 being ~1.05 Rg earthward of P2 (the separations in the Y and Z directions were ~0.2 Rg),
allowing for estimating the bubble’s propagation in the X direction. Note that the alignment
between the two probes kept changing as the probes moved, so that having such particular
alignment right at the beginning of a flow burst was rare. This is an important reason for us to
select this event. Figure 1c shows |B| observed by P1 from 05:24 to 05:28 UT (in blue). A good
match in the sharp B increase (dipolarization front) was found with that of P2 (in red) if P2 data
were time-shifted forward by 18-21 s (considering the 3 s uncertainty of the B measurements),
indicating that the bubble was propagating earthward at speeds of ~344+26 km/s. In the previous
studies of earthward-moving bubbles in the near-Earth plasma sheet using multiple satellites
[e.g., Runov et al., 2012], it is found that the propagation speeds inferred from two satellites were
close to the average bulk flow speeds within the bubbles. In our event, the bulk flow speeds
averaged over 05:25 to 05:36 UT were 340 and 320 km/s for P1 and P2, respectively, which
were within the range of the above inferred speeds. If the bubble passed through the probes at a
constant propagation speed of 344 km/s, the X-scale of the bubble would be ~35 R.

Figure 2a shows the magnetic field variations and their 5 min running averages (in black)
observed by P1 associated with the flow burst from 05:24 to 05:38 UT. Within the bubble, By
and B, were enhanced in the positive direction, while there was a bipolar variation in By. Such
bipolar variations are similar to those observed in a flux transfer events (FTE) along the
magnetopause [e.g., Zhang et al., 2008], and are likely associated with a helical magnetic
structure generated by field-aligned currents (FACs) flowing through a twisted flux tube. In the

Zhang et al. study, they were able to reproduce the observed FTE magnetic fields with helical
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magnetic fields generated by the Kivelson and Khurana [1995] model. Therefore we also apply
this model to fit our observations. To account for the observed By bipolar profile and the Bx and
B, enhancements, the model core magnetic field is tilted from the X-Y plane with a large angle,
and the FAC is directed downward to the current sheet (upward from the ionosphere). As shown
in Figure 2a, the model fields (in red) are qualitatively consistent with the observed field
variations. Despite some quantitative discrepancies in the By and B, enhancements, which is
likely due to current sheet motion relative to the satellite, this qualitative agreement is sufficient
to indicate the existence of a FAC associated with this flow burst. Figure 2b shows that V;
observed by P2 started to increase in the positive direction ahead of the flow burst, but it turned
sharply negative and was enhanced within the burst. Such FAC and Vy profiles are consistent
with magnetohyrodyamic simulation results of Birn et al. [2004], which predicted the generation
of FACs and flow vortices by a moving plasma bubble. The predicted FAC is downward
(upward) to the current sheet, and the predicted flow vortex is counterclockwise (clockwise) on
the duskside (dawnside) of an earthward-moving bubble; therefore the observed magnetic fields
and flows suggest that P1 likely observed the duskward side of the plasma bubble. Figure 2c
illustrates these magnetic field and flow perturbations relative to the ARTEMIS probe.
3. Magnetic Bays on the Ground

The FACs inferred from the observed magnetic field perturbations within the plasma bubble
shown in Figure 2 are expected to cause transient enhancements in the perpendicular currents
flowing in the ionosphere (electrojets) because of current continuity (V-J = 0, where J is current
density). As a result, magnetic field perturbations on the ground are enhanced. Figure 3a shows
ground magnetic field perturbations indicated by SML index derived from SuperMAG [Gjerloev,

2009; 2012]. SML, similar to AL index, indicates the maximum westward auroral electrojets
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strength. SML is computed from the lower envelope of the north-south component for stations
between 40° and 80° magnetic latitudes in the northern hemisphere (typically ~100 stations),
while AL is derived only from 12 stations between 60° and 71° magnetic latitudes. So for an
electrojet of smaller spatial scale or at latitudes higher or lower than the nominal auroral zone,
SML can better catch its ground perturbations than does AL. Figure 3a shows that SML started
to decrease from —100 nT at ~05:22 UT and dropped to its minimum of —220 nT at 05:35 UT,
but it then increased back to —100 nT at 05:45 UT. This SML enhancement occurred around the
time of the mid-tail flow burst, thus supporting their expected connection through the FACs.

To further investigate the magnetic connection between the mid-tail and the ionosphere, we
estimate ARTEMIS footprint by using the Tsyganenko 96 (T96) magnetic field model
[Tsyganenko et al., 1995; 1996]. The T96 model is the only empirical model that is capable of
predicting magnetic fields in the mid-tail and beyond. The later versions of Tsyganenko
magnetic field models were developed specifically only for storm times and for the region
earthward of X' = —15 Rg. For the inputs to the T96 model, we use the observed IMF B, and IMF
B, dynamic pressure (Psw), and SYM-H from OMNI data [King and Papitashvili, 2005], as
shown in Figures 3b-3d. Py, was about 3.5 nPa with no strong variation (the solar wind density
was ~10.5 cm™) and SYM/H was ~0. IMF B, and B, were relatively steady, while IMF B, was
southward from ~04:58 to 05:15 UT and then remained around zero afterward. Note that these
IMF and Pgsw have been shifted to the Earth’s bow shock nose, which was at X ~12 Ry at the
time. Considering that the solar wind speed was ~400 km/s and it would take another 19 min for
these conditions to reach X = —60 Ry, we use the conditions between 05:00 and 05:20 UT to
estimate the T96 fields at ARTEMIS locations between 05:20 and 05:40 UT. The T96 lobe fields

at X =—-60 Rg were ~11 nT, slightly smaller than the observed lobe field of ~13 nT inferred from
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total plasma and magnetic pressures, suggesting that the estimates by using the T96 model
presented below are likely appropriate for this event. Figure 3e shows the estimated ionosphere
footprints of P1 (red triangles), together with mapping of equatorial locations at fixed X and Y
(red dotted lines). The footprint of P2 was very close to that of P1, so only the P1 footprint is
plotted. The ARTEMIS footprint was at ~69° to 71° magnetic latitudes and at ~362° to 364°
magnetic longitudes (at MLT ~0.6 as midnight at 05:30 UT is indicated by the purple vertical
line). Since ARTEMIS was close to midnight, we expect that the MLTs of the field-line mapping
should not be significantly affected by IMF By penetration into the tail magnetosphere.

To investigate magnetic field perturbations on the ground in a good MLT conjunction with
ARTEMIS, we first examined all ground magnetometers within ~3 hr MLT from the ARTEMIS
footprint and between 65° to 80° latitudes. These stations, as plotted in Figure 3e, were mapped
to most of the tail from X ~ —10 to beyond —100 Rg and |Y| < ~15 Rg. Figure 3f shows
perturbations in the H (in blue) and Z (in red) components at these stations. Note that these
stations are plotted in a way that the stations of the same column (row) are at similar magnetic
longitudes (latitudes), and the blank panels are also plotted to fill those longitudes and latitudes
where there was no station. The ground magnetic field components are defined in the
geomagnetic coordinates. H is along the north-south direction (positive is northward), D is along
the east-west direction (positive is eastward), and Z is along the vertical direction (positive is
downward). The perturbations are computed by subtracting their 30 min running averages. It can
be seen that the largest ground perturbations were observed at AKUL station, which was very
close to the ARTEMIS footprint at the time. Note that the perturbations at AKUL station was the

main contributor to the SML minimum shown in Figure 3a. This mapping thus suggests that the
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ground perturbations were very likely caused by the FACs associated with the bubble observed
at ARTEMIS.

AKUL belongs to a chain of stations (CDRT, SALU, PUVR, INUK, and SNKQ) that were
aligned approximately along the MLT of the ARTEMIS footprint from ~66° to 74° latitudes.
These stations were thus ideal for investigating latitudinal propagation of ground perturbations.
Figure 4a shows ground magnetic field perturbations (subtracting their 30 min running averages)
in the H (in blue), D (in purple), and Z (in green) components at five of these stations. Magnetic
negative bays with sharp drops in H and D for ~10-15 min were observed at almost all stations.
The minimum of AH (indicated by the blue vertical dotted lines) approximately coincided with
the minimum of AD, while AZ changed signs at the AH minimum from pointing upward before
to pointing downward after the minimum. The perturbations were seen to occur earlier at stations
at higher latitudes. The AH minimum occurred at ~74° (CDRT) at ~05:27:30 UT and later at
~69° (PUVR) at ~05:39 UT. At 67.5° (INUK), AH was very small but a strong AD minimum can
still be seen at ~05:42 UT. As illustrated in Figure 4b, these correlations between the
perturbations in the three components are consistent with being caused by an equatorward
moving electrojet within its currents flowing westward and northward. As the electrojet moved
equatorward and passed through a station, one would first observe a negative AZ when the
electrojet was north of the station, then a negative AH and zero AZ when the electrojet was just
overhead of the station, and finally a positive AZ after the electrojet moved to south of the
station.

Interestingly, the By perturbation observed by P1 with 6.5 min delay (in red) was found to
match well with the A and D perturbations at AKUL station. This time delay can be due to the

propagation of shear Alfvén waves from ARTEMIS to the ionosphere. We estimate Alfvén
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speeds and propagation times by using the T96 magnetic fields and by assuming a constant
density of 0.08 cm™ (the low density within the plasma bubble as shown in Figure 1b). Figure 4c
shows the estimated Alfvén speeds (in blue) and propagation times (in red) as a function of the
distances along the magnetic field lines from the ARTEMIS location. It would take ~350-400 s
for shear Alfvén waves to travel to the ionosphere from X = —60 Rg, which can explain the
observed delay. Figure 4d shows the prediction of the X-location of the bubble front as a function
of time (blue) assuming a constant earthward speed of 340 km/s, together with the arrival
latitudes and times of the shear Alfvén waves (red) coming from the bubble front. The predicted
ground equatorward motion is consistent with the observations shown in Figure 4a. Also, the
predicted equatorward moving speed is ~0.43°/min, in agreement with the observed speed of
~0.4°/min. The above analysis thus strongly suggests that the equatorward-moving magnetic
bays are caused by the FACs associated with the earthward-moving plasma bubble in the mid-
tail. Note that this is different from polarward-moving magnetic bays associated with tailward
expansion of the current wedge resulting from flow-braking in the near-Earth plasma sheet [e.g.,
Birn et al., 2013].

As shown in Figure 3f, earthward propagation of ground perturbations was also observed at
PANG, IQA, and KUUJ stations, which were ~10-15° eastward of the ARTEMIS footprint.
However, such earthward propagation was not observed at RANK, FCC, and GILL stations,
which were ~20° westward of the ARTEMIS footprint. Note the perturbations at FCC and GILL
were shorter (2-5 min) and occurred earlier and were actually moving poleward, so that they
were more likely associated with a small perturbation in the near-Earth plasma sheet and not
with the mid-tail plasma bubble. This suggests that the mid-tail bubble may extend at least ~5 Rg

wide in the Y direction. This Y-scale is expected, as Li et al. [2013] showed statistically from
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ARTEMIS observations that plasmoids at X ~ —60 Rg have a width of 5-10 Rg. In global MHD
simulations [e.g., Wiltberger et al., 2015], there could be more than one plasma bubble occurring
simultaneously across the mid-tail. For this event, from these ground perturbations observed by
all the stations mapped to most of the tail, it is likely that the plasma bubble observed by
ARTEMIS was the only bubble at the time. In addition, there were positive excursions in AH and
AD before the negative bays. These excursions at AKUL and PUVR are likely not an artificial
effect of the filtering process. A possible explanation for the excursions is that they were caused
by the eastward electrojet of a region-2 sense FAC system generated ahead of the earthward
moving bubble, as shown in the observational studies of the near-Earth bubbles [e.g., Liu et al.,
2013]. However, such region-2 FACs may be too small or ARTEMIS may not be near them so
that the currents are not discernable from the ARTEMIS magnetic fields shown in Figure 2 by
using our fitting analysis with the model helical magnetic fields.
4. Pi2 Fluctuations in Space and on the Ground

As shown in Figure 2a, associated with the flow burst, there were strong magnetic field
fluctuations in periods of ~1-2 min, which is within the Pi2 range (40-150 s). To analyze
magnetic field fluctuations in the magnetosphere, we transformed field components to mean-
field aligned (MFA) coordinates. The Zyra component is in the direction of the background
magnetic field determined from 5-min running averages (as shown in black lines in Figure 2a),
the Ymra component is the cross product of the spacecraft’s position unit vector and Zyra and it
points azimuthally eastward, and the Xyra component completes the orthogonal right-hand
system. Figures 5a and 5b show 40-150 s band-pass time series of parallel and perpendicular
magnetic fields, plasma pressure (P), and parallel and perpendicular flow speed, observed by P1

and P2, respectively, from 05:10 to 05:45 UT. Pi2 fluctuations in both magnetic field and plasma
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were strongly enhanced starting from ~05:25 UT associated with the flow burst. The magnetic
field fluctuations were seen in both the parallel (compressional) and perpendicular direction.
Figure 5d shows that perturbations of magnetic pressure (Pg) observed at P2 were out of phase
with those of plasma pressure (Pp), indicating slow mode waves. Interestingly, the Pg and P,
observed at P1 as shown in Figure 5c¢ show a mixture of phase difference between their
perturbations, indicating coexistence of the slow mode with the fast and intermediate modes.
This difference between P1 and P2 suggests that a complex Pi2 wave environment was generated
within the bubble.

Figure 6a shows that ground Pi2 perturbations can be seen in both the unfiltered (top) and 40-
150s band-passed (bottom) time series of the H component observed at AKUL, and that the Pi2
perturbations were amplified within the magnetic bay (magnetic field data with 0.5 s resolutions
for these stations were used). Figure 6b shows 40-150 s band-pass time series of magnetic fields
in the H, D, and Z components from 05:10 to 05:45 UT observed at the five stations shown in
Figure 4a. At all these stations, Pi2 magnetic field perturbations were strongly enhanced in all
the 3 components within the magnetic bays (the vertical purple lines indicate the minimum of
AH shown in Figure 4a). This thus suggests that the space Pi2 waves may be first generated
within the bubble in the tail and then propagated to the ionosphere, resulting in the enhancements
of the ground Pi2 waves. However, the dominant periods of ground Pi2 waves and the phase
correlations between the 3 components vary slightly with latitudes, which may suggest that the
characteristics of Pi2 waves within the bubble likely changed as the bubble was moving
earthward and evolving. More observational and simulation studies need be conducted in the
future in order to understand the Pi2 wave generation within a plasma bubble and its physical

connection with the ground Pi2 waves.
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5. Conclusion and Discussion

In this study, by using a midnight conjunction of ARTEMIS probes and ground stations, we
present the first observational study showing that BBFs and Pi2 pulsations in the mid-tail current
sheet at X ~ —60 Rp were connected to ground magnetic bays and Pi2 pulsations at ~70° magnetic
latitude. The BBFs were associated with a plasma bubble. The bipolar By variations within the
bubble suggested a flux rope with downward FACs to the tail (upward from the ionosphere).
Such FACs were expected to generate ionosphere electrojets and thus can account for magnetic
bay perturbations. Both the BBFs and magnetic bays were isolated and lasted for ~11 min. The
magnetic bays were observed a few minutes after BBFs, which can be explained by Alfvén
propagation times. The BBFs were propagating earthward, in a good correspondence with the
magnetic bays moving toward lower latitudes. Pi2 fluctuations were enhanced within both the
BBFs and the magnetic bays. These correlations thus connected the mid-tail disturbances with
the high-latitude ground perturbations. It is likely that there was aurora activity associated with
this event, however, no all-sky imagers were available at the time. Nevertheless, this event may
be associated with polarward boundary intensifications (PBIs) [De La Beaujardiere et al., 1994],
which is localized auroal brightening around the polar-cap boundary, since previous studies have
shown that PBIs have the characteristics of high-latitude negative bays [e.g., De La Beaujardiere
et al., 1994] and Pi2 waves [e.g., Sutcliffe and Lyons, 2002]. In addition, the equatorward
propagation of negative bays in this event suggests an association with an auroral streamer, a
north-south aligned aruoral form extending equatorward from a PBI. Previous studies have also
connected BBFs with PBIs [e.g, Zesta et al., 2006] and streamers [e.g., Sergeev et al., 1999].

It has been suggested that BBFs associated with an earthward-moving plasma bubble can be

generated by reconnection in the magnetotail [Chen and Wolf, 1993]. Simulations of
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reconnection using double-adiabatic magnetohydrodynamic codes [e.g. Hirabayashi and
Hoshino, 2013], hybrid codes [e.g., Hirabayashi and Hoshino, 2015], and PIC codes [e.g., Liu et

al., 2012] have shown that reconnection can generate a fast-moving plasma cloud (we refer it to

as ejecta) with pressure anisotropy of P./P; < 1. With such anisotropy, a system becomes

firehose unstable when the condition of Cr=1 —0.5-(f — f.) <O is satisfied, where f = 2u0P/B.

It has been suggested from simulations that firehose instability can be a mechanism for ULF
waves, including Pi2 pulsations [e.g., Horton et al., 2004]. Other mechanisms proposed for Pi2
pulsations include substorm current wedge, periodic flow bursts, periodic reconnection bursts,
and other instabilities such as ballooning instability [Keiling and Takahashi, 2011]. In the 2-D
PIC simulations of Liu et al. [2012], they investigated the reconnection exhaust tailward of the
ejecta and found that the region near the current sheet center is firehose unstable. Their analysis,
however, did not include the region within the ejecta. We analyze their simulation results for the
firehose condition within the ejecta in Figures 7a and 7b. Figure 7a shows fast flows associated
with the ejecta (moving toward larger X) generated by quasi-steady reconnection located at X =0
(here the PIC results are shown in coordinates similar to GSM but with units in the proton
inertial length). The proton inertial length is 0.113 Rg in this simulation and the X-scale of the

ejecta is ~6 Rg. Figure 7b shows By, plasma parallel pressure (P, in red) and perpendicular

plasma pressure (P, in blue), and Cras a function of the Z direction across the central part of the

ejecta (indicated by the dashed white line in Figure 7a). P, is smaller than P) inside the ejecta,

and the Cr <0 condition is satisfied within a thin region close to the current sheet center where £
is high. We compare the simulation results with ARTEMIS observations. Figure 7c¢ shows By,

plasma pressure, pressure anisotropy, plasma beta, and C; observed by P2. Around the flow

burst, P became increasingly larger than P,, and Cr < 0 was observed when P2 crossed the
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region of small By (< ~3 nT) and large § (> ~20) (indicated by the vertical black dashed lines). Ct
< 0 was also observed by P1 (not shown). Note that P2 did remain close to the current sheet
center during the flow burst probably because of the vertical motion of current sheet. This
qualitative consistency with the PIC simulation results suggests that firchose instability can be
one of the possible mechanisms for the observed Pi2 fluctuations. It thus requires more realistic
PIC simulations and more ARTEMIS observations in future studies to further investigate this
mechanism. The previous study showed that firehose instability is rare within the BBFs observed
in the near-Earth tail [e.g., Kim et al., 2010]. But several ARTEMIS event studies in mid-tail
have shown firehose instability associated with fast flows [e.g., Vérds, 2011; Hietala et al.,
2015]. It thus requires statistical studies to determine the occurrence rates of firehose instability
within the mid-tail BBFs.
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Figure 1. (a) Bulk velocity, ion density, ion pressure, ion temperature, magnetic field strength,
and Vg« observed by P1 and P2. (b) X-Y and X-Z projections of P1 and P2 trajectories from
05:10 to 05:50 UT (squares indicate the locations at 05:25 UT). (c) |B| observed by P1 (blue) and

P2. P2 was time shifted forward by 18 (green) and 21s (red).

Figure 2. (a) Magnetic field components observed by P1. The black lines indicated 3 min
averages and red lines are magnetic fields of the flux rope model. (b) Velocity components
observed by P1. (c) Illustration of the likely magnetic field and velocity distributions projected
on the X-Y plane based on P2 observations.

Figure 3. (a) SML index, (b) IMF, (c) the solar wind dynamic pressure, and (d) SYM-H. (e)
Magnetic longitudes and latitudes of ground stations (blue triangles) and footprint of P1 (red
triangles). The red dotted lines indicate the mapping of equatorial locations at fixed X and Y. (f)
Perturbations of the H (blue) and Z (red) components on the ground. The two numbers inside the
parentheses indicate magnetic longitude and latitude.

Figure 4. (a) Perturbations of the H, D, Z components of ground magnetometers. (b) Illustrations

of ionosphere electrojet J, (the blue arrows) and the associated ground perturbations (the red

arrows). (c¢) Alfvén speeds and travel times as a function of field-aligned distances. (d) Predicted
X-locations of the bubble front (blue) and ground arrival latitudes of FACs from the bubble front
as a function of time.

Figure 5. 40—150 s band-passed fluctuations of parallel and perpendicular magnetic field, plasma
pressure, and parallel and perpendicular speed observed by (a) P1 and (b) P2. 40-150 s band-
passed fluctuations of magnetic pressure (Pg) and plasma pressure (P,) observed by (c) P1 and

(d) P2.
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Figure 6. (a) Unfiltered (top) and 40-150 s band-passed H component at AKUL. (b) 40-150 s
band-passed H, D, and Z components at different stations (the purple vertical lines indicate the
AH minimum).

Figure 7. (a) Simulated Vx/Vs on the X-Z plane. V4 is Alfvén speed. (b) Simulated By, parallel
and perpendicular plasma pressures, and Cr as a function of Z at X = 100. By and Py are the initial
values at the lobe (Z = 5). (c) By, plasma pressure, pressure anisotropy, plasma beta, and C¢

observed by P1. The vertical black dashed lines indicate where Cr < 0.
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Figure 1.(a) Bulk velocity, ion density, ion pressure, ion temperature, magnetic field strength,
and VEexs observed by P1 and P2. (b) X-Y and X-Z projections of P1 and P2 trajectories from
05:10 to 05:50 UT (squares indicate the locations at 05:25 UT). (c) |B| observed by P1 (blue)
and P2. P2 was time shifted forward by 18 (green) and 21s (red).
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Figure 3. (a) SML index, (b) IMF, (c) the solar wind dynamic pressure, and (d) SYM-H. (e)
Magnetic longitudes and latitudes of ground stations (blue triangles) and footprint of P1 (red
triangles). The red dotted lines indicate the mapping of equatorial locations at fixed X and Y. (f)
Perturbations of the H (blue) and Z (red) components on the ground. The two numbers inside
the parentheses indicate magnetic longitude and latitude.
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Figure 5. 40-150 s band-passed fluctuations of parallel and perpendicular magnetic field,
plasma pressure, and parallel and perpendicular speed observed by (a) P1 and (b) P2. 40-150 s
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Figure 7. (a) Simulated Vx/Va on the X-Z plane. Va is Alfvén speed. (b) Simulated Bx,
parallel and perpendicular plasma pressures, and Cr as a function of Z at X = 100. Bo and Po are
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and Cr observed by P1. The vertical black dashed lines indicate where Cr < 0.



