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Abstract Here we present some unique observations of reconnection at a quasi-perpendicular bow
shock as an interplanetary directional discontinuity (DD) is crossing it simultaneously with the
Magnetospheric Multiscale (MMS) mission. There are no burst data, but available data show indications of
ongoing reconnection at the shock southward of MMS: a bifurcated current sheet with signatures of Hall
magnetic and electric fields, normal magnetic fields indicating a magnetic connection between the two
reconnecting regions, field-aligned currents and electric fields, E ·J > 0 indicating a conversion of magnetic
to kinetic energy, and subspin resolution ion energy-time spectrograms indicating ions being accelerated
away from the X-line. The DD is also observed by four upstream spacecraft (ACE, WIND, Geotail, and
ARTEMIS P1) and one downstream in the magnetosheath (Cluster 4), but none of them resolve signatures
of ongoing reconnection. We therefore suggest that reconnection was temporarily triggered as the DD was
compressed by the shock. Reconnection at the bow shock is inevitably asymmetric with both the density
and magnetic field strength being higher on one side of the X-line (magnetosheath side) than on the other
side where the plasma flow also is supersonic (solar wind side). This is different from the asymmetry
exhibited at the more commonly studied case of asymmetric reconnection at the magnetopause.
Asymmetric reconnection of the bow shock type has never been studied before, and the data discussed here
present some first indications of the properties of the reconnection region for this type of reconnection.

1. Introduction
Magnetic reconnection is a fundamental process which allows for a fast conversion of magnetic energy into
kinetic energy in current sheets at various regions in space. For example, it is responsible for the explosive
release of energy in solar flares (Priest & Forbes, 2002) and geomagnetic storms (Angelopoulos et al., 2008),
and it plays a key role for the energy budget of the magnetosphere through reconnection in current sheets at
the dayside magnetopause and in the magnetotail (Dungey, 1961). Even though it has been studied exten-
sively (e.g., Paschmann et al., 2013; Wang et al., 2015; Yamada et al., 2014), many unanswered questions
remain. For example, what triggers reconnection: can it be triggered when a current sheet is compressed at
the bow shock? What are the properties of the diffusion region when the reconnecting regions are far from
symmetric and when there is a highly supersonic plasma flow on one side? Here we address these ques-
tions by analyzing some unique data from an interplanetary current sheet crossing a quasi-perpendicular
bow shock (𝜃 > 45◦, where 𝜃 is the angle between the bow shock normal and the upstream magnetic field)
simultaneously as the Magnetospheric Multiscale (MMS) mission is probing it (Burch et al., 2015).

Current sheets can exist where there are discontinuities, such as tangential and rotational discontinuities,
in the magnetic field. However, sometimes it is difficult to determine what type of discontinuity is observed
(Neugebauer, 2006), and in the following, they will be denominated directional discontinuities (DDs) with-
out referring to details in the Rankine-Hugoniot conditions. Through simulations, it has been proposed that
reconnection could be triggered when an interplanetary DD is compressed by the bow shock (Lin, 1997;
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Maynard et al., 2002, 2007). It has even been suggested that the resulting reconnection exhausts could be
associated with hot flow anomalies, which are flow anomalies frequently observed near the bow shock
(Lin, 1997; Maynard et al., 2002; Paschmann et al., 1988; Schwartz et al., 2000; Thomsen et al., 1986; Zhao
et al., 2017).

If reconnection is triggered at the bow shock, signatures of reconnection should be possible to observe at
the shock, and even downstream of it if reconnection is continuous. However, thus far, no observational
evidence directly from the bow shock has been presented in the literature. Reconnection has been observed
at DDs in the pristine solar wind, and it can be recognized as approximately Alfvénic accelerated plasma jets
embedded in a bifurcated current sheet (see, e.g.,Gosling, 2012, and references therein). DDs have also been
observed to reconnect in the magnetosheath after crossing the bow shock. Maynard et al. (2007) and Phan
et al. (2007) reported observations of nonreconnecting solar wind DDs which did reconnect at a later stage
when they were observed in the magnetosheath, but it could not be concluded if it was the compression at
the bow shock or against the magnetopause which triggered reconnection. Phan et al. (2011), on the other
hand, studied a DD which reconnected in the solar wind, but where reconnection had stopped when the
DD was observed immediately downstream the bow shock, and then later triggered again as a consequence
of the compression against the magnetopause. They argued that reconnection was temporarily disrupted as
the DD interacted with the bow shock, but they could not confirm that with direct observations at the shock.
Reconnection has also been observed in the downstream turbulent magnetosheath (e.g., Eastwood et al.,
2018; Eriksson et al., 2018; Phan et al., 2018; Retinò et al., 2007; Vörös et al., 2017; Wilder et al., 2017, 2018),
but without related observations exactly at the bow shock. It is evident that direct observations at the bow
shock are needed, together with contextual upstream and downstream data, to investigate what can happen
when a DD is compressed by the shock.

In the literature, there are a few reports of reconnection observed near shock ramps (Gingell et al., 2019;
Wang et al., 2018). In these cases, reconnection was suggested to arise spontaneously in turbulent magnetic
fluctuations in the shock transition region closely downstream the shock ramp, just before the plasma is
fully decelerated to the downstream flow. Wang et al. (2018) observed both electron and ion reconnection
jets, while Gingell et al. (2019) only observed electron-mode reconnection in the transition region. Such tur-
bulent reconnection has been reproduced in particle-in-cell simulations of perpendicular shocks (Bohdan
et al., 2017; Matsumoto et al., 2015) and of the transition and downstream region of a quasi-parallel shock
(Bessho et al., 2019; Gingell et al., 2017). The event presented in this article is different from the previous
observations by Wang et al. (2018) and Gingell et al. (2019) since it is not driven by nonstationary and spon-
taneous processes in the turbulent structures at and near the shock, but instead caused by an external driver
in the form of a compression of a DD at the shock. Our event is also different from the previous ones since
it is observed at the ramp of a quasi-perpendicular bow shock.

Bow shock reconnection is important to study since it corresponds to a case of asymmetric reconnection that
has not been studied before. For a long time, much attention has been paid to reconnection where the two
reconnecting plasmas are symmetric, for example, in the tail plasma sheet. However, recently, magnetopause
reconnection has received more interest, especially since the advent of the MMS missions (Burch & Phan,
2016), and this type of reconnection is asymmetric: the density is significantly higher and the magnetic field
strength is significantly lower on the magnetosheath side of the X-line than on the magnetospheric side.
Bow shock reconnection, on the other hand, represents another type of asymmetry: now both the density
and the magnetic field strength is higher on one side (the magnetosheath) than on the other side (the solar
wind). Moreover, on the solar wind side, the plasma flow is also supersonic. For asymmetric reconnection
of the magnetopause type, it has been shown that some of the properties of the diffusion region are changed
as compared to the case of symmetric reconnection. For example, the stagnation point is displaced away
from the high mass flux magnetosheath side and away from the X-line, and the Hall currents and fields are
distorted (Eastwood et al., 2013; Pritchett, 2008). The situation becomes even more complicated if there also
exists a guide field (Pritchett & Mozer, 2009). What happens to the diffusion region when reconnection is
asymmetric of the bow shock type has never been discussed before.

To our knowledge, the data presented in this article are the first in situ observations of possible reconnection
when a DD is compressed at the bow shock. The multitude of phenomena at and near the bow shock com-
plicates the data analysis; however, the fact that the DD is observed at a quasi-perpendicular shock, instead
of a quasi-parallel one, simplifies the analysis. The article is organized as follows. In section 2, we present
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Figure 1. A possible interpretation of the observed data is that Magnetospheric Multiscale (MMS) observes ongoing
asymmetric reconnection southward of the effective spacecraft trajectory as the spacecraft cross the bow shock (dark
gray region in the figure). The supersonic solar wind comes from the left and the MMS spacecraft cross the suggested
reconnection region from the magnetosheath to the solar wind side. The local LMN coordinate system of the bow
shock is displayed at the bottom left. L is approximately southward and M duskward. The Hall BM and EN fields are
shown in blue and green, and the Hall currents by the dashed lines. The inset shows the location of the spacecraft in
the LN plane. The asymmetry is schematically indicated as denser magnetic field lines on the magnetosheath side of
the X line as well as an asymmetric configuration of the Hall fields and currents (only indicated on the northward side
of the X line).

the data and instrumentation. The interpretation of the event is schematically summarized in Figure 1, and
in section 3.1, we present the MMS observations that are the basis for the interpretation. In section 3.2, we
present contextual data from the upstream spacecraft ACE, WIND, ARTEMIS P1, and Geotail as well as
the downstream magnetosheath Cluster 4 spacecraft, which all observed the same DD (Angelopoulos et al.,
2008; Escoubet et al., 2001). The final section contains a summary and discussion.

2. Data and Instrumentation
The MMS mission with its closely separated spacecraft and outstanding instrumentation offers an unprece-
dented opportunity to study reconnection at the magnetopause and bow shock (Burch et al., 2015). The
MMS mission consists of four spin-stabilized (20-s spin period) spacecraft in an approximately equatorial
orbit. We use fast survey mode resolution magnetic field (16 s−1) and electric field (32 s−1) data from the
FIELDS investigation, and ion data from the Fast Plasma Investigation (4.5 s/sample; Ergun et al., 2016;
Lindqvist et al., 2016; Pollock et al., 2016; Russell et al., 2014; Torbert et al., 2014). MMS was unfortunately
not in burst mode during our event, but the survey mode electric and magnetic field data have high enough
resolution for a detailed analysis of the DD. The resolution of the Fast Plasma Investigation measurements
is, however, too low for resolving the variation of the ion and electron moments in detail over the DD.

We also use ion data from the Hot Plasma Composition Analyzer (HPCA) on board the MMS spacecraft
(Young et al., 2016). HPCA takes 0.625 s to make a single energy sweep with 64 energies, stepping from the
highest to the lowest energies. However, the energies are decimated by summing over groups of four. HPCA
produces a full 3-D ion distribution over half a spin (10 s): 16 energies× 8 elevations× 8 azimuth angles, with
energies ranging between 1.74 and 32 keV (center values of summed energies). The energy resolution ΔE∕E
is 17%. The energy steps are contiguous (64 total in burst mode). However, for the survey mode data, only
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Table 1Plasma Properties Just Downstream and Upstream
the Shock: Magnetic Field, Plasma Density, Speed, Ion
Temperature, Inertial Length, Gyroradius, Alfvén Speed,
and Plasma Beta

Quantity Magnetosheath Solar wind
|B| [nT] 51 14
n [cm−3] 80 20
|V| [km/s] 150 470
T [eV] 300 50
𝜆 [km] 25 51
𝜌 [km] 50 73
VA [km/s] 130 68
𝛽 3.7 2.0

16 energies are brought to ground. These are obtained by summing the counts in four
adjacent energy steps. The counts are then distributed evenly over the four energy
steps and re-expanded to 64 energies, and over the 16 angle bins. HPCA also deliv-
ers high-resolution (subspin) data from single energy sweeps. However, in fast survey
mode, the counts from two consecutive sweeps are summed in each energy step, so
the actual time resolution of the HPCA subspin data is 1.25 s. Here we specifically use
such subspin resolution data from all (omnidirectionally looking) sectors as well as
from the sectors pointing approximately north and south (parallel and antiparallel to
the spin axis) in the geocentric solar ecliptic (GSE) system. In the fast survey mode, the
usual 22.5◦ angular resolution of HPCA is degraded to 45◦. Therefore, also the angular
resolution of the observed southward and northward moving ions is 45◦. It should be
noted that the cold solar wind is not well resolved due to the low angular resolution
of HPCA.

Magnetic field data from all four MMS spacecraft are used to estimate the electric
current density, J, using the curlometer method (Dunlop et al., 2002; Paschmann &
Schwartz, 2000). The result is typically more accurate when all tetrahedral faces are

close to equilateral, and the relative error in J is generally smaller than 10% when the elongation and pla-
narity are E ≲ 0.4 and P ≲ 0.4 (Paschmann & Schwartz, 2000). An often used estimate of the error in the
current calculation is the quantity |𝛁 · B|∕|𝛁 × B|, where B is the magnetic field. In theory, it should be
zero, but the value estimated from satellite-based observations can vary substantially from this. An often
used upper limit is ∼0.5. The scale length of the MMS tetrahedron for this event is ∼30 km, which is of the
order of, or slightly smaller than, the ion scales (Table 1). The tetrahedron has a small elongation E ≈ 0.14
and planarity P ≈ 0.29, implying that the curlometer method should be adequate for determining current
densities variations at ∼30-km scales (Paschmann & Schwartz, 2000).

In addition to the MMS data, we also use observations of the DD from the upstream solar wind, from the
foreshock, and from the magnetosheath. The solar wind data are obtained from the Advanced Composition
Explorer (ACE; McComas et al., 1998; Smith et al., 1998), the Wind spacecraft (Lepping et al., 1995; Lin
et al., 1995), and the Geotail spacecraft (Frank et al., 1994; Kokubun et al., 1994). From ACE, we use 1-s
resolution magnetic field data from the magnetic field investigation (Smith et al., 1998) and 64-s resolution
ion moments data from the Solar Wind Electron Proton Alpha Monitor (McComas et al., 1998). From Wind,
we use high rate (0.092 s) data from the magnetic field investigation (Lepping et al., 1995) and 3-s resolution
on-board ion moments from the 3-D Plasma and Energetic Particle Investigation (Lin et al., 1995). From
Geotail, we use 64-s data from the MaGnetic Field experiment (Kokubun et al., 1994) and 96-s resolution
plasma moments from the Comprehensive Plasma Instrument/Solar Wind Analyzer (Frank et al., 1994).
Data from the foreshock and from the magnetosheath are obtained by the mission ARTEMIS P1 spacecraft
(Angelopoulos, 2008) and by the Cluster 4 spacecraft (Escoubet et al., 2001), respectively. From ARTEMIS
P1, we use 0.0625-s resolution magnetic field data from the FluxGate Magnetometer (Auster et al., 2008) and
on-board plasma moments (∼4.3 s) from the ElectroStatic Analyzer (McFadden et al., 2008). From Cluster,
we use full resolution (∼0.05 s) magnetic field data from the FluxGate Magnetometer (Balogh et al., 2001)
and spin resolution (∼4 s) proton moments from the Cluster Ion Spectrometry experiment/COmposition
Distribution Function (Rème et al., 2001). The ACE, Wind, Geotail, and ARTEMIS data are retrieved from
the Coordinated Data Analysis Web, while the Cluster data are retrieved from the Cluster Science Archive.

3. Observations
3.1. MMS Observations at the Bow Shock
On 19–20 December 2015, MMS observed several bow shock crossings. See Figures 2a–2e, where the
crossings are observed as transitions between the cold, low density, and high speed solar wind, and the
lower speed shocked magnetosheath plasma with increased density and magnetic field strength. All shocks
observed 22:55–03:30 UTC are of quasi-perpendicular type, with an angle 80◦–125◦ between the upstream
interplanetary magnetic field (IMF) and the mixed mode bow shock normal (Paschmann & Schwartz, 2000).

A zoomed plot of the last two bow shock crossings is presented in Figures 2f–2j. MMS enters from the undis-
turbed solar wind into the magnetosheath at ∼03:26:14 and exits into the solar wind again at ∼03:27:48 at
[XGSE,YGSE,ZGSE] ≈ [11.1,−4.1,−1.0]RE. A solar wind DD is crossing the shock at the same time as MMS is
probing it. The DD is observed at about 3:27:47.4–03:27:49.7 and it is highlighted in yellow in Figures 2f–2j.
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Figure 2. Magnetospheric Multiscale 1 bow shock crossings on 19–20 December 2015. (a) Fast Plasma Investigation
ion energy-time spectrogram, (b) ion density, (c) ion speed, (d) magnetic field magnitude, and (e) spacecraft position.
(f–j) Zoom onto the last two crossings. Data are presented in the geocentric solar ecliptic system. The event at
03:27:47.4–03:27:49.7 UTC is highlighted in yellow, and it is associated with a directional discontinuity crossing the
bow shock.

The discontinuity is evident from the sign change of Bz in Figure 2j. The magnetic field upstream and down-
stream from the shock are approximately [2.0, −1.4, −14] nT and [0,10, 50] nT, respectively, corresponding
to an almost complete rotation (170◦ rotation) in the magnetic field direction over the DD. The Alfvén Mach
number just upstream this bow shock crossing was ∼7.

The DD is embedded within the bow shock (approximately 03:27:47–03:27:50.5 UTC). The first encounter
of the solar wind with the bow shock is at the beginning of the shock foot at ∼03:27:50.5 UTC. Downstream
from the foot, |B| exhibits oscillations due to the rapid change in Bz at the DD as well as due to the turbulent
nature of the magnetosheath and the typical over-undershoot behavior behind a quasi-perpendicular bow
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shock (Bale et al., 2005). The ramp region is evident from the rapid increase in |B| and decrease in Bz.
It corresponds to an electric current flowing along the shock surface toward dawn (along −yGSE), and it is
caused by the reflection of ions and electrons in the enhanced shock magnetic field (Bale et al., 2005). Table 1
contains some approximate properties of the plasma just before and after the shock. Note that the properties
upstream and downstream of the DD are significantly different, and any possible reconnection at the DD
embedded in the bow shock has to be asymmetric.

The data are analyzed in detail in the local coordinate system of the DD at the shock. However, determining
the exact orientation is complicated for several reasons, for example, waves in the shock region and the
magnetosheath. Here, we determine the orientation of the DD at the shock ramp using a combination of
methods similar to Retinò et al. (2007) who determined the orientation of a reconnecting current sheet
embedded in the magnetosheath. We use the normal direction from multi-spacecraft timing of the magnetic
field observed by all four spacecraft and the maximum variance direction from MVA on the magnetic field
observed by MMS 1 (Schwartz, 1998). We obtain L = [−0.19, 0.09,−0.96], M = [0.06, 0.97, 0.08], and N =
[0.98,−0.04,−0.20]. The timing speed is ∼170 km/s, and we see that N and L are approximately along XGSE
and −ZGSE. The orientation of the four MMS spacecraft in the LN plane is indicated in the inset in Figure 1.

Figure 3 shows the magnetic and electric fields and derived quantities. The BL reversal of the DD is observed
by all spacecraft and it is highlighted in yellow. BL changes in two steps over the DD with an approximately
flat region at the center. This suggests that the current sheet of the DD is bifurcated into one part facing the
magnetosheath (CSMS) and one facing the undisturbed solar wind (CSSW). The approximate center of each
current sheet are indicated with the dashed lines. All spacecraft observe rather similar signatures, but the BL
magnetic field gradient is steeper at the magnetosheath current sheet. This is possibly an effect of asymmetric
reconnection. For example, in the case of asymmetric magnetopause-like reconnection, the current sheet
is compressed away from the region of higher dynamic pressure (Eastwood et al., 2013; Pritchett, 2008;
Pritchett & Mozer, 2009).

BM is large, of the order of BL (Figure 3b). It shows a bipolar signature between the two current sheets CSMS
and CSSW. This is typical for the Hall magnetic field in the ion diffusion region of reconnection. On the solar
wind side, all spacecraft observe a peak at ∼03:27:49.2, while the peak at the magnetosheath side (around
03.27:47.6) is observed at slightly different times by the four spacecraft. Note that the bipolar signature is
not evenly distributed over the event. Instead, the peak is wider at the solar wind side and narrower at
the magnetosheath side. This is similar to the results from simulations of asymmetric magnetopause-like
reconnection where BM is compressed and confined to a narrower region away from the region of higher
dynamic pressure (Pritchett, 2008; Pritchett & Mozer, 2009). Between the bipolar peaks, we see possible
signatures of a reconnection guide field ∼ −10 nT when averaging over the four spacecraft. A combination
of asymmetric reconnection and a nonzero guide field is known to cause additional distortions to the Hall
fields (Eastwood et al., 2013).

The normal component BN is negative between the two BL peaks (Figure 3c). A nonzero value of BN at the
center of the event indicates a magnetic connection between the oppositely directed magnetic field regions
of the DD. All spacecraft agree on BN < 0 but they observe different magnitudes. Moreover, there is a positive
BN peak observed by MMS 1, 3, and 4 on the magnetosheath side of CSMS. These signatures are likely due
to ripples in the bow shock or other spatial and temporal variations of the bow shock (e.g., Johlander et al.,
2016) which cause disturbances of the DD and variations in the signatures observed by the spacecraft as
the DD crosses over them. (For example, the size and position of the positive BN peak changes depending
on where/when the LMN system is determined: in the case presented in Figure 3, LMN is obtained on the
shock ramp and the positive BN peak is observed before CSMS. On the other hand, obtaining LMN at CSMS,
the positive BN is instead observed after CSSW [data not shown].)

The magnetic field strength is shown in Figure 3d. We see that the pile-up of the magnetic field at the shock
ramp (BL > 0) is visible just to the right of the yellow region, and it corresponds to a dawnward current, that
is, in the −M direction. When mentioning this, it is also worth noticing that CSMS is part of a “remnant”
bow shock ramp which existed previously when the IMF was oppositely directed. The DD is hence observed
in a region close to the ramp, approximately between the remnant ramp and the newly formed ramp.
The magnetic field magnitude is small between CSMS and CSSW, while inside the magnetosheath (before
∼03:27:47.3 UTC), |B| is large and fluctuating. The smallest values of |B| inside the event are observed by
MMSs 1 and 3, which indicate that these spacecraft are closest to a magnetic null. MMS 4 observing a larger
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Figure 3. Zoom onto the directional discontinuity (yellow) embedded in the bow shock. The magnetosheath is to the left and the undisturbed solar wind to the
right. The approximate center of the two parts of the bifurcated current sheet are indicated with the dashed lines. (a–d) LMN components and magnitude of
the magnetic field, (e–f) current density along M and along the magnetic field, (g) quality estimate of the curlometer, (h–i) M and N components of the electric
field, (j) normal component of the Hall term of the generalized Ohm's law, (k) the parallel electric field, and (l–m) the power density and its integral along the
spacecraft path.
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value of |B| at the time it probes the center of the event is possibly due to temporal and spatial variations on
the shock as discussed above. The region of the smallest magnetic field magnitudes is observed closer to the
magnetosheath side of the bifurcated current sheet. A similar displacement of the magnetic null away from
the region of larger dynamic pressure has been observed in simulations of asymmetric magnetopause-like
reconnection (Pritchett, 2008; Pritchett & Mozer, 2009).

The variation of the magnetic field over the event with a BL reversal (negative to positive along the spacecraft
path), a large and bipolar BM (positive to negative), a negative BN , and a small |B| at the center suggests that
MMS probed the ion diffusion region northward of an X-line embedded in the bow shock near the ramp.
In Figure 1, we present a schematic sketch of reconnection adapted to the configuration of the event. In this
case, reconnection has to be asymmetric since the two reconnecting plasmas are distinctly different (and
even with a supersonic flow on one side), but the asymmetry is only schematically indicated in the figure.
The inset shows the location of the spacecraft in the LN plane.

Assuming that the entire structure (03:27:47.4–03:27:49.7 UTC) propagates approximately at the timing
speed of ∼170 km/s, its thickness would be about 390 km or 10𝜆i, where an average ion inertial length of
∼39 km has been used (Table 1). We obtain an estimate of the angle between the separatrices according to
|BL∕BN | ≈ 70∕10 (Figures 3a and 3c), which implies that the spacecraft should cross the diffusion region
∼ 70𝜆i away from the X-line (Priest & Forbes, 2002). However, Hall fields have been shown to persist far
away from the X-line . For instance, there are examples of Hall fields being ∼ 1, 000𝜆i away from the X line
in the solar wind (Mistry et al., 2016) and ∼ 100𝜆i away from the X line in the magnetosheath (Eastwood
et al., 2018). Moreover, BN ≈ 0.14BL implies a fast reconnection rate (Priest & Forbes, 2002).

Results from the curlometer method are presented in Figures 3e–3g. We see that |𝛁 · B|∕|𝛁 × B| is mostly
smaller than 0.5 over the event (Figure 3g), indicating that the error in the current density should be limited
(Paschmann & Schwartz, 2000). The out-of-plane current JM is large and positive inside the event (Figure 3e).
The signature of a bifurcated current sheet is evident from the minimum in JM in the middle of the event.
The negative excursion of JM at the shock ramp corresponds to the dawnward current (along -M) needed
to create a J × B force that decelerates the incoming solar wind plasma, and the oscillations in JM inside
the magnetosheath are possibly due to the overshoot and undershoot magnetic field signatures and trapped
ions behind the shock (e.g., Bagdonat & Motschmann, 2002; Bale et al., 2005; Lindkvist et al., 2018; Saxena
et al., 2005; Vernisse et al., 2018).

The field-aligned current density component, J||, is presented in Figure 3f. At CSMS, there is a strong and
narrow peak with J|| > 0 followed by a short interval with J|| weakly negative. Thereafter, J|| is positive
but it turns negative at ∼ 03:27:48.9, and it stays negative all the way through CSSW. J|| hence has an ori-
entation similar to what is expected for the Hall currents of reconnection (Figure 1), but it is substantially
distorted from the classical picture of symmetric reconnection. In the case of magnetopause-like asymmetric
reconnection, J|| has shown to be distorted (Pritchett & Mozer, 2009).

The out-of-plane electric field, EM , in the frame of the DD is presented in Figure 3h. On the solar wind side
of the DD, EM ≈3mV/m (in the frame of the DD), corresponding to an E × B∕B2 convection toward the
reconnection region. On the other side, EM is close to zero or even negative, implying negligible inflow (but
further downstream before ∼03:27:46 EM ≈3mV/m again). The flow into a reconnection site is known to
either be spontaneous or driven by external processes (Gosling, 2012). In our case, it is likely that the appar-
ent one-sided inflow is caused by the impinging and highly supersonic solar wind. It should also be noted
that the value of EM is sensitive to the exact value of the velocity used for the transformation to the DD frame,
and a separate analysis (not shown) indicates that variations in the velocity can alter the value of EM at the
magnetosheath, but without changing its sign. Inside the main part of the event (03:27:48–03:27:49.9 UTC),
EM is on the average positive. Together with JM > 0, we thus have E · J > 0, which is needed for converting
magnetic energy to kinetic energy through reconnection.

The normal electric field EN in Figure 3i is varying, but it is on the average positive (negative) at CSMS (CSSW).
Such a variation is consistent with a Hall electric field (Figure 1). We see that |EN | ≈5 mV/m in the DD
frame and extending over ∼0.3 s (or ∼50 km using the DD speed of ∼170 km/s). Ions accelerated over such
a potential drop would hence gain an energy of ∼260 eV. Figure 3j shows the normal component of the Hall
term of the generalized Ohm's law, N · (J × B)∕(en), where n is the plasma density and e the elementary
charge. There is an approximate consistency between the directly measured EN and N · (J × B)∕(en), even
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though the magnitude of EN is slightly larger. This indicates that a substantial part of EN at the bifurcated
current sheet is balanced by the Hall term. However, fluctuations in the turbulent magnetosheath and near
the bow shock may cause additional electric field disturbances. Moreover, the lower resolution of the density
estimate n as compared with J and B may reduce the magnitude of the estimated Hall term. Note also that
there is a positive excursion of the electric field at the shock ramp just before the DD (Figures 3i–3j). This
corresponds to the electric field decelerating the incoming solar wind. The electric field in the ramp region
is also rather well balanced with the Hall term, which is consistent with previous observations (Eastwood
et al., 2007).

In Figure 3k, we show the observed E|| in the frame of the shock. E|| is highly varying and there are strong
parallel fields at the ramp and at CSMS and CSSW. According to simulations of magnetopause-like asymmetric
reconnection, the structure of E|| is quite diffuse and patchy, but there should exist parallel electric fields
generally pointing away from the X-line (Pritchett, 2008). This is consistent with Figure 3k, where we see a
tendency of E|| > 0 at CSMS and E|| < 0 at CSSW (cf. Figure 1 and note the opposite direction of the magnetic
field at the two sides of the X line).

The energy conversion between the fields and the particles can be analyzed through the term E·J (Figure 3l).
We see that E·J > 0 over the main part of the event (03:27:48–03:27:49.7 UTC), corresponding to an energiza-
tion of the plasma. On the other hand, at the shock ramp, E ·J < 0, which is consistent with the deceleration
of the incoming solar wind. At the magnetosheath edge of the DD, E·J is varying, possibly due to a combined
effect of plasma acceleration in the diffusion region and a plasma deceleration at the remnant bow shock
ramp near CSMS. To further investigate the energy transfer over the event, we compute the integral along the
spacecraft path, approximated as a cumulative sum multiplied by the sampling time (Figure 3m). We see
that the integral over the main part of the event (03:27:48–03:27:49.7 UTC) is about +2.5 nJ/m3, while near
CSMS (03:27:47.4–03:27:47.6) it is ∼0, and over the bow shock ramp (03:27:49.8–03:27:50) about −1 nJ/m3.
Inspecting the entire bow shock crossing including also the ramp (about 03:27:47.4–03:27:50), the integral
is ∼1.5 nJ/m3, that is, corresponding to an overall energization of the plasma. This can be compared to the
other bow shock crossings (Figure 2a–2e) where the integral is found to be in the range −20 to −2 nJ/m3 (not
shown), that is, instead a transfer of energy from the particles to the fields which is typical for a bow shock.

The energization of the plasma is also investigated with subspin-resolution HPCA data, and the HPCA data
can strengthen our conclusions about ongoing reconnection southward of the MMS spacecraft as obtained
from signatures in the electric and magnetic field data and derived quantities (Figures 1 and 3). In Figure 4,
we present data from MMSs 1, 2, and 3 (no HPCA data are available from MMS 4) of the HPCA energy-time
spectrogram for ions moving approximately northward, southward, and omnidirectionally using the avail-
able HPCA sectors (see section 2) as well as the LMN components of the magnetic field. In Figures 4a,
4e, and 4i, we indicate with crosses a simple approximation of the mean energy of the observed northward
moving ion distribution (computed as a weighted average, weighted by the ion flux) in the magnetosheath
proper and in the region of the DD. In the omnidirectional data (Figures 4c, 4g, and 4k), we can see traces
of the incoming solar wind (remember that HPCA does not resolve the cold solar wind well due to the
limited angular resolution). It can be observed as a narrow and faint population at ∼1 keV corresponding
to ∼450 km/s. The incoming solar wind is best resolved by MMS 2 (Figure 4g). Inside the magnetosheath
proper, before ∼03:27:45 UTC, in the energy-time spectrograms, we see a broad distribution with high ion
fluxes extending over a large energy interval reaching from small energies below 10 eV and falling off under
∼ 105 (cm2 s sr eV)−1 at a few hundred eV (Figures 4a, 4e, and 4i). This is typical for the magnetosheath.
This is the distribution that previously has been decelerated and heated at the upstream bow shock before
the DD arrival.

When comparing the distribution inside the DD with the distribution in the magnetosheath proper,
for MMS 1, we see that the northward ion distribution is elevated in energy in the two bins
03:27:46.6–03:27:49.1 UTC (marked with arrows in Figure 4a). Now the high flux falls off under ∼ 105 (cm2

s sr eV)−1 at several hundreds of eV, corresponding to a 200–300 eV lift of the distribution as compared with
the magnetosheath proper discussed in the previous paragraph. Also the flux at low energies (<10 eV) is
much smaller than in the magnetosheath proper in these two bins. In addition to the expected deceleration
and heating of the plasma at a typical bow shock, the lifted ion distribution in our case should correspond
to an additional energization process at the shock. The energization of the ions can also be observed from
the estimates of the average upward energy (crosses in Figure 4a), and we find that the average energy is
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Figure 4. Hot Plasma Composition Analyzer energy-time spectrogram for (a) northward moving, (b) southward moving, and (c) approximately omnidirectional
ions (using all available sectors) as well as (d) LMN components of the magnetic field observed by Magnetospheric Multiscale (MMS) 1. (e–l) Same data format
but from MMSs 2 and 3, respectively. The crosses indicate the average energy of northward moving ions in the magnetosheath proper and in the region of
directional discontinuity (see the text for details). The bins where the northward ion population is lifted in energy are indicated with arrows. See the text for a
discussion.
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Figure 5. Missions observing the directional discontinuity (DD). The dashed and dotted lines show the approximate
location of the bow shock and magnetopause in the geocentric solar ecliptic system (Farris & Russell, 1994; Shue et al.,
1997). The DD is schematically indicated in the upstream solar wind together with its approximate normal direction
and the reversal in Bz.

increased by one or a few hundred eV in the two bins at the DD, that is, slightly smaller than the observed
200–300 eV lift of the high energy part of the distribution as discussed above. However, note that it is diffi-
cult to determine an accurate value of the average energy due to the limited HPCA energy resolution and
due to the fact that the estimate is based only on data from a few HPCA sectors (see section 2). Moreover, it
should also be noted that from our HPCA data with limited resolution, it is not possible to obtain any accu-
rate estimates of the moments of the ion distribution, that is, the bulk flow and temperature. We can hence
not draw any conclusions about how much of the additional ion energization at the DD that corresponds to
a bulk acceleration of the ions and a temperature increase, respectively.

A similar lift in the northward ion distribution is also observed by MMSs 2 and 3 in the next-to-last bin before
the approximately undisturbed solar wind. These bins are marked with arrows in Figures 4e and 4i (note that
the flux in the ∼03:27:49 UT bin for MMS 3 in Figure 4i is so low that it is difficult to draw any conclusions
about that bin). Moreover, the southward distribution for MMSs 1, 2, and 3 shows no signs of such an energy
lift at the DD (Figures 4b, 4f, and 4j). Instead, it falls off at the DD so that the distribution here becomes
confined to a smaller low-energy range. This is similar to the distributions (both northward and southward)
observed at all the other bow shock crossings in Figure 2 (data not shown). For MMS 2, there is even a
drop-out in the southward distribution at the arrow. The energy lift in the northward distributions obtained
by MMSs 1, 2, and 3 is unlikely to be caused by ions reflected and accelerated at the quasi-perpendicular
bow shock (Bale et al., 2005). Such reflected ions should be observed in the foot region of the shock, that
is, upstream the observed DD, and they should propagate in a direction perpendicular to the shock normal
and the IMF, that is, approximately toward dusk in our case. Indeed, in the omnidirectional data near and
after ∼03:27:50 (Figures 4c, 4g, and 4k at ≳10 keV), we see indications of such a reflected and accelerated
ion population. We therefore suggest that our HPCA observations at the arrows are consistent with an ion
energization and a reconnection exhaust from an X-line southward of the spacecraft (Figure 1), but how
much of the energization that corresponds to heating is not possible to determine from our data. However,
it has been shown that ions crossing the separatrix region into the exhaust gain both a directed flow and
a thermal speed (e.g., Drake et al., 2009). We hence argue that our observations are consistent with an ion
acceleration and energization over the potential drop of ∼260 eV at CSMS and CSSW as estimated from EN
(Figure 3i–3j, see the discussion above).

3.2. Upstream and Downstream Observations
The DD is observed by five other missions (Figure 5): ACE and Wind in the upstream undisturbed solar
wind, Geotail close to the subsolar nose point of the bow shock, ARTEMIS P1 in the quasi-parallel foreshock
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region at the dusk flank (the angle between the IMF and the Farris bow shock normal at ARTEMIS P1 is
about 20◦ Farris & Russell, 1994), and Cluster 4 in the dusk magnetosheath. Magnetic field, plasma veloc-
ity, and density data from the spacecraft are presented in Figure 6 and some key observables are listed in
Table 2.

The DD is clearly visible from the Bz reversal observed by all spacecraft (top panels in Figures 6a–6e).
However, the sampling frequency differs between the spacecraft, and Geotail barely resolves the DD in
the magnetic field. The magnetic shear angle is 110◦ –170◦ , with the largest angles observed by the ACE
and Wind missions in the upstream undisturbed solar wind (Table 2). Note that the spacecraft observe a
slightly different shape of the DD, with a bump in Bz observed near the center of the DD, especially for ACE
and Cluster. This indicates that the shape of the DD varies or evolves over the large spatial and temporal
scales spanned by the five spacecraft. The positive excursion of Bz observed by Geotail and ARTEMIS about
2 min after the DD is likely associated to the magnetic field flip observed at ∼02:34:00 UTC by ACE and
∼02:44:43 UTC by Wind. The resolution of the plasma moments are low for all missions, so the detailed
variation of the velocity and density over the DD cannot be resolved in detail.

It can also be noted that the By component is observed to be somewhat different at the various space-
craft. Wind and MMS observe a change in By from positive to negative across the DD, while ACE, Geotail,
ARTEMIS, and Cluster observe By > 0 both before and after the DD (Figures 2 and 6). This is consistent with
MMS and Wind observing an almost complete rotation of the magnetic field (∼ 170◦) at the DD as compared
to ACE (∼ 140◦), and Geotail, ARTEMIS, and Cluster (∼ 110–130◦, see section 3.1 and Table 2). Moreover,
all of the spacecraft except ARTEMIS observe signatures of By ≤ 0 inside the DD. Wind is the most dawn-
ward spacecraft (its closest neighbor is the upstream monitor ACE which is located more than 18RE away
along Y ), and ARTEMIS is the most duskward one (Figure 5). One possibility for the different By observa-
tions are spatial and temporal variations between the spacecraft. However, the spatial volume probed by the
entire spacecraft fleet is very large, as can be seen in Figure 5, and it is only possible to speculate about the
reason for the variation of the By observations between the spacecraft.

The observed solar wind speed upstream of the bow shock is Vx ∼450 km/s but it varies slightly between
the spacecraft (fourth panels in Figures 6a–6d). This variation can be due to fluctuations in the solar wind
velocity as well as due to measurement errors in the spacecraft's plasma moments (note the low resolution
of the moments). Using multi-spacecraft timing analysis (Paschmann & Schwartz, 2000) on the magnetic
field data from ACE, Wind, Geotail, and ARTEMIS, we obtain a propagation speed of ∼430 km/s which is
close to the observed wind velocity.

Using MVA on the magnetic field data, we compute the LMN directions of the DD at the five spacecraft
(Table 2). For Geotail, these directions are very approximate due to the low resolution of the data. The defi-
nition of N has been chosen consistently with the outward bow shock normal at MMS, implying that the DD
propagates antiparallel to N (Figure 5). All spacecraft observe a dominant XGSE component of N. Upstream
ACE and WIND as well as downstream Cluster and ARTEMIS also observe a significant −YGSE component.
Geotail, on the other hand, observes a +YGSE component. This may be due variations in the DD orientation
between the spacecraft, but it is not possible to confirm due to the very low resolution of the data. At MMS,
the orientation of the DD has changed so that N is approximately directed along XGSE (section 3.1), which
is consistent with the DD being compressed at the bow shock at its approximate nose point. That the DD
becomes compressed at the bow shock is also evident from the size of BL at the reversal: at ACE, Wind,
Geotail, and ARTEMIS, BL flips ∼ ±13 nT, while at MMS, it flips ∼ ± 70nT, and at Cluster, ∼ ±50 nT.

The duration of the DD is of the order of 2 min as observed by ACE, Wind, and Geotail, while ARTEMIS,
Cluster, and MMS observe a thinner DD (∼15, ∼6, and ∼2.3 s). The variation in the DD duration is likely
caused by variations in the DD between the spacecraft, and it is possible that the DD evolves and steepens
closer to the Earth (MMS and Cluster) and behind it (ARTEMIS). However, the low resolution of the data,
especially from Geotail, makes it difficult to accurately estimate the DD duration.

4. Summary and Discussion
In this article, we have presented some unique data of an interplanetary DD crossing a quasi-perpendicular
bow shock at the same time as MMS was probing it. The amount of available data is limited since there
are no burst data for this event. Nevertheless, the MMS electric and magnetic field data show indications
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Figure 6. Observations of the DD by the ACE, Wind, Geotail, ARTEMIS P1, and Cluster 4 spacecraft. The magnetic field data are presented the GSE and the
local LMN systems, and the velocity data in the GSE system. The approximate duration of the DD is highlighted in yellow. For the lower resolution data, the
data samples are indicated with dots. Note that there is a data gap in the ACE density data at the DD.
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Table 2
Time of the Observation of the DD; Spacecraft Position; Approximate Magnetic Field in GSE, Plasma Density, and Alfvén Speed Before (i) and After (f) the DD;
Magnetic Field Shear Angle 𝛥𝜃; and Approximate LMN Directions

Quantity ACE WIND Geotail ARTEMIS P1 Cluster 4
UTC 02:30:54.9 02:44:26.1 03:25:40.6 03:31:04.0 03:34:04.4
R [RE] [240, −7.4, 25] [195, −26, −10] [17, 6.1, 8.4] [−19, 53, 3.0] [1, 13, −11]
Bi [nT] [−4, 3, 17] [−5, 3, 15] [−3, 6, 15] [−3, 7.5, 13] [3, 23, 45]
Bf [nT] [0, 6, −13] [2, 0, −12] [1, 7, −15] [−0.3, 7.5, −14] [−3, 27, −33]

ni,f [cm−3] 15, 17 17, 30 30, 40 21, 16 63, 80

VAi,f [km/s] 100, 76 86, 49 66, 58 74, 88 140, 110

𝛥𝜃 [◦ ] 140 170 130 121 110
L [0.19, −0.038, −0.98] [0.14 −0.23 −0.96] [0.12, 0.06, −0.99] [−0.06, −0.04, −1.0] [−0.31, −0.43, −0.85]
M [0.43, 0.90, 0.048] [0.62, 0.78, −0.098] [−0.33, 0.94, 0.02] [−0.08, 1.0, −0.04] [0.10, 0.87, −0.48]
N [0.88, −0.43, 0.19] [0.78, −0.58, 0.25] [0.94, 0.32, 0.13] [1.0, 0.07, −0.06] [0.94, −0.24, −0.23]

of ongoing reconnection at an X-line southward of the spacecraft trajectory (Figure 3): a bifurcated current
sheet showing signatures of Hall magnetic and electric fields, a normal magnetic field BN < 0 indicating a
magnetic connection between the two regions of the DD, field-aligned currents J|| similar to what is expected
for Hall currents, E|| on the average pointing away from the X-line, and E · J > 0 indicating a conversion
of magnetic to kinetic energy. Moreover, the conclusion about ongoing reconnection based on the magnetic
and electric fields and derived quantities (Figure 3) are strengthened by observations in subspin resolution
HPCA ion energy-time spectrograms (Figure 4) where we observe indications of ions accelerated away from
the X-line. The event is schematically summarized in Figure 1.

Even though MMS was unfortunately not in burst mode during our event, the survey mode electric and
magnetic field data (and derived quantities) have high enough resolution for resolving the Hall fields well
(Figure 3). Moreover, even though the resolution of the plasma moments is too low to be able to resolve
any reconnection jets in the ion velocity data, the subspin resolution HPCA ion energy-time spectrogram
data show signs of an elevated ion population consistent with ion acceleration in the ion diffusion region
of reconnection (Figure 4). Hence, even though there are no high-resolution burst mode data available, we
argue that the available data indicate that reconnection was likely to be ongoing southward of the MMS
spacecraft.

Even though interplanetary DDs at Earth's orbit are relatively common, the probability of an Earth-orbiting
spacecraft fleet crossing the thin bow shock at the same time as a DD is small. DDs typically occur
once per hour at Earth's orbit (Neugebauer, 2006), the MMS orbital period is ∼1 day during the two first
day-side seasons (Fuselier et al., 2016), and approximately, only half of the bow shock crossings are of
a quasi-perpendicular type (for which the data are easier to interpret). Nevertheless, we have manually
searched these 2-day-side seasons for similar DD events, but we have not found any. Hence, the presented
event is so far the only one of its kind, and the unprecedented MMS data quality, even in survey mode
without access to burst mode fields and particles data, makes it very interesting to study.

For our event, reconnection is likely to be asymmetric since the two reconnecting regions are distinctly
different. The properties of asymmetric reconnection is expected to differ from the properties of the more
commonly investigated case of symmetric reconnection (Eastwood et al., 2013). For example, the X-line
and the stagnation point are no longer collocated for asymmetric reconnection, and the X-line is displaced
away from the high mass flux side. The most commonly studied case of asymmetric reconnection is at the
magnetopause (Paschmann et al., 2013). In that case, on one side (the magnetosphere), the magnetic field
strength is higher and the plasma density is lower than on the other side (the magnetosheath). In the bow
shock example presented in this article, on the other hand, both the magnetic field and the plasma density
are high on one side (the magnetosheath) and low on the other side (the solar wind). At the solar wind side,
the plasma flow is even supersonic.

Indeed, our event shows deviations from the typical behavior of symmetric reconnection. For example, the
bifurcated current sheet is asymmetric and the part facing the magnetosheath is steeper as compared to the
one facing the undisturbed solar wind. Moreover, the region closest to a magnetic null is displaced away from
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the solar wind side, and observations of the out-of-plane electric field EM indicate that the the reconnection
inflow is mainly from the solar wind side. Asymmetric reconnection at the magnetopause has been studied
before with numerical simulations, and observed data have been compared with simulation results (see for
example Eastwood et al., 2013, and references therein). However, for asymmetric reconnection of the bow
shock case, there are presently no available numerical simulations to compare with.

Reconnection has previously been observed in current sheets upstream the bow shock (e.g., Gosling, 2012)
as well as in the turbulent downstream magnetosheath (e.g., Eriksson et al., 2018; Maynard et al., 2007; Phan
et al., 2007, 2018; Retinò et al., 2007; Vörös et al., 2017; Wilder et al., 2017, 2018). Moreover, reconnection has
also been observed in the turbulent plasma in the transition region of quasi-parallel bow shocks, just behind
the ramp before the plasma is fully decelerated to the downstream flow (Gingell et al., 2019; Wang et al.,
2018). In the cases discussed by Wang et al. (2018) and Gingell et al. (2019), reconnection is suggested to arise
spontaneously in nonstationary and turbulent shock structures. On the other hand, the event presented in
this article is suggested to be caused by an external driver in the form of a compression of a DD in the region
just behind the ramp. To our knowledge, this is the first observation of externally driven reconnection near
the bow shock ramp and it offers favorable conditions for investigating specifically asymmetric reconnection
in other plasma regimes than previously investigated, for example, at the magnetopause.

The observed event raises the question if reconnection can be triggered as an interplanetary DD is com-
pressed by the bow shock. Did reconnection only occur temporarily at the observed DD as it crossed the bow
shock, or did reconnection already occur at the DD in the pristine solar wind and continued as it crossed the
shock? The DD is observed by four missions upstream the bow shock, ACE, WIND, Geotail, and ARTEMIS,
and by Cluster in the downstream magnetosheath (Figures 5 and 6). The DD can easily be discerned from
the magnetic field data of the five spacecraft, and at least for ACE and Cluster the current sheet is bifurcated
(for Geotail, however, the resolution of the magnetic field data is too low to be ably to conclude if the current
sheet is bifurcated). Reconnection in the solar wind should be recognized as approximately Alfvénic accel-
erated plasma jets embedded in a bifurcated current sheet (see Gosling, 2012, and references therein). The
approximate Alfvén speed at the five spacecraft is listed in Table 2. None of the spacecraft in Figure 6 show
any indications of Alfvénic accelerated jets, although it should be noted that the resolution of the plasma
moment data is low. However, at least for ACE, WIND, and ARTEMIS, the velocity moment has samples
inside the DD, but still we see no indications of an increased speed of the order of the Alfvén speed. We
therefore suggest that reconnection did not occur in the pristine solar wind or in the magnetosheath, but it
was temporarily triggered as the DD crossed and was compressed by the bow shock.
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