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Abstract This paper describes the generation and initial utilization of a database containing 80 vector
and scalar quantities, for a total of 8,670 magnetopause and magnetosheath current sheet crossings by
MMS1, using plasma and magnetic field data from the Fast Plasma Investigation, Fluxgate Magnetometer,
and Hot Plasma Composition Analyzer instruments, augmented by solar wind and interplanetary magnetic
field data from CDAWeb. Based on a determination of the current sheet width, measured and calculated
vector and scalar quantities are stored for the two sides of the current sheet and for selected times within
the current sheet. The only manual operations were the classification of the current sheets according to
the type of boundary, the character of the magnetic field transition, and the quality of the current sheet
fit. To characterize the database, histograms of selected key quantities are presented. We then give the
statistics for the duration, motion, and thicknesses of the magnetopause current sheet, using
single-spacecraft techniques for the determination of the normal velocities, obtaining median results

of 12.95s, 38.5 km/s, and 705.4 km, respectively. When scaled to the ion inertial length, the median thickness
became 12.6; there were no thicknesses less than one. Next, we apply the Walén relation to find crossings
that are rotational discontinuities and thus may indicate ongoing magnetic reconnection. For crossings
where the velocities in the outflow region exceed the velocity on the magnetosheath side by at least

250 km/s, 47% meet our rotational discontinuity criteria. If we require the outflow to exceed 250 km/s
along the L direction, then the percentage rises to 68%.

1. Introduction

The magnetopause is the boundary that, to first order, shields the Earth’s magnetosphere from the shocked
solar wind and its embedded interplanetary magnetic field. However, when magnetic reconnection occurs,
the magnetosphere and solar wind become magnetically connected so that mass, momentum, and energy
can be exchanged. The magnetopause consists of an electric current sheet that achieves the change in
orientation and magnitude between the interplanetary magnetic field and Earth’s magnetic field. The magne-
topause has been studied in situ for a long time, so we have excellent knowledge on its location and shape. But
there are only a few extensive studies of its motion, thickness, and internal structure, as well as of in situ stud-
ies of the occurrence frequency of the signatures of magnetic reconnection. The Magnetospheric Multiscale
Mission (MMS), while primarily targeted at the search for the electron diffusion region, where magnetic recon-
nection is expected to be initiated, also offers a comprehensive coverage of the dayside magnetopause. A
unique feature of the MMS mission is the provision of large numbers of current sheet crossings selected
for transmission in burst-mode telemetry via the “Scientist-in-the-Loop” process (e.g., Fuselier et al., 2016),

PASCHMANN ET AL.

2018


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://orcid.org/0000-0002-9229-6966
http://orcid.org/0000-0002-1241-7570
http://orcid.org/0000-0002-6924-9408
http://orcid.org/0000-0003-1934-2062
http://orcid.org/0000-0003-0452-8403
http://orcid.org/0000-0001-7188-8690
http://orcid.org/0000-0003-1304-4769
http://orcid.org/0000-0001-8054-825X
http://orcid.org/0000-0001-9228-6605
http://orcid.org/0000-0002-1354-3544
http://orcid.org/0000-0001-6807-8494
http://orcid.org/0000-0003-1639-8298
http://orcid.org/0000-0001-9839-1828
http://orcid.org/0000-0001-6271-0110
http://orcid.org/0000-0003-4101-7901
http://dx.doi.org/10.1002/2017JA025121
https://doi.org/10.1002/2017JA025121

@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA025121

the result being more than a thousand well-defined magnetopauses. This fact allows us to study the nature
of the magnetopause and its current sheet with unprecedented time resolution, both statistically, as well as
individually, without users having to first search for and identify the current sheet crossings.

To help exploiting the MMS data, we have built a database, using data from the Fluxgate Magnetometer (FGM)
(Russell et al., 2016), the Fast Plasma Investigation (FPI) (Pollock et al., 2016), and the Hot Plasma Composition
Analyzer (HPCA) (Young et al., 2016). In the present version we have only included data from MMS 1 spacecraft
in the database, but it could easily be expanded to the other MMS spacecraft.

Theidentification of the current sheet widths is the starting point for building the database. The retrieval of the
data from the MMS Science Data Center, their ingestion into the QSAS Science Analysis Software (Allen, 2010),
the running of an extensive set of analyses, and the storing of the results in tables in a relational database, is
fully automatic. The use of this database enables the use of standardized statements (SQL = Structured Query
Language) to assemble statistics on, for example, current sheet thicknesses or the occurrence of signatures
of magnetic reconnection based on large numbers of crossings, or to query for crossings with certain spe-
cific properties, such as small or large thicknesses, large peak outflow velocities, or current densities, good de
Hoffmann-Teller frames, strong heating, deep minima in magnetic field strength, large minor ion densities,
large or small upstream plasma g or Mach number, or for any combination of the stored or calculable quan-
tities. Theses cases can then be analyzed further, for example, employing the four-spacecraft tools available
to MMS.

After describing the construction and content of the database in section 2, we present the ranges and aver-
ages of parameters that characterize the database in section 3. We then focus on two results: First, the
magnetopause duration, motion, and thickness statistics in section 4, and second, the occurrence of rotational
discontinuities as indicators of magnetic reconnection in section 5. A summary and conclusions are given
in section 6.

2. Data and Methodology

The first step was to download the MMS1 data for mission phases 1a and 1b, (20150901-20170209) from the
MMS Science Data center, amounting to a total of 8,670 burst-mode intervals. In the following sections we
describe the identification of the current sheets, the analysis steps performed, and what kind of quantities
are stored in the database. Technical details, such as the ingestion of the data into the analysis system, the
classification of the events, as well as the database accessibility, are described in the Appendix.

2.1. Current Sheet Identification

An important analysis step is the automatic identification of current sheets. This step is based on the maxi-
mum variance component, B;, of the magnetic field, obtained by running standard minimum variance analysis
(MVA) on the full burst-mode interval, t,,;. The adopted procedure is illustrated by Figure 1, which shows an
example of the plots that are generated for all events.

The top panel shows the B, component during an inbound magnetopause crossing, smoothed for the analysis
by a 5 s running average. The search routine finds the midpoint of the B, transition, from (half) the difference
between the maximum and minimum values (the orange line). It then follows the B, curve until it finds the
points that are 38% above and below the 50% level, respectively. These are the dashed red lines, at 12% and
88% of the transition, respectively. The 76% interval between themis taken as the current sheet duration, t, as
one would if the transition were a Harris current sheet, with a tanh profile (Harris, 1962). Extending the t, inter-
val by 50% on both sides, we get the times of the green vertical lines. The 50% extension turned out to cover
the full B; transition in almost all cases. We store the data at the times of the green lines in the database, and
use the interval between them for subsequent analyses, such as determination of the Hoffmann-Teller frame

and, therefore, refer to it as ;.

As can be seen from Figure 1, the procedure works very well if the B, transition is smooth. If there is more than
one current sheet in the burst interval, as shown in Figure A1, the procedure picks the one with the largest B, .
More complicated profiles can mislead the search routine but are spotted by the event classification process
described in Appendix A2. The latter process also excludes current sheet crossings that are broken up into
several contiguous burst segments because so far we have not concatenated adjacent intervals.

In addition to the times based on B, the search routine also identifies a number of characteristic times that
are based on the plasma data:
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Figure 1. Examples of the plots used to classify MMS current sheet crossings. The top panel shows the B, component of
the magnetic field (full resolution as a thin, smoothed as a thick blue line), and the field magnitude as a thin black line,
followed by a panel with all three components of B, in LMN coordinates; the next four panels show the magnitude and
components of the ion bulk velocity, V, the ion density, N, and parallel (red) and perpendicular (black) temperatures; the
bottom panel is the magnitude of the current density, J. The orange vertical line in the top panel marks the center of
the current sheet, while the dashed vertical lines on either side mark its width, t.. The two green lines mark the interval,
the twice as long as t.,, used for some analyses and data extraction; blue lines in the lower part mark the times where
the magnitudes of V and AV maximize, and a purple line the time where the magnitude of J, maximizes. Characteristic
properties of this crossing are as follows: t.g = 7.9s, Viay = 538.7 km/s, Jyax = 854.9 nA.

1. The time, t,,,;» Where the current density J, calculated from the ion and electron bulk velocities and the ion
density, maximizes.

2.The time, t,.ay, Where the magnitude of the difference, AV, between the local ion bulk velocity vector
and the velocity at the magnetosheath reference time (i.e., at the magnetosheath end of the t,, interval),
maximizes.

3. The time where the ion bulk velocity magnitude, V, maximizes.

4. The times where B has a minimum.

PASCHMANN ET AL.

2020



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA025121

The searches for the times in items 1 to 3 are restricted to the interval t,, marked by the green lines in Figure 1,
except that the maximum in V is recorded for the full burst-mode event as well. By contrast, the search for
the minimum in B is restricted to the current sheet, that is, the interval t.. We store those times and the
respective values of J,, V, and B in the database. Given the short duration of many of the crossings and their
substructures, identification of these characteristic times is possible only because of the unprecedented time
resolution of the plasma moments on MMS (150 ms and 30 ms for the ion and electron moments, respec-
tively). The example in Figure 1 has a current sheet that is 7.9 s wide, but the high-speed flow is only 3 s wide,
and the current peak only a fraction of a second.

2.2. Data Analysis and Storage
Based on the characteristic times just described, a number of analyses are performed:

1. Run minimum variance analysis (MVA) twice, once in its standard unconstrained version and once in a ver-
sion where B,, averaged over the analysis interval is constrained to zero (see details in Sonnerup & Scheible,
1998). Store the resulting eigenvalues and eigenvectors for both versions in the database. The analyses
under this and the next two items use t,, as the time interval.

2. Run minimum Faraday residue analysis (MFR; see Khrabrov & Sonnerup, 1998; Terasawa et al., 1996) and
store the resulting eigenvectors and eigenvalues.

3. Run de Hoffmann-Teller (HT) and Walén analyses (see, e.g., Paschmann & Sonnerup, 2008) and store the HT
velocity, Vyyr, and its correlation coefficient, HT , the slope, Wy, and correlation coefficient, W, of the
Walén analysis.

4. Average the current density J and temperatures T, T, over t.; and store these quantities.

5. Extract and store the vectors B, V, and the scalars N, T, T, at both ends of the full t,,., interval, at both ends
of the t;, interval, at t,,,»y, and at t,,,;; the current density vector J is only stored at t,., .

6. Store the H*, He*, Het*, and O* densities from the HPCA instrument (Young et al., 2016) at both ends of
the t,, interval.

7. Extract and store the interplanetary magnetic field (IMF) and solar wind properties, based on the 1 min
OMNI data (King & Papitashvili, 2005) propagated to the magnetopause, at the times close to the beginning
and end of the full burst interval.

Note that all vector quantities are stored in GSE coordinates but can be rotated into any of the three coordinate
systems by the user, namely, the constrained and unconstrained MVA eigenvector system and also the MFR
system, because the corresponding eigenvectors are stored in the database. Derived quantities are not stored
but can be readily calculated from the data in the database. Among these are the Alfvén velocity (with and
without correction for pressure anisotropies), the plasma g, ion inertial lengths and gyro radii, pressures, and
minor ion density ratios. These quantities can be calculated at the two ends of the t, interval, as well as at the
time t,,,.ay- FUNctions that facilitate these calculations have been generated.

2.3. Dayside Magnetopause Current Sheets

The automated procedure described above will pick up any current sheet, including the ones in the mag-
netosheath, and in the solar wind. Since our focus is on the magnetopause, we first distinguish inbound or
outbound crossings. The example in Figure 1 is an inbound magnetopause crossing, as can be seen from the
larger B, on the right. The opposite holds for outbound crossings. Having automatically determined the sense
of the crossings, we know which side of the current sheet would be the magnetosheath and which side the
magnetosphere. Requiring that B, > 20 nT on the magnetospheric side, we obtain magnetopause crossing
candidates. We then further restrict the selection by requiring a magnetic shear > 45°, and locations having
|Y| < 10Rg. Visual inspection, as described in Appendix A2 then allows us to definitively identify the crossing
type and its characteristics.

3. Database Characterization

In the following, a number of properties are presented that characterize the database and illustrate its
capabilities, together with some selected results.

3.1. IMF and Solar Wind

The IMF and solar wind plasma conditions propagated to the magnetopause for the times of the crossings in
the data base. Figure 2a displays a histogram of the IMF clock angles. There is a predominance of large clock
angles because crossings with large magnetic shear usually fit within a single burst interval, while low-shear
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Figure 2. (a) Interplanetary magnetic field clock angles for the 1,099 burst-mode events where interplanetary magnetic
field data were available, with 0° and 180° for northward and southward pointing fields, respectively; (b) solar wind
dynamic pressures for the 989 magnetopause crossings when solar wind data were available. Minimum, maximum,
mean, and medians are given in the insert.

crossings often do not. Figure 2b shows the solar wind dynamic pressure. Its median of 1.9 nPa indicates
average conditions.

3.2. Magnetic Shear and Plasma g

Conditions at the magnetopause are presented in Figure 3; Figure 3a shows a histogram of the plasma g
upstream of the magnetopause, defined as the ratio of the plasma and magnetic field pressures. The magnetic
shear angles across the magnetopause, shown in Figure 3b, exhibit a predominance of large angles, reflecting
the bias of the crossing selection, as already mentioned above. The angle scale starts at 45°, because that was
the minimum shear we required.

3.3. Magnetopause Structure

A useful characteristic of the database is the maximum ion bulk velocity jumps, which indicate plasma jet-
ting, presumably caused by magnetic reconnection. Figure 4a shows the distribution of maximum velocity
jumps, reaching values above 600 km/s. The database also stores the maximum velocities occurring outside
the interval t,., which might indicate the presence of processes other than reconnection.

Figure 4b shows the distribution of maximum current densities, obtained by calculating J = Ng,(V; — V,).
As the figure shows, there are substantial numbers of crossings with peak current densities exceeding
1,000 nA/m?2, Large peak current densities are considered candidates of electron diffusion region crossings
(e.g., Burch et al., 2016).

140 T T T 80 T T T T T T
H® 1146 MPs o ()
1201l (104> 20) ]
| Min = 0.1 6o F M
100 Max = 1442 B

1 Mean = 13.3

80 Median = 3.2 a
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5 10 15 20 100 120 140
B Shear Angle

Figure 3. (a) Upstream plasma f; (b) shear angles across the magnetopause.
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Figure 4. (a) Maximum velocity jumps; (b) maximum current densities.

A frequent feature of the magnetopause is the occurrence of minima in magnetic field strength within the
current layer. Figure 5a shows the distribution of events as a function of the ratio between the minimum B
within the current sheet and the upstream B. Note that there are more than 100 crossings where Bdrops to less
than 10% of the upstream B. Deep minima in B may be indicative of slow shocks near the switch-off condition
(e.g., Sonnerup et al., 2016). Ratios >1 can occur because the search for the minimum B is restricted to the
current sheet (interval t ), while the magnetosheath B is taken at the corresponding end of the ¢t interval.

3.4. lon Composition

The database includes the densities of H*, Het, He**, and O* ions on both sides of the current layer. They
help to characterize the plasma environment. As an example we show in Figure 5b the Het* percentage
measured upstream of the magnetopause, which has a wide range, but a mean that is close to the reported
average (3.7%). Querying the database for very high or very low minor ion densities can reveal crossings with
unique properties.

4, Magnetopause Duration, Motion, and Thickness

Since the determination of the current sheet duration was the starting point for the construction of the
database, we first present the statistics of the duration, motion, and thickness of the magnetopause.

4.1. Duration
For the current sheet duration we take our automatically determined time interval t,, defined in Figure 1.

Its distribution for the 687 magnetopause crossings that satisfied the most stringent conditions, that is, B,

140 — T T T 35 T T T T = T T T T
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120 | | ] 30 ] 6->-1.0Y%
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Figure 5. (a) Minimum B within the time interval t,;, scaled to the upstream B; (b) histogram of the He**/H+
percentage on the magnetosheath side of the magnetopause.
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Figure 6. Histograms for the (a) agnetopause crossing durations, t., and (b) speed, Vyy from Minimum Faraday Residue
analysis (MFR). The number of crossings and the minimum, maximum, mean, and median values of t_, are given in the
inserts. The numbers of events in the two histograms are different, because the requirements for good t. are more
stringent than those for good V,, from MFR.

profiles classified as “monotonic” and “good fit” (see Appendix A2), is shown in Figure 6a. The predominance
of durations between 4 s and 14 s shows that earlier missions would not have resolved such current sheets in
their plasma moments, which were obtained every 3 or 4.

4.2. Motion

For the normal speeds we have two options, both single-spacecraft methods: either V, 1, the de Hoffmann-
Teller velocity dotted into the normal direction from constrained MVA, or V,, s, the normal speed that results
from Minimum Faraday Residue analysis (MFR) (Khrabrov & Sonnerup, 1998; Terasawa et al., 1996). MFR is
based on the fact that in a frame moving with a one-dimensional current layer of time-invariant structure,
Faraday’s law requires the two components of the electric field tangential to the layer to be constant through-
out the layer. To run MFR, we have used the convection electric field, E = —(VxB). Figure 6b shows a histogram
of V,, from MFR, for the 896 crossings where the crucial eigenvalue ratio of the MFR was greater than 3. There
are more events in the velocity histogram than in the duration histogram, because monotonic B; profiles and
a good fit were not required for the velocities. It will be interesting to compare these single-spacecraft results
with MMS four-spacecraft timing, as was achieved already for the Cluster mission (e.g., Haaland et al., 2004).

The two velocities, V, ;v and V,, e differ in magnitude and sometimes also in sign. Taking only crossings
where the two have the same sign and agree in magnitude to within 50%, we are left with 401 crossings.
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Figure 7. Histograms for (a) d and (b) d/ 4;, based on the V,, ¢ for the 370 crossings where V,, ¢ and V,, .1 agreed
within 50% and were consistent with the sign inferred from the sense of the crossings. Requirements were the same as
those in Figure 6, plus a de Hoffmann-Teller correlation coefficient >0.90.
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Table 1
Comparison With Earlier Results (Medians for Duration [s], Motion [km/s], and Thickness [km])

Number Shear Duration Speed Thickness Scaled
Berchem and Russell (1982) 30 - - ~40 ~800 ~10°
Le and Russell (1994) 22 - - ~40 ~400 -
Phan and Paschmann (1996) 128 > 45° 22 34.1 650 13.6°
Haaland et al. (2014) 1,073/583 - - 48/32 1,396/1,145 13.1/9.92
Present study 896/370 > 45° 12.9 385 705.4 12,60

3Scaled to the upstream ion gyroradius, Ig- bScaled to the upstream ion inertial length, Aj.

In addition, we also checked the consistency of the sign of the velocities with the sense of the crossings:
inbound crossings must have positive normal velocities, outbound, negative velocities. For 370 (= 92.3%) of
the 401 crossings, the signs are consistent.

4.3. Thickness

For the 370 crossings, the durations and speeds were multiplied to yield their thicknesses, d, whose distribu-
tion is shown in Figure 7a, with a median of 705 km. On the right, Figure 7b shows the same 370 thicknesses,
but now scaled to the ion inertial length 4;, determined from the ion density at the upstream end of the t,
interval. The median scaled thickness is 12.6, and the minimum is 1.6; that is, there are no cases with d/4; < 1.

4.4. Duration, Motion, and Thickness Statistics

Table 1 compares the number of crossings, their durations, speeds, and thicknesses of the present study with
those reported earlier. The studies by Berchem and Russell (1982) and Le and Russell (1994) were based
on ISEE-1 and ISEE-2 data, using the normal velocities obtained from two-spacecraft timing analysis to turn
durations into thicknesses. The Phan and Paschmann (1996) study was based on AMPTE/IRM data, with the
thicknesses computed with the bulk velocity in the model LMN coordinates system. The medians for the two
ISEE studies in the table were inferred from histograms, and no shear angles were provided. The scaling param-
eters for the thicknesses in the last two columns were obtained on the upstream, that is, magnetosheath
side. Given the differences in methods and crossing numbers, the general agreement between speeds and
thicknesses is remarkable, with the exception of the study by Haaland et al. (2014), which is based on Clus-
ter crossings on the flanks of the magnetopause, where the medians were found to be different for the
dawn and dusk crossings (shown by the first and second numbers in the table), and absolute thicknesses are
substantially larger.

5. Rotational Discontinuity Identification

5.1. Walén Relation

The search for rotational discontinuity (RD) signatures in magnetopause crossings is important, because on
the basis of standard MHD models such signatures are associated with ongoing reconnection. In the asym-
metric reconnection model by Levy et al. (1964), the magnetosheath side of the magnetopause (away from
the reconnection site) consists of an RD, in which the magnetic field direction undergoes a change from its
magnetoheath to its magnetospheric orientation and a large increase in plasma velocity occurs, such that the
so-called Walén relation holds. When expressed as a jump condition, this relation reads (e.g., Hudson, 1970)

AV = +AV, M

where V is the plasma velocity and V, is the Alfvén velocity, corrected for the effect of pressure anisotropy,
V, = B[(1 — @)/ pgp]®° with a = by - P )Ho/B2. The symbol A refers to changes relative to some upstream
state. The plus and minus signs apply to situations where the normal magnetic field and velocity components
have equal or opposite signs, respectively.

Earthward from the RD is a slow-mode expansion fan, across which the field strength increases and the density
decreases. The Walén relation does not hold for this part. The RD and the expansion fan together form the
boundaries of a wedge-shaped region on each side of the reconnection site (the X line), in which the rapid,
oppositely directed, exhaust jets flow away from the X line. In the symmetric model by Petschek (1964) model,
on the other hand, the plasma density and magnetic field strength are the same on the two sides of the
magnetopause, while the field direction again changes. Each half of the magnetopause structure then consists
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Figure 8. Walén test results. (a) Angle between AV and AV, versus their magnitude ratio, with V corrected for the
pressure anisotropy term, for the 731 magnetopause crossings that exclude incomplete and overlapping crossings, and
where the velocities at t,,,,py are not lower than at the upstream reference time; (b) Same plot but for the 167 events
with velocity jumps AV, > 250 km/s and densities at t,,py > 1. In the two plots, 23 and 6 crossings, respectively, have
ratios exceeding 1.5 and are thus off scale. Note that the case shown in Figure 1 is the point at an angle of 162° and a
ratio of 0.83.

of an RD, immediately followed by a slow shock, the latter at or very near the switch-off limit. The combined
RD and switch-off shock again obey the Waén relation for each half of the structure separately, but now with
opposite signs in (1), as observed by Sonnerup et al. (2016). The search for RD signatures presented in the
paper does not distinguish between the two models, a task left for future work.

The Walén relation can alternatively be formulated as a comparison between the time series of V' and V,
(e.g., Paschmann & Sonnerup, 2008, and references therein), where V' is the velocity evaluated in the de
Hoffmann-Teller frame. As pointed out in section 2.2, we do indeed determine the HT velocity and perform
the Walén test on the time series, but the time interval, t,,,, between the green lines in Figure1, which we use
to determine the HT frame, is usually too long to obtain meaningful results.

Using the jump relation formulation (equation (1)), requires selection of the times between which the jumps
in V and V, are to be computed. Following Phan et al. (1996), we have chosen as the upstream reference time
the time on the magnetosheath end of the t,, that is, at the time corresponding to the left green line in the
example shown in Figure 1. The end time is taken as the time t,,,py, Where |AV| maximizes. By choosing the
latter, instead of a time well on the magnetospheric side, we avoid intervals that extend so far earthward that
they include measurements in the slow expansion fan in the Levy et al. (1964) model, or worse, measurements
from a region of outward plasma flow from the magnetosphere into the magnetosheath, expected in the
Petschek (1964) model.

In contrast to Phan et al. (1996), however, we have considered the full 3-D vectors, as in Hudson (1970), rather
than only the tangential components, the advantage being that the coordinate system then does not matter
for testing the Walén relation.

5.2. Walén Test: All Cases

To present the results of the Walén relation tests in its jump relation form, the most transparent way is to
compare the angles between AV and AV, as well as their magnitude ratios, |AV /AV,|. Figure 8 shows scat-
ter plots of the angles between AV and AV, versus the magnitude ratios |AV/AV,|. Consistent with the
expression given below equation (1), the Alfvén velocities have been corrected by the factor (1 — a)®>, which
becomes imaginary if a > 1, that is, for p; > p, . Crossings where this occurs have been excluded (see below).

In addition, we have assumed the presence of 4% He*™* particles by number, close to the average shown in
Figure 5b, which reduces the Alfvén velocity by a factor 1/\/m = 0.928. Focusing on crossings where the
ions are accelerated, we have excluded crossings where the velocity in the exhaust (i.e., at t,,,oy) is smaller
than the velocity at the upstream reference time. That leaves us with 731 crossings, for which results are
presented in Figure 8b. Without the @ < 1 requirement, there would have been 748 cases.
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For crossings of an ideal RD, for which there is perfect agreement with equation (1), all points should lie at
angles of 0 or 180° and at ratios equal to 1, but in light of the simplifying assumptions that underlie the RD
formulas (an ideal MHD current layer that is locally one-dimensional and time stationary), one should not
expect perfect agreement. For crossings of the magnetopause when it is not an RD, points could, of course, lie
anywhere. As Figure 8a shows, points with ratios less than 0.5 or so occur at all angles, but even above ~ 0.5,
points are not exactly at 0 or 180°, but form ~ 30 to 45° wide bands. It is the void in between those bands
that supports the conclusion already drawn in earlier publications, that ratios > 0.5 or so can be taken as solid
evidence for RD-like crossings (Gosling et al., 1990; Haaland et al., 2014; Paschmann et al., 1986, 2005; Phan
etal., 1996, 2013, 2014).

5.3. Walén Test: High-Velocity Cases

With plasma jetting being the primary signature of a reconnecting magnetopause, we next consider only
crossings that exhibit large increases in velocity in the outflow region. Taking velocity jumps, | AV|, exceeding
250 km/s, we obtain 266 cases, after excluding two cases with a > 1. For typical upstream magnetic fields of
50 nT and densities of 20 cm™3, this velocity jump is equal to the Alfvén velocity. Of the 266 crossings, only
125 (47%) meet the RD requirements (here taken as ratios > 0.5 and angular alignment within 30°, in spite of
the fact they all had large velocity jumps. In other words, more than half (142) still fail the Walén test.

5.3.1. Cases Failing the Walén Test

Querying the database for the 142 crossings that fail the Walén test, plus visual inspection of plots like the
one in Figure 1, reveals that the failed cases fall into essentially three categories (because cases can appear in
more than one category, the numbers below, when added exceed 142:

1.In 64 crossings there is some jetting in the north/south (i.e,, L) direction, but the angle between AV and
AV, is too large and/or their magnitude ratio too far from 1.

2.1n 50 crossings, the maximum observed |AV/| is determined by strong flows in the M direction that do not
occur at the same time as the maximum in AV, and are not accompanied by commensurate M components
of V,.

3.In 35 crossings there is essentially no correlation between V and V, but sufficiently large velocities do occur
somewhere in the crossing, which the code then picks when searching for the maximum AV.

For the cases in Category 1, it is presently not clear what causes large mismatch, and whether they have
anything to do with reconnection at all. Regarding the cases in Category 2, in 24 of them V,, is negatively
enhanced on the magnetospheric side. This V,, is thought to be due to the drift of magnetosheath ions pen-
etrating into the magnetosphere and performing partial Larmor orbits, possibly because the MMS spacecraft
crossed the reconnection outflow close to the X line (Burch & Phan, 2016; Phan et al., 2016; Shay et al., 2016).
The interpretation in terms of flows on the magnetospheric side of the current layer is supported by the fact
the plasma density has often already dropped to magnetospheric levels (<1 cm™3), that is, it is much lower
than expected in the outflow region. One of the most prominent cases in this set has already been presented
in Graham et al. (2017). Finally, the cases in Category 3 are clearly not RDs.

5.3.2. Genuine Jetting Cases

We now consider only those cases that have large velocities along L, the reconnecting field direction, that
is, we require large (>250km/s) jumps in V,. In line with the comments in the previous paragraph, we also
exclude cases where the density at t,,,,,o, Was less than 1 cm~3. Figure 8b shows the 167 cases matching these
conditions, after excluding one case with a > 1. It is now apparent that we essentially lost all the points dis-
cussed in the previous section and end up with the cases we consider true RDs, particularly if we relax our RD
criterium to ratios above 0.4 and angular agreements within 45°.

5.4. Walén Test: Statistics
Table 2 summarizes our results for the following four event categories:

1. The 731 crossings where the only condition was |V, /V,,,| = 1. Of these, 30.2% meet the assumed criteria
for RDs, that is, ratios between 0.5 and 1.5 and angles <30° or >150°.

2. The 266 crossings where jetting was defined as |AV| > 250 km/s, of which 47% meet the RD criteria, that
is, a remarkable 53% fail the test (see section 5.3.1).

3. The 167 crossings where jetting was defined as |AV,| > 250 km/s, and the eight cases with densities less
than 1 cm~3 were excluded, 68.3% meet the RD criteria.
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Table 2

Walén Relation Statistics

Ratios and angles 731 crossings® 266 crossinglsb 167 crossings® 167 crossingsd
(0.5-1.5) and >150° 165 106 97 125
(0.5-1.5) and <30° 56 19 17 22

Sums 221 (30.2%) 125 (47.0%) 114 (68.3%) 147 (88.0%)

aCrossings With Vo, /Vip 2 1. bAs in footnote a, but [AV| > 250 km/s. “As in footnote b, but |AV, | > 250 km/s and
Npax > 1. 9Ratios = 0.4-1.6 and angles within 45°.

4. The same 167 crossings, but the RD criteria widened to ratios between 0.4 and 1.6 and angles <45° or >135°,
which appear reasonable in view of Figure 8b, increasing the percentage to 88.0%.

To put the statistics into context, only about 50 magnetopause crossings had been subjected to Walén rela-
tion tests by various authors before 1991, as pointed out by Sonnerup et al. (1995). Then Phan et al. (1996)
investigated 69 AMPTE/IRM magnetopause crossings with the same magnetic shear condition as ours (>45°),
and found that in 61% of the crossings the observed AV exceeded 50% of AV, and when 200 km/s was taken
as the lower limit for | AV/|, then all but one case met the 0.5 threshold. Why those percentages are higher than
ours is not presently understood.

5.5. North-South Asymmetry

Figure 8 shows a strong asymmetry between the number of points at large and small angles (and ratios > 0.5).
According to the first and second rows of Table 2, the ratio of the number of points at large and small angles
ranges between 5.6 and 5.7 for the cases in columns 3 to 5. We attribute this asymmetry to the dominance
of crossings south of the X line in the MMS data, as evidenced by the prevalence of southward directed out-
flows. South of the reconnection line the normal magnetic field is directed outward (i.e., B, > 0). Together with
inward flow (V,, < 0), this gives a negative sign in equation (1), that is, oppositely directed AV and AV,. The
ratio is much smaller (2.9) for the 731 crossings in column 2, because the 731 cases include many crossings of
the nonreconnecting or nonlocally reconnecting magnetopause, for which the explanation does not apply.
Cases where the X line moved past the spacecraft during the magnetopause crossing so that the jet direction
was reversed probably exist in the data set, but our present analysis does not distinguish them from regular
magnetopause crossings.

6. Discussion and Conclusions

We have automatically retrieved and analyzed the data from the FGM magnetic field and FPI plasma instru-
ments on MMS1 for 8,670 burst-mode intervals obtained from current sheet crossings near the dayside
magnetopause and its environs. Based on a standard set of analyses, we have built a database that can be
used to obtain statistics on certain quantities or to select cases with specific properties.

The starting point of the analysis was the identification of the dominant current sheet in each burst-mode
interval and the determination of a number of characteristic times within the transition. Magnetic field and
plasma quantities on either side of the current sheets and at the other characteristic times are stored. Run-
ning standard code on the magnetic field and plasma time series across the current sheets yield additional
parameters that bring the total number of quantities stored in the database to 80.

The only manual operation was the classification of the crossings, explained in Appendix A2, which yielded
1,245 sufficiently isolated magnetopause crossings. To characterize the database, we have presented, in
section 3, histograms of characteristic properties that help to judge what questions might be addressed with
the database.

As the first result, we have presented in section 4 the statistics of the magnetopause current sheet duration,
motion, and thickness. The durations span a wide range, from 2.8 to 142 s, with a median of 12.9s, and the
maximum number occurring in the 4-to-6 s bin. Such short durations could not be resolved in the plasma
moments from previous missions. Although we only analyzed data from MMS1, we still could, as described
in section 4.2, determine the normal magnetopause velocity with two proven single-spacecraft methods,
yielding velocities covering a range from 2 km/s to 367 km/s, with a median of 38.5 km/s.
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Multiplying crossing durations and velocities, we get magnetopause thicknesses ranging from 85 to
10,800 km, with a median of 705 km. When scaled to the upstream ion inertial length, the thicknesses range
between 1.6 and 250. The absence of thicknesses below 4; would be consistent with the idea that reconnec-
tionis more likely to be initiated when or where the current sheet thickness, for one of several possible reasons,
has become reduced to the order of 4; (or rg), creating an X line at such location(s). Away from any X line or
X lines formed in this manner, the current sheet is then widened, as a consequence of the ongoing recon-
nection. Another possibility is that magnetopause thicknesses less than the ion scale do not occur, regardless
of the presence or absence of reconnection, an exception being the electron scale substructure, known to
be embedded in the ion-scale diffusion region surrounding an X line during reconnection. Our results indi-
cate that electron scale current sheets that occur on their own, without being embedded in such an ion-scale
structure, are not present in the data base.

As shown in Table 1, our medians do not differ much from those reported in previous studies. But given the
much larger number of crossings, one can, in possible future studies, easily subdivide the cases according
to, for example, local time, solar wind dynamic pressure, upstream g or Mach number, and still have enough
samples. Another possible future use is to search for extreme events.

The second result, presented in section 5, concerns the occurrence frequency of rotational discontinuity-like
signatures that are used as one of the classical methods to identify ongoing magnetic reconnection. When
testing the Walén relation, which characterizes RDs as a jump condition (in section 5.1), one looks at the
alignment of the vector jumps in plasma velocity and Alfvén velocity, AV and AV,, and at the ratio of their
magnitudes.

Figure 8 shows that for ratios above about 0.5, the points lie in two 30 to 45° wide bands, one above 0°, the
other below 180°, with a void of points in between. This void is strong evidence that the current sheets with
angular alignments within 30 to 45° and magnitude ratios above 0.4 to 0.5 are RD-like structures. Such a wide
range might sound overly liberal, but as noted in section 5.2, this range is actually consistent with many earlier
studies, but this conclusion was never demonstrated so convincingly as in Figure 8.

The statistics, presented in Table 2, shows that from the 731 magnetopause crossings, about 30% met our RD
requirements. For the crossings with |AV|> 250 km/s, the percentage rises to 47%, but a remarkable 53%
still fails the test. Reasons for this failure were discussed in detail in section 5.3.1. Replacing the condition
|AV|>250km/s by |AV, | > 250 km/s removes most of the failed cases, as shown in Figure 8b, and 68.3% meet
our RD criterium. If we accept even wider ranges for the angles and ratios, as in the last column of Table 2, we
would end up with 88% being RDs.

The pronounced asymmetry between the number of points at large and small angles, that is, with negative
and positive signs in the Walén relation, can be attributed to the prevalence of MMS crossings south of the
reconnection line.

In summary, we have demonstrated that the MMS1 database we have built offers many opportunities for
studies not only of the magnetopause but also of other current sheets. It is also important to note that the
database is not cast in concrete. It can easily be modified or expanded, for example, by adding more electron
data or data from the other MMS spacecraft. Full reprocessing of the entire set of burst-mode intervals on the
dayside takes only a day or so on a modern personal computer.

Appendix

A1. Data Retrieval and Ingestion

The first step was to run a script that downloaded the MMS1 data for mission phases 1a and 1b, (20150901 -
20170209) from the MMS Science Data center, amounting to a total of 8,670 burst-mode intervals. Down-
loaded measurements include the following:

1. FGM, FPI, and HPCA burst-mode data for the dayside burst-mode intervals (“Events”)
2. FGM survey data for longer (9 min) intervals to provide context
3. OMNI data (IMF, SW; AE, DsT, F107) at 1 min resolution from CDAWeb

The next step was to ingest the data into the QSAS Science Analysis Software (Allen, 2010), where a working
list (WL) is created for each “Event.” The WLs are saved, so that postprocessing can be done anytime, while the
underlying raw data are deleted to save space. Thereafter, a sequence of analyses on the time series is run,
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Figure A1. Magnetopause quality: example classified as “monotonic” with “mediocre fit.” Format is the same as the

“monotonic,

"o

‘good fit” event in Figure 1.

to derive characteristic current sheet parameters for each event. The output from this analysis is then stored
in the database, in addition to the data at selected times inside and outside the current layer.

A2. Event Classification
Candidates for magnetopause crossings were obtained by querying the database for events located within
—10R; < Ygse < 10Rg, where the shear across the current sheet is >45° and B; is >20 nT on what we know
would be the magnetospheric side. This yielded 2,446 events, for which the overview plots, like those in
Figure 1, were then visually inspected event by event, together with the associated 2 h Quicklook plots, and
classified according to the following:

1. the crossing type (magnetopause, magnetosphere, magnetosheath, bow shock, and solar wind)

2. the nature of the B, profile across the current sheet (“monotonic,
3. the quality of the current sheet fit (“good,
4. the number of current sheets in the burst interval (“single,

nou

mediocre,” “bad"”)

"

"

nonmonotonic”)

multiple”)
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Figure A2. Magnetopause quality: example classified as “nonmonotonic” and “bad fit.”

nou

5.whether the current sheet crossing was “complete,” “incomplete,” or “overlapping” with neighboring
current sheets; Harris-like crossings were also noted

The identification of the crossing type is helped by considering asymmetries in plasma density and tempera-
ture. The “good,” “mediocre,” and “bad” classification in Item 3 are an eyeball type of assessment of the degree
to which the B, time series resemble a Harris-like profile. Only crossings classified as “complete” were used in
this study. This excludes current sheet crossings that were broken up into several burst intervals because we
have not concatenated adjacent burst intervals.

Of the 2,446 candidates, only 1,245 were classified as true, sufficiently isolated magnetopause crossings. Most
of the remaining ones were found to be magnetosheath current sheets. The five classifications, plus the auto-
matically determined sense of the crossings (inbound versus outbound), are added to the database and can
be used for querying. The example in Figure 1 was classified as “magnetopause, monotonic, good fit, single,
Harris-like,” while Figure A1 is an example of a “mediocre” fit, and Figure A2 is an example of a “bad” fit, and
multiple crossings.
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