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Abstract Magnetic reconnection permits topological rearrangements of the interplanetary and
magnetospheric magnetic fields and the entry of solar wind mass, energy, and momentum into the
magnetosphere. Thus, magnetic reconnection is a key issue to understand space weather. However, it has
not been fully understood yet under which interplanetary/magnetosheath conditions magnetic
reconnection takes place more effectively at the dayside magnetopause. In the present study 25 dayside
magnetopause reconnection events are investigated using the “Time History of Events and Macroscale
Interactions during Substorms” (THEMIS) satellite observations in order to find its dependence on solar
wind and magnetosheath conditions. It is found that the reconnection electric field is proportional to the
interplanetary electric field and inversely proportional to the solar wind-Alfvén Mach number and that
the reconnection outflow speed is proportional to the solar wind Alfvén speed and inversely proportional
to the magnetosheath plasma beta. It is also shown that the range of magnetic shear angles for which
magnetic reconnection should occur is restricted to large shears as the magnetosheath flow direction
becomes more perpendicular to the direction of the local magnetopause normal vector. Since these results
refer to fairly typical solar wind-Alfvén Mach number condition, they may not necessarily apply to more
extreme cases.

1. Introduction
Magnetic reconnection is a fundamental process for the mass, momentum, and energy transfer from the
solar wind to Earth's magnetosphere. Since Dungey (1961) suggested the importance of magnetic recon-
nection for the solar wind-magnetosphere interaction, dayside reconnection events have been observed in
situ at the Earth's dayside magnetopause (e.g., Deng & Matsumoto, 2001; Paschmann et al., 1979). Although
recent reconnection studies have been dedicated to the microphysics of reconnection in the diffusion region,
such as those involving data from the Magnetospheric Multiscale (MMS) mission (Burch et al., 2016), the
macroscopic physics of reconnection still remains an important issue for understanding its large-scale fea-
tures, which are of special interest for space weather predictions. In order to investigate the details of dayside
reconnection processes from a macroscopic point of view, there have been several studies on the rela-
tionship between the solar wind/magnetosheath conditions and Earth's dayside reconnection. Paschmann
et al. (1986) found that the occurrence of high-speed outflows near the reconnection site, which is a proxy
of dayside reconnection, is inversely correlated with the magnetosheath plasma beta 𝛽, the ratio of the
plasma pressure to the magnetic pressure, with reconnection less likely to occur when 𝛽 > 2. Scurry et al.
(1994a, 1994b) showed how the upstream solar wind parameters control reconnection using a geomagnetic
activity index as a proxy measure of the efficiency of dayside reconnection. They showed that the solar
wind-magnetosonic Mach number, upstream solar wind plasma beta, and the cone angle of the interplan-
etary magnetic field (IMF) are correlated with such a proxy measure of the efficiency of the reconnection
process. Each of these three parameters controls the plasma beta in the magnetosheath downstream of the
Earth's bow shock. The dependence of the efficiency of reconnection on the above parameters is in agree-
ment with the expectation that large magnetosheath betas reduce the rate of or hinder the onset of dayside
reconnection. Phan, Paschmann, et al. (2013) found that for low Δ𝛽 (the difference in the plasma beta on
the two sides of the magnetopause), the majority of reconnection events occurred over a large range of
magnetic shears, whereas when Δ𝛽 was high reconnection events occurred only for high magnetic shears.
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Table 1
The 25 Magnetopause Reconnection Events

No. Reference Date Time (UT) Probe X (RE) Y (RE) Z (RE)
1 Dunlop et al. (2011) 2007/06/14 04:42 A 9.72 2.82 -2.22
2 Trattner et al. (2012) 2007/06/23 06:50 C 10.28 1.49 -2.76
3 Tratttner et al. (2012) 2007/06/28 12:40 E 10.65 0.63 -2.96
4 Mozer et al. (2008) 2007/07/20 17:38 C 11.08 -2.47 -2.72
5 Trattner et al. (2012) 2007/07/22 02:20 C 12.04 -1.98 -3.21
6 Hietala et al. (2018) 2007/08/07 22:59 B 9.58 -5.29 -2.45
7 Zhang et al. (2012) 2007/08/26 08:32 C 9.93 -8.27 0.41
8 Trattner et al. (2012) 2007/08/28 08:20 C 10.08 -1.88 -2.00
9 Trattner et al. (2012) 2008/07/27 20:15 E 9.67 4.66 -3.51
10 Phan, Paschmann, et al. (2013) 2008/07/30 19:33 D 9.87 4.83 -3.49
11 Sonnerup et al. (2016) 2008/08/03 17:00 D 10.00 2.08 -3.77
12 Teh et al. (2010) 2008/08/06 21:14 E 10.31 4.12 -3.31
13 Phan, Shay, et al. (2013) 2008/08/09 15:13 D 9.63 -0.22 -3.25
14 Trattner et al. (2012) 2008/08/31 15:09 D 10.33 -2.64 -2.01
15 Phan et al. (2016) 2008/09/09 21:45 D 10.77 0.88 -1.66
16 Walsh et al. (2014) 2008/09/15 13:34 D 9.25 -5.02 -0.46
17 Souza et al. (2017) 2009/05/22 16:24 B 7.31 8.75 -0.46
18 Souza et al. (2017) 2009/07/07 14:39 C 9.09 2.81 -3.06
19 Tang et al. (2013) 2009/08/27 15:35 E 8.79 0.72 -2.29
20 Mozer et al. (2011) 2009/08/30 14:41 D 9.04 0.46 -2.09
21 Pritchett et al. (2012) 2010/09/08 16:05 D 8.51 4.44 -1.09
22 Uchino et al. (2017) 2011/11/22 15:00 D 8.59 -1.19 3.45
23 Dai et al. (2015) 2013/02/13 23:25 E 6.15 -6.88 -0.61
24 Walsh et al. (2017) 2014/04/21 11:55 A 9.61 -3.04 -1.67
25 Zou et al. (2018) 2014/05/23 15:51 A 5.24 -9.84 -2.05

Furthermore, nonreconnection events occurred primarily in the Δ𝛽-shear regime in which reconnection is
predicted to be suppressed, in good agreement with the theory (Swisdak et al., 2003, 2010).

In the present study 25 dayside magnetopause reconnection events are investigated in order to find its
dependence on solar wind and magnetosheath conditions.

2. Data
The “Time History of Events and Macroscale Interactions during Substorms” (THEMIS) satellites were
launched in 2007 to determine the onset mechanism and macroscale evolution of substorms (Angelopoulos,
2008). Observational data used in the present study are particle data from the Electrostatic Analyzer (ESA;
McFadden et al., 2008) and magnetic field data from the Fluxgate Magnetometer (FGM; Auster et al.,
2008). The THEMIS ion and electron electrostatic analyzers (iESA and eESA) measure plasma over the
energy range from a few eV up to 30 keV for electrons and up to 25 keV for ions each 3-s spin period. The
FGM instrument measures the magnetic field from DC up to 64 Hz in the near-Earth space. Here, we used
magnetic field data with a 3-s spin resolution. The magnetosheath and magnetospheric parameters associ-
ated with dayside magnetopause reconnection were calculated as a 15-s average value (to include at least
five data points) for both sides of the magnetopause transition region.

The solar wind particle and the IMF data were obtained from the NASA OMNI database (King & Papitashvili,
2005). These are time shifted to take into account the solar wind convection time from the spacecraft posi-
tion to the bow shock nose. For solar wind parameters, the 5-min preceding values for each reconnection
event were used, considering the solar wind propagation from the bow shock nose to the magnetopause.
The geocentric solar magnetospheric (GSM) coordinate system was used for all quantities in the present
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Figure 1. The GSM X-Y plane position for the selected magnetopause reconnection events observed by THEMIS from
2007 to 2014. The dotted curve indicates the nominal position of the magnetopause (Shue et al., 1998), considering an
IMF Bz component of 2.0 nT and a solar wind dynamic pressure of 2.0 nPa.

study, except for the flow velocity and magnetic field in sections 3.3 and 4, which are in the LMN bound-
ary coordinate system where N is normal to the boundary, M is tangential to the boundary and positive
pointing toward dawn, and L = M × N. The GSM to LMN transformation was done using Shue's empirical
magnetopause model (Shue et al., 1998).

Since 2007, THEMIS probes have been crossing the magnetopause many times from the dusk to the dawn
flank. In the present study, we investigate 25 dayside magnetic reconnection events as listed in Table 1. These
magnetic reconnection events have been reported by several authors (see references in Table 1).

3. Results
The 25 reconnection events have been selected near the dayside magnetopause. Figure 1 shows satellite posi-
tions in the GSM X-Y plane for the 25 magnetopause reconnection events where the dotted curve indicates
the nominal position of the magnetopause (Shue et al., 1998), considering an IMF Bz component of 2.0 nT
and a solar wind dynamic pressure of 2.0 nPa. The events are distributed almost uniformly from Y = −10
RE to Y = 10 RE (RE = 6,371 km).

3.1. Magnetic Shear Angle
First of all, we investigate the magnetic shear properties of the reconnection region in the 25 events asso-
ciated with the observed solar wind and magnetosheath conditions. In Figure 2, the magnetic shear angle
between the magnetosheath and magnetospheric magnetic fields is shown, as a function of the solar wind
flow pressure (left) and the difference in the plasma beta between both sides of the magnetopause (right).
Figure 2a shows that the magnetic shear angle gets limited to high angles as the solar wind flow pressure
increases. The same behavior is also observed for other solar wind parameters such as the solar wind speed
and number density (not shown).
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Figure 2. The magnetic shear angle between the magnetosheath and magnetospheric magnetic fields as a function of
the solar wind flow pressure (left) and of the difference of plasma beta between both sides of the magnetopause (right).

Using observational data acquired at the Earth's dayside magnetopause, Phan, Paschmann, et al. (2013)
found that the magnetic shear angle 𝜃 associated with magnetic reconnection is limited to high values for
high Δ𝛽. They suggested the following:

Δ𝛽 >
2L
𝜆i

tan(𝜃∕2), (1)

where L represents a typical pressure gradient scale near the X-line and 𝜆i is the ion inertial length. The
inequality is based on a theoretical consideration in which diamagnetic drifts suppress the magnetic recon-
nection when the X-line convection speed v* is larger than the Alfvén speed VA, v* > VA (Swisdak et al.,
2003, 2010). In the present study, most of the magnetic reconnection events are also found at the possible
reconnection (MRX) region as shown in Figure 2b. The solid and dotted curves denote two different values
of pressure gradient scale: L = 𝜆i and L = 2𝜆i, respectively.

3.2. Reconnection Outflow Speed
Next, we investigate the dependence of the reconnection outflow speed on some solar wind and magne-
tosheath parameters. The observed outflow velocity is obtained by the following expression,

Vo(observation) = Vmax − Vbackground [km/s], (2)

where Vmax is the maximum velocity during the magnetopause crossing and Vbackground is the background
magnetosheath velocity. On the other hand, the theoretical outflow speed was calculated using the Cassak
and Shay (2007) model, which is for asymmetric magnetic reconnection and is well cited and used, that is,

no =
n1B2 + n2B1

B1 + B2
[cm−3], (3)

Vo(theory) = 0.218 × 102

√
B1B2

no
[km/s], (4)

where the subscripts 1 and 2 denote the magnetosheath and magnetospheric sides of the magnetopause,
respectively, and the magnetic field intensity is in nT and the ion density n is in cm−3. We found that the
observed reconnection outflow speed is proportional to the theoretical one as shown in Figure 3a. The recon-
nection outflow speed from theory increases as the solar wind bulk speed increases (Figure 3b) and decreases
as the magnetosheath plasma beta 𝛽sh increases (Figure 3c). In addition, the magnetosheath plasma beta
dependence on the solar wind-Alfvén Mach number is shown in Figure 3d. When the solar wind-Alfvén
Mach number MA is high, the magnetosheath plasma beta is also high in the semilog plot.

Figure 4 shows the theoretical reconnection outflow speed (left) and the solar wind-Alfvén Mach number
(right) associated with the solar wind Alfvén speed VAsw. It is found that the theoretical reconnection outflow
speed is proportional to the solar wind Alfvén speed. The solar wind-Alfvén Mach number decreases when
the solar wind Alfvén speed increases due to MA = Vsw∕VAsw.
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Figure 3. The reconnection outflow speed: (a) theory Cassak and Shay (2007) versus observation of the outflow speed,
(b) the solar wind bulk speed versus the theoretical outflow speed, (c) the magnetosheath plasma beta versus the
theoretical outflow speed, and (d) the solar wind-Alfvén Mach number versus magnetosheath plasma beta. The dotted
lines in each panel are the linear or lognormal fitting.

3.3. Reconnection Electric Field
Third, we investigate the dependence of the reconnection electric field on the interplanetary electric field
and the solar wind-Alfvén Mach number. The reconnection electric field intensity Erec was calculated as

Erec ∝ |BN × VL|, (5)

where BN is the normal component of the outflowing magnetic field and VL is the L-component of the ion
velocity of the observed reconnection outflow jet . As shown in Figure 5a, the reconnection electric field Erec

increases as the interplanetary electric field EIMF increases, where EIMF was calculated as Vsw

√
B2
𝑦
+ B2

z . On
the other hand, Erec decreases when the solar wind-Alfvén Mach number increases as shown in Figure 5b.

Erec is also proportional to VoBo where we define Bo =
√

B1B2 (Cassak & Shay, 2007). Since there is no
observational information on the aspect ratio of the diffusion region, we could not obtain a reasonable Erec
value. However, this relation will be discussed in section 4.

Figure 4. The theoretical reconnection outflow speed (left) and the solar wind-Alfvén Mach number (right) associated
with the solar wind Alfvén speed VAsw.
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Figure 5. The reconnection electric field Erec associated with the interplanetary electric field EIMF (left) and the solar
wind-Alfvén Mach number MA (right).

4. Discussion and Conclusions
As seen in the previous section, reconnection-associated parameters, namely, magnetic shear angle 𝜃,
outflow speed Vo, and electric field Erec, are affected by several properties of the solar wind and the magne-
tosheath. The results obtained from our investigation using 25 magnetopause reconnection events can be
summarized as follows:

1. The reconnection magnetic shear is restricted to large shear values as the solar wind flow pressure and Δ𝛽
increase (Figure 2). This result is in agreement with the Phan, Paschmann, et al. (2013)'s suggestion.

2. Vo (observation) ∝ Vo (theory): The observed outflow speed is proportional to the expected theoretical
value calculated using Cassak and Shay (2007) model (Figure 3a).

3. Vo ∝ Vsw (Vo ∝ VAsw): The reconnection outflow speed increases as the solar wind bulk (Alfvén) speed
increases (Figures 3b and 4a). This relation was also confirmed in a frame comoving with the reconnecting
current layer (not shown).

4. 𝛽sh ∝ exp(MA): The magnetosheath plasma beta increases as the solar wind-Alfvén Mach number
increases (Figure 3d). When the solar wind-Alfvén Mach number is large, the thermal pressure in the
magnetosheath increases. Thus, plasma beta in the magnetosheath increases.

5. Vo ∝ − log 𝛽sh: The reconnection outflow speed decreases as the magnetosheath plasma beta increases
(Figure 3c). This supports the result suggested by Paschmann et al. (1986).

6. Erec ∝ EIMF : The reconnection electric field is proportional to the interplanetary electric field (Figure 5a).
7. Erec ∝ −MA (Vo ∝ −MA): The reconnection electric field (or reconnection outflow speed) decreases as

the solar wind-Alfvén Mach number increases (Figure 5b). The relation Vo ∝ −MA can be obtained by
substituting the expression mentioned in Finding 4 into that of Finding 5. This result is similar to Scurry
et al. (1994b) observations.

From the findings, one could infer the following: When the solar-wind Alfvén speed VAsw is large, one expects
a small Alfvén Mach number MA (Figure 4b). After the solar wind with small MA crosses the bow shock, the
solar wind plasma in the magnetosheath is less heated, and a small plasma beta 𝛽sh is expected in the mag-
netosheath (or a small Δ𝛽). Also, a higher magnetosheath magnetic field intensity (a small 𝛽sh) is expected,
which in turn would generate a larger reconnection outflow speed Vo. Then, a large reconnection electric
field Erec is obtained, and reconnection would not be suppressed for a large range of magnetic shear angle.
Thus, the present study can connect all the results reported in past studies as mentioned in section 1.

As for the solar wind electric field, we used a simple expression Vsw

√
B2
𝑦
+ B2

z although there are various
coupling functions, ranging from the simple VswBz to more complex functions such as that of Newell et al.
(2007), Borovsky (2013), and Borovsky and Birn (2014). Borovsky and Birn (2014) showed that the recon-
nection rate starts to decouple from the solar wind electric field for MA < 4. This is related to the issue of
the saturation of the ionospheric potential, which implies saturation of the dayside merging rate for a large
IMF (low Alfvén Mach number solar wind flow; Lopez et al., 2010). For the present reconnection events the
range of MA was from 4 to 16. Thus, our cases were still within the regime where the reconnection rate may
not be influenced by saturation.
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Figure 6. Schematic for the magnetosheath flow streamline around the magnetopause at the equatorial region
(ZGSM = 0).

Vsw is also proportional to the reconnection outflow speed Vo, but it is more difficult to find a clear causal
relationship than that for VAsw. Since VAsw is a proxy for the IMF strength, the solar wind-Alfvén Mach
number will scale like 1∕BIMF . It should be noted here that although VAsw also depends on the square root
of the solar wind density, the influence on VAsw was not significant, at least for the present study. Thus,
Findings 3 and 7 are a consequence of the fact that for the range of Alfvén Mach numbers in the present
investigation, the reconnection electric field is proportional to the solar wind electric field (Finding 6).

On a relation between solar wind flow pressure values and local magnetic shear angles, Figure 2a shows
only that such a dependence exists, but we do not know if this behavior continues for a much larger data set.

It is interesting to analyze the influence of the magnetosheath shear flow on magnetopause reconnection
occurrence. Figure 6 shows a schematic for the magnetosheath flow streamline around the magnetopause
at the equatorial region (ZGSM = 0). At the magnetopause nose, the streamline and normal direction to
the magnetopause n⃗ are antiparallel in the X-Y plane. At the dawn/dusk flank of the magnetopause, the
angle 𝛾 between the streamline and magnetopause normal direction becomes close to 90◦ (Vin,|| becomes
small). Thus, the reconnection inflow speed normal to the magnetopause is reduced when one moves away
from the magnetopause nose and the reconnection process ceases unless there exist plasma instabilities,
such as the Kelvin-Helmholtz instability or pressure pulses (also known as jets; e.g., Shue et al., 2009),
which could deform the magnetopause boundary shape. According to the THEMIS investigation done by
Haaland et al. (2019), the magnetopause motion speed is higher at the dawn/dusk flank (∼60 km/s) than
that around the dayside (∼20 km/s). Let us suppose, for the sake of argument, that the magnetosheath flow
be zero. Then the relative inflow magnetosheath speed at the dawn/dusk flank would be much higher than
that around the dayside. However, the magnetosheath flow direction around the dayside is quasi-parallel
to the magnetopause normal direction while the flow direction is tangential at the dawn/dusk flank. Since
the magnetosheath inflow speed is relative one between the magnetosheath flow and the magnetopause
motion, the speed at the dawn/dusk flank would be comparatively smaller than or comparable to that around
the dayside.

It should be noted here that there are several studies on magnetic reconnection with shear flows along the
reconnecting magnetic fields (Cassak, 2011; Cassak & Otto, 2011; Doss et al., 2015; La Belle-Hamer et al.,
1994; 1995; Tanaka et al., 2010), but the influence of perpendicular shear flows on magnetic reconnection
has not been studied well for observational investigations although there have been some numerical studies
(Liu et al., 2018; Ma et al., 2016). Ma et al. (2016) investigated the influence of such a perpendicular flow
shear on magnetic reconnection and found using resistive MHD simulations that when the shear flow speed
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Figure 7. The magnetic shear angle 𝜃 as a function of the ΔVM∕ΔVN ratio. The dotted curve is calculated using
equation (10) with R = 0.1.

Vin,⟂ (or VM in the LMN boundary coordinate system) perpendicular to the reconnecting magnetic field lines
is larger than the supercritical flow speed (the fast mode speed), an expanded density depletion layer in the
outflow region is formed and is associated with an increase in the tangential magnetic field intensity |BM|
in order to maintain total pressure balance (the boundary normal coordinate system is used here). They
explained theoretically the result as follows: For a quasi one-dimensional layer for antiparallel magnetic
reconnection (initially BM = 0), the induction equation can be written as

𝜕BM

𝜕t
∼ BN

𝜕VM

𝜕N
. (6)

Taking integration of the equation in time yields

BM ∼ BN
𝜕VM

𝜕N
Δt, (7)

where Δt is the half-crossing time across the current layer. Equation (7) indicates that the normal mag-
netic field component BN and the sheared flow perpendicular to the reconnection layer VM (i.e., the
magnetopause) generate magnetic field BM flux in the outflow region due to the frozen-in condition.

Using this numerical result for our observations, it is investigated the influence of the magnetosheath flow
on magnetic shear angle. Assuming 𝜕VM∕𝜕N ∼ ΔVM∕ΔN where ΔN is the half-width of the current layer
and ΔVM is defined as the tangential magnetosheath flow speed, the above equation becomes

BM ∼ BN
ΔVM

ΔN∕Δt
. (8)

Then, dividing both sides of this equation by BL, the following expression is obtained:

BM

BL
∼

BN

BL

ΔVM

ΔVN
, (9)

where ΔVN is the normal magnetosheath flow speed defined as ΔN∕Δt. For the right-hand side of the
equation, BN∕BL is defined as the reconnection rate from the boundary condition for the tangential electric
field VinBL = VoutBN , since the traditional definition of the reconnection rate is R ≡ Vin∕Vout where Vin(Vout)
is the reconnection inflow (outflow) speed. On the other hand, BM∕BL refers to the magnetic shear across
the current sheet, and we define it as BM∕BL ≡ tan(𝜃∕2), as similarly done by Swisdak et al. (2010). Thus,
equation (9) is rewritten as

ΔVM

ΔVN
∼ 1

R
tan 𝜃

2
. (10)

As shown in Figure 6 it is clear that ΔVN (ΔVM) is large (small) around the subsolar point of the magne-
topause, while it becomes smaller (larger) at the dawn/dusk flank. The flow speeds ΔVM and ΔVN are a

KOGA ET AL. 8



Journal of Geophysical Research: Space Physics 10.1029/2019JA026889

function of the magnetopause position, and the magnetic shear angle is also a function of the magnetopause
position.

Figure 7 shows the magnetic shear angle from the present observational data as a function of the ΔVM∕ΔVN
ratio. The dotted curve in the figure is calculated using equation (10) where R = 0.1 was used as the recon-
nection rate from the theoretical and observational evidences (Cassak et al., 2017). The magnetic shear angle
tends to be restricted to a large angle when ΔVM∕ΔVN becomes large. This means that, far from the magne-
topause nose where the magnetosheath flow direction becomes tangential to the magnetopause and makes
a right angle with the normal direction to the magnetopause, the net reconnection inflow speed from the
magnetosheath side becomes small and then reconnection efficiency reduces gradually. Thus, the magnetic
shear angle associated with the occurrence of reconnection is dependent on the magnetopause position.
It should be noted that ΔVM∕ΔVN < (1∕R) tan(𝜃∕2) does not imply the sufficient condition for magnetic
reconnection occurrence since the magnetopause boundary shape is not always parabolic (as a zeroth-order
approximation) due to possible deformation processes (such as pressure pulses, the Kelvin-Helmholtz insta-
bility, and large magnetopause motions). Swisdak et al. (2010) suggested that to promote the reconnection
process, the reconnection X-line convection speed should be smaller than the Alfvén speed, v* < VA. For
reconnection occurrence in the presence of shear flows, we suggest that the bulk flow speed ratio ΔVM∕ΔVN
should be smaller than the Alfvén speed ratioΔVAM∕ΔVAN from equation (8) whereΔVAM andΔVAN are cal-
culated using BM and BN , respectively. We believe that this is the first time to show such a relation between
the magnetic shear and the magnetosheath flow streamline vector and this concept could be applied to
prediction of the effective extension of the reconnection X-line as depicted with a red dotted curve on the
magnetopause in Figure 6. In a future work, we will try to extend our investigation to a larger range of the
solar wind-Alfvén Mach number.
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