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Abstract We have conducted a series of controlled numerical simulations to investigate the response
of dayside reconnection to idealized, ionosphere-sourced mass loading processes to determine whether
they affect the integrated dayside reconnection rate. Our simulation results show that the coupled solar
wind-magnetosphere system may exhibit both local and global control behaviors depending on the
amount of mass loading. With a small amount of mass loading, the changes in local reconnection rate
affects magnetosheath properties only weakly and the geoeffective length in the upstream solar wind is
essentially unchanged, resulting in the same integrated dayside reconnection rate. With a large amount of
mass loading, however, the magnetosheath properties and the geoeffective length are significantly affected
by slowing down the local reconnection rate, resulting in an increase of the magnetic pressure in the
magnetosheath, with a significant reduction in the geoeffective length in the upstream solar wind
and in the integrated dayside reconnection rate. In this controlled simulation setup, the behavior
of dayside reconnection potential is determined by the role of the enhanced magnetic pressure in the
magnetospheath due to magnetospheric mass loading. The reconnection potential starts to decrease
significantly when the enhanced magnetic pressure alters the thickness of the magnetosheath.

1. Introduction

Magnetic reconnection at the Earth’s dayside magnetopause is a key process in the interaction between the
solar wind (SW) and the magnetosphere-ionosphere-thermosphere(M-I-T) system because it drives the cir-
culation of magnetospheric plasmas and regulates the transport of electromagnetic energy. Thus, a clear
understanding of what controls the integrated dayside reconnection rate is crucial to both space physics
research and space weather forecasting.

The physical process that controls dayside reconnection is currently an area of considerable debate within
the space physics community. The local control hypothesis suggests that the integrated dayside reconnection
rate is controlled by the local plasma parameters on both magnetosheath and magnetosphere sides of the
reconnection site [Borovsky et al., 2008, 2013]. In this hypothesis, the local plasma parameters control the local
reconnection rate along the dayside magnetopause with the sum representing the integrated reconnection
rate, or the reconnection potential, as shown in Figure 1. In contrast, the global control hypothesis suggests
that the integrated dayside reconnection rate is controlled by the forces acting on the flux tubes in the mag-
netosheath, which is primarily determined by the upstream solar wind parameters [Lopez et al., 2010, 2016].
The two hypotheses are not necessarily inconsistent with each other since the local plasma parameters in the
magnetosheath and magnetosphere depend upon the global transport pattern produced by the upstream
solar wind conditions. Both hypotheses have been used in the development of coupling functions for pre-
dicting the energy input from the upstream SW to the M-I-T system. However, the two hypotheses diverge
on predicting the response of the global reconnection rate when the local reconnection rate is significantly
altered. The local reconnection rate depends on the mass densities and magnetic field strengths on the mag-
netospheric and magnetopause sides of the reconnection site [Borovsky et al., 2008]. Magnetopause mass
loading via terrestrial-sourced ions, including cold H+ from the plasmasphere, cold O+ from the ionosphere,
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Figure 1. A schematic plot showing the local control and global control
hypotheses of the integrated dayside magnetic reconnection rate V . ESW
is the solar wind electric field and LSW is the geoeffective length in the
solar wind.

and hot O+ from the warm plasma
cloak, is one of the physical processes
that can change the local reconnection
rate by altering the magnetospheric
mass density.

Satellite observations have confirmed
the existence of mass loading processes
at the dayside magnetopause [e.g.,
Spasojević et al., 2003; Chandler and
Moore, 2003]. A statistical analysis using
data acquired during Time History of
Events and Macroscale Interactions
during Substorms (THEMIS) spacecraft
magnetopause crossings showed plas-
maspheric plumes to be present at the
dayside magnetopause during 12.5%
of the crossings, with increasing in
the mass density from 1 amu/cm−3 to
120 amu/cm−3 correlated with increas-
ing in the polar cap index [Walsh et al.,
2013]. Event-based in situ measure-
ments provided evidence that these
plumes mass load the dayside magne-
tosphere and reduce the Alfvén speed
on the magnetospheric side of the mag-
netopause resulting in a decrease in
the local reconnection rate [Walsh et al.,
2014a, 2014b]. Recent observations on
the dynamic throat aurora also suggest
magnetospheric cold plasma flowing
into the magnetopause reconnection
site on the dayside [Han et al., 2016].

During enhanced geomagnetic activity, ionospheric O+ ions become an important source of magneto-
spheric plasma, which impacts the dynamics associated with the coupling between the SW and M-I-T system
[e.g., Chappell et al., 1987; Nosé et al., 2003; Engwall et al., 2009; Kitamura et al., 2010; Denton et al., 2014;
Kronberg et al., 2014; Chappell, 2015; Haaland et al., 2015; Welling et al., 2015b; Wiltberger, 2015]. For example,
Borovsky [2013] showed that ions originating from the warm plasma cloak might contribute greater mass den-
sity (up to 100 amu/cm−3) and have a greater impact on the dayside reconnection rate than plasmaspheric
ions during storm time events. Recent analysis based on the Cluster satellites suggested that hot magneto-
spheric O+ ions, along with the hot magnetospheric H+ ions participate in the dayside reconnection process
[Wang et al., 2015a]. Further analysis of the Cluster satellite data showed that the magnetospheric O+ ions
can contribute up to 30% of the mass density at the magnetopause, which should inevitably reduce the local
reconnection rate for such events [Wang et al., 2015b; Lee et al., 2015]. Based on these observational stud-
ies, questions remain on how terrestrial-sourced mass loading impacts dayside SW-M interactions, especially
regarding control of dayside reconnection [e.g., Fuselier et al., 2016], and whether the local or global control
hypothesis provides a more accurate description of dayside reconnection when mass loading occurs.

With magnetopause mass loading, the local control hypothesis predicts a decrease in the integrated dayside
reconnection rate due to the local modifications of reconnection rate, while the global control hypothe-
sis predicts no changes in the integrated dayside reconnection rate since the forces in the magnetosheath
are not affected by local reconnection. To understand the incompatibility between the two hypotheses,
Zhang et al. [2016a] used controlled global simulations with idealized mass loading to show that the coupled
SW-M-I system may exhibit both local control and global control behaviors depending on the mass density of
ionospheric-sourced mass loading at the dayside magnetopause. With a small amount of mass loading, the
SW-M system exhibits global control behavior of the dayside reconnection potential by spatially redistributing
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the dayside reconnection rate so that the integrated reconnection rate remains unchanged [Lopez, 2016].
The spatially redistribution of reconnection rates has also been seen in the magnetotail with ionospheric
O+ mass loading [Garcia et al., 2010; Wiltberger et al., 2010; Zhang et al., 2016b] and at the dayside magne-
topause with mass loading by plasmaspheric H+ plumes [Borovsky et al., 2008; Ouellette et al., 2016]. With a
large amount of mass loading, the SW-M system exhibits local control behavior of the dayside reconnection
potential through the significant decrease of the local reconnection rate at the magnetopause. A decrease
in reconnection potential and ionospheric potential has also been seen in previous global simulations with
ionospheric-sourced mass loading [e.g., Winglee et al., 2002; Glocer et al., 2009a, 2009b; Brambles et al., 2010,
2013; Welling and Zaharia, 2012; Yu and Ridley, 2013a; Ouellette et al., 2013].

The controlled mass loading simulation results in Zhang et al. [2016a] showed a transition regime between
global control and local control mechanisms, depending on the mass density of magnetopause mass loading.
According to Zhang et al. [2016a], when the ionospheric mass loading is less than 8 amu/cm−3 at the dayside
magnetopause for the solar wind conditions in the simulations, the dayside reconnection potential remains
unchanged, which is in the global control regime. When the ionospheric-sourced mass density is greater than
32 amu/cm−3, the dayside reconnection potential decreases approximately linearly with the mass density,
which is in the local control regime. In this particular case with idealized ionospheric outflow, the mass density
range between 8 and 32 amu/cm−3 may be regarded as the transition regime. Note that the observed density
range of mass loading at the magnetopause is within the simulated density range for both global control and
local control of the dayside reconnection.

In this paper, we focus on the physical origin of the transition regime associated with the control of dayside
reconnection reported by Zhang et al. [2016a]. The controlled global simulations presented in Zhang et al.
[2016a] are further analyzed in order to investigate the response of the magnetosheath properties due to
magnetospheric mass loading. The paper is organized as follows. Section 2 describes details of the numeri-
cal simulation setup and the physical considerations associated with the design of the controlled simulation.
Section 3 describes the response of magnetosheath properties due to dayside mass loading and the physi-
cal origins of the reconfiguration of the magnetosheath and the control of dayside reconnection. Section 4
summarizes the results.

2. Simulation Information

Previous global simulations have shown that when ionospheric outflow is introduced, the coupled SW-M-I
system may be reconfigured through direct or indirect pathways. Direct mass loading is not the only process
leading to changes in the dayside reconnection potential. Figure 2 shows several possible pathways in which
ionospheric outflow can influence dayside reconnection. It is clear that using an empirical or physics-based
outflow model in this study may influence the dayside reconnection in variety of ways. For example, the
causally regulated, empirical O+ ion outflow model developed by Brambles et al. [2011] introduces dynamic
outflow distributions and fluxes in the dayside cusp region and nightside auroral latitudes. These outflowing
ions populate different regions of the magnetosphere, which introduce a variety of feedback effects in the
coupling between the solar wind, magnetosphere, and ionosphere [e.g., Brambles et al., 2010; Welling et al.,
2011; Welling and Zaharia, 2012; Yu and Ridley, 2013a, 2013b; Moore et al., 2014; Welling et al., 2015a; Welling
and Liemohn, 2016; Varney et al., 2016b]. Therefore, it is very difficult to use empirical or physics-based out-
flow models to design controlled numerical experiments to study the direct effects of mass loading without
changing the whole SW-M-I dynamics.

To isolate the effect of dayside mass loading on the reconnection rate, we designed a set of numerical experi-
ments using the multifluid version of the Lyon-Fedder-Mobarry global magnetosphere model (MFLFM) [Lyon
et al., 2004] so that the influences from the red pathways shown in Figure 2 are minimized to the fullest extent
possible. The detailed simulation setups and SW/IMF (interplanetary magnetic field) driving conditions are
described in Zhang et al. [2016a]. Here we repeat some of the key setups in order to help the readers under-
stand the methodology and interpret the simulation results in the following sections. In the finite-volume
solver, ionospheric outflow ions are introduced as surface fluxes (mass flux, momentum flux, and energy
flux) at the low-altitude computational cell faces (2 RE geocentric) between 58∘ and 68∘ magnetic latitude,
1930–2130 magnetic local time (MLT) on the dusk side, and 0230–0430 MLT on the dawn side. The spatial
distribution of parallel outflow number flux mapped to ionospheric altitude (100 km) is shown in Figure 3a.
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Figure 2. Possible pathways of impacting dayside reconnection via
causally driven, empirical ionospheric outflow. The green pathway is the
one that is studied in this paper.

Based on the outflow location setup,
eight runs with different ion atomic
mass (Mi = 0, 2, 4, 8, 16, 32, 64, and
128 amu) are performed, while the
parallel number flux (nivi‖), the parallel
kinetic energy flux (Miniv

2
i‖vi‖), and the

parallel thermal energy flux (Minic
2
sivi‖)

introduced at the low-altitude bound-
ary surface are kept the same:

∫r=2 RE

ni „vi‖ ⋅ dS = const (1)

∫r=2 RE

Miniv
2
i‖v̄i‖ ⋅ dS = const (2)

∫r=2 RE

Minic
2
siv̄i‖ ⋅ dS = const. (3)

Therefore, the surface-integrated outflow number flux, parallel momentum flux, and thermal energy flux rate
introduced in the system remain the same in each controlled simulation. Note that the Mi = 0 case is just a
single-fluid simulation with no outflow, which is used as the baseline simulation The detailed implementa-
tion and tests of the above outflow boundary conditions are described in Varney et al. [2016a]. In order to
remove dawn-dusk asymmetries, the corotation is switched off in the controlled simulations. For the oxygen
outflow run (MO+ = 16), the outflow number density nO+ is set to be 102 cm−3, the parallel velocity vO+‖ is
set to be 40 km/s, and the sound speed csO+ is set to be 20 km/s, which gives a parallel number flux of
4×108 cm−2 s−1 and an integrated hemispheric outflow rate of 0.8×1026 s−1. The integrated outflow rate used
in the set of controlled simulations is within the statistical estimations of observed outflow rates for moder-
ate driving conditions [e.g., Cully et al., 2003]. When the outflow atomic mass changes, the outflow number
density ni scales as nO+

√
Mi∕MO+ , the parallel velocity vi‖ scales as vO+‖

√
MO+∕Mi , and the sound speed csi

scales as csO+
√

MO+∕Mi to satisfy equations (1)–(3). Although the thermal energy flux introduced in each sim-
ulation remains the same, the plasma pressure of the outflow population in the inner magnetosphere scales
as a function of

√
Mi . However, the variation in the bulk plasma temperature in the inner magnetosphere

is less than 10%, suggesting that the outflow plasma is not significantly heated in the plasma sheet. Note
that the purpose of using nonphysical ionospheric ion atomic mass is to investigate the effects of different
magnetospheric mass on dayside reconnection rather than to represent realistic ionospheric outflow pop-
ulations. With this idealized low-altitude outflow flux specification, the spatial extent of the simulated mass
loading region at the dayside magnetopause is illustrated schematically in Figure 3b. The multifluid version of
the Lyon-Fedder-Mobarry (LFM) code uses nonorthogonal stretched spherical grid to simulate the magneto-
sphere, with resolution emphasized near the magnetopause, the bow shock and in the inner magnetosphere.
In the controlled simulations, the grid resolution along the radial direction near the dayside magnetopause is
approximately 0.135 RE .

Figure 3. (a) The average distribution of parallel outflow number density mapped to ionospheric altitude (100 km).
(b) The region of mass loading at the equatorial magnetopause.
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To simplify the analysis, each controlled simulation is driven by the same, idealized solar wind (SW) and inter-
planetary magnetic field (IMF) conditions. In each simulation, after the magnetosphere was preconditioned
(without outflow) for 4 h (IMF Bz = −5 nT between 00:00 and 02:00 and Bz = +5 nT between 02:00 and 04:00
simulation time, ST), IMF Bz was then set to be southward with a magnitude of 5 nT for 12 h (04:00–16:00 ST)
to enable dayside magnetic reconnection in the equatorial plane since the magnetosphere is mostly closed
when driven by northward IMF. The IMF Bx and By components were set to zero and the SW Vx = 400 km/s,
Vy = Vz = 0. The adiabatic SW fluid has a number density of 5 cm−3 and a sound speed of 40 km/s, respectively.
The dipole tilt was set to zero in order to remove hemispheric asymmetries, and the ionospheric Pedersen
conductance was set to be spatially uniform at 5 mhos in order to remove possible dawn-dusk asymmetries
in the magnetospheric reconnection caused by ionospheric electrodynamics [Zhang et al., 2012; Lotko et al.,
2014] and also to minimize pathway (3) shown in Figure 2. The ionospheric outflow is switched on at 6:00 ST
when the system is in a steady magnetosphere convection (SMC) state. Note that since the outflow is intro-
duced on closed magnetic field lines during the SMC state, the total pressure in the inner magnetosphere is
not significantly affected by adding outflow, so pathway (1) is also minimized.

In the LFM simulation, magnetic reconnection is enabled through numerical resistivity; thus, reconnection in
the code is predominantly averaging error; opposing magnetic flux enters a single cell and is averaged out
of existence [Lyon et al., 2004]. The rate of reconnection is determined only by the conditions external to the
actual reconnection region through the conservation of mass, momentum, and magnetic flux. Outside the
reconnection region, the numerical method of the MHD solver is accurate enough to make sure that numeri-
cal reconnection does not occur, regardless of the size of the computational grid. Therefore, in cases where the
external flow toward the reconnection site is zero, the reconnection rate is effectively also zero. When recon-
nection is forced by convergent flow, the reconnection rate in the simulation is constrained by a Petschek-like
inflow condition to be a fraction (≈0.1) of the Alfven speed in the inflow. Ouellette et al. [2013] have shown that
the normalized reconnection rate in the LFM simulation is insensitive to the grid resolution on the nightside.
We have performed numerical experiments with different grid resolutions and found similar reconnection
rates (≈0.1) on the dayside when driven by southward IMF (see supporting information S1).

3. Results and Discussion

Figure 4 shows the distributions of equatorial outflow number density averaged between 12:00 and 16:00 ST
in the seven controlled simulations. In each simulation, the distribution of average outflow number density in
the reconnection inflow region of the equatorial magnetosphere peaks around 1400 MLT with number density
near 1 cm−3. The minimum outflow number density occurs near the noon sector due to the “Earth shadow”
effect—the magnetospheric convection toward the noon sector is so slow that little outflow plasma is trans-
ported to the x axis. For the Mi = 1 case, the mass density at the dayside magnetopause is near the lower
limit of the statistical mass loading from plasmaspheric plumes observed by the THEMIS satellite, while for
the Mi = 128 case, the mass density of the simulated mass loading at the dayside magnetopause is approx-
imately the upper limit of the statistical mass density observed by the THEMIS satellites [Walsh et al., 2013].
Note that the dynamic mass loading process in the simulation is different from the averaged density distri-
butions shown in Figure 4, which are calculated using 4 h averaged states; therefore, the mass loading region
seems to have large magnetic local time (MLT) extensions peaks between 13 and 15 MLT in the afternoon
sector and 9–11 MLT in the morning sector. In the dynamic simulation, the instantaneous distributions of
outflow plumes advecting from the nightside have approximately spatial extension of 1.5 h MLT with vary-
ing density and locations on the dayside. The background plasma population in the controlled simulation is
H+ with solar wind origin. The average number density of the H+ plasma near the dayside magnetopause is
approximately 0.1 cm−3 in the baseline simulation, which decreases to 0.031 cm−3 as Mi increases to 128.

Figure 5a shows the temporal response of average outflow number density in three controlled simulations
with Mi = 0 (baseline), Mi = 4 (a small amount of mass loading), and Mi = 128 (a large amount of mass
loading). The average outflow number density is calculated from the region between 14 and 15 MLT in the
equatorial magnetosphere that is 0.5 RE away from the magnetopause. In the controlled simulations, the
low-altitude ionospheric outflow patches are switched on at 06:00 ST, indicated by the black dashed lines in
Figure 5. As shown in Figure 5a, the ionospheric outflow number density near the dayside magnetopause
increases from 0 to 1 ions per cubic centimeter in approximately 3 h and remains about 1 cm−3 in the rest
of the simulation time. The temporal response of the ionospheric outflow density near the magnetopause
suggests that the mass loading process at the magnetopause enters a quasi-steady state after 09:00 ST.
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Figure 4. Average number density of the mass loading at the dayside magnetopause derived from the seven controlled
simulations with different ion mass.

Figure 5. The dynamics responses of (a) outflow number density at the magnetopause inflow region, (b) the width of
the magnetosheath along the x axis, (c) the cross polar cap potential, and (d) the integrated field-aligned current
flowing into the dayside ionosphere. The blue curves are from the baseline simulation without outflow (Mi = 0);
the green and red curves are derived from the run with Mi = 4 and Mi = 128, respectively.
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Figure 5b shows the corresponding changes in the thickness of the magnetosheath along the x axis (i.e., the
distance between the magnetopause and bow shock along the x axis) derived from the three simulations
with Mi = 0, 4, and 128, respectively. In the Mi = 4 run, the thickness of magnetosheath does not change
significantly with mass loading. However, in the Mi = 128 run, the thickness of magnetosheath increases from
2.8 RE to 4.1 RE over a time of approximately 3 h, which correlates well with the density increase at the dayside
magnetopause as shown in Figure 5a. The correlation between of the magnetosheath thickness and outflow
number density in the Mi = 128 case suggests that the magnetosheath responses instantaneously to the
dayside mass loading process.

Figure 5c shows the response of cross-polar cap potential (CPCP) in the three controlled simulations.
Compared to the baseline case with Mi = 0, the CPCP in the Mi = 4 case does not show a significant change
in the overall magnitude after 10:00 ST. In the Mi = 128 case, a 60 kV drop in CPCP occurs after 10:00 ST. The
reduction in CPCP is consistent with the decrease of dayside reconnection potential (≈70 kV), which is a con-
sequence of reducing local reconnection rate at the dayside magnetopause. Figure 5d shows the temporal
variations of the integrated dayside field-aligned current (FAC) from the three controlled simulations. The fact
that there are only small changes in the integrated dayside FAC is consistent with the fact that the shape of
the dayside magnetopause (shown in Figure 4) and the currents flowing at the dayside magnetopause are
not significantly influenced by the idealized mass loading process. Therefore, pathway (2) shown in Figure 2
is minimized in the controlled simulations (and the change in magnetosheath width does not originate from
the change in the shape of magnetopause). According to the temporal variations shown in Figure 5, the sys-
tem evolves from the initial state (04:00–06:00 ST) to a new quasi-steady state (10:00–16:00 ST) through a
transition state (07:00–10:00 ST). The next results are calculated from the new quasi-steady state between
12:00 and 16:00 ST.

Figures 6a–6c show the shape of the magnetopause, the bow shock, the geoeffective length (Leff) in the equa-
torial plane, together with the distribution of magnetic pressure (B2∕2"0) in the equatorial plane calculated
from the three simulations with Mi = 0, Mi = 4, and Mi = 128, respectively. For visualizing the magnetosheath,
the much higher magnetic pressure earthward of the magnetopause is set to be uniformly 0.1 nPa so that the
color plots are not dominated by the large, saturated values inside the magnetopause. The geoeffective length
is approximated by tracing average upstream solar wind velocity streamlines originated from the equatorial
plane that intersect the magnetopause merging line [Lopez et al., 2010], as bounded by the yellow streamlines
shown in Figures 6a–6c. The streamlines are traced using a fourth-order Runge-Kutta method. Note that the
calculation of the exact value of the geoeffective length is difficult due to the dynamic variations of the magne-
topause boundary in the simulation. Thus, the corresponding average geoeffective length determined by the
streamline tracing method using average plasma flow vectors is just an estimation with uncertainties. In
the streamline tracing process, together with the intersection criterion for defining the geoeffective length,
the z location of the streamlines at x = 0 is also used to determine whether the boundary of the geoeffective
length is appropriately determined. If we use the criterion that the z location of the streamline at x = 0 must
be greater than 1.0 RE (at least two grid cells above the equatorial plane), the uncertainty of the upstream
geoeffective length is approximately 0.55 RE on each side of the x axis. Therefore, the error associated with
the definition of the geoeffective length could be around 1.1 RE .

Compared to the baseline simulation, the geoeffective length in the Mi = 4 case remains approximately 10 RE ,
suggesting that the dayside reconnection is in the global control regime. In the simulation with Mi = 128, the
geoeffective length decreases by approximately 5 RE compared to the baseline simulation (corresponding
to a 60 kV potential reduction), suggesting that the dayside reconnection is in the local control regime. This
potential decrease calculated using the reduction in the geoeffective length is consistent with the change
in the dayside reconnection potential as shown in Zhang et al. [2016a]. The 5 RE reduction is greater than
the uncertainty in the calculation of the geoeffective length, suggesting that the decrease in the estimated
geoeffective length is very unlikely a pure numerical effect, although the actual value of the reduction might
be not accurate. The decrease of the geoeffective length in the Mi = 128 case suggests that not only the local
reconnection rates are reduced by the mass loading process, properties of magnetosheath are also modified
such that more solar wind flux tubes are diverted in the magnetosheath. The comparison between the two
mass loading simulations leads to two key questions: (1) why is the magnetosheath width changed in the
Mi = 128 case but not the Mi = 4 case and (2) what caused the decrease in the geoeffective length in the
Mi = 128 case?
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Figure 6. Magnetic pressure in the equatorial plane calculated from (a) baseline, (b) a small amount of mass
loading, and (c) a large amount of mass loading simulations. The geoeffective length is shown using yellow lines.
(d) Comparisons between the two flow streamlines originated from the same location shown in Figures 6b and 6c.

The changes of magnetic pressure in the magnetosheath is the answer to explain the different behaviors of
the system response in the two controlled simulations. Compared to the baseline case in Figure 6a, the aver-
age magnetic pressure in the magnetosheath in the Mi = 4 case does not change significantly as shown in
Figure 6b. However, in the Mi = 128 case, the magnetic pressure in the magnetosheath increases approxi-
mately 30% compared to the baseline case, especially in the region near the magnetopause X line, suggesting
magnetic flux piling-up occurs in the magnetosheath. A simple calculation can provide a first estimate of the
increase in magnetic pressure. Define the initial state i as before the ionospheric outflow has reached the
magnetopause and the final state f as after it has reached and a new steady state has been achieved.
The total momentum flux must be the same in the solar wind, magnetosheath, and the magnetosphere side
of the magnetopause. Since the solar wind momentum flux is unchanged, the magnetosheath momentum
flux is unchanged. Then, evaluating the momentum flux just upstream of the magnetosheath edge of the
magnetopause, we have

B2
s,i

2"0
+ ns,iTs,i + #s,iv

2
in,s,i =

B2
s,f

2"0
+ ns,f Ts,f + #s,f v2

in,s,f , (4)

where the s subscript denotes the magnetosheath side of the magnetopause and vin is the −x directed
magnetosheath flow, which at the magnetopause must equal the reconnection inflow speed (since we are
considering the steady state). For simplicity, we assume that there is no compression of the magnetosheath
that results from the increased magnetospheric mass, so that ns,iTs,i = ns,f Ts,f . This may be a reasonable
assumption for small ionospheric mass contributions but is not likely true for large ionospheric mass con-
tributions. Note that equation (4) would not apply to an arbitrary crossing of the magnetopause and
three-dimensional effects are important. However, if the cut through the magnetopause is taken radially out-
ward at the subsolar point, then by the symmetric simulation setups, there would be no momentum transfer
tangent to the magnetopause and the 2-D assumption is valid in equation (4).

For the inflow speed, it has been shown that the 2-D asymmetric reconnection theory [Cassak and Shay, 2007]
quantitatively describes the local reconnection rate at the dayside magnetopause in the global geometry for
due southward IMF and no dipole tilt [Borovsky et al., 2008; Ouellette et al., 2010; Komar and Cassak, 2016]. So
we use vin,s = E∕Bs, with

E =
BsBm

Bs + Bm
vout

2$
L
, (5)
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Figure 7. The comparison between the simulated percentage enhancement of average magnetic pressure in the
magnetosheath and the corresponding percentage enhancement predicted by equation (8). The average magnetic
pressure values are calculated in the magnetosheath between 09 and 15 MLT, and the inflow parameters used in
equation (8) are calculated at 0.5 RE away from the dayside X line.

where $∕L is the aspect ratio of the diffusion region, assumed to be 0.1 for fast reconnection (even in the
asymmetric case) [Cassak and Shay, 2008; Malakit et al., 2010], the m subscript denotes the values measured
just on the magnetospheric side of the magnetosheath, and the asymmetric outflow speed is

v2
out =

BsBm

"0

Bs + Bm

#sBm + #mBs
. (6)

Equations (5) and (6) of the present study are direct copies of equations (19) and (13) from Cassak and Shay
[2007]. The inflow speeds differ in the initial i and final f states because #m changes. Combining vin,s = E∕Bs

with equations (5) and (6), we obtain

vin,s = 0.2
Bm

Bs + Bm

[
(BsBm∕"0)(Bs + Bm)∕(#sBm + #mBs)

]1∕2 . (7)

Substituting these into equation (4) and simplifying gives

Δ
(

B2
s

2"0

)
=

B2
s,i

2"0

8B2
m,i

Bs,i(Bs,i + Bm,i)

($
L

)2
[

1 −
B2

m,f

B2
m,i

Bs,f

Bs,i

Bs,i + Bm,i

Bs,f + Bm,f

( #s,f Bm,f

#s,f Bm,f + #m,f Bs,f

)]
, (8)

where Δ(B2
s∕2"0) = (B2

s,f∕2"0) − (B2
s,i∕2"0). This provides an estimate for the amount of magnetic flux

pileup on the magnetosheath side of the magnetopause. Each of the quantities can readily be measured in
the simulations. The comparison between the magnetic pressure enhancement predicted by equation (8),
and the corresponding magnetic pressure enhancement derived from the three-dimensional simulation is
shown in Figure 7. The percentage change of the average magnetic pressure in the magnetosheath is cal-
culated at inflow regions 0.5 RE away from the magnetopause within an MLT range between 0900 and
1500 MLT. The parameters for equation (8) are also calculated from 0.5 RE away from the magnetopause. When
Mi ≤ 16, the simulated enhancement of magnetic pressure in the magnetosheath matches the prediction
from the two-dimensional theory reasonably well. However, when Mi ≥ 32, the simulated magnetic pres-
sure enhancement in the magnetosheath is greater than a factor of 2 compared to the predictions from the
two-dimensional theory. Note that the actual differences between the simulation and the 2-D theory predic-
tion are sensitive to the choice of the location where the parameters are calculated, but significant divergence
occurs when Mi ≥ 32. It is possibly due to the fact that the 2-D calculation does not take the magnetosheath
dynamics into account. It is also possible that the 2-D simplification in deriving equation (8) does not work
well outside the local noon sector. Further investigations are needed to determine the physical origin of this
difference.

As a consequence of enhanced magnetic pressure in the magnetosheath, the width of the magnetosheath in
the Mi = 128 run is approximately 1.3 RE wider than that in the Mi = 4 run. Figure 6d shows the comparison
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Figure 8. The relationship between the average fast mode Mach number
in the magnetosheath and the average width of the magnetosheath.

of two plasma flow lines derived from
the Mi = 4 run and the Mi = 128 run.
The streamline in each case originates
from the same location in the equatorial
plane (x = 12 RE , y = 4 RE , and z = 0 RE).
In order to make direct comparisons, the
bow shock and magnetopause in the
Mi = 4 run are shifted by 1.3 RE toward
the Sun so that the two bow shocks
are aligned at the x axis. This artificial
shift is only for diagnostic purposes such
that the two plasma flow lines in the
two controlled simulations turn at the
same x location; that is, the curvature of
the flow lines can be directly compared.
Note that the radius of curvature of the
equatorial plasma flow line depends on
the total perpendicular force acting on
the solar wind flux tube. As shown in
Figure 6d, the curvature of the two flow

lines from the two controlled simulations are approximately identical, suggesting that the perpendicular force
diverting solar wind flux tubes in the magnetosheath remains unchanged. We have also calculated the ∇p
and the J × B terms in the magnetosheath (not shown) using the MHD output to confirm that (1) the average
force in the magnetosheath is dominated by the pressure gradient term∇p and (2) the∇p terms in the Mi = 4
and the Mi =128 run are approximately the same, especially near the locations where the curvature radius of
the streamlines are minimum. The calculation of average force terms in the magnetosheath is consistent with
the streamline behaviors shown in Figure 6d. The fact that the average force in the magnetosheath remains
unchanged is mainly a consequence of the plasma in the magnetosheath being high beta since it is driven by
high Alfvén Mach number solar wind conditions (%̄Mi=4 = 3.8 and %̄Mi=128 = 3.0), in which the forces are deter-
mined by fluid stresses rather than changes in magnetic stresses [Lopez et al., 2010]. Therefore, given the fact
that the forces are approximately the same, a thicker magnetosheath in the Mi = 128 case diverts more solar
wind flux, resulting in a shorter geoeffective length as shown in Figure 6c and lower dayside reconnection
potential.

The increase in magnetosheath width is a consequence of the decrease in the fast-mode Mach number
MF in the magnetosheath [Chapman and Cairns, 2003] which follows the magnetic pressure enhancement.
Figure 8 shows the average MF in the magnetosheath calculated between 09 and 15 MLT in the eight test
simulations with increasing Mi . For Mi ≤ 8, the change in MF is relatively small (<5%), while Mi ≥ 16, the
average fast-mode Mach number drops from 0.192 to 0.141. Since the width of the magnetosheath is con-
trolled by the fast-mode Mach number MF , which determines the distance of magnetosonic waves traveling

Figure 9. The average fast-mode Mach number and plasma beta in the sheath as a function of mass loading, calculated
between 0900 and 1500 MLT in the magnetosheath.
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Figure 10. The relationship between the geoeffective length, dayside reconnection potential, and ionospheric potential
versus the width of the magnetosheath.

from the magnetopause to the bow shock, with the same steady SW/IMF driving conditions in the controlled
simulations, the width of magnetosheath increases from 3.7 RE to 5.1 RE as MF decreases from 0.192 to 0.141.
The relationships between the dayside mass loading and the simulated average MF and plasma % in the mag-
netosheath calculated between 09 and 15 MLT are shown in Figure 9. As Mi increases from 0 to 8 amu, the
average plasma % remains approximately 3.9. When Mi increases from 8 to 120 amu, the average plasma %
decreases from 3.9 to 3.0. The transition point occurs near Mi = 8. In the controlled simulations, the changes
in the simulated plasma % in the magnetosheath mainly occur near the magnetopause rather than the bow
shock, which is consistent with the fact that the force balance near the bow shock is not significantly affected
by the mass loading process at the dayside magnetopause as indicated by the curvature of the streamlines
near the bow shock shown in Figure 6d.

Figure 10 shows the simulated geoeffective length, dayside reconnection potential, and ionospheric poten-
tial as functions of the average width of the magnetosheath. As shown in Figure 10a, the geoeffective length
calculated in the upstream solar wind decreases approximately linearly with the increasing width of magne-
tosheath, which is qualitatively consistent with the flow-diverting scenario suggested by Lopez et al. [2010].
As a consequence, both the dayside reconnection potential (integrated along the magnetopause between 06
and 18 MLT) and ionospheric potential exhibit similar linear relationships with the average width of the mag-
netosheath as shown in Figure 10b. Although the transition behavior shown in Figure 9 is not very evident
in Figure 10a, the difference in the simulations with Mi ≤ 8 is less than 0.2 RE , which is below the uncer-
tainty level of the geoeffective length calculation. A similar transition behavior is also evident in the average
magnitude of the magnetic field in the magnetosheath (not shown). This transition behavior is consistent
with the response of the dayside reconnection potential shown in Figure 3 of Zhang et al. [2016a]. The differ-
ence between the reconnection potential and ionospheric potential is due to a loss of numerical accuracy in
mapping equalpotentials along magnetic field lines because the magnetic field lines converge faster at low
altitudes than the MFLFM’s spherical grid. From the global control point of view, the relationship between the
width of magnetosheath and the dayside reconnection potential suggests that when ionospheric-sourced
mass loading occurs at the dayside magnetopause, local control of dayside reconnection potential is achieved
when magnetic flux pileup in the flow stagnation region alters the magnetosheath properties and diminishes
the transport of solar wind flux tubes to the magnetopause X line.

The controlled simulation set with ionospheric-sourced mass loading along the flanks of the dayside mag-
netopause exhibit changes in dayside reconnection that are predicted by both the global control and local
control hypotheses. While Mi = 4 case changes the local reconnection rate (not shown, see Figure 2 of Zhang
et al. [2016a] for the detailed distribution of the local reconnection rate), the ionospheric mass has a small
effect on magnetosheath properties and little impact on the dayside reconnection potential. Alternatively,
the reduction in local reconnection rates in the Mi = 128 simulation significantly impacts the magnetosheath
properties that control solar wind-magnetosphere merging and the dayside reconnection potential. The com-
parison between the two cases suggests a possible physical origin of the transition from global control to
local control of dayside reconnection. In the Mi = 4 case, when magnetic pressure enhancements (flux pileup)
occurs in the magnetosheath due to magnetopause mass loading, the lifetime of the enhanced magnetic
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Figure 11. The pathways of modifying the integrated dayside reconnection rate via magnetopause mass loading.

pressure“blobs” in the magnetosheath is less than 2 min, which is much faster than the corresponding speed
of the magnetosheath flows. While in the Mi = 128 case, the lifetime of the corresponding enhanced magnetic
pressure blobs is around 10 min, which also move toward the flank regions with the same speed as the magne-
tosheath flow, suggesting the piled-up fluxes are diverted along the magnetopause. Therefore, the transition
is mediated by the behavior of the enhanced magnetic pressure in the magnetosheath (Figure 11). Here we
give one possible pathway that may explain the behavior of the enhanced magnetic pressure in the Mi = 4
case. The Cassak-Shay theory for two-dimensional asymmetric reconnection theory predicts an increase in
the local reconnection rate when the magnetic pressure in the magnetosheath is enhanced due to flux pileup.
The increase in the local reconnection rate may not be in exactly the same location as the pileup magnetic flux
due to the dynamic evolution of the magnetosheath. This increase compensates for an otherwise reduced
reconnection rate due to mass loading in the magnetospheric inflow region, resulting in little change in the
dayside reconnection potential (pathway A in Figure 11). On the other hand, the three-dimensional simula-
tions show that the enhanced magnetic pressure may alter the upstream conditions via increasing the width
of the magnetosheath so that less solar wind flux is reconnected at the magnetopause, resulting in a signifi-
cant reduction in the geoeffective length and dayside reconnection potential, which is the Lopez et al. [2010]
model (pathway B in Figure 11). This pathway is consistent with the interpretation discussed in Birn and Hesse
[2007]; that is, the change in reconnection rate may be caused by changing the local plasma parameters at the
inflow region due to magnetic flux pileup. Therefore, when mass loading occurs at the dayside magnetopause,
the control of dayside reconnection is determined by the dominant process associated with the enhanced
magnetic pressure in the magnetosheath. Note that further analysis is needed to quantify both the possible
physical process associated with pathway A and the parameters controlling the pathway B. As shown in the
idealized simulations, the mass density of ionosphere-sourced mass loading is clearly one of the factors regu-
lating the transition. Other factors may include the spatial extension and the temporal variation of the source
of mass loading. Ionospheric conductance may also play an important role. Note that in the physical processes
shown in Figure 11, the pathways indicated in red as shown in Figure 2 are ignored in this set of controlled
simulations, which means that in the real SW-M-I system, the control of dayside reconnection potential may
be much more complicated than the idealized simulation results discussed in this study.

The simulation results based on multifluid global magnetospheric simulations suggest a possible way of
quantifying the transition regime between the two hypotheses via examining the role of the enhanced
magnetic pressure in the magnetosheath due to different mass loading specifications. Thus, the response
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Figure 12. The response of the geoeffective length and the width of the magnetosheath along the x axis using
the same set of ionospheric sourced mass loading enabled at the low-altitude boundary, driven by pure northward IMF
conditions (Bz = +5 nT). The SW conditions are chosen to be the same as the southward IMF simulations.

of the magnetosheath properties due to mass loading is the key to resolve the discrepancies between the
two hypotheses. The question remains on how the real magnetosphere responds to localized mass loading
at the dayside magnetopause. Note that the simulated responses of the magnetosheath width and the geo-
effective length are only valid for southward IMF conditions. When the magnetosphere is closed, both the
width of the magnetosheath and the geoeffective length in the solar wind do not change with increasing
amount of nightside, ionospheric sourced mass loading. Figure 12 shows the response of the geoeffective
length and the width of the magnetosheath along the x axis using the same set of ionospheric sourced mass
loading enabled at the low-altitude boundary, driven by pure northward IMF conditions (Bz = +5 nT) with SW
conditions remain the same as the southward IMF simulations. Although the outflow rates might not be phys-
ical for northward IMF driving conditions, it is clear that the geoeffective length is approximately 1.17 RE and
the width of the magnetosheath is approximately 3.5 RE regardless of the amount of mass loading. It is also
important to note that further numerical simulations with more physics modules included are necessary in
order to investigate the response of the magnetosheath and dayside reconnection [e.g., Welling and Zaharia,
2012]. Further observational studies from multiple satellite measurements at the dayside magnetopause are
also needed to quantify the response of Earth’s magnetosheath due to dayside mass loading under dynamic
upstream driving conditions.

4. Conclusions

In this study, we investigate the physical origin of the transition from global control to local control on day-
side reconnection potential using idealized, controlled mass loading simulations based on multifluid global
simulations. The controlled simulations are designed to minimize the effects of magnetopause inflation,
outflow-enhanced inner magnetosphere pressure/ring current, and ionospheric conductance on the dayside
reconnection. The idealized mass loading simulations show that when local reconnection rates are reduced
via ionospheric-sourced ions, the magnetic pressure in the magnetosheath increases due to flux pileup. In
this particular simulation setup, the dayside reconnection transition regime depends upon the role of the
enhanced magnetic pressure in the magnetosheath. With idealized mass loading, when the mass density at
the dayside magnetopause inflow region is less than 8 amu/cm−3, the enhanced magnetic pressure in the
magnetosheath inflow region is less than 3% and compensates the reduced location reconnection rate such
that the integrated reconnection rate remains unchanged. When the mass density at the dayside magne-
topause inflow region is greater than 16 amu/cm−3, the enhanced magnetic pressure in the magnetosheath
inflow region causes a significant reconfiguration of the magnetosheath by increasing the width of the sheath.
As a consequence, the geoeffective length decreases due to the fact that more solar wind flux is diverted
by a thicker magnetosheath, resulting in a significant decrease in the integrated dayside reconnection rate.
The agreement between the simulated local reconnection rates and the theoretical predictions based on the
Cassak-Shay equation on the dayside improves as Mi increases from 0 to 128 in the controlled simulations,
which is also seen in the controlled plasmaspheric simulation results analyzed in Ouellette et al. [2016].
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From the global control point of view, the local control hypothesis is a system-level reconfiguration when a
large amount of mass loading occurs at the dayside magnetopause; that is, the local control of dayside recon-
nection potential is achieved by altering the magnetosheath properties through reducing local reconnection
rates such that less solar wind flux tubes are transported to the magnetopause X line. From the local control
point of view, the dayside solar wind-magnetosphere merging is not entirely determined by the upstream
solar wind parameters. Ionospheric-source mass loading may reduce the geoeffective length in the upstream
solar wind via modifying local reconnection rate. Other factors such as the ionospheric conductivities may
also play an important role.
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