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Abstract. The Dungey cycle is a fundamental process governing large-scale plasma dynamics in the near-Earth space, tradi-
tionally examined through Magnetohydrodynamic (MHD) simulations and ionospheric observations. However, MHD models
often oversimplify the complexities of driving dynamics and kinetic processes, while observational data tend to lack sufficient
coverage. In this study, we utilize a hybrid-Vlasov simulation to investigate the Dungey cycle, and introduce a novel method
for quantifying reconnection voltages in different Magnetic Local Time (MLT) sectors. This method is validated by comparing
it with the ionospheric open flux change rate in the simulation. Our analysis identifies discrete azimuthal convection channels
of closed field lines, clearly initiated by dayside reconnection and propagating to the nightside. These channels are prominent
even during intervals of intense nightside reconnection. Notably, we observe that the effective length of dayside reconnection
fluctuates, even under steady solar wind conditions. Our results reveal significant deviations from MHD theory, which predicts
that plasma flows within the magnetosphere should follow flux tube entropy isocontours. Instead, we demonstrate that plasma
flows near reconnection sites and at the terminators deviate from isentropic behavior, suggesting the presence of non-adiabatic
processes in these regions. This study validates the representation of the Dungey cycle in the Vlasiator 3D simulation and
enhances our understanding of global plasma convection. Future work should focus on identifying the kinetic processes that

explain the deviations in the plasma convection with flux tube entropy isocontours between MHD theory and kinetic approach.

1 Introduction

Magnetospheric convection is a fundamental topic in space plasma physics, which has been extensively studied over the years.
For instance, Cowley (1982) reviewed and compared two primary mechanisms that drive convection in the Earth’s magne-
tosphere: magnetic reconnection, originally proposed by Dungey (1961) and viscous-like interactions at the magnetopause
boundary, introduced by Axford and Hines (1961). Axford (1969) discussed the impact of convection across the magneto-
sphere, highlighting its role in auroral formation, its influence on the size and dynamics of the plasmapause, and its contribution
to particle acceleration. The pioneering contribution to understanding magnetospheric convection was introduced by Dungey
(1961), who proposed that the motion of collisionless plasma is frozen-in to the field lines between dayside and nightside
neutral lines of the Earth’s magnetosphere. The plasma motion between these two lines is known as the Dungey cycle. Further-

more, Sergeev and Lennartsson (1988) concluded that steady magnetospheric convection (SMC) events, which are periods of
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enhanced magnetospheric convection activity, can occur during prolonged intervals of southward interplanetary magnetic field
(IMF) without triggering substorms or disrupting the tail current.

The Dungey cycle begins when the southward IMF interacts with the Earth’s northward magnetic field on the dayside
magnetopause, triggering magnetic reconnection. This process opens previously closed magnetospheric field lines, allowing
the newly opened field lines, along with the plasma particles frozen-in with them to be transported toward the nightside by
the tailward-flowing solar wind. This magnetic flux is accumulated in the tail lobe region and leads to an increase of magnetic
pressure. The pressure causes open field lines from the northern and southern hemispheres to converge at the tail current sheet,
where reconnection occurs again, closing the field lines. The closed magnetic flux then migrates back to the dayside within the
flank regions of the magnetosphere, completing the cycle. The footprints of this plasma convection in the magnetosphere form
a twin-cell plasma convection pattern within the polar cap in the ionosphere. The entire convection process typically lasts for 2
to 5 hours (Kennel, 1995). A similar convection pattern has also been discovered in other planets such as Mercury (Sun et al.,
2020) and Saturn (Jackman and Cowley, 2006).

Siscoe and Huang (1985) proposed a formula to quantify the strength of the Dungey cycle by relating dayside and nightside
reconnection voltages to the open flux change rate in the polar cap region:

deC .
dt ’

J ol JnNI= (1)
where p(t); n(t) represent the reconnection voltages on dayside and nightside. Fp ¢ denotes the amount of open flux in
the ionosphere. The reconnection voltage in this context refers to the amount of magnetic flux transitioning between "open"

and "closed" states per unit time. Holzer et al. (1986) proposed an empirical equation determining the dayside reconnection

voltage:
D = Le jVxjjBzj; forB, <0 2)

In this formula, B is the Z component of the IMF and Vx denotes the X-component of solar wind velocity. The axes are defined
in the standard Geocentric Solar Magnetospheric (GSM) coordinate system. The term L.g represents the effective length of
dayside reconnection, ensuring the dimensional consistency of the equation.

The sunward directed convection described in the Dungey cycle is initiated by nightside reconnection. In addition to this, a
distinct form of convection, driven exclusively by dayside reconnection, has also been extensively studied in recent years. For
instance, Hsieh and Otto (2014, 2015) associated this dayside-driven convection with the formation of a thin current sheet in the
near-Earth magnetotail, employing an ideal-MHD simulation within a spatially confined region. They introduced the concept
of magnetic flux depletion, where dayside reconnection creates a magnetic flux erosion region in the dayside magnetosphere.
To replenish this erosion, magnetic flux is depleted on the nightside and adiabatically convected sunward to restore equilibrium.
Gordeev et al. (2017) demonstrated that the depletion of magnetic flux in the near-Earth tail region is directly related to the
dayside reconnection using global MHD simulations. They revealed that the transport rate of magnetic flux in the near-Earth
tail is proportional to the dayside merging rate. Dai et al. (2024) provided convincing evidence of dayside-driven convection, by

tracing the progression of magnetospheric convection using keograms in global MHD simulations, supported by ionospheric
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observations. This type of convection is shown to establish within 10-20 minutes across the magnetosphere. Furthermore,
they argued that this type of convection is related to the equatorward and dayside-to-nightside extent of field-aligned currents
(FACs), emphasizing its relation to ionospheric dynamics (Zhu et al., 2024).

Previous research on the topic of magnetospheric convection has predominantly focused on ionospheric observations (Milan
et al., 2007; Zhang et al., 2015; Milan et al., 2021; Gasparini et al., 2024) and MHD simulations (Gordeev et al., 2011; Dai
et al., 2024). For instance, Milan et al. (2007) analyzed 25 nightside reconnection events using Equation (1), utilizing global
auroral images to determine the open-closed boundary (OCB) of the field lines, and applied Equation (2) to estimate the dayside
reconnection voltage. Gordeev et al. (2011) conducted MHD simulations to explore the relationship between the cross polar
cap potential and the reconnection voltage on the dayside and the nightside cross tail potential drop. While these approaches
have contributed significantly to our understanding, they do not include direct reconnection voltage measurements on both
the dayside and nightside. This limitation arises from the scarcity of observational data on reconnection events within the
magnetosphere and the complexity of approximating the reconnection voltage in simulations.

This study aims to develop a method for determining the global reconnection voltage as a function of magnetic local time
(MLT) sectors using 3D near-Earth space plasma simulations. By analyzing the consistencies and deviations from ideal MHD
theory, this work attempts to provide new insights into reconnection-driven plasma dynamics inside the magnetosphere using
the ion-kinetic approach. Additionally, it aims to address the gap in direct observations of reconnection voltages on both the

dayside and nightside.

2 Method and Model Description

Vlasiator is a plasma simulation code designed to model near-Earth space while resolving ion kinetics in a noiseless manner
(Palmroth et al., 2018; Ganse et al., 2023). It solves the Vlasov equation for the 6-D ion distribution function, encompassing
three spatial dimensions and three velocity dimensions, while electrons are treated as a massless and charge-neutralizing fluid.
The time evolution of the electric and magnetic fields is governed by Maxwell’s equations in the Darwin approximation
(Londrillo and Del Zanna, 2004). The system is closed via the generalized Ohm’s law, neglecting the conductivity and electron
inertia term. Vlasiator has been employed to investigate various magnetospheric physics topics such as ion foreshock processes
(Pokhotelov et al., 2013; Turc et al., 2018), magnetic reconnection (Hoilijoki et al., 2017; Palmroth et al., 2023) and plasma
waves (Palmroth et al., 2015; Tesema et al., 2024). Recently, an ionospheric module was added to Vlasiator, expanding its
capabilities to include modeling ionospheric processes as well as their feedback to the magnetosphere (Ganse et al., 2025).
The simulation studied in this paper starts with a non-tilted dipole magnetic field centered at the origin of the simulation
box, all defined in the GSM coordinate system. The solar wind is introduced from the positive x boundary, streaming toward
the negative x-direction. The box has three dimensions of X 2 [ 110Rg; 50Rg];y;z 2[ 57Rg; 57Rg]. The inner boundary
of the simulation is a sphere of 4:7 Rg radius centered on the origin, the magnetosphere is coupling with the ionosphere using
a height integrated electrostatic approach (Ganse et al., 2025). Figure 1 depicts the convection and magnetospheric structures

during the simulation. In the simulation, a Cartesian grid of cubic cells is utilized, enhanced by static mesh refinement. This



Figure 1. A 3D schematic representation of the Vlasiator simulation run, illustrating both the dayside and nightside magnetosphere. The
green lines represent magnetic eld lines, while the yellow arrows indicate azimuthal convection channels in the magnetosphere and the
twin-cell convection pattern in the ionosphere.

re nement achieves the highest spatial resoluti@®0km in regions of interest, such as the bow shock and reconnection
sites (Ganse et al., 2023). To further optimize memory and computational ef ciency, the simulation employs a sparse velocity
space strategy (von Alfthan et al., 2014). In this approach, the velocity distribution is evolved in each spatial cell only when
the distribution functiorf surpasses a speci ¢ density thresholg, (Palmroth et al., 2018). In this speci ¢ run, the solar

95 wind parameters are set similarly to those in Horaites et al. (2023), representing fast solar wind conditions: a proton density of
10°m 3, a proton temperature 6f5 10°K, a solar wind velocity of 750,0;0) km=s, and an homogeneous Interplanetary
Magnetic Field (IMF) oriented g0;0; 5)nT.

In this study, we developed a method for estimating the global reconnection voltage based on the instantaneous detection o

the closed magnetic ux. The magnetic ux transport is determined by the electric potential on the boundary of a given area

100 by Faraday's law with Stokes' theorem:

z z I
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The analysis is conducted over a closed contour within the closed eld line region. As described by Equation (3), the rate of
change of magnetic uxis determined by the line integral of the electric Eelalong this contour. Since Equation (3) applies to

a closed contour surrounding a surface rather than an isolated boundary, the contribution to the ux change over each segmen
of the boundary can be separately evaluated by integrating the electric eld along that segment. Speci cally, we compute
the magnetic ux change rate on the equatorial plane, subdividing the MLTs into 3-hour sectors, using spherical coordinates.
Convection can be separated into azimuthal (in tlaérection) and radial (in the direction) components, represented by the
electric potential€, dr andrE d , respectively. This approach can be used to calculate the reconnection voltage, which is
de ned as the rate at which magnetic ux changes topology per unit time, sharing the same dimension as the convection rate.
In the Earth's equatorial plane, the reconnection voltage can be determined by the rate of change of closed ux in a region,
minus the ux transmitted into that region.

Figure 2. Magnetic ux within the closed eld line region in the equatorial plane in the Vlasiator simulatich080s The grey region
represents the area where the magnetic eld lines are open. ABCD stands for an enclosed area in the closed eld line region on the Earth's

equatorial plane. The arrows depict how the magnetic ux ows at the boundaries of the enclosed area.

In Figure 2, the region ABCD is located within the closed eld line area. To determine whether a eld line is open or
closed in Vlasiator, both ends of the eld line are traced to assess whether they connect back to Earth (Pfau-Kempf et al.,
2024b). In the contour ABCD shown in the gure, AB and CD are sector boundaries. Point B and C both end at OCB. The
AD boundary represents the inner edge of Earth's magnetosphere within the simulation box. The AD and BC boundaries
show the radial ow into and out of the sector, while AB and CD represent the azimuthal ow. The rajlibriponent of
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the electric eld corresponds to clockwise convection, while the azimuthatgmponent of the electric eld corresponds to
outward convection. We equate the reconnection voltage of the sector with the ux transmitted through the boundary BC. The

reconnection voltage within an enclosed area ABCD can then be determined by the following equation:
z z z

E dr E,dr+ rE d): 4)
AB CD DA

o_ dFasco (
dt

Here,d':/*% represents the rate of change of closed ux within the enclosed area, while the other terms on the right side of
the equation account for the closed ux entering or leaving through segments AB, AD and CD.

The open magnetic ux content in the polar cap region can be calculated using the following equation (Lockwood, 1993):

Z
Fpc = B ds; (5)

PC
whereds represents the area of open ux, and the integration is performed over the entire polar cap. In the Vlasiator simulation,
the process is streamlined by identifying speci ¢ markers, or ags, on the ionosphere grid that indicate open magnetic eld
lines (Horaites et al., 2023).

Next, we aim to nd the Dungey cycle convection rate during the simulation, which we de ned as the left hand side of
Equation (1) that describes the difference of absolute values between the dayside and nightside reconnection rates. The sum ¢
the reconnection voltages in the four dayside or the four nightside MLT sectors, as given by Equation 4, represents the dayside
or nightside reconnection voltages, respectively. We compare these values with the open ux change rate as given in the right

hand side of Equation (1) to validate the accuracy of the new method.

3 Results
3.1 Dungey Cycle

In this study, we begin by assessing the magnetic ux within the closed eld line region, while excluding the region inside
the inner boundary of the simulation's magnetosphere4:7Rg) as depicted by Figure 2. Although the eld lines inside

this inner boundary are closed as well, they are not considered since the propagation solvers are not applied in that region
The convection of the closed magnetic ux within this boundary to the outside is accounted for by an electric eld mapped
from the ionospheric region of the simulation. In Figure 3, we divide the Earth's equatorial plane into eight regions, each
corresponding to 3 hours of MLT. Our analysis shows that the closed magnetic ux generally increases across most sectors
during the simulation, with each sector exhibiting ux on the orded8f Wb, and the overall ux reaching approximately

10° Wb. This increase is most evident betwegd0sand 1200s particularly in the night sectors, due to the large nightside
reconnection voltage shown in Figure 4. The magnetic ux in the dayside sectors shows a dawn-dusk asymmetry. On the
duskside, the magnetic ux enclosed by the MLT 15-18 sector is constantly larger than in the 12-15 sector, while on the
dawnside, the two corresponding sectors (6-9 and 9-12 MLT) have approximately the same ux during the simulation. We also



observe that the magnetic ux is much lower on the nightside compared to the dayside. Additionally, the magnetic ux in the
nightside ank regions (18-21 and 3—6 MLT) is higher than in the central regions (0—3 and 21-0 MLT) in the run.

Figure 3. A histogram plot of the magnetic uxWhb) in the closed eld line region of each MLT sectors (3 hours interval). Panel (a)-(d)

stand for 4 different times in the simulation after the initialization of the simulation. Both the radius and color of each bar represent the

magnetic ux in the corresponding MLT sector.

Using Equation (4), we can now directly calculate the spatiotemporal evolution of magnetic ux in the magnetosphere in
our global simulation. Figure 4 presents the reconnection voltages and azimuthal convection rates using a polar plot, similar to
150 Figure 3. Since reconnection voltages uctuate signi cantly on short timescales in the simulation, the data has been smoothed

over a 10-second interval. A re ected extension was applied to the rst and last time steps to maintain consistency. Colors
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represent the reconnection voltage in each sector, while arrows indicate convection direction between sectors. The values ol
the polar plots denote the absolute magnitudes of reconnection and azimuthal convection rates, both in the same units.

Throughout the simulation, azimuthal convection consistently ows from the nightside to the dayside along both the dawn
and dusk anks. The strongest convection is observed at the anks, speci cally at MLT values 15, 18, and 21 on the dusk
side, and 3, 6, and 9 on the dawn side. The convection rate remains relatively stable, of the bo@di\bhicross these ank
sectors. In contrast, the convection rates at the noon (MLT = 12) and midnight (MLT = 0) boundaries are signi cantly weaker.
On average, convection converges near MLT = 12 and diverges near MLT = 0, resulting in net convection rates close to zero.
In the simulation, the exact MLT where convergence or divergence are observed can vary, which leads to the uctuations of
azimuthal convection. This behavior is as expected for global convection and aligns with established understanding (Hsieh and
Otto, 2014, Dai et al., 2024).

The reconnection voltages exhibit a clear asymmetry between the nightside and dayside. Nightside reconnection is stronges
in two MLT sectors (0—3 and 21-0 MLT), as shown in panel (b), although it can also extend into the ank regions. In con-
trast, dayside reconnection events are more diffusely distributed across all four dayside sectors, indicating a more azimuthally
widespread occurrence (Pfau-Kempf et al., 2024b). The nightside reconnection voltage is gradually increa$iogséed
it peaks at aroun800s At 6005 nightside reconnection becomes more intense on the dusk side, which aligns with previous
studies showing that the Hall electric eld{) generated in the tail strengthens the cross-tail current sheet density in this
region (Lin et al., 2014; Lu et al., 2016). B300s reconnection shifts to the dawn sector, where it releases the accumulated
magnetic ux. This means that reconnection X-lines develop from dusk to dawn. The dayside remains relatively stable during
the simulation. It is worth noting that reconnection voltage in the ank region, especially the nightside ank (18-21 and 3-6
MLT), occasionally exhibits negative values despite the overall positive rates on the nightside. Flux Transfer Events which
erode the closed ux on the ank might account for this phenomenon, when they propagate along the magnetopause to the
nightside ank regions and transfer the previously closed ux to the solar wind (Pfau-Kempf et al., 2024b).

To validate the Dungey cycle motion and con rm the accuracy of the 3D simulation, it is essential to compare the convection
rates within the magnetosphere and ionosphere. In Figure 5, panel (a) displays the reconnection voltages on the dayside an
nightside. These voltages are computed by integrating the reconnection voltages within their respective MLT sectors. Specif-
ically, for the dayside, reconnection voltages are integrated over the 6 to 18 MLT sector, while for the nightside, the voltages
are summed across 18-6 MLT. In panel (b) of Figure 5, we compare both sides of equation 1, where the red points represent the
subtraction of absolute values in panel (a) and the dark blue points correspond to the ionospheric magnetic open ux change
rate.

The results in panel (a) of Figure 5 show that the dayside reconnection voltage remains relatively steady at approximately

200kV throughout the simulation, with some uctuations. In contrast, the nightside reconnection voltage displays consider-
able variability. Initially, it is approximatelft00kV at500 s rising sharply to nearl$00kV by 800s After reaching this peak,
the nightside reconnection voltage gradually decreases, reaching values comparable with the absolute value of the dayside rat
at about1200s indicating that the system has entered a quasi-stationary state. Subsequently, the tailward motion of X-lines

leads to the stretching of the current sheet and new reconnection bursts, which increases the reconnection voltage at the end
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Figure 4. Similar to Figure 3, but the color scale represents the reconnection voltage. The values here are instantaneous but have beer
smoothed using a 10-second window. Negative values stand for closed-to-open con guration changes of eld lines, while positive values
indicate open-to-closed. The red arrows denote the azimuthal convection direction and absolute values of convection rate along the boundarie
of MLT sectors.

the simulation. Figure 5 panel (b) supports the presence of Dungey cycle motion during the simulation. The total ux transport
rate within the closed eld line domain, governed by both the dayside and nightside reconnection voltages, should correspond
to the open ux change rate in the polar cap. The close alignment between the dark blue and red dots at each time step, despit:
some uctuations for the dark blue dots, illustrates this. Panel (b) also demonstrates that the total ux transport rate is near
0kV at500sand decreases to400kV at800s gradually returns tOkV around1200sand then decreases again. This pattern



re ects an overall contraction of the polar cap in the simulation ffl8d®s with stability occurring when the dayside and
nightside reconnection voltages are equal.

Figure 5. Panel (a): Light Blue dots and orange dots are the dayside and nightside reconnection voltages, respectively. Panel (b): Dungey
cycle convection rate obtained with dayside and nightside reconnection voltage (red dots) compared with the open ux change rate (dark
blue dots) in the polar cap. The consistency is given by Equation (1). Panel (c): Dayside reconnection effective length from Equation (2).
Panel (d): Fourier transform of dayside reconnection effective length time series. The red dashed line represents 2@&r$od of

Panel (c) of Figure 5 illustrates the variation in the effective length of the dayside reconnection during the simulation,
195 calculated using equation (2). Since the reconnection voltage calculation is based on the equatorial plane, the effective lengtt
used is an equivalent length, even though the actual reconnection site may lie outside this plane. The effective length varies
betweert Re to 14 Re after501 sduring the simulation, with a mean 8f12 Re . A periodic pattern appears to be present in the
effective length. As shown in panel (d), the power spectral density, calculated from the Fourier transform of the time series in
panel (c), displays a small peak at ab26f7s suggesting uctuations in the dayside reconnection effective length at this period.
200 A similar periodicity has been observed in a previous study (Hoilijoki et al., 2019, Figure 5), which is possibly in uenced by

10






