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Key Points:

e The linear Kelvin—Helmholtz (KH) vortex can be a generator region (JJ-E < 0), whereas the nonlinear KH vortex can be a load region

(1E>0).

e At the linear KH vortex, ion enthalpy, ion heat, and Poynting fluxes collaboratively contribute to the energy transfer.
e At the nonlinear KH vortex, Poynting fluxes carry the greatest energy and ions play a less important role in energy transfer.
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Abstract: The Kelvin-Helmholtz (KH) instability serves as an important process for transporting the solar wind mass and energy into the
Earth’s magnetosphere. However, energy conversion and energy transport at the vortices driven by the KH instability have not been
investigated in detail thus far. Here, using high-resolution data from the Magnetospheric Multiscale (MMS) spacecraft, we compare
characteristics of energy conversion and energy flux densities between a linear and a nonlinear KH vortex. We find that the linear KH
vortex is acting as a generator region ([J-€ < 0, where J is the current density and E is the electric field) whereas the nonlinear KH vortex is
a load region (JJ-E > 0). The energy flux densities increase significantly at the trailing edge of KH vortices. At the linear KH vortex, energy
transfer is equally contributed by enthalpy, ion kinetic, and Poynting fluxes, whereas in the nonlinear case, the energy is mainly
transported in the form of the Poynting flux and electron kinetic energy and heat fluxes are negligible. These results help us better
understand the role of KH vortices in energy conversion and transport at the Earth’s magnetopause.
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1. Introduction

The magnetopause is defined as the ion-scale boundary between
the shocked solar wind and the magnetosphere (Le and Russell,
1994; De Keyser et al.,, 2005; Sun et al.,, 2024). It adjoins the magne-
tosheath boundary layer, the low-latitude boundary layer, the
entry layer, the cusp, and the plasma mantle (Phan et al., 1997;
Eastman et al., 2000; Lin RL et al,, 2010; Yao ZH et al., 2024). The
magnetopause prevents solar wind plasma from directly entering
the magnetosphere and is of crucial importance for the mass,
momentum, and energy transfer from the magnetosheath into
the magnetosphere (Pu et al.,, 1983; Johnson and Cheng CZ, 1997;
Hasegawa, 2012; Fu HS et al,, 20193, b). Previous theoretical and
observational studies have indicated that the interplanetary
magnetic field (IMF) and the solar wind plasma greatly influence
the global dynamics of the magnetopause (Shue et al, 1998;
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Wang Z et al., 2020a; Fu WD et al., 2025a). During the southward
IMF, reconnection between the magnetosheath magnetic field
and the magnetospheric magnetic field is frequently observed at
the dayside magnetopause (Burch et al, 2016a; Chen LJ et al,,
2016; Cao D et al,, 2017; Cassak et al., 2017; Wang Z et al., 2019;
Huang SY et al., 2021, 2025; Liu YN et al., 2024). In contrast, the
Kelvin—-Helmholtz (KH) instability driven by the velocity shear
between the plasma in the magnetosphere and that in the
magnetosheath dominates the northward IMF scenario (Miura,
1984; Otto and Fairfield, 2000; Nykyri and Otto, 2001; Hasegawa et
al, 2006). Because it can form a surface wave at the magne-
topause, such an instability is also known as a “KH wave” (Rice et
al., 2022; Radhakrishnan et al., 2024). These processes occur with
energy conversion between the magnetic field and plasma,
making the magnetopause a key region in the solar-terrestrial
energy chain (Dunlop and Balogh, 2005; Dong XC et al., 2018).

Previous studies using a three-dimensional (3D) global magneto-
hydrodynamic (MHD) simulation have suggested that the energy
conversion at the dayside magnetopause is typically dominated
by energy loads (J.E > 0), whereas it acts as generator (J.E < 0) at
the tail magnetopause (Palmroth et al., 2003, 2006). Theoretically,
the electromagnetic energy (primarily magnetic field energy) can
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be converted through several energy channels, which can be
expressed by the equation
Wy __0Us
ot — ot

-V (S + Hi,e + Ki,e + Qi,e)l

where Ug, U, S, Hie, Ko, and g;, denote the magnetic field
energy, particle total energy, Poynting flux, particle enthalpy flux,
kinetic energy flux, and heat flux, respectively, with the subscripts
i, e denoting ion species and electron species (Yamada et al., 2010;
Eastwood et al,, 2013; Goldman et al., 2016). To date, the energy
conversion and the corresponding energy partitioning have been
investigated in detail during the dayside magnetopause recon-
nection (Eastwood et al., 2020; Dong XC et al., 2021; Genestreti et
al., 2022). Using the high-resolution Magnetospheric Multiscale
(MMS) measurements, Fargette et al. (2024) found that the energy
flux partition changes at the electron diffusion region and is
locally dominated by the electron enthalpy flux. On the basis of a
two-dimensional (2D) particle-in-cell simulation, Chang C et al.
(2023) suggested that the Poynting flux provides electromagnetic
energy for energy conversion near the magnetosphere separatrix
region.

Although these studies greatly improve our understanding of
energy conversion and transport at the magnetopause during the
dayside magnetopause reconnection, energy conversion at the
magnetopause with KH waves remains poorly understood thus far
because earlier studies have mainly focused on their wavelength,
period, the IMF conditions (Cowee et al., 2009; Lin D et al., 2014;
Rice et al.,, 2022; Settino et al,, 2022), and the plasma transport
attributable to the KH waves (Nykyri and Otto, 2001; Smets et al.,
2002; Sorathia et al., 2019; Yan GQ et al., 2020; Nakamura et al.,
2022; Radhakrishnan et al., 2024). Previous studies have
suggested that the KH waves at the Earth’s magnetopause can
transfer a significant amount of energy into the magnetosphere
(Pu and Kivelson, 1983; Kavosi and Raeder, 2015), but the energy
partitions still remain an open question. Moreover, various types
of flow structures can be formed during the triggering and evolu-
tion of KH waves, such as the shear flow structures (linear KH
vortex) at the initial stage of KH waves (Chandrasekhar, 1961; Fair-
field et al.,, 2000; Wang Z et al., 2020b) and the roll-up vortices
(nonlinear KH vortex) formed in the nonlinear stage of KH waves
(Foullon et al., 2008; Hwang et al., 2012; Li W et al., 2016; Nykyri et
al, 2017, Fu WD et al., 2025b). Therefore, one may also be curious
about whether the energy conversion and transport are similar or
dissimilar at these flow structures.

Kelvin-Helmholtz waves have been widely observed by the state-
of-the-art MMS mission (Burch et al., 2016b), and a database has
been built that includes either the linear stage or nonlinear stage
of KH wave observations (Rice et al., 2022; Radhakrishnan et al.,
2024), providing an excellent opportunity to answer these ques-
tions. Here, we conduct a case study to investigate the energy
conversion and energy flux densities at two KH vortices on the
dayside magnetopause. Specifically, one is the linear KH vortex
observed during the initial stage of the KH wave, and the other is
the nonlinear stage of the KH wave, where the KH vortices are
fully rolled up (Radhakrishnan et al., 2024). Our results emphasize
the role of the KH vortex in transporting energy into the Earth’s
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magnetosphere and its contribution to understanding how the
electromagnetic energy is converted into plasma energy at the
magnetopause when the IMF is northward and the dayside
magnetopause reconnection does not play a key role.

2. Data and Method

In this study, the data we utilize are all from the MMS mission
(Burch et al., 2016b). Specifically, the magnetic field data are from
the Fluxgate Magnetometer (Russell et al., 2016), the electric field
data are from the Electric Double Probe (Lindqyvist et al., 2016) and
the Axial Double Probe (Ergun et al., 2016), and the plasma
moment data are from the Fast Plasma Investigation (FPI) instru-
ment (Pollock et al., 2016). Two KH events, which Radhakrishnan
et al. (2024) identified as a linear KH event and a nonlinear KH
event, are investigated in detail. The linear KH instability (KHI)
event was observed by the MMS on October 10, 2016, when the
spacecraft was located at [4.28, 10.53, —0.45] Earth radii (Rg) in
Geocentric Solar Ecliptic (GSE) coordinates, with a phase velocity
of 82.77 km/s; the nonlinear KHI event was observed by the MMS
on November 12, 2019, when the spacecraft was located at [6.73,
11.14, 6.51] Re in GSE coordinates, with a phase velocity of
86.99 km/s. Both were observed at the dayside magnetopause
and have similar phase velocities, allowing a detailed comparison
between them.

A common approach (the “standard decomposition”), which
treats the plasma populations as a single distribution (Yamada et
al., 2010; Eastwood et al., 2013, 2020), is used to investigate the
energy flux densities at the magnetopause with the linear and
nonlinear KHI. Specifically, the kinetic energy flux density of
species s is estimated with
Ks = %nmsvas,

where n is the plasma number density, m; is the particle mass,
and v, is the bulk velocity. The enthalpy flux density of species is
estimated with

4
_ v Tr(P)

4
H; +v- P,

where v, is the bulk velocity and PHS is the pressure tensor, and
Tr(?s) is the trace of the pressure tensor. The Poynting flux density
is estimated with
_ExB
Ho *

where E is the electric field in the spacecraft frame and is averaged
to the resolution of the magnetic field B. Finally, the heat flux g, is
obtained directly from the FPI data (Pollock et al., 2016).

2. Observation

Figure 1 presents an overview of the two KH events, with the
linear KH wave case shown on the left (Figures 1a-1k) and the
nonlinear KH wave case presented on the right (Figures 11-1v).
Figures 1a-1d display the large-scale context of the linear KH
wave as observed by the MMS1 from 14:45 to 15:10 universal time
(UT) on October 10, 2016. One can see that the omnidirectional
ion energy spectrogram in Figure 1a shows quasi-periodic varia-
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Figure 1. Observations of the linear KHI event (left) and the nonlinear KHI event (right), with (a-d, I-0) the large-scale context of the KHI interval
and (e-k, p-v) detailed observations during the crossing of the KH vortex. Specifically, the (a, ) ion energy spectrum; (b, m) ion density; (c, n) ion

velocity; (d, o) magnetic field; (e, p) ion energy spectrum; (f, g) electron energy spectrum; (g, r) ion and electron density; (h, s) ion velocity; i, t)
electron velocity; (j, u) magnetic field; and (e, p) pressure. All data are from the MMS1.

tions throughout the interval, which are well matched with the
changes in the ion density (Figure 1b). Velocity shears on the
order of 200 km/s occur regularly near the rapid changes in ion
density (Figure 1c). The GSE magnetic field in Figure 1d shows
fluctuations characteristic of a KH wave throughout the interval,
with a magnitude of approximately 20 nT and bipolar variation in
the normal component. All these features confirm it as a KH event.
According to the periodic variations in density, ion velocity, and
magnetic fields, one can see that 9 KH vortices are observed
during this interval. Because the signatures of these vortices are
very similar, we particularly focus on one KH vortex from 14:56:15
to 14:57:05 UT and show the data from this zoomed-in period in

Figures 1e-1k. According to the omnidirectional ion energy spec-
trogram (Figure 1e), omnidirectional electron energy spectrogram
(Figure 1f), and plasma density (Figure 1g), one can see that the
MMS crossed the magnetopause from the magnetospheric side to
the magnetosheath side at approximately 14:56:30 UT and vice
versa at approximately 14:56:50 UT because of the existence of
the KH wave. The low velocity of magnetospheric ions, the rapid
change in magnetic field direction, and the increase in total pres-
sure during the crossing indicate that it is a linear KH vortex that
has not evolved to be fully rolled up (Rice et al., 2022; Radhakrish-
nan et al., 2024), as shown in the sketch in Figure 4a. The electron
velocity is generally correlated to the ion velocity except for the
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peaks on the magnetosphere side, indicating that the electrons
are generally coupled with ions.

The nonlinear KH event, characterized by the existence of rolled-
up vortices, was observed by the MMS from 20:28 to 20:45 UT on
November 12, 2019. Figures 11-10 show the large-scale context of
the nonlinear KH wave as observed by the MMS1. Note that the
nonlinear KH wave exhibits similar signatures as the linear KH
wave, including the quasi-periodic fluctuations in omnidirectional
ion spectra (Figure 1l), the corresponding variations in ion density
(Figure 1m), the velocity shear on the order of 200 km/s (Figure
1n), the fluctuations around 8 nT in the total magnetic field, and
the bipolar signatures in the magnetic field B,, B, components
(Figure 10). However, ions with magnetosphere-like density flow-
ing with magnetosheath-like velocities are present (e.g. the
velocity peaks before 20:34 UT and between 20:36 and 20:37 UT),
suggesting that the vortices have developed. Similarly, one can
identify 6 KH vortices in this interval according to the periodic
variations of density and velocity. Because they have similar signa-
tures, we selected one vortex from 20:32:45 to 20:33:40 UT as
representative and show the detailed observations in Figures
1p-1v. We find that the plasma densities are less different on the
magnetospheric side (approximately 2 cm=3) and on the magne-
tosheath side (approximately 4 cm-3), the velocity of magneto-
spheric ions is comparable to the velocity of magnetosheath ions,
more small-scale structures appear on the electron velocity, quasi-
periodic fluctuations with decreasing magnitude appear in the
magnetic field, and a decrease in total pressure from 0.8 to 0.6 nPa
appears. These features are indicative of the rolled-up vortices

B (nT)

J(nA/m?)

JJE(NW/m?) JE (nW/m?) JE (nW/m?)  E (mV/m)

®
14:56:15

-20

14:56:30 14:56:45
2016-10-10 UTC

14:57:00

Earth and Planetary Physics  doi: 10.26464/epp2026042 527

and suggest that it is a KH vortex at the nonlinear stage, as shown
by the sketch in Figure 4b.

Theoretically, the energy conversion rate can be quantitatively
estimated by the inner product of the current density and the
electric field. Using this method, we investigate the energy
conversion at the linear KH vortex and the nonlinear KH vortex;
the result is shown in Figure 2. Figures 2a and 2g present the
three components of the magnetic field in GSE coordinates, mark-
ing the crossing of the magnetopause. Figures 2b and 2h present
the current density calculated by the curlometer technique. It has
a higher time resolution than the current calculated with plasma
moments. One can see that in the linear case, the current fluctuates
greatly, with a higher magnitude on the magnetosheath side
(approximately 400 nA/mZ2) and a lower magnitude on the magne-
tospheric side (generally below 200 nA/m2), whereas in the
nonlinear case, an intense current (above 200 nA/m2) appears
only at the trailing edge of the KH wave, where the magnetic field
direction changes significantly. Here, a trailing edge is represented
by a crossing from the magnetosphere to the magnetosheath,
and a reversed crossing indicates a leading edge (Li W et al., 2016).
Figures 2c and 2i show the electric field measured by the MMS1.
Note that in both cases, the electric field appears to be enhanced
on the magnetosheath side, which is mainly due to the higher
flow velocity there and thus the larger-scale convection electric
field. Figures 2d-2e and 2j-2k show the energy conversion rate.
As can be seen, the energy conversion rate peaks at the trailing
edges of the KH vortices. Specifically, in the linear case, it can
reach a negative value with a magnitude larger than —2 nW/m3,
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Figure 2. Strong energy conversion at the linear KH vortex (left) and nonlinear KH vortex (right). (a, g) Magnetic field; (b, h) current density
estimated by the curlometer technique (Dunlop et al, 2002); (c, i) electric field; (d, j) energy conversion in different directions; (e, k) absolute value
of the energy conversion; (f, ) accumulation of the energy conversion. The red shaded areas mark the trailing edge of the vortices.
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whereas in the nonlinear case, it is generally positive, with the
maximum value reaching approximately 1.2 nW/m3. The strong
energy conversion rate correlates well with the electric field,
suggesting that the electric field being formed makes a significant
contribution to the strong energy conversion. Moreover, the accu-
mulation of the energy conversion rate shows a net negative
value (JJE < 0) throughout the interval in the linear KH vortex,
with the peak value (-18 nW/m?3) at the trailing edge. Note also
that the negative J-E occurs mainly on the magnetospheric side
ahead of the trailing edge, whereas the positive J.E is dominant on
the magnetosheath side, resulting in a decrease in the accumula-
tion of net negative [J-E (Figure 2f). On the contrary, the positive
values of [J.E dominate throughout the interval of the nonlinear
KH vortex, with a rapid surge at the rolled-up trailing edges (a
20 nW/m3 surge at the first encounter and a 10 nW/m?3 surge at
the second encounter).

Figure 3 shows the energy flux densities at these two KH vortices.
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For the linear case, one can see that both the ion enthalpy flux
(Figure 3c) and the ion kinetic energy flux (Figure 3d) rapidly
increase across the trailing edge because of the presence of high-
velocity magnetosheath populations (Figure 3b), pointing primar-
ily along the +Y-X direction, which is quasi-parallel to the shear
flow direction (see the arrows in Figure 4a). The magnitude of the
ion heat flux is basically steady across the trailing edge (approxi-
mately 0.5 mW/m?2), but its direction changes dramatically into the
—Y direction at the trailing edge (Figure 3e). The electron enthalpy
flux (Figure 3g) and kinetic energy flux (Figure 3h) also increase
across the trailing edge because of the increase in electron velocity
(Figure 3f), but their magnitudes are insignificant compared with
that of the ion energy flux. The electron heat flux is also negligible
and remains steady (Figure 3i). The Poynting flux also increases
significantly across the trailing edge because of the enhancement
of electromagnetic fields and the change in its direction from
+Z-Xto +Y-X, carrying a significant portion of energy flux densities
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Figure 3. Energy flux densities at the linear KH vortex (left) and nonlinear KH vortex (right). (a, k) Magnetic field; (b, I) ion velocity; (c, m) ion

enthalpy flux density; (d, n) ion kinetic energy flux density; (e, 0) ion thermal flux density; (f, p) electron velocity; (g, q) electron enthalpy flux

density; (h, r) electron kinetic energy flux density; (i, s) electron thermal flux density; (j, t) Poynting flux density. For easy comparison, the range of

the Y-axis is set as a fixed value and the very small flux densities (e.g., electron kinetic energy flux) are plotted by multiplying a constant. The red

shaded areas mark the trailing edge of the vortices.
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(Figure 3j). Therefore, the ion energy flux and the Poynting flux
are dominant in this case.

At the nonlinear KH vortex, the ion enthalpy flux (Figure 3m),
kinetic energy flux (Figure 3n) and heat flux (Figure 30) have maxi-
mum magnitude, reaching higher than 0.05 mW/mz2. Although
the ion enthalpy flux and heat flux are generally large on both the
magnetosphere side and the magnetosheath side, the ion kinetic
energy flux is much larger on the magnetosheath side. However,
all these fluxes are enhanced or reach their maximum magnitudes
simultaneously at the multiple encounters of the rolled-up trailing
edge (20:33:02, 20:33:16, and 20:33:28 UT). Note that the maximum
magnitude of the electron enthalpy flux (Figure 3q) is even higher
than that of the ion enthalpy flux (Figure 3m), which is also corre-
lated with variation in the magnetic field. Similar to the linear KH
vortex, the electron kinetic energy flux also shows an insignificant
portion of local increases because of the small mass of the electron
population (Figure 3r), and the electron heat flux is basically negli-
gible (Figure 3s). Note that the enthalpy flux and the kinetic
energy flux are mainly along the —X+Y+Z direction, which also
corresponds to the shear flow direction. The Poynting flux is also
largely increased across the trailing edge of the KH vortex and is
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dominated by steady +Sy and +S; components. As such, the
energy flux density in this case is dominated by the Poynting flux,
which is very structured and correlated to variation in the
magnetic field at the boundary (see the magenta arrow in Figure
4b).

Note that the energy flux densities exhibit peaks at the trailing
edge of the KH vortices, where the largest energy conversion rate
is also observed (Figure 2). The energy flux densities on the
magnetospheric side are generally smaller than those on the
magnetosheath side, which is likely a natural consequence of the
plasma density contrast between the magnetosphere and magne-
tosheath. To investigate whether the energy budgets at these two
KH vortices share a similar constitution and to determine which
types of energy fluxes dominate the energy transfer process, in
Figure 4 we show the distributions of different energy flux densities
as a function of the local energy conversion. The data points are
from the same interval as in Figures 2 and 3. For the linear KH
case, we find that the ion enthalpy, ion heat, and Poynting flux
densities are generally higher than the ion kinetic and electron
enthalpy densities (Figure 4c), suggesting that the energy transport
at the linear KH vortex is mainly contributed by the ion energy flux
and the Poynting flux, with negligible contribution by the electron
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Figure 4. Sketch depicting the configuration of the magnetopause with the KHI and the characteristics of energy conversion and energy flux
densities at the linear KH vortex (a, ¢) and nonlinear KH vortex (b, d). The blue, green, red, black, and magenta points represent the ion enthalpy
flux, ion heat flux, ion kinetic flux, electron enthalpy flux, and Poynting flux, respectively. The dashed lines in (a) and (b) represent the MMS

trajectory.
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energy flux. For the nonlinear KH vortex, we find that the Poynting
flux densities are much larger than the other forms of energy flux
densities (Figure 4d), indicating that the energy there is trans-
ported mainly in the form of Poynting fluxes. Therefore, we
conclude that energy transport can be very different at the linear
KH vortex and the nonlinear KH vortex (Figures 4a and 4b).

3. Conclusion and Discussion

In this study, using MMS measurements, we present an in situ
investigation of the characteristics of energy conversion and
energy flux densities at a linear KH vortex and a nonlinear KH
vortex. We find that the linear KH vortex is basically a generator
region (J.E < 0) where energy is transferred from the plasma to the
magnetic field. At the trailing edge of the linear KH vortex, the ion
enthalpy flux, Poynting flux, and ion heat flux increase drastically,
collaboratively carry the greatest portion of energy, and correlate
with the local energy conversion rate. In contrast, the nonlinear
KH vortex is a load region (J-E > 0) that converts electromagnetic
energy into the kinetic and thermal energy of the plasma. Across
the trailing edge of the nonlinear KH vortex, small-scale magnetic
structures are formed because of the existence of secondary
vortices. The Poynting flux increases quasi-linearly with local
energy conversion and carries the greatest portion of energy. In
both cases, the ion kinetic energy flux increases but contributes a
relatively smaller portion; electron energy fluxes are basically
negligible except that the electron enthalpy flux becomes compa-
rable to the ion energy flux at the trailing edge of the nonlinear
KH vortex. However, it should also be pointed out that these
results cannot represent the general patterns of the KH vortex
because this is a case study. To address this issue, further statistical
investigations should be conducted.

The different properties of the energy flux intensities in the two
cases may be related to the process of KH vortex development. At
the linear stage, the KH vortex begins to form by the shear flow of
the propagating linear surface wave, gradually deforming the
magnetopause and gaining energy from the ions in the boundary
layer. The fluid motion of the linear KH vortex can drive magnetic
convection and turbulence (Hasegawa, 2012; Archer et al,, 2024),
which is probably why it acts as a generator region. As the KH
vortex fully develops and eventually becomes the nonlinear roll-
up vortex, the magnetic field lines are sufficiently twisted. The
distortion and stretching of field lines can potentially lead to
magnetic reconnection and can form magnetic islands (Hasegawa
et al, 2009; Wang Z et al., 2022), which convert magnetic energy
into kinetic and thermal energy (Nakamura et al., 2008; Wang RS
et al,, 2010, 2023; Huang SY et al., 2012b, 2019; Zhou M et al.,
2017; Zhong ZH et al., 2018; Jiang K et al., 2021; Wang Z et al,
2023a, b). Moreover, plasma mixing is sufficiently increased at the
nonlinear stage, which increases the turbulence and leads to
diffusion (Zhang WZ et al.,, 2023). Therefore, the nonlinear KH
vortex can act as a load region, and the electron enthalpy flux
there can even be comparable to the ion energy flux.

Our study also emphasizes that the trailing edge of the KH vortex
is an important location for energy conversion in the Earth’s
magnetosphere. In both cases, the magnitude of the energy

conversion rate can reach approximately 1 nW/m3, which is
smaller than the super strong energy conversion (~2-6 nW/m3)
driven by the twisted magnetic structure at the Earth’s magne-
topause (Du CX et al., 2023) but similar to the energy conversion
rate (@approximately 1 nW/m3) observed at the reconnection front
(Huang SY et al,, 2012b, 2015; Fu HS et al.,, 2013, 2017, 2019¢; Du
CX et al.,, 2024a; Jiang K et al., 2024, 2025) and the plasma sheet
boundary layer (Du CX et al., 2024b). Considering that the spatial
scale of the KH vortex is much larger than that of the aforemen-
tioned magnetic structures, the total amount of energy converted
by the KH vortices should be very large. Therefore, the KH vortex
can act as an important channel for transporting solar wind
energy into the Earth’s magnetosphere.
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