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Abstract The Kelvin-Helmholtz instability (KHI) mediates the viscous-like solar-terrestrial interaction by
generating magnetopause surface waves that quickly become non-linear. Basic theory predicts the locally most-
unstable linear wave dominates. However, Kelvin-Helmholtz is a broad, convective instability that also
amplifies waves originating upstream. We address this conundrum by applying dynamic mode decomposition to
a Gorgon global magnetohydrodynamic simulation of the KHI. While distinct modes quickly grow at points
along the magnetopause, signaling local generation, their energy continues to slowly grow downtail. Thus, a
superposition is present along the magnetopause, where the dominant mode is not always the locally fastest-
growing. Each mode's wavelength elongates downtail, correlating with the boundary layer flow speed due to the
accelerating advective flow around the magnetosphere Doppler shifting the fixed-frequency waves. This may
explain why longer wavelengths are observed in the tail than theory predicts and motivates further exploration
of tangential inhomogeneities in basic Kelvin-Helmholtz theory.

Plain Language Summary The solar wind flowing around the obstacle of Earth's magnetosphere
generates waves on its boundary, akin to surface waves growing on water from the wind blowing above it. These
Kelvin-Helmholtz waves play a key role in allowing solar wind plasma and energy to penetrate our magnetic
shield. Determining when and where this should occur and which wave modes grow has remained challenging.
This is because the underlying theory has concentrated on local wave growth, whereas these waves travel along
the boundary into new regions with different properties, which in turn should affect the waves. Two possible
paradigms exist, waves are either: (a) locally generated, being those predicted by the simple theory; or (b)
originate further upstream, having traveled and grown along the way. We apply a machine learning technique
that efficiently extracts distinct wave modes from a simulation of the entire magnetosphere. This shows Kelvin-
Helmholtz waves do grow quickly out of some points on the boundary, though their energy persists as they
travel down the tail, slowly growing in both amplitude and spatial extent in the process. Both effects play a role
in which waves are dominant at any point.

1. Introduction

The Kelvin-Helmholtz instability (KHI) from velocity shear across the magnetopause drives tailward-traveling
surface wave growth (Archer et al., 2024; Chandrasekhar, 1961) and evolution into non-linear rolled-up
vortices (Hasegawa et al., 2004; Miura, 1982). It is key to the viscous-like solar-terrestrial interaction (Axford &
Hines, 1961) mediating mass, momentum, and energy transport into geospace (Faganello & Califano, 2017,
Johnson et al., 2014; Kivelson & Chen, 1995; Masson & Nykyri, 2018; Rice et al., 2024).

Linear KH-theory has analytic solutions only for tangential discontinuities separating homogeneous, incom-
pressible fluids (Chandrasekhar, 1961; Sen, 1963), with the magnetopause being KH-unstable if shear stress
overcomes magnetic tension, that is,

2 _ 4 mspp msh

T (p +p )2 [(k ’ Bmsp)z + (k : Bmsh)z] >0 (1)
msp msh

[k - (Vansh = Vi) = —————
” P Ho (pmsp +pmsh)

for growth rate y, wave vector k, velocities v, mass densities p, and magnetic fields B, where subscripts “msp” and
“msh” denote the magnetosphere and magnetosheath, respectively. Notably, the growth rate is proportional to
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wavenumber. This criterion, despite its limitations, is still widely used (Grimmich et al., 2025; Rice et al., 2022).
Southwood (1968) showed low-/mid-latitude KH-modes are most unstable when k is perpendicular to B,,,,. The
instability thus maximizes when the interplanetary magnetic field (IMF) is either northward or southward
(southward IMF also favors large-scale magnetic reconnection, Trattner et al., 2021), consistent with observa-
tional statistics (Kavosi & Raeder, 2015; Kavosi et al., 2023). However, the full KH problem must be solved
numerically (Pu & Kivelson, 1983).

Introducing boundary thickness, width d, yields distinct KH-modes forming at different interfaces/transitions
(Lee et al., 1981) whose basic wave properties (frequency, wavelength, and phase speed) and growth rates may
differ. Whether these modes are independent or coupled depends on the wave amplitude relative to d (Kivelson &
Pu, 1984). When compressibility is also included, numerical results predict the boundary is KH-unstable for
0 < kd < 2 (Miura & Pritchett, 1982; Walker, 1981) (subject to Equation 1 holding also). This introduces a
fastest-growing KH-mode with kd ~ 0.5-1, verified in local simulations (Briard et al., 2024). Its frequency
follows from combining the (frame-independent) wavelength and phase/vortex velocity, typically between the
center-of-mass and average flow velocities (Hasegawa et al., 2009; Palermo et al., 2011). Observed magneto-
pause KH-waves are often assumed to be the locally fastest-growing linear KH-mode (Hasegawa et al., 2004; Lin
et al., 2014). However, several case studies (Belmont & Chateur, 1989; Hastie et al., 2009) and statistics (Zhou
et al., 2022) show longer wavelengths than expected, particularly in the far tail.

The KHI is a broad instability—in its linear stages it amplifies existing seed fluctuations across 0 < kd < 2.
Local simulations show that with turbulent velocity/magnetic field fluctuations the dominant KH-mode can have
a longer wavelength than linear theory predicts since the instability amplifies the pre-existing perturbations
(Nakamura et al., 2020; Nykyri et al., 2017). This challenges the assumption that the locally fastest-growing mode
always dominates.

A purely local treatment of the KHI is inadequate. As a convective instability (Mills et al., 2000; Wu, 1986), KH-
modes that grow under local plasma conditions are advected downtail into regions with markedly different
plasma, magnetic fields, and boundary thicknesses (Haaland et al., 2019). These change not only the local KHI
but affect the evolution of modes borne upstream. Therefore, it is unclear whether magnetopause waves at any
given location have been locally generated or originated upstream and have been amplified. Currently only global
(mostly magnetohydrodynamic [MHD]) simulations that reproduce the KHI in a representative magnetospheric
system (Claudepierre et al., 2008; Collado-Vega et al., 2007; Slinker et al., 2003) can address this conundrum.

While simulations with similar northward IMF conditions generally find inner and outer mode KH-waves initially
match the most-unstable linear mode from theory (Guo et al., 2010; Merkin et al., 2013; Michael et al., 2021),
differences are reported in their evolution. Merkin et al. (2013) show under steady driving the locally fastest-
growing mode dominates at all local times, though the spectrum is not monochromatic as each frequency de-
cays slowly downstream. In contrast, Guo et al. (2010) find a single frequency along the magnetopause, set by the
generation period of dayside vortices. Archer et al. (2021) report impulsively excited dayside magnetopause
surface eigenmodes seed surface waves which the KHI amplifies, overriding intrinsic KH-frequencies. These
differing results yield conflicting explanations for local-time variations in wavelengths.

To address the open question of how dominant KH-modes are generated and evolve globally, we employ a
machine learning dimensionality-reduction technique for spatio-temporal data—dynamic mode decomposition
(DMD)—to a Gorgon global MHD simulation of the KHI under northward IMF.

2. Simulation

The Gorgon MHD simulation code, originally developed for laboratory plasmas (Chittenden et al., 2004; Ciardi
et al., 2007), was later adapted for Earth's magnetosphere (Desai et al., 2021; Eggington et al., 2018, 2020, 2022;
Mejnertsen et al., 2018, 2021). It solves the resistive MHD equations on an Eulerian staggered Yee (1966) grid
using the (Weyl/temporal gauge) magnetic vector potential and a split dipole (Tanaka, 1994) to preserve
V-B = 0. Here we use a uniform Cartesian grid of 0.25 Rg resolution spanning x € [-30,90] Rg (pointing
antisunward) and y, z € [-40,40] Rg (the latter along the dipole), with an inner boundary at 4 Rg coupled to an
ionosphere.
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Figure 1. Overview of dynamic mode decomposition (DMD) applied to Gorgon simulation. (a) Simulation snapshots of mass density. (b) Outline of DMD algorithm.
(c) Argand diagram of mode eigenvalues. (d—f) Mode hierarchy showing (d) total energy, (e) cumulative fraction, and (f) energy partition by mode number.

Solar wind plasma conditions were set to typical values, with speed 400 km s~ and density 5 cm™3. The
magnetosphere was initialized under 2 h southward IMF B = (0, 0, —5)” nT, followed by 2 h northward

B = (0, 0, 5)" nT—the most KH-unstable—reaching a quasi-steady state. Data was subsequently collected
every 15 s for 27.5 min (110 snapshots). Further details are in Table S1 in Supporting Information S1.

The equatorial mass density (Figure 1a, Movie S1) shows clear non-linear waves along the magnetopause flanks
characteristic of KHI (Claudepierre et al., 2008; Guo et al., 2010; Merkin et al., 2013). The analysis period spans
approximately four wave periods of the clearest vortices. Using Equation 1, we confirmed the equatorial
boundary is KH-unstable at a representative location. The high-resolution staggered grid produces turbulent
dawn—dusk asymmetric magnetotail dynamics, for example, a transient fast return flow on the dawn (positive y)
side (see Movie S1) which enhances this flank's velocity shear.

We wish to analyze the most significant, periodic behavior across the simulation. To do this efficiently, we
introduce DMD.

3. Dynamic Mode Decomposition

Spatio-temporal data is often analyzed using linear Fourier methods, which neither reduce data volume nor
represent time-varying oscillations compactly because of the Gabor uncertainty principle. DMD is a
dimensionality-reduction machine learning algorithm that computes a set of modes, each with constant
(continuously valued) data-driven oscillation frequencies and growth/decay rates (Schmid, 2010, 2022). It
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assumes the nonlinear system dynamics consists of coherent spatio-temporal structures that are locally linear and
quasi-stationary

Xpp1 N AX; @

where x; is the system state vector at timestep k and A approximates the Koopman (1931) operator, determined
via least-squares regression. DMD performs eigen-decomposition of A, factorizing the original data (arranged
into matrix X of snapshots x;) into the product of:

o Spatial information—normalized eigenvectors/modes ¢;
o Fluctuation magnitudes—diagonal matrix of global amplitudes c;
o Temporal evolution—eigenvalues 4; arranged in a Vandermonde matrix D

as depicted in Figure 1b. This enables efficient spectral analysis, data reconstruction, and future state prediction
from relatively sparse/reduced data in physically meaningful ways, unlike other dimensionality-reduction
methods that lack intrinsic temporal behavior. All DMD outputs are complex-valued, which for real data ne-
cessitates modes exist in conjugate pairs. Further information is given in Text S1 in Supporting Information S1.

DMD was originally developed to analyze velocity fields in hydrodynamic simulations (Schmid, 2010), for
example, nonlinear vortex shedding in wake flows. It has been applied in space physics to sunspot (Albidah
et al., 2020) and ionospheric total electron content (Landa & Reuveni, 2023) observations, and for forecasting
ionospheric/thermospheric densities (Alford-Lago et al., 2023; Mehta et al., 2018). These studies use a single
physical quantity, but MHD dynamics depend on both the plasma and magnetic field. Standard machine learning
normalizations (min-max, z-score; Hastie et al., 2009) are ad hoc, lack physical basis, and may artificially inflate/
reduce physical importance between quantities. Since DMD involves minimizing variances, we scale MHD
variables so their squared amplitudes are physically comparable. Guided by the energy density of MHD waves
(Walker, 2005)

6B -6B*  Spop*
+ 2
4ug 4pycs

1
E= Zp05v~5v* + 3)

where fluctuations denoted by §'s are complex phasors, subscript 0's denote time-averages over the entire analysis
period, and cy is the sound speed; we normalize (denoted by bars) the cell-centered velocity, magnetic field, and
pressure fluctuations as

21
oV = 5\/;55" )

5B=—05B (5)

(6)

which have units of root energy density. The state vectors for each snapshot are then

x = ({67,},16%,},{67.},{6B,},{6B,},{6B.}.{6p))" (7)

where braces represent the set of values across space.

Here we use the Singular Value Decomposition approach to DMD, which first reduces dimensionality via a
discrete proper orthogonal decomposition (POD). We truncate the POD rank to 40 (slightly below the recom-
mended maximum of 55, Rot et al., 2022), yielding 20 positive-frequency modes (negative-frequency conjugate
modes are discarded). The length of analysis period used is appropriate for DMD since several cycles of pertinent
wave dynamics are captured. The local-linearity, quasi-stationary assumption was checked through the deter-
minant of M = In(.A)/At, which was ~10~7x the Hadamard inequality upper-bound. The fractional residual
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was 0.378, meaning DMD captures most of the simulation dynamics; the remainder likely reflecting non-
stationary behavior. See Text S1 in Supporting Information S1 for further discussion of these points.

4. Results

The KHI depends on local shear layer properties (thickness and plasma conditions). Since these are sensitive to
simulation resolution and numerics (Archer et al., 2024), absolute wave properties (e.g., growth rates, wave-
lengths) vary between different simulations and reality (see Text S2 in Supporting Information S1 for discussion),
though are consistent with KH-theory applied to their respective shear layers. We therefore focus here on the
physics behind relative variations and relationships in wave properties within this single simulation.

4.1. Mode Hierarchy

The modes' complex eigenvalues, shown in Figure 1c, all have magnitudes just below unity, indicating a quasi-
steady state. Oscillation frequencies (proportional to the eigenvalue's argument) increase with mode number.
Because SVD-based DMD orders modes by decreasing amplitude, the lowest-frequency modes here have the
largest amplitudes.

The amplitude, c;, can be physically understood in terms of total energy across the simulation
E; =2|c;’AV €))

where AV is the cell volume and the factor 2 compensates for discarding negative frequencies. Figure 1d shows
energy generally decays with mode number, though not as an exponential or power law. Since the highest modes
contribute negligible energy, our chosen rank was sufficient.

DMD is a dimensionality-reduction and feature extraction technique, so we limit the number of modes analyzed.
We calculate the modes' cumulative energy, with the fraction of the total shown in Figure le. Since DMD modes
are non-orthogonal their summed energies are greater than the reconstructed superposition. The first five modes
each contribute over 10% and together exceed 75%. We therefore restrict our analysis to these modes.

We also quantify the energy partition (Figure 1f), calculated for each energy type by multiplying the mode energy
by the sum of absolute squares across relevant eigenvector components. Kinetic and magnetic energies dominate,
with internal energy significantly smaller. Kinetic energy dominates the first three modes, mode 3 has near-
equipartition between magnetic and kinetic energies, and magnetic energy dominates from mode 4 onwards.
In MHD wave theory the energy partition depends on wave mode, propagation angle, and plasma f, thus these
differences likely reflect distinct physical processes and/or regions with varying plasma parameters.

4.2. Mode Structure

Here we examine the spatial structure of an example mode—mode 2 (1.6 mHz). Figures 2a and 2b shows the total
energy density in the equatorial (xy) and terminator (yz) planes, respectively. Peaks in energy occur along the
equilibrium magnetopause, approximated by the open—closed boundary (OCB) of the time-averaged magnetic
field B, (dashed line); determined via field-line tracing (Mejnertsen et al., 2021) and 15 X 15 X 15-cell median
filtering topologies to remove fine-scale structure. All modes peak around the magnetopause, though (as we shall
see later) at differing locations. Mode 2's energy is largest at the equatorial dawn (positive-y) magnetopause from
the terminator to several tens of Rg downtail (Figure 2a). A similar but weaker enhancement is present on the dusk
(negative-y) flank, likely due to the lower shear. Energy gradually decreases toward higher latitudes (Figure 2b).
Tailward-of-the-cusp reconnection produces localized, aperiodic energy enhancements in the northern/southern
lobes persistent in all modes. A weaker energy enhancement is seen along the bow shock.

Given our focus on the magnetopause, we transform to boundary-aligned coordinates. For each z-plane OCB
contour we compute the tangential distance from the subsolar point and the local normal, defining a region around
the magnetopause (dashed-gray in Figure 2a) that we “unwrap” as the normal—tangent plane in Figures 2c—2f,
where data has been interpolated. We focus only on the dawn flank; results for dusk were qualitatively similar.
Figure 2c clearly demonstrates mode 2's energy localization both to the magnetopause and in local time. The
energy rapidly increases at ~40 Rg tangential distance (around the terminator), remains large for ~25 Rg, then
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Figure 2. Mode 2 energy densities in (a, b) Gorgon simulation and (c—h) unwrapped magnetopause co-ordinates, where (a, b, ¢, and g) total, (d, h) kinetic, (e, i) magnetic,
and (f, j) internal energy densities are shown. The equilibrium Open—Closed Boundary is displayed (dashed), with markers representing 25 Rg-spacing. Unwrapped
magnetopause co-ordinate planes (gray dashed) are also shown.

slowly decays but remains non-negligible for a further ~75 Rg. Normal-extents of energy enhancements increase
downtail. Decomposing the total energy density, we find mostly kinetic (Figure 2d) energy in the equatorial plane
with only small contributions from magnetic (Figure 2e) and internal (Figure 2f) energies.

Similar qualitative features occur across the other 4 modes—all show (primarily kinetic) energy enhancements
around the OCB. Differences arise mainly in where along the magnetopause the energy is significant (discussed
later) and, for the nightside magnetopause (tangential distances > 50 Rg), in the precise location along the OCB-
normal where the energy peaks. For example, mode 1 peaks slightly earthward of the OCB whereas mode 2's
maxima are along it. Boundary layer thickness may be leading to distinct (e.g., inner/outer) modes here (Kivelson
& Pu, 1984; Lee et al., 1981), as seen in previous simulations (Claudepierre et al., 2008; Guo et al., 2010; Merkin
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et al., 2013). However, we stress all modes' enhanced energies overlap, suggesting they are not entirely
independent.

Investigating the meridional behavior, for each z-plane we integrate the energy density within +5 Rg normal
distance from the equilibrium OCB (see Figure 2b) and plot the results in the meridional-tangent plane
(Figures 2g-2j). Mode 2's energy is mostly constrained within several Rg of the equatorial magnetosphere. This is
because the velocity shear becomes more field-aligned out of the equatorial plane, reducing the instability's driver
and providing enhanced stabilization (Figure S1 in Supporting Information S1). While kinetic energy still
dominates overall (Figure 2h), it is more meridionally confined than the total (Figure 2g) as while magnetic
energy (Figure 2i) exhibits a minimum at the equator, it increases with latitude peaking within a few Rg (though
smaller in magnitude than the kinetic energy peak). This is expected for wave displacements with even
north—south symmetry, where magnetic field vectors have a node at the equator (Singer & Kivelson, 1979).
Internal energy (Figure 2j) follows a similar pattern to kinetic, although remains weak. The energy's meridional
extent tends to shrink downtail as magnetospheric field lines become more tangentially elongated (Milan
et al., 2017), increasing the stabilizing component (Figure S1 in Supporting Information S1). The other modes
show similar equatorial localization.

Thus far only mode magnitudes have been used. However, as complex numbers they also contain phase infor-
mation. While vector component phases depend on the relevant local coordinate system, the (linear) total pressure
fluctuation, dp,,, = dp + By - IB/uy, is a coordinate-independent scalar that should remain continuous across
the magnetopause (Walker, 1981). We reconstruct dp,,, for each mode (inverting Equations 4-6). Mode 2's real
part across the equatorial plane shown in Figure 3a. Well-defined wavelike behavior occurs along the magne-
topause flanks with wavefronts approximately normal to the OCB; also true for other modes. The waves extend
further into the magnetosheath than the magnetosphere, even perturbing the bow shock analogously to dayside
surface eigenmodes (Archer et al., 2021).

We transform dp,,, into the normal—-tangent plane (Figure 3b), omitting the meridional-tangent plane where large-
scale wavefronts are simply oriented vertically. The wavelength varies along the magnetopause, with the
tangential distance between peaks/troughs becoming longer downtail. We attempt to quantify this through the
phase of dp,,, shown in Figure 3c, calculating the local wave vector k as its negative gradient (after unwrapping in
each dimension to render it continuous). Although finite differencing results are noisy, trends become clearer after
appropriate smoothing. A 6.25 X 1 Rg moving average is used in Figure 3d, motivated by the scales of linear
surface waves (Archer et al., 2024). Mode 2's local wavelength is shortest on the dayside becoming longer with
tangential distance, with a slight decrease in the far tail. This is more obviously seen in Figure 3e, where the
+1 Rg normally averaged local wavelength is plotted (gray) along with polynomial fit (black dashed). Near the
subsolar point mode 2's wavelength was below 10 Rg, lengthening to ~35 Rg at ~110 Rg tangential distance
before temporarily shortening in the far tail.

This wavelength trend approximately follows the background plasma velocity along the OCB, shown in red, a
rough proxy for the expected vortex speed. A similar trend is reflected in the other flank. The Pearson correlation
coefficient between comparable polynomial fits was 0.946. The velocity does not simply increase monotonically,
as often assumed (Haaland et al., 2019). Deceleration within the boundary layer may reflect KH-related plasma
transport, where non-linear rolled-up vortices in the far tail thicken the boundary layer slowing plasma within it
(Hasegawa et al., 2004; Merkin et al., 2013).

4.3. Superposition of Modes

Having presented the structure of mode 2 in detail, we now compare energies and wavelengths for all 5 modes.
Figure 4a shows the energy density along the equatorial magnetopause integrated within +5 Rg normally of the
OCB and £6.5 Rg in z. Mode 2 is clearly the most significant overall, growing in energy from ~30 R tangential
distance to a peak at ~70 Rg. Linear stability analysis (Miura & Pritchett, 1982) reveals this is where its fre-
quency is most-unstable (Figure S2 in Supporting Information S1). While theory suggests mode 2 should also be
highly unstable at ~4 Rg, large tangential-derivatives in conditions at the dayside magnetopause may create
competition amongst modes closely spaced in frequency. Following its peak, mode 2 slowly decays via some
dissipation mechanism likely related to wave nonlinearity, though its energy still remains significant throughout.
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Figure 3. Mode 2 total pressure perturbations in a similar format to Figure 2. Displayed are the real part of the (a, c)
reconstructed perturbations, (b, d) phase, (e) local wavelength (2-dimensional 6.25 X 1 Rg smoothing of wave vectors
reduces visual noise), and (f) wavelength at the Open—Closed Boundary with 6th-order polynomial fit (dashed) and background
flow speed (red).
Mode 1 (1.1 mHz) initially demonstrates similar growth/decay, becoming locally dominant nearer the subsolar
point (at ~15 Rg), again in agreement with linear theory (Figure S2 in Supporting Information S1). It grows
before mode 2 is theoretically most-unstable, likely quenching other modes' growth until farther downtail where
conditions vary more gradually. From ~35 Rg mode 1's energy starts slowly increasing again, reaching a larger
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Figure 4. Comparison of dynamic mode decomposition modes along equatorial magnetopause tangent showing (a) integrated
energy densities and (b) polynomial-fit wavelengths. (c) Cartoon depicting key results.

peak at ~ 100 Rg with comparable energy to mode 2 (in its decay phase). This second growth phase coincides
with mode 2's initial one but is much more gradual, since it was slightly off the instability maximum. While mode
1 subsequently slowly dissipates, it still becomes the dominant mode again by ~ 125 Rg because mode 2 decays
faster.

Mode 0 (0.5 mHz) curiously has an initial peak at the subsolar point, ranging ~ 10 Rg tangential distance (~2 h
of local time). Given the weak velocity shear, this cannot be KH-related. Instead, a magnetopause surface
eigenmode (Chen & Hasegawa, 1974; Hartinger et al., 2015) may be resonantly excited out of the boundary
perturbations—the frequency is certainly within the expected range (Archer & Plaschke, 2015; Plaschke
et al., 2009). While mode 0 decays outside the region where MSE can azimuthally stand (Archer et al., 2021), it
starts growing again briefly becoming dominant at ~40 Rg. Following this, the mode grows gradually eventually
becoming dominant for a second time near the end of the simulation domain. Linear theory predicts mode 0, while
KH-unstable throughout, never corresponds to the most-unstable mode across the flank (Figure S2 in Supporting
Information S1).

Modes 3-4 never become dominant. Their energies only gradually increase along the magnetopause with no
significant peaks. This behavior does not resemble a clear instability, though they were certainly related to the
magnetopause. Figure S2 in Supporting Information S1 suggests they are surface waves which never correspond
to the locally most-unstable KH-mode, but which the KHI is still able to amplify (Nakamura et al., 2020; Nykyri
et al., 2017).

Figure 4b compares polynomial fits of the local wavelength along the OCB, derived the same way as in Figure 3e.
Although finite-differencing noise of ~ + 10 Ry limits quantitative accuracy, clear qualitative patterns of
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wavelength evolution emerge. All modes show similar lengthening from the subsolar point to the flank, with
temporary shortening in the far tail. Surprisingly, modes 1-2 have similar wavelengths throughout despite 45%
different frequencies, diverging only near the end of the simulation. Mode 0 also has comparable wavelengths
between ~75-175 Rg, despite its much lower frequency. Thus, these three modes must have significantly
different phase speeds, perhaps due to their different locations within the boundary layer (Kivelson & Pu, 1984).
Mode 0, however, has a longer wavelength around the subsolar point, synonymous with surface eigenmodes
(Archer et al., 2021). Modes 3—4 have shorter wavelengths with phase speeds broadly consistent with mode 2.

5. Discussion

This work demonstrates a superposition of discrete KH-modes exists at every point along the magnetopause.
Modes 1-2 demonstrate clear growth phases, quickly becoming locally dominant mode before slowly decaying
with their energies never becoming negligible, as illustrated in Figure 4c. This is consistent with the simulation of
Merkin et al. (2013), who showed while KH-growth occurs quickly the subsequent decay is slow (particularly in
the outer layer), leading to a spectrum of oscillations. Each modes' growth phase broadly coincides with where its
wavelength matches the fastest-growing linear KH-mode, as also verified in other global simulations (Guo
et al., 2010; Merkin et al., 2013; Michael et al., 2021).

An additional point to this KH superposition, however, is that fixed-frequency modes can continue to grow in
energy much further downtail even when they no longer match the most unstable linear mode, in agreement with
Guo et al. (2010) and Archer et al. (2021). Modes 0-1 continue to slowly grow after their initial KH-growth/
decay, even across the region mode 2 is clearly most-unstable. Modes 3—4 never demonstrate obvious instability
features, never corresponding to the fastest-growing KH-mode, yet still slowly gain energy throughout the
simulation. Our global simulation therefore demonstrates that upstream KH-modes can act as seed fluctuations
that are re-amplified by the instability much further downtail, altering which mode is locally dominant as
illustrated in the cartoon. Consequently, the dominant oscillation at a given point on the magnetopause need not
correspond to the locally fastest-growing KH-mode, an assumption often made in interpreting simulations (Guo
et al., 2010; Merkin et al., 2013) and observations (Hasegawa et al., 2004; Lin et al., 2014). This potentially
explains the KH-wave statistics at lunar distance of Zhou et al. (2022).

The KH-wavelength along the magnetopause varies, with the overall trend for each fixed-frequency mode being a
lengthening downtail. Past works (Lin et al., 2014; Merkin et al., 2013) have attributed this solely to boundary
layer thickening changing the locally fastest-growing KH-mode (Miura & Pritchett, 1982; Walker, 1981). This,
however, is inconsistent with observational statistics in the far tail (Zhou et al., 2022) and cannot account for
wavelength changes seen here across growth and decay phases for each fixed-frequency mode. The wavelength
variation correlates with the boundary layer flow speed, which approximates the local KH phase velocity
(Hasegawa et al., 2009; Palermo et al., 2011), suggesting the flow's acceleration modifies the wavelength. In
Earth's inertial frame, a single excited KH-mode's frequency is necessarily fixed everywhere, just like in DMD
modes. The accelerating advective magnetosheath flow around the magnetosphere changes the mode's phase
velocity, Doppler shifting the wavelength as it travels downtail. Although absolute wavelengths in simulations are
resolution-dependent (Text S2 in Supporting Information S1), this relative trend offers a physical explanation for
the observed systematically longer-than-expected tail wavelengths (Zhou et al., 2022). Crucially, DMD's ability
to isolate phase patterns of distinct fixed-frequency modes (Figure 4c) has revealed this effect. The wavelength's
Doppler extension also increases the mode's region of influence normal to the boundary (Archer et al., 2024), as
seen in Figures 2a and 2c, so initially mesoscale KH-modes become more globally significant as they propagate.
The wavelength variation in our simulation is considerable, up to ~30% proportional change over a single cycle.
This not only introduces fundamental differences between temporal (e.g., as necessitated by spacecraft obser-
vations, Hasegawa et al., 2004; Rice et al., 2022) and spatial (as more readily employed in simulation snapshots,
Guo et al., 2010; Li et al., 2012) wavelength definitions; but questions basic KH-theory, which has little
considered tangential plasma inhomogeneity (Fujita et al., 1996; Miura & Pritchett, 1982; Turkakin et al., 2013;
Walker, 1981), warranting further exploration.

Our results also suggest multiple KH frequencies with the same (or similar) wavelengths can coexist within the
boundary layer. Modes 0-2 have comparable wavelengths across a wide region of the magnetopause, despite
different frequencies and thus phase speeds. While these modes highly overlap, indicative of coupled behavior,
their local peak energies occur at slightly different normal depths within the boundary layer. This behavior
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matches linear theory for a suitably thin finite shear layer (Kivelson & Pu, 1984). However, global simulations
comparing wave properties and coupling between co-existing KH-modes in the boundary layer (Claudepierre
et al., 2008; Guo et al., 2010; Li et al., 2013; Li et al., 2012; Merkin et al., 2013) remain inconsistent and need
further reconciliation.

Finally, we have pioneered DMD-usage within space-physics simulations, focusing specifically on KH-
dynamics. However, this method could be easily applied to MHD, particle-in-cell (Lapenta, 2012), or Vlasov
(Palmroth et al., 2018) simulations of other waves, instabilities and turbulence across the heliosphere (Bruno &
Carbone, 2013; Tsurutani et al., 2023). DMD could also prove a powerful tool in analyzing and forecasting
oscillations (such as ULF waves) when applied to vast networks of observations, like radars (Fenrich et al., 2021)
and ground magnetometers (Xie et al., 2023a, 2023b); and remote-sensing, for instance, auroral, and soft X-ray
imaging on the upcoming SMILE mission (Wang et al., 2025).
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