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Abstract15

Kelvin-Helmholtz instabilities (KHIs) play a critical role in facilitating mass and momen-16

tum transport across the magnetopause boundary. Recent studies have demonstrated17

that KHI occurrence exhibits both seasonal and diurnal variability, with enhanced ac-18

tivity when Earth’s magnetic dipole is more closely aligned with the northward direc-19

tion in geocentric solar ecliptic (GSE) coordinates (Kavosi et al., 2023). To investigate20

this behavior, we examine the dependence of KHI stability on the relative orientation21

of Earth’s dipole field and the interplanetary magnetic field (IMF). Using a simplified22

model of the solar wind, IMF, and Earth’s dipolar magnetic field—assuming a parabolic23

magnetopause geometry—we consider how the draped magnetic field of the Parker spi-24

ral and seasonal changes in Earth’s dipole orientation modify the stability of the mag-25

netopause boundary and lead to biases and asymmetries in KHI occurrence.26

1 Introduction27

Driven by the strong flow shear across the magnetopause, the Kelvin-Helmholtz28

(KH) instability is frequently observed at Earth’s magnetopause (Fairfield et al., 2000;29

K.-J. Hwang et al., 2011; W. Y. Li et al., 2012; K.-J. Hwang et al., 2012; W. Li et al.,30

2013; Lin et al., 2014; Kavosi & Raeder, 2015; Eriksson et al., 2016; W. Li et al., 2016;31

Henry et al., 2017; T. Li et al., 2023). As an ideal instability, KH waves facilitate the32

transfer of momentum and energy between the magnetosheath and magnetosphere (Miura,33

1984; Pu & Kivelson, 1983). When the KH instability evolves into its nonlinear stage,34

the KH vortices can significantly distort the magnetic field, trigger magnetic reconnec-35

tion, and consequently enable plasma transport from the magnetosheath into the mag-36

netosphere (Fairfield et al., 2000; Otto & Fairfield, 2000; Nykyri & Otto, 2001, 2004; Naka-37

mura & Fujimoto, 2005; Ma et al., 2017; K. Hwang et al., 2020; Ma et al., 2024) (see re-38

view in Wing et al. (2014)). Moreover, KH waves can excite kinetic Alfvén waves (KAWs)39

through mode conversion or coupling processes, providing an additional pathway for cross-40

boundary energy and plasma transport (Kim et al., 2024). The KH vortices can twist41

magnetic field lines, generating field-aligned currents (FACs) that play a crucial role in42

magnetosphere–ionosphere coupling and formation of auroral beads (J. R. Johnson &43

Wing, 2015; Wing & Johnson, 2015; J. R. Johnson et al., 2021).44

With the assumption of incompressibility and an infinitesimally thin boundary layer,45

Chandrasekhar (1961) demonstrates the KH growth rate as:46

γ2 = α1α2 [(u1 − u2) · k]2 − α1 (vA1 · k)2 − α2 (vA2 · k)2 , (1)

where the subscripts 1 and 2 denote the quantities on each side of the shear boundary47

layer, αi = ρi/(ρ1+ρ2), ρ is the mass density, u is the bulk velocity, vA = B/
√
µ0ρ is48

the Alfvén velocity, B is the magnetic field, µ0 is the vacuum permeability, k is KH wave-49

vector. The boundary is KH unstable when γ2 > 0. While strong velocity shear enhances50

the growth rate, a magnetic field component parallel to k suppresses the instability. There-51

fore, KH instability is a universal process, which can occur under both northward and52

southward interplanetary magnetic field (IMF) conditions (Fairfield et al., 2000; Eriks-53

son et al., 2016; K.-J. Hwang et al., 2011; Ma et al., 2014b, 2014a; T. Li et al., 2023) at54

low latitudes, as well as high latitudes when the IMF is mainly along the dawn-dusk di-55

rection (K.-J. Hwang et al., 2012; Ma, Otto, Delamere, & Zhang, 2016; Michael et al.,56

2021). Furthermore, the KH instability can occur at Venus (Dang et al., 2022), Mars (Poh57

et al., 2021), Saturn (Masters et al., 2010; Desroche et al., 2013; Ma et al., 2015), Jupiter58

(Ma et al., 2022; Montgomery et al., 2023), Uranus and Neptune (Donaldson et al., 2024),59

see detailed discussion by J. Johnson et al. (2014). Recently, Nykyri (2024) showed that60

the boundary of the coronal mass ejection (CME) impacting Earth’s magnetosphere on61

10 May 2024—which produced the largest geomagnetic storm in the past two decades—was62

KH unstable, leading to multi-scale fluctuations in plasma density and magnetic field,63

including reconnection jets.64
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Both the solar wind and the planetary magnetic field play crucial roles in the on-65

set of the KH instability; however, most previous studies have primarily focused on the66

solar wind effect. Kavosi et al. (2023) analyzed one solar cycle of observations from NASA’s67

THEMIS (Time History of Events and Macroscale Interactions during Substorms) and68

MMS (Magnetospheric Multiscale) missions, revealing that KH instability occurrence69

rates exhibit distinct seasonal and diurnal variations—being higher near the equinoxes70

and lower near the solstices. To better understand and quantify this seasonal dependence,71

it is useful to develop a simple analytical framework. In this study, we employ an ide-72

alized magnetopause model to illustrate the seasonal influence on the KH instability. The73

methodology is described in Section 2, the results are presented in Section 3, the caveats74

of the approach are discussed in Section 4, and Section 5 provides a summary and con-75

cluding remarks.76

2 Method77

2.1 Paraboloid Model78

The solar wind dynamic pressure deforms the shape of the magnetopause so that79

it is reasonably approximated as a paraboloid (Shue et al., 1997; Joy, 2002; Kanani et80

al., 2010). Ideally, the normal component of the magnetic field and velocity vanish at81

the magnetopause boundary. Therefore, it is natural to describe the magnetopause in82

a three-dimensional parabolic coordinate system, defined as83

λ2 = r + x (2)

µ2 = r − x (3)

tanϕ = z/y, (4)

where r2 = x2+y2+z2, and (x, y, z) are given in Geocentric Solar Ecliptic (GSE) co-84

ordinates.85

We employ a current-free dipole field embedded within a paraboloidal magnetopause86

to isolate the role of dipole tilt in setting the magnetic field orientation and discontinu-87

ity across the magnetopause. Chapman–Ferraro currents are captured implicitly through88

the boundary condition, while internal current systems such as the ring current and field-89

aligned currents are neglected, as they do not significantly alter the large-scale field ge-90

ometry governing Kelvin–Helmholtz instability. Since a curl-free magnetic field B can91

be written as B = −∇Φ, determining the magnetic field is equivalent to solving Laplace’s92

equation, ∇2Φ = 0. In the parabolic coordinate system, Laplace’s equation takes the93

form94

1

µ2 + λ2

[
1

µ

∂

∂µ

(
µ
∂Φ

∂µ

)
+

1

λ

∂

∂λ

(
λ
∂Φ

∂λ

)]
+

1

µ2λ2
∂2Φ

∂ϕ2
= 0. (5)

Assuming a boundary at λ = λ0, the general solution can be expressed as95

Φ(µ, λ, ϕ) =

∞∑

m=−∞
eimϕJm(kµ)Am(k)Im(kλ), (6)

for the region λ < λ0, and96

Φ(µ, λ, ϕ) =
∞∑

m=−∞
eimϕJm(kµ)Bm(k)Km(kλ), (7)

for λ > λ0. Here, Jm denotes the Bessel function of the first kind, while Im and Km97

are the modified Bessel functions of the first and second kinds, respectively (Morse &98

Feshbach, 1981). In this study, neither the magnetic field nor the velocity is allowed to99

cross the boundary; therefore, the boundary condition is ∂λΦ = 0 at λ = λ0 =
√
11.25RE.100

In our model, we set max(µ) = 5, which corresponds to min(x) = −6.9RE in GSE co-101

ordinates. At this location, the tangential magnetosheath velocity is close to the solar102
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wind speed, and a typical KH wave has already evolved into its nonlinear stage (see our103

discussion below).104

2.1.1 Internal field105

Following Stern (1985), the internal field can be expressed as the sum of a dipole106

field and a shielding field,107

ΦInt = Φdip +Φshield. (8)

A dipole with moment gdip, tilt angle θdip, and azimuthal angle ψdip is located at the ori-108

gin, while the parabolic coordinates are shifted such that their focus lies at (x0, 0, 0). In109

this study, the x0 is set to be 4.375RE. The dipole potential can be linearly decomposed110

into components along the x, y, and z directions as111

Φdip = gdip cos θdip Φdz + gdip sin θdip cosψdip Φdx + gdip sin θdip sinψdip Φdy, (9)

where the unit-strength dipole potentials in the shifted parabolic coordinate system are112

given by113

Φdx = 4(λ2 − µ2 + 2x0)Q
−3/2, (10)

Φdy = 8λµ cosϕQ−3/2, (11)

Φdz = 8λµ sinϕQ−3/2, (12)

and114

Q = (λ2 + µ2)2 + 4x20 + 4x0(λ
2 − µ2). (13)

It is therefore sufficient to determine the shielding field associated with a unit-strength115

dipole in each of the three coordinate directions, subject to the boundary condition ∂λΦsi =116

− ∂λΦdi at λ = λ0, to represent the shielding field corresponding to an arbitrary dipole117

configuration, where i = x, y, z. Note that the x-axis serves as the axis of rotation. Con-118

sequently, a dipole with its moment aligned along the x-axis is referred to as the par-119

allel field, whereas dipoles with moments oriented along the y- or z-axis are referred to120

as perpendicular fields.121

Based on the orthogonal Fourier–Bessel expansion, the potential Φsi can be expressed122

as a series of the form123

Φsx =
∑

a0n J0(k0nµ) I0(k0nλ) , (14)

Φsy = cosϕ
∑

a1n J1(k1nµ) I1(k1nλ) , (15)

Φsz = sinϕ
∑

a1n J1(k1nµ) I1(k1nλ) , (16)

where k0n and k1n satisfy J0(k0nA) = 0 and J1(k1nA) = 0, respectively. Here, A de-124

notes the truncation range of the expansion. The coefficients a0n and a1n are obtained125

from the following integrals:126

a0n = −f0n
∫ A

0

µ
∂Φdx

∂λ

∣∣∣∣
λ0

J0(k0nµ) dµ, (17)

f0n =
2

k0nI ′0(k0nλ0)A
2J2

1 (x0n)
, (18)

and127

a1n = −f1n
∫ A

0

µ
1

cosϕ

∂Φdy

∂λ

∣∣∣∣
λ0

J1(k1nµ) dµ, (19)

f1n =
2

k1nI ′1(k1nλ0)A
2J2

2 (x1n)
. (20)
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2.1.2 External field128

When the solar wind with a uniform magnetic field encounters the magnetosphere,129

the field lines are dragged along the magnetopause. Accordingly, the external potential130

can be decomposed into two components—the uniform potential and the drag potential—such131

that132

ΦExt = ΦUni +ΦDrag. (21)

Similar to the internal field, a uniform IMF potential, with amplitude gIMF, polar angle133

θIMF, and azimuthal angle ψIMF can be expressed as a linear combination of three unit-134

strength potentials,135

ΦUni = gIMF cos θIMF Φuz + gIMF sin θIMF cosψIMF Φux + gIMF sin θIMF sinψIMF Φuy. (22)

Here, the three unit-strength potentials are given by:136

Φux = x = (λ2 − µ2)/2, (23)

Φuy = y = λµ cosϕ, (24)

Φuz = z = λµ sinϕ, (25)

Consequently, the drag potential ΦDrag can be represented by three associated unit-strength137

components, ΦDx, ΦDy, and ΦDz, each of which can be expressed as a series expansion138

of the form139

ΦDx =
∑

b0n J0(k0nµ)K0(k0nλ) , (26)

ΦDy = cosϕ
∑

b1n J1(k1nµ)K1(k1nλ) , (27)

ΦDz = sinϕ
∑

b1n J1(k1nµ)K1(k1nλ) , (28)

where k0n and k1n satisfy J0(k0nA) = 0 and J1(k1nA) = 0, respectively. Here, A de-140

notes the truncation range of the expansion. The expansion coefficients b0n and b1n are141

determined from the following integrals:142

b0n = −f0nλ0
∫ A

0

µJ0(k0nµ) dµ, (29)

f0n =
2

k0nK ′
0(k0nλ0)A

2J2
1 (x0n)

, (30)

and143

b1n = −f1n
∫ A

0

µ2J1(k1nµ) dµ, (31)

f1n =
2

k1nK ′
1(k1nλ0)A

2J2
2 (x1n)

, (32)

which can be simplified as:144

b0n = − 2λ0
k20nAK

′
0(k0nλ0) J1(x0n)

, (33)

b1n =
2 J0(x1n)

k21nK
′
1(k1nλ0) J

2
2 (x1n)

. (34)

Figure 1 shows selected magnetic field lines for external field (blue lines) and in-145

ternal field (red lines) for parallel potential (A) and perpendicular potential (B). The thick146

black lines are the magnetopause boundary. Internal or external magnetic fields of any147

orientation may be constructed using a superposition of the parallel and perpendicular148

fields shown here. It should be noted that this solution for the external field can also be149

used to describe the solar wind velocity.150
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Figure 1. Selected magnetic field lines for external field (blue lines) and internal field (red

lines) for parallel potential (A) and perpendicular potential (B). The thick black lines are the

magnetopause boundary.
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2.1.3 Chapman-Ferraro current151

As a byproduct, the tangential discontinuity of the magnetic field at the bound-152

ary implies the presence of a surface current—the Chapman–Ferraro current. It can be153

readily shown that the surface current is154

I = ∇× (−∆Φ) eλ = ∆Bµ eϕ −∆Bϕ eµ, (35)

where ∆F = FExt−FInt. Figure 2(A) shows the amplitude of the surface current (color155

index) at the summer solstice under southward IMF conditions with Bz = −20 nT. The156

black lines represent the streamlines of the surface current. The black arrows indicate157

the direction of surface currents, showing a dawnward current system, which is consis-158

tent with the expectation.159

2.2 KH onset condition160

The KH onset condition (Equation 1) indicates that the growth rate is proportional161

to the wavenumber k, which is roughly 2RE to 10RE at the Earth’s magnetopause (Otto162

& Fairfield, 2000; Lin et al., 2014). The magnitude of the wavelength k is primarily con-163

trolled by ion inertia or ion gyroradii at the boundary, as well as by the boundary ge-164

ometry (see the discussion in Ma (2023)). To isolate the influence of magnetopause prop-165

erties on the KH mode, we therefore consider the normalized KH growth rate, defined166

as Γ = ℜ(
√
γ2/k2), where ℜ denotes the real part of the complex number. Hereafter,167

Γ is simply referred to as the growth rate. Equation 1 further shows that the growth rate168

is highly sensitive to the direction of the KH wave vector, k̂. A commonly adopted sim-169

plification is to assume that k is aligned with the direction of the sheared flow. Figure 2(B)170

presents an example of the square of parallel growth rate, (γ/k∥)2 under the same con-171

ditions as Figure 2(A), assuming a magnetospheric number density of 5 cm−3 with no172

background flow and a magnetosheath number density of 20 cm−3 with a flow speed of173

250 km s−1 at the tailward flank region (i.e., x = −6.9RE). Hereafter, the same den-174

sity assumptions are adopted for all other cases. Note that the presence of the dipole tilt175

angle breaks the north–south symmetry, while the absence of an azimuthal angle in both176

the magnetosphere and the IMF preserves the dawn–dusk symmetry.177

In reality, however, an arbitrary perturbation contains wave components in all di-178

rections. For an unstable shear-flow boundary layer, the fastest-growing KH mode cor-179

responds to the direction that maximizes Equation 1, known as the most unstable di-180

rection. As demonstrated by Ma (2023), this direction can be readily determined by com-181

puting the eigenvector of the symmetric matrix182

Mij = α1α2∆ui∆uj − α1vA1,ivA1,j −−α2vA2,ivA2,j , (36)

where ∆u = u1 −u2 is the velocity shear, and the indices i and j denote vector com-183

ponents.184

For the magnetopause boundary considered here, the component along the bound-185

ary normal is zero. Consequently, the matrix Mij reduces to a 2×2 form, and its eigen-186

values can be obtained analytically by solving a quadratic equation. Figure 2(C) shows187

an example of the square of maximum growth rate, (γ/kmax)
2, under the same condi-188

tions as Figure 2(B). Both the magnitude and the extent of the unstable region in Fig-189

ure 2(C) are larger than those in Figure 2(B), which is expected.190

As a convective instability, the KH mode propagates from the subsolar magnetopause191

toward the flank regions. Consequently, the KH waves observed along the magnetopause192

are likely initiated upstream, and their amplitudes reflect cumulative spatial and tem-193

poral growth. To quantify this effect, we integrate the local growth rate along a stream-194

line:195

Ψ =

∫ downstream

subsolr

Γ∥/vgds (37)

–7–
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Figure 2. Three-dimensional perspective of the magnetopause boundary at the summer sol-

stice under southward IMF conditions (see context). (A) Amplitude of the surface current (I,

color index), with streamlines of the surface current shown in black and arrows indicating its

direction. (B) Square of parallel growth rate (γ/k∥)
2. (C) Squared of maximum growth rate

(γ/kmax)
2. (D) Integrated growth rate, Ψ.

where vg = (ρ1u1 + ρ2u2)/(ρ1 + ρ2) is the group velocity of the KH wave along the196

flow shear direction. This integral is referred to as the integrated growth rate. Figure 2(D)197

presents an example of Ψ computed for the same parameters as in Figure 2(B), show-198

ing that although the KHI can be unstable near the subsolar point (e.g., the white cir-199

cle near the subsolar point in Figure 2(B)), its cumulative effect is weak. Note that Ψ200

exceeds 3.5RE in the tailward flank region. Assuming a KH mode with a wavelength L ≈201

5RE and a normal velocity perturbation near the subsolar point of δvn ≈ 10 km s−1,202

the perturbation is expected to grow exponentially as the mode propagates toward the203

tailward flank region. Specifically, the normal velocity amplitude increases to δvn exp(2πΨ/L) ≈204

90 km s−1, which is much greater than magnetosheath speed, suggesting that the KH mode205

has already entered its nonlinear stage. This example illustrates that the integrated growth206

rate can be interpreted as a measure of the KH mode amplitude.207

3 Results208

To systematically investigate the influence of seasonal variation on the KH insta-209

bility under different IMF directions, we compute IMF-probability-weighted averages of210

the KH growth rate and the integrated growth rate, defined as211

FP =

∫
F (θIMF, ψIMF)P (θIMF, ψIMF)dθIMFdψIMF. (38)
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Here, F denotes Γ∥, max(Γ), or Ψ, and P represents the probability distribution of the212

IMF direction as a function of the polar angle θIMF and azimuthal angle ψIMF (see Fig-213

ure S1 in the supporting information). Note that P exhibits two peak values near θIMF =214

0 and ψIMF = −45◦ and 135◦, corresponding to the Parker spiral IMF configuration.215

If the IMF directional preference is not taken into account, a uniform average over216

solid angle can be considered, defined as217

FU =
1

4π

∫
F (θIMF, ψIMF) sin θIMFdθIMFdψIMF. (39)

In this paper, we present only results based on FP in the main text; results based on FU218

are provided in Figure S2 in the supporting information.219

Figure 3 shows max(Γ)P (left column) and ΨP (right column) for the spring equinox,220

summer solstice, fall equinox, and winter solstice (from top to bottom), for which θdip221

is set to 23◦ and ψdip is set to 90◦, 0◦, −90◦, and 180◦, respectively. For the solstices,222

the presence of the tilt angle breaks the north–south symmetry, such that summer con-223

ditions preferentially favor the Southern Hemisphere, whereas winter conditions favor224

the Northern Hemisphere. The preference of the Parker spiral direction in the IMF breaks225

the dawn–dusk symmetry; however, this asymmetry is relatively weak and is not appar-226

ent in FU . For the equinoxes, the presence of the azimuthal angle in the magnetosphere227

further enhances the dawn–dusk asymmetry, with both spring and fall preferentially fa-228

voring the dawnside. In contrast, spring conditions favor the Northern Hemisphere, whereas229

fall conditions favor the Southern Hemisphere. Notably, a peak or multiple peaks ap-230

pear near the local meridian (defined as the meridian passing through the subsolar point231

at local noon), slightly offset from the subsolar point, in all max(Γ)P panels, but not in232

ΨP . This suggests that, if KHI occurs in this region, the wavevector direction is expected233

to deviate substantially from the flow direction, resulting in a weak cumulative growth234

effect. These plots further indicate that the equinoxes exhibit larger values of ΨP than235

the solstices, suggesting that KHI is more likely to be observed by satellites during spring236

and fall than during summer and winter, consistent with the statistical analysis of Kavosi237

et al. (2023).238

To illustrate the influence of the IMF magnitude and solar wind speed, we com-239

pute the area probability of the integrated growth rate, P (Ψ), defined as240

PΨ = SΨ/S, (40)

where SΨ denotes the area over which the integrated growth rate exceeds Ψ, and S is241

the total magnetopause surface area.242

Figure 4(A) and (B) show the integrated growth rate Ψ as a function of the area243

probability PΨ and the upstream magnetic field magnitude |B| for the spring equinox244

and summer solstice, respectively, under Parker spiral IMF conditions. Since the fall equinox245

and winter solstice cases are mirror-symmetric about the equator to the spring equinox246

and summer solstice cases, respectively, we do not compute these two cases separately.247

The plots indicate that the KH wave can be significantly compressed when the upstream248

magnetic field exceeds 15 nT. This effect is more pronounced at the spring equinox. The249

sudden decrease is consistent with the statistical analysis of Kavosi et al. (2023), who250

showed that the observed KH occurrence rate is relatively insensitive when the IMF |B|251

is smaller than 12 nT. One should keep in mind that the external magnetic field consid-252

ered here is tangential to the magnetopause boundary and is not compressed by the bow253

shock. Consequently, the magnetic field magnitude shown should not be interpreted as254

either the IMF or the shocked IMF (i.e., the magnetosheath magnetic field). Because255

upstream parameters across the bow shock vary substantially, one should not simply as-256

sume a fixed compression ratio of 4 to relate the IMF and magnetosheath magnetic field257

strengths.258
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Figure 3. max(Γ)P (left column) and ΨP (right column) for spring equinox, summer solstice,

fall equinox, and winter solstice (from top to bottom).

–10–
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Figure 4. The integrated growth rate Ψ as a function of the area probability PΨ and the up-

stream magnetic field magnitude |B| (top row) and tailward flank region speed V (bottom row),

shown for spring equinox (left column) and summer solstice (right column) under Parker spiral

IMF conditions.

Figure 4(C) and (D) show the integrated growth rate Ψ as a function of the area259

probability PΨ and the tailward flank region speed V for the spring equinox and sum-260

mer solstice, respectively, under Parker spiral IMF conditions. These two panels indi-261

cate that the KH mode is more likely to be observed under faster solar wind conditions,262

consistent with the statistical results of Kavosi et al. (2023). However, the growth rates263

presented here are derived under the incompressibility assumption. In more realistic cases,264

compressibility effects tend to stabilize the KH mode when the total jump in flow shear265

exceeds the sum of the fast-mode speeds on both sides of the boundary (Miura, 1982;266

Ma, Otto, & Delamere, 2016). This effect may partially explain why the observational267

study of Kavosi et al. (2023) does not find an accelerated enhancement of the KH oc-268

currence rate when the solar wind speed exceeds 350 km s−1. In addition, it should be269

noted that the solar wind speed is nonlinearly anti-correlated with the IMF magnitude270

(Wing et al., 2016), which can further influence the growth of the KH instability. This271

anti-correlation may also contribute to the relatively modest increase in the observed KH272

occurrence rate with increasing solar wind speed, from 11% to 25% as the solar wind273

speed increases from 200 km s−1 to 600 km s−1.274

The Earth’s magnetic dipole axis is tilted by approximately 11◦ relative to the ro-275

tation axis, resulting in diurnal variations of its components in the GSE coordinate sys-276

tem due to Earth’s rotation. To investigate the influence of this type of diurnal varia-277

tion on the KH instability, we examine the integrated growth rate Ψ as a function of the278

area probability PΨ and the hour of the day for the spring, summer, fall, and winter sea-279
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Figure 5. The integrated growth rate Ψ as a function of the area probability and hour of day,

shown for spring (A), summer (B), fall (C), and winter (D) under Parker spiral IMF conditions.

Blue lines indicate times of maximum dipole tilt, and red lines indicate times of minimum dipole

tilt.

sons, respectively, under Parker spiral IMF conditions with |B| = 20nT and a tailward280

flank speed of V = 250 km s−1. The results are shown in Figure 5. To facilitate com-281

parison with the statistical results of Kavosi et al. (2023), averages are taken over a 30-282

day window before and after each equinox or solstice. Blue lines indicate times of max-283

imum dipole tilt, whereas red lines indicate times of minimum dipole tilt. In principle,284

a larger tilt angle implies a stronger magnetic field component along the flow direction,285

leading to a reduced KHI growth rate. Therefore, the blue and red lines are expected286

to correspond to the minimum and maximum KH occurrence rates, respectively, which287

is consistent with the results for summer and winter, as well as with the statistical anal-288

ysis of Kavosi et al. (2023). However, this simple dependence on the dipole tilt angle is289

largely smeared out during spring and fall owing to the presence of a larger dipole az-290

imuthal angle. As a result, the integrated growth rate exhibits a weaker diurnal varia-291

tion during the spring and fall seasons, whereas the statistical results of Kavosi et al. (2023)292

show a maximum occurrence rate preceding the minimum dipole tilt and a minimum oc-293

currence rate preceding the maximum dipole tilt. One plausible explanation for this dis-294

crepancy is that the integrated growth rate depends only weakly on the hour of the day,295

such that background noise associated with the limited sample size can produce artifi-296

cial maxima and minima.297

–12–



manuscript submitted to JGR: Space Physics

4 Summary and discussion298

In this study, we employ a simplified analytical magnetopause model to investigate299

the effects of seasonal and diurnal variations of the dipole tilt angle on the KH instabil-300

ity, as well as the influence of IMF strength and solar wind speed on KH instability. Our301

main conclusions are summarized as follows.302

1. The dipole tilt angle breaks the north–south symmetry, such that KH activity303

preferentially occurs in the Southern Hemisphere during summer and in the Northern304

Hemisphere during winter.305

2. The dipole and IMF azimuthal angles break the dawn–dusk symmetry. Under306

Parker spiral IMF conditions, KH activity is enhanced on the dusk side. During the spring307

equinox, KH instability preferentially occurs in the north–dusk and south–dawn sectors,308

whereas during the fall equinox it favors the south–dusk and north–dawn sectors.309

3. The KH instability is more pronounced during the equinoxes than during the310

solstices, consistent with the statistical observational study of Kavosi et al. (2023).311

4. Although the KH instability can be locally unstable near the subsolar point, its312

cumulative effect there is weak.313

5. A weak IMF maintains instability along the low-latitude boundary, resulting in314

KH occurrence that is largely insensitive to small IMF magnitudes, while faster solar wind315

speeds enhance KH instability across the entire magnetopause. Both features are mostly316

consistent with the statistical observational results of Kavosi et al. (2023).317

6. The diurnal dependence of KH occurrence exhibits clear seasonal variation. The318

summer and winter patterns are consistent with observations. In contrast, small-amplitude319

KH waves during spring and fall show weak diurnal modulation, suggesting that reported320

KH occurrence rates during these seasons are more susceptible to observational biases.321

Although our simplified analytical model mostly agrees with observational statis-322

tical results in many respects, several important caveats should be noted.323

1. The KH growth rate used in this study (i.e., Equation 1 is derived under a lo-324

cal slab geometry assumption. In reality, the flow shear increases with distance from the325

subsolar point, and the magnetic field exhibits curvature away from the equatorial plane.326

These global-scale geometric effects can influence the growth of the KH instability but327

are not included in Equation 1. A more sophisticated treatment would formulate the en-328

tire magnetopause as a boundary-value problem and solve for the corresponding eigen-329

modes. However, such an eigenmode analysis requires a force-balanced magnetopause330

model. While force balance can, in principle, be achieved in the normal direction, the331

presence of tangential flow continuously advects and bends magnetic flux from upstream332

to downstream, making it difficult to maintain a steady force balance. As a result, whether333

a strictly steady-state magnetopause boundary exists remains an open question.334

2. In this study, we consider KH waves with wave vectors parallel to the flow di-335

rection when calculating the integrated growth rate, since the KH group velocity prop-336

agates predominantly in the same direction. In reality, KH instability can also develop337

for wave vectors oblique to the flow. Determining the group velocity for a dispersion re-338

lation with both real and imaginary components is beyond the scope of this study. More-339

over, even if the group velocity could be accurately determined, it remains unclear how340

KH waves propagate along the magnetopause when their wave vectors deviate from the341

direction of the flow shear. A fundamental resolution of this issue again requires solv-342

ing the global eigenmode problem for the entire magnetopause.343

3. As discussed above, the KH onset condition adopted in this study is based on344

the incompressibility assumption. Miura and Pritchett (1982) analyzed the KH insta-345
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bility for compressible plasmas and finite initial shear layer widths, showing that the growth346

rate does not increase monotonically with decreasing wavelength and that sufficiently347

strong flow shear can, in fact, suppress the instability. We do not adopt this more com-348

plete treatment here because of its substantially higher computational cost. Neverthe-349

less, KH wavelengths at the Earth’s magnetopause are typically much larger than the350

initial shear layer width, and compressibility effects mainly become important for extremely351

fast flow shear, which is relatively rare at the terrestrial magnetopause. Therefore, de-352

spite its simplifications, our model captures the essential physics and is able to repro-353

duce key observational features.354
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Figure S1. Histogram of the IMF direction in GSE coordinates, shown in a three-dimensional

view (left) and in the θIMF–ψIMF plane (right).
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Figure S2. max(Γ)U (left column) and ΨU (right column) for spring equinox, summer solstice,

fall equinox, and winter solstice (from top to bottom).
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