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Kelvin-Helmholtz Instability is ubiquitous at Earth’s magnetopause and plays
an important role in plasma entry into the magnetosphere during northward
interplanetary magnetic fields. Here, using one solar cycle of data from NASA
THEMIS (Time History of Events and Macro scale Interactions during Sub-
storms) and MMS (Magnetospheric Multiscale) missions, we found that KHI
occurrence rates show seasonal and diurnal variations with the rate being high
near the equinoxes and low near the solstices. The instability depends directly
on the Earth’s dipole tilt angle. The tilt toward or away from the Sun explains
most of the seasonal and diurnal variations, while the tilt in the plane per-
pendicular to the Earth-Sun line explains the difference between the equi-
noxes. The results reveal the critical role of dipole tilt in modulating KHI across
the magnetopause as a function of time, highlighting the importance of Sun-

Earth geometry for solar wind-magnetosphere interaction and for space

weather.

There has been considerable debate over the causes of seasonal var-
iation of geomagnetic activity. The seasonal variation with equinoctial
maxima is explained mainly by three principal hypotheses; the axial
hypothesis, which depends on heliographic latitude’, the equinoctial
hypothesis, which depends on the dipole tilt angle®; the Earth’s dipole
tilt toward or away from the Sun, and the Russell-McPherron (RM)
effect’, which depends on the angle of the Earth’s dipole in the plane
perpendicular to the Earth-Sun line. These mechanisms work in fun-
damentally different ways. The equinoctial hypothesis works by
modifying the magnetosphere’s response to the solar wind; it reduces
the coupling efficiency of the magnetosphere near solstices®* ™. The RM
effect creates seasonal variation by modifying the orientations of the
Interplanetary Magnetic Field (IMF) via coordinate transformation; It
leads to an enhancement of the southward component of the magnetic
field during southward IMF conditions, increasing the geomagnetic
activity associated with substorms near the equinoxes when this effect
is most pronounced. While there are extensive studies on the seasonal
variation of geomagnetic activity under southward IMF based on the
occurrence rates and intensities of the magnetic substorms™, the
seasonal feature of geomagnetic activity under northward IMF is still

poorly understood. During northward IMF, viscous interaction of the
solar wind with the magnetosphere and the KHI has been suggested as
a significant source of geomagnetic activity and associated transport
of mass, momentum, and energy'* . The onset condition for KHI at
the boundary between two magnetohydrodynamic incompressible
fluids in relative motion is®.

bi*+p 2 2
R [(k-B)” + (k- By,)’] 1

B and p stand for magnetic field and mass density, respectively. V
is the bulk velocity. The indices 1 and M are for the Interplanetary
(Magnetosheath values) and Magnetosphere sides, respectively. The
instability is driven by velocity shear aligned with the k vector, while
the magnetic field component aligned with the k vector acts to stabi-
lize the instability across the Magnetopause (MP) boundary. The sta-
bilizing terms due to magnetic tension are the interplanetary term
(k- By), and the magnetospheric term (k - By,). The first term states the
role of IMF as processed by the bow shock, thus resulting in the
magnetosheath magnetic tension on the KHI. The second term
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expresses the role of Earth’s magnetic dipole field, the magnetosphere
magnetic tension, on KHI. The contribution of these magnetic tension
terms is minimized when the orientation of the magnetospheric field is
perpendicular to the shear flow direction and when the interplanetary
field and magnetospheric field become more aligned.

Earth’s magnetic dipole axis is tilted toward or away from the Sun
with a dipole tilt angle ¢, the angle between the dipole axis and the
Geocentric Solar Magnetospheric (GSM) Z-axis. The value of ¢ mod-
ulates the maximum and minimum of the magnetic tension term
due to the magnetospheric field (k - By;). When the angle ¢ is 0°, the
dipole is along the GSM Z-axis and perpendicular to the velocity shear
(in the GSM X-Y plane), i.e., the magnetosphere magnetic tension is
zero, and dipole field lines cannot exert a stabilizing influence on the
KHI growth rate. These dipole orientations occur at the equinoxes on
March 21 and September 21 at 10:30 and 22:30 UT, respectively. Fig-
ure 1a shows the most stable situation near the summer solstice at
16:30 UT when the dipole tilt ¢ is maximum (+35°). The parallel com-
ponent of a magnetic dipole in the X-Z GSM plane is Bysin(¢) as illu-
strated in Fig. 1a.

The IMF term (k-B;) also contributes to the variation of the
instability. This variation is explained in terms of the difference
between the GSM and Geocentric Solar Ecliptic (GSE) systems. As the
upstream IMF is rotated into GSM system, its orientation changes as a
function of the angle of rotation, 6. The angle 0 is the angle between
the GSE and GSM Z-axis. The seasonal and diurnal variations of angle 0
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Fig. 1| Schematic Sun-Earth geometry and seasonal and diurnal variations of
the angles @ and 0. a Sketch of Earth’s magnetic dipole in both GSM and GSE

coordinate systems at the summer solstice and b at the spring equinox. The angle
that dipole axes make with the Sun-Earth line is shown with the black dashed line; it
is (90° - p) at the summer solstice shown in panel (a) and 90° at the spring equinox
shown in panel (b). c lllustration of the Earth in its orbit around the Sun, showing
the orientation of Earth’s rotational axis in black and defining the ecliptic plane

(shaded gray) and the GSE reference frame. d The Earth’s rotational axis is shown as
a black arrow, and the projection of the Earth’s magnetic axis is shown in blue. The

& f‘g‘
B '\‘

/

Ediptic

give rise to the variations of IMF orientations in the GSM coordinate
system, leading to the variations of the magnetosheath magnetic
tension term (k - By), thus impacting the KHI growth rate. As the angle 6
increases, the magnetosheath magnetic tension increases, exerting a
stabilizing influence on KHI. Figure 1b displays the situation during the
spring equinox on March 21 at 22:30 UT for purely northward IMF
orientation. The parallel component of the IMF in the Y-Z GSM plane is
Bysin(B), as shown in Fig. 1b.

The Earth’s magnetic dipole orientation has both seasonal and
diurnal variations due to the combined effects of the rotation of the
Earth around the Sun and the rotation of the magnetic dipole about the
Earth’s rotation axis. These effects are expected to introduce seasonal
and diurnal variations for KHI growth by altering the intensity of the
magnetic tension forces described above. Figure 1c illustrates Earth’s
orbit at the equinoxes and solstices. In Fig. 1d, the top panel presents the
seasonal (¢py) and diurnal (@) variations of the angle ¢, and the bottom
panel presents the seasonal (8,) and diurnal (84) variations of the angle 6
at the spring equinox, summer solstice, fall equinox, and winter solstice.

Here, we investigate the contribution of Sun-Earth geometry, the
angles, 6, and ¢ on the occurrence rate of KHI at the Earth’s flank MP.
For the first time, a comprehensive statistical analysis of 11 years (cycle
24) of in-situ data using THEMIS and MMS spacecraft during
2007-2018 is presented to address this objective. A comparison of the
observational results with the theoretical analysis is performed to
explain the mechanisms responsible for the seasonal and diurnal
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rotational axis processes around Zgsg once per year, and the magnetic axis pre-
cesses around the rotational axis every 24 h. The cone angles of these annual (8,
and @,) and daily (84 and @q4) precessions are 23.5 and 11.5°, respectively. The top
panel shows the annual (¢py) and daily (pg) variations of the angle ¢ in X-Z GSM for
the spring equinox, summer solstice, fall equinox, and winter solstice. It shows
views of Earth from dusk in the X-Z GSM plane. The bottom panel shows the annual
(8y) and daily (84) variations of angle 6 in Y-Z GSE for the spring equinox, summer
solstice, fall equinox, and winter solstice. It shows views toward Earth from the Sun
in the Y-Z GSE plane.
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Fig. 2 | Seasonal variations of Kelvin-Helmholtz Instability at the flank mag-
netopause. Orange bins show the relative Kelvin-Helmholtz (KH) wave occurrence
rate with respect to the number of boundary crossings, and the gray bins indicate
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the corresponding number of 5-min boundary crossing intervals in that bin. The
rate maximizes at the equinoxes and minimizes at the solstices. Source data is
provided as a Source Data File.

variations of KHI. We find that the KHI occurrence rate has seasonal
dependences, with the maximum at the equinoxes and the minimum
at the solstices, which are directly related to the dipole tilt angle @. The
difference in KHI occurrence rate between equinoxes and solstices
arises from an equinoctial effect. In contrast, the difference in KHI
occurrence rate between spring and fall Equinox arises from the angle
0 between the GSM and GSE Z-axis.

Results

Seasonal variation of KHI occurrence

Figure 2 shows the percentage of KHI occurrence per month over the 11
years from 2007 to 2018, corresponding to solar cycle 24. The gray bars
indicate the number of 5-min intervals in which the MP crossings (MPCs)
were observed. The orange bars show the percentage of 5-min intervals
where KH Waves (KHWs) are present. The gray bars are shown to
assess the statistical significance of the data. The KHWs occurrence rate
maximizes near equinoxes and minimizes near solstices. The highest
occurrence rate is in March and April during the spring equinox season
and in September and October during the fall season. The lowest
occurrence rates occur during June, July, and August, i.e., near the
summer solstice, and in January and December, i.e., near the winter
solstice. The KHI occurrence rate near equinoxes is about three times
greater than the solstices. This trend agrees well with the KHI growth

rate predicted by theory. According to inequality (2), the most unstable
configuration occurs at equinoxes; on March 21 at 10:30 and on Sep-
tember 21 at 22:30 UT, when @ is zero and 0 is minimum (+11.5° and
-11.5°, respectively). The most stable configuration occurs near the
winter solstices at 04:30 UT and summer solstices at 16:30 UT when the
dipole tilt ¢ is maximum (-35" and +35’, respectively).

Diurnal variation of KHI occurrence
The times of the day at which maximum and minimum growth rates for
the instability occur are seasonally dependent. The plots of the pre-
dicted KHI growth rate as a fraction of UT for different months of a
year are shown in Supplementary Fig. 1. The normalized KHI occur-
rence rates using observational data (depicted by the orange lines) are
plotted as a function of UT in Fig. 3a-d. The diurnal variation of the
predicted KHI growth rate (depicted by the black lines) is also plotted
for comparison. It should be noted that the statistical results provide
the variation of the KHI occurrence rate, whereas inequality (1) pro-
vides the predicted KHI growth rates. Thus, a quantitative comparison
is not possible. However, it is reasonable to expect that a large growth
rate correlates with a high KHI occurrence rate.

The summer season consists of May, June, and July. The winter
season consists of the months of November, December, and January.
The spring season comprises the months of February, March, and
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Fig. 3 | Diurnal variations of Kelvin-Helmholtz (KH) wave occurrences; com-
parison between observations and theoretical prediction. a Near the winter
solstice, b summer solstice, ¢ spring equinox, and d fall equinox. The orange lines
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show the diurnal variations from the observational dataset, and the black lines show
the predicted growth rate based on the theory for comparison. Source data are
provided as a Source Data file.

April, and the fall season contains August, September, and October.
The diurnal variation of KHI during the winter season is plotted in
Fig. 3a for both observational data (orange line) and theory; the pre-
dicted growth rate (black line). Figure 3a shows that the maximum
occurrence of KHI during the winter season occurs around 16:00 UT.
This result agrees with the diurnal variation of the predicted growth
rate depicted by the black line in Fig. 3a; near the winter solstice, the
most unstable situation occurs around 16:00 UT, when ¢ is minimum.
Figure 3b shows that the KHI occurrence rate during the summer
season maximizes around 05:00 UT. This result also agrees with a
predicted diurnal variation of the KHI growth rate; the most unstable
situation occurs near the summer solstice when @ minimizes, around
04:00 UT. The trends in Fig. 3a, b show that the diurnal variation of KHI
occurrence near the solstices exhibits an opposite direction; the
minimums near the winter solstice are the maximums near the sum-
mer. This is expected from theory since the dipole tilt angle @ is in
opposite directions during the solstice seasons (winter  is negative,
and the summer @ is positive).

Figure 3c and d shows the KHI occurrence rate as a function of UT
during the spring and fall seasons, respectively. Figure 3c shows that
the KHI occurrence rate has a double peak around 07:00 UT, and 21:00
UT, with a skew towards 07:00 UT. This result is slightly different (by
approximately three hours) from the predicted KHI growth rate

depicted by the black line, which shows a double peak around 10:00
UT and 21:00 UT with the skew towards 10:00 UT. During the fall
season, shown in Fig. 3d, there is a similar double-peaked distribution
(10:00 UT, and 21:00 UT) with a skew towards 21:00 UT. The origin of
this skew in the distribution appears to be related to the magnetic
tension associated with the angle of the Earth’s dipole in the plane
perpendicular to the Earth-Sun line, the angle 0, as discussed earlier.
This magnetic tension is maximized around 21:00 UT near the spring
equinox and around 10:00 UT near the fall equinox. This effect breaks
the symmetry of the double-peaked distribution expected from the
dominant sin’*p near the equinoxes. Theoretical predictions of the KHI
growth rates (black lines) are generally consistent with the statistical
survey of KHI occurrence rates (orange lines). Diurnal variation near
solstices, when the angle ¢ is large, is significantly larger than the
times near equinoxes when the angle ¢ is small.

Supplementary Figure 2 displays the diurnal variation of KHI
occurrences for the first six months of the year, Jan-June, and the sec-
ond half of the year, July-Dec. The KHI occurrences maximize in the
morning during Jan-June, while the situation is reversed during the
second half of the year, July-Dec. These can be attributed to the angle 6,
which is negative for the first half of the year and positive for the second
half. A similar plot is presented for the time between the equinoxes,
March-Aug, and Sep-Feb. The KHI occurrences maximize in the

Nature Communications | (2023)14:2513



Article

https://doi.org/10.1038/s41467-023-37485-x

morning during March-Aug, and in the evening during Sep-Feb when
the angle @ is positive and negative, respectively. Supplementary
Figure 3 presents a similar plot but for the predicted growth rate for
comparison. Therefore, the effect of the Earth’s dipole rotation around
the spin axis appears to significantly affect the growth of KHI.

Time-of-year and universal time pattern of KHI occurrence

To further verify the mechanism responsible for the diurnal and sea-
sonal variations of KHI, the universal time (UT) and time-of-year (Y)
variations of KHI occurrence are plotted for the entire dataset and
compared with the Y-UT profiles of the angles ¢ and 6. The procedure
involves the comparison between the observational pattern and the
shape of the Y-UT plot of the predicted KHI growth rate. KHI growth
rate can be represented as inequality (2).

Kwp,p,w v, = Vy)?

Py )—((B,sin<e)>2+(BMsin(cp)>2>. @

Given that the first term in inequality (2) is constant, i.e., velocity
shear and mass density are not sensitive to seasons, the Y-UT variations
of the stabilizing term, [-(B%sin?(0) + B2sin®(¢p))], determines the Y-UT
trend of KH growth rate.

Figure 4a presents the Y-UT profiles of cos?(¢) and hence, the
equinoctial pattern. Figure 4b illustrates the Y-UT profiles of sin*(0),
the classic RM pattern. Figures 4c and d show the Y-UT trend of the
predicted growth rate, by plotting the Y-UT profile of the stabilizing
term, [-(B%sin*(0) + B2\sin®(())], with red showing when the stabilizing
term is minimum, i.e., the growth rate is maximum, for a different ratio
of the magnetic tensions; By, = 2B, and By, = 3B, respectively. The Y-UT
plot of the KHI occurrence rate for the entire KHI dataset (solar cycle
24) is plotted in Fig. 4e for comparison to effectively identify the KHI
seasonal and diurnal patterns. Figure 4e reveals an approximately
similar overall shape compared to the equinoctial Y-UT pattern shown
in Fig. 4a. Figure 4c, d shows how the equinoctial and RM effects are
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combined for a different ratio of the magnetic tension terms. It can be
argued that the relative importance of the equinoctial effect vs. the RM
effect depends on the ratio of the magnetic tensions (also proportional
to By and By). As Byy/B; becomes larger, as shown in Fig. 4e, the Y-UT
profile becomes more comparable to the equinoctial effect. According
to the observational (shown in Fig. 4e) and theoretical (shown in
Fig. 4c, d) results, although the seasonal and diurnal variations of KHI
may arise from the combined “Equinoctial/RM” effect, the equinoctial
effect is the primary contributor and explains most of the seasonal
variation.

Discussion

It is shown that the observed seasonal and diurnal variations of KHI are
caused by variations in Sun-Earth geometry; the angles ¢ and 0 vary as
Earth orbits around the Sun and rotates around its tilted axis. The
semiannual and diurnal variations of these two angles play a vital role
in KHI topology and occurrence. The equinoctial effect (based on an
angle ¢) works by modulating the magnetic dipole tension; it stabilizes
KHI near solstices. Near the equinoxes, the tilt of the plane of the
dipole into the ecliptic plane (angle 6) further modulates KHI occur-
rence by inducing the magnetic tension due to the magnetic field
component of By in the GSM y-z plane. Since By, is usually larger than B,
across the flank MP, the equinoctial effect has a more significant
impact on the seasonal and diurnal variations of KHI, which is con-
sistent with the Y-UT plot of KHI occurrence rate using one solar cycle
KHI data, shown in Fig. 4e. It is also shown in Fig. 4c, d how the Y-UT
profile of the predicted KHI growth rate changes as the ratio of the
magnetic tensions due to ¢ and 6 (also proportional to By, and B))
changes, i.e., that it becomes more consistent with the equinoctial
pattern. Moreover, it is generally expected that the k vector would
mostly be confined to the shear flow plane as the k vector wants to
align with the direction of the shear flow to maximize the KHI growth.
The shear flow is largely in the X direction, thus the k vector. In that
case, it can be argued that the magnetosphere magnetic tension
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(k- Byy), due to the tilt of the dipole toward or away from the Sun,
would be the dominant tension term and significantly more important
for stabilizing the KHI. The tilt of the dipole into the ecliptic plane can
become important when the dipole does not lean towards or away
from the Sun near the equinoxes. The magnetic tensions maximize
when the tilt is largest. As the magnetic tension in the plane perpen-
dicular to the Earth-Sun line, a function of angle 0 (similar to the RM
effect) increases, the KHI growth rate decreases and vice versa. Con-
sequently, the presence of the RM effect on KHI flattens the seasonal
and diurnal variation curve by introducing an extra magnetic tension
near equinoxes and no shear at solstices.

The seasonal variation of KHI, based on the theoretical analysis
of inequality (1), was first proposed by Boller and Stolov*. Their
analysis focused on the seasonal variation of the magnetospheric
term (k - By;). The seasonal variation of the interplanetary term (k - By)
was not considered in their calculation because the seasonal varia-
tion of IMF had not been reported yet. We complemented the Boller
and Stolov’s theoretical analysis by considering the seasonal varia-
tion of IMF (RM effect) in the analysis. The main assumption in the
classic RM effect is that the southward IMF is the controlling factor of
geomagnetic activity, and the northward IMF has no effect’. There-
fore, although the angle 0 contributes to the seasonal and diurnal
variations of the KHI growth rate, the classic RM hypothesis fails to
explain the variations of KHI, which frequently occur under north-
ward IMF conditions. The dependence of seasonal and diurnal var-
iations of KHI occurrences on the angle 0 can be explained in terms of
a change in IMF Clock Angle (CA) when it is rotated into the GSM
coordinate system. IMF clock angle in GSM coordinate is a function
of angle 0. KHI is more likely to occur at the MP when the IMF CA is
small”. During northward IMF, the maximum change in CA(GSM)
occurs near the equinoxes when 6 maximizes. Thus, the variation of
the IMF clock angle, when it is rotated into GSM coordinates, does
explain how the KHI seasonal variations are related to the angle 6. In
essence, the classic RM effect only predicts different probabilities of
southward IMF at certain times of the year, while the mechanism
proposed here predicts different probabilities of IMF CA at certain
times of the year.

Note also that the seasonal dependence of A, the heliographic
latitude of the Earth, has not been considered in the present study.
Several studies suggested a slight seasonal variation of solar wind
velocity due to axial effect™. It was found that the solar wind velocity
near Earth is higher at the northern and southern extremes of Earth’s
heliographic latitude excursion (+-7.25"). If the seasonal variation of
KHI is affected by the axial effect, it may be expected that the dates of
maximum KHI occurrence will shift slightly from the equinoxes.
However, much longer data sets will be required to examine the sig-
nificance of the axial effect.

KHI transports solar wind plasma into the magnetosphere
through rolled-up vortices', drives magnetosphere Pc5 (2-7 mHz)
Ultra Low Frequency (ULF) waves that can accelerate electrons to
relativistic energies” %, transports high-energy electrons and ions into
the magnetosphere’®”, induce Field Aligned Current (FAC)®, and
create auroral arcs”. In turn, the seasonal and diurnal variations in KHI
occurrence will, in general, lead to temporal variation in the efficiency
of solar wind-magnetospheric-ionosphere coupling during northward
IMF conditions. As we shall see, this also affects the rest of the
ionosphere-thermosphere system. These results will also be useful
when designing spacecraft orbits and mission phases for future mag-
netospheric missions focusing on the KHI and secondary processes
associated with the KHI that are responsible for plasma heating,
acceleration, and transport®°>.

Earlier works based on in-situ observation®* reported that the
magnetosphere preconditioning, the accumulation of cold-dense
plasma sheet formation through processes such as KHI, leads to
stronger-than-predicted storm activity during intervals of northward

IMF. This, combined with the results presented in this study, may
suggest that the more intense KHI activity around equinoxes leads to
more plasma entry, which in turn may lead to more intense storms.
Such a scenario would be consistent with the idea that the equinoctial
and RM effect could operate simultaneously®® and that the RM effect is
not the only explanation for the seasonal variation of geomagnetic
activity®’.

Methods

Statistical analysis

The study used measurements from THEMIS and MMS. The study is
built on the previous database developed by Kavosi and Raeder?, the
database of THEMIS KHI events from the beginning of the THEMIS
mission to 2014. We expanded the database of MPCs/KHWs to one
solar cycle (2007-2018) when the THEMIS spacecraft frequently
crossed the MP during the dawn and dusk orbital phases. We also
surveyed MMS from 2015 to 2018, when they were placed in a way that
is in opposition with THEMIS. We inspected the magnetic field and
plasma data to classify MPCs with the motivation to identify KHWs. Not
all MP periodic oscillations are caused by KHI. Other mechanisms can
excite periodic oscillations, such as dynamic pressure variations in the
solar wind* or Flux Transfer Events (FTEs)®. Thus, we needed to dis-
tinguish all MP wave observations against FTEs and buffeting of the
magnetosphere by the solar wind. We examined solar wind data for
every event, where possible, to confirm that the event was not caused
by periodic solar wind pressure changes that may have caused buf-
feting. The KHW, in their nonlinear stage, has similar characteristics as
FTEs, such as bipolar By and possibly similar wave periods of a few
minutes. However, there are several differences in their signatures that
allow us to distinguish rolled-up KH vortices from FTEs. When a KH
wave grows to the nonlinear stage, it forms rolled-up vortices. In such
vortices, the centrifugal force pushes plasma from the central part
of the vortices radially out, generating a local minimum in the
total pressure at the center of the vortex and maximum at the edge,
thereby, substantial pressure perturbations, minimum at the vortex
center and maximum at the edge is expected during KH vortices. In
contrast, a total pressure maximum is expected at the FTE center.
Although FTEs often occur in sequences, the individual FTEs are gen-
erally separated by a longer period of quiet. By contrast, KHWs are
continuous wave trains. Note that this discussion only applies to non-
linear KHW; in the linear stage, KHW can be easily discerned from FTEs
by the lack of large bipolar By signatures and the absence of magnetic
field magnitude and total pressure extrema. Scatter plots of the x
(sunward) component of the velocity, Vx, versus plasma density
exhibits a distinct pattern, depending on the phase of the KHI growth.
The scatter plot of Vx versus plasma density has also been performed
for each event. We applied all methods discussed above to dis-
criminate between FTEs and KHW, and whenever there was any
ambiguity in the visual identification of an event, the event was
categorized as MPCs. Data access and processing were done using
SPEDAS V3.1, http://spedas.org/blog/.

Our KHWs database (Supplementary Data 1) consists of approxi-
mately 266 h of KHWs at MP (300 KHWs events), covering approxi-
mately 3200 5-min KHWs samples. The KHWs events last from
15 minutes (the shortest KHWs event in our database) to approxi-
mately 3 hours (the longest KHWs event in our database).

We have carefully assessed the seasonal locations of the THEMIS
and MMS missions to identify and eliminate the possible orbital bias in
the dataset. As shown in Supplementary Figs. 4 and 5, MMS spent more
time near the dayside and tail during winter solstices and summer
solstices, respectively. Such orbital bias may affect the statistics as
KHWs expect to be more prevalent on the flanks than on the dayside.
We defined a target region, -14 <x <+7Re, to avoid this orbital bias
along the MP. The closest KHWs event to the subsolar point in our
dataset is located at approximately +7 Re. The farthest KHWs from the
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dayside (KHWs near the tail flank) is located approximately at
x =—14Re (see Supplementary Fig. 6). Therefore, any MPCs outside this
region are excluded from the statistics to ensure that the smaller
occurrence rate observed near solstices is not due to more MPCs
recorded during those times.

Theoretical analysis
Inequality (1) can be represented as:*°

2_ PrtPum : 2 ; 2
(Vi—=Vy) >m[(815m(9)) +(BMsm((p))] 3

assuming that the velocity shear is aligned with the k vector and is
always in the GSM X-Y plane. Thus, the magnitude of inequality (2)
determines the seasonal and diurnal variations of the KH growth rate.
The inequality is computed in the regions where the value of velocity
shear is sufficiently high; the regions around the subsolar point are
excluded from the present discussion. The discussion focused on the
parameters in inequality 2, which contribute to the seasonal and
diurnal variations of the instability. Thus, the contributions of velocity,
mass density, and IMF in the X direction (IMF cone angle) are excluded
in the present discussion. We remind the reader that the GSM Y-axis is
defined as perpendicular to the dipole axis so that the dipole axis is
always contained in the X-Z plane. It is assumed for simplicity that the
shear flow vector is parallel to the k vector. However, it has been
reported that the k vector does not need to be aligned with the
maximum shear flow but that KHWs can propagate with an angle from
the shear flow to maximize the onset criteria®®>. A comprehensive
analysis of the k vector orientation and its possible contributions to
the seasonal and diurnal variations of KHI will be addressed in a later
paper in this series. A detailed description of inequality 2 is presented
in Supplementary Methods 1.

The magnitude of the stabilizing term, [-(B%sin*(0) + B%ysin*(@))]
has been solved numerically (Supplementary Code 1). The script
presents the Y-UT trend of the predicted growth rate,
[(constant) — (B%sin*(0) + B2ysin*())], by plotting the variations of the
stabilizing term, [-(B%sin*(0))? + (B’usin(@))?], with red showing when
the stabilizing term is minimum, i.e., the growth rate is maximum as
shown in Fig. 4c, d. The magnitude of the stabilizing terms for different
times of the day during the equinoxes and solstices are calculated and
presented in Supplementary Table 1. The By/By is assumed to be V2 for
the theoretical prediction of diurnal variation shown in Fig. 3 (theory
plot panels) and Supplementary Fig. 1. According to our observational
dataset, during the time that KHWs are present at the MP, the average
of the magnetosheath magnetic field magnitude at flank MP, B,, is
approximately 20 nT, and the average magnitude of the magneto-
sphere magnetic field is about 50 nT. We used these numbers in our
theoretical prediction.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. One solar cycle of the KHWs
database from NASA THEMIS and MMS missions is provided in Sup-
plementary Data 1. Source data are provided with this paper.

References

1. Cortie, A. L. Sunspots and terrestrial magnetic phenomena, the
cause of the annual variation in magnetic disturbances. Mon. Not. R.
Astron Soc. 73, 52-60 (1912).

2. Bartels, J. Terrestrial-magnetic activity and its relation to solar
phenomena. Terr. Magn. Atmos. Electr. 37, 1 (1932).

3. Mcilntosh, D. H. On the annual variation of magnetic disturbances.
Philos. Trans. R. Soc. Lond. A 251, 525-552 (1952).

4. Mayaud, P.-N. The aa indices: a 100-year series characterizing the
magnetic activity. J. Geophys Res 77, 6870-6874 (1972).

10.

M.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Svalgaard, L. Geomagnetic activity: dependence on solar wind
parameters. In Coronal holes and high-speed wind streams (ed.
Zirker, J.B.), (Colorado Assoiciated University Press, 1977).

O’Brien, T. P. & McPherron, R. L. Seasonal and diurnal variation of
Dst dynamics. J. Geophys. Res. 107, 1341 (2002).

Russell, C. T. & McPherron, R. L. Seasonal variation of geomagnetic
activity. J. Geophys. Res. 78, 82-108 (1973).

Cliver, E. W., Kamide, Y. & Ling, A. G. Mountains versus valleys
Semiannual variation of geomagnetic activity. J. Geophys. Res. 105,
2413-2424 (2000).

Cliver, E. W., Kamide, Y., Ling, A. G. & Yokoyama, N. Semiannual
variation of the geomagnetic Dst index: evidence for a dominant
nonstorm component. J. Geophys. Res. 106, 297 (2001).

Cliver, E. W., Kamide, Y. & Ling, A. G. The semiannual variation of
geomagnetic activity: phases and profiles for 130 years of a data. J.
Atmos. Sol. Terr. Phys. 64, 47-53 (2002).

Hoshi, Y. et al. Seasonal and solar wind control of the reconnection
line location on the Earth’s dayside magnetopause. J. Geophys. Res.
Space Phys. 123, 7498-7512 (2018).

McPherron, RobertL. & Xiangning, Chu The midlatitude positive bay
index and the statistics of substorm occurrence. J. Geophys. Res.
Space Phys. 123, 4 (2018).

Le Mouél, J.-L., et al. On the semiannual and annual variations of
geomagnetic activity and components. Ann. Geophys. 22,
3583-3588 (2004).

Lockwood, M. et al. Time-of-day/time-of-year response functions of
planetary geomagnetic indices. J. Space Weather Space Clim. 9,
A20 (2019).

Lockwood, M. et al. Semi-annual, annual and Universal Time varia-
tions in the magnetosphere and in geomagnetic activity: 1. Geo-
magnetic data. J. Space Weather Space Clim. 10, 23 (2020).
Nykyri, K. & Otto, A. Plasma transport at the magnetospheric
boundary due to reconnection in Kelvin-Helmholtz vortices. Geo-
phys. Res. Lett. 28, 3565-3568 (2001).

Hasegawa, H. et al. Transport of solar wind into Earth’s magneto-
sphere through rolled-up Kelvin-Helmholtz vortices. Nature 430,
755-758 (2004).

Wing, S. et al. Review of solar wind entry into and transport within
the plasma sheet. Space Sci. Rev. 184, 33-86 (2014).
Chandrasekhar, S. Hydrodynamic and hydromagnetic stability
(Oxford University Press, 1961).

Boller, B. R. & Stolov, H. L. Kelvin-Helmholtz instability and the
seasonal variation of geomagnetic activity. J. Geophys. Res. 75,
6073-6084 (1970).

Kavosi, S. & Raeder, J. Ubiquity of Kelvin-Helmholtz waves at Earth’s
MP. Nat. Commun. 6, 7019 (2015).

Fry, C. D. & Akasofu, S.-I. Latitudinal dependence of solar wind
speed. Planet. Space Sci. 35, 913-920 (1987).

Agapitov, O. V. & Cheremnykh, O. K. Magnetospheric ULF waves
driven by external sources. Advances in Astronomy and Space
Physics 3, 12-19 (2013).

Nykyri, K. & Dimmock, A. P. Statistical study of the ULF Pc4-Pc5
range fluctuations in the vicinity of Earth’s magnetopause and
correlation with the Low Latitude Boundary Layer thickness. Adv.
Space Res. 58, 257-267 (2016). ISSN 0273-1177.

Poblet, F. L. et al. Semiannual variation of Pc5 ultra-low frequency
(ULF) waves and relativistic electrons over two solar cycles of
observations: comparison with predictions of the classical
hypotheses. Ann. Geophys. 38, 953-968 (2020).

Kavosi, S. et al. MMS/FEEPS observations of electron microinjec-
tions due to Kelvin-Helmholtz waves and flux transfer events: a case
study. J. Geophys. Res. Space Phys. 123, 5364-5378 (2018).
Sorathia, K. A. et al. Solar wind ion entry into the magnetosphere
during northward IMF. J. Geophys. Res. Space Phys. 124,
5461-5481 (2019).

Nature Communications | (2023)14:2513



Article

https://doi.org/10.1038/s41467-023-37485-x

28. Johnson, J. R. et al. Field-aligned currents in auroral vortices.
J. Geophys. Res. Space Phys. 126, e2020JA028583 (2021).

29. Farrugia, C. J. et al. Auroral activity associated with Kelvin-Helm-
holtz instability at the inner edge of the low-latitude boundary layer.
J. Geophys. Res. Space Phys. 99, A10 19403-19411 (1994).

30. Nykyri, K., Ma, X. & Johnson, J. Cross-Scale Energy Transport in
Space Plasmas: Applications to the Magnetopause Boundary.
Magnetospheres in the Solar System 109-121 (2021).

31. Nykyri, K. et al. MMS observations of the multiscale wave struc-
tures and parallel electron heating in the vicinity of the southern
exterior cusp. J. Geophys. Res. Space Phys. 126, e2019JA027698
(2021).

32. Lavraud, B., Thomsen, M. F., Borovsky, J. E., Denton, M. H. & Pulk-
kinen, T. I. Magnetosphere preconditioning under northward IMF:
evidence from the study of coronal mass ejection and corotating
interaction region geoeffectiveness. J. Geophys. Res. 111,

A09208 (2006).

33. Zhao, H. & Zong, Q. G. Seasonal and diurnal variation of geomag-
netic activity: Russell-McPherron effect during different IMF polarity
and/or extreme solar wind conditions. J. Geophys. Res. 117,
A11222 (2012).

34. Shi, Q. Q. et al. Solar wind pressure pulse driven magnetospheric
vortices and their global consequences. J. Geophys. Res. Space
Phys. 119, 4274-4280 (2014).

35. Hwang, K. -J. et al. “The substructure of a flux transfer event
observed by the MMS spacecraft. Geophys. Res. Lett. 43,
9434-9443 (2016).

36. Nykyri, K. et al. Cluster observations of reconnection due to the
Kelvin-Helmholtz instability at the dawnside magnetospheric flank.
Ann. Geophys. 24, 2619-2643 (2006).

37. Adamson, E, Nykyri, K & Otto, A. The Kelvin-Helmholtz
instability under Parker-Spiral Interplanetary Magnetic Field
conditions at the magnetospheric flanks. Adv. Space Res. 58,
218-230 (2016).

Acknowledgements

This work was supported by NASA Grants nos. 80NSSC18K0661 and
80NSSC22K0515. Contributions from J.R. were supported by NASA
Grant no. SA405826326. Contributions from K.N. were supported by
NASA Grant no. 80ONSSC18K1381. Contributions from C.F. was sup-
ported by MMS grant at UNH. This research was supported by the
International Space Science Institude (ISSI) Team project #546.

Author contributions

S.K. initiated the study and screened the data and obtained the statistics.
S.K., JR., J.J.,K.N., and C.F. discussed the results and compared the data
with the theory. S.K. wrote the manuscript with contributions from the
rest of the authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37485-x.

Correspondence and requests for materials should be addressed to
S. Kavosi.

Peer review information Nature Communications thanks Hiroshi Hase-
gawa, Frederick Wilder and the other, anonymous, reviewer for their
contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2513


https://doi.org/10.1038/s41467-023-37485-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Seasonal and diurnal variations of Kelvin-Helmholtz Instability at terrestrial�magnetopause
	Results
	Seasonal variation of KHI occurrence
	Diurnal variation of KHI occurrence
	Time-of-year and universal time pattern of KHI occurrence

	Discussion
	Methods
	Statistical analysis
	Theoretical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




