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Abstract This study investigates energy dissipation in small-scale solar wind turbulence using a novel
approach to autocorrelation function analysis leveraging high-resolution data from the Magnetospheric
Multiscale Mission (MMS). We analyze magnetic field fluctuations at ion dissipation scales, focusing on short
20-s intervals to isolate dissipation-scale dynamics. Using MMS's fluxgate magnetometer, fast plasma
investigation, and energetic particle detector, we compute normalized correlation functions as functions of the
interplanetary magnetic field cone angle. Our results show that turbulence is correlated over short spatial scales
(~100~1,000 km), with shorter correlation lengths in the compressional component compared to the transverse
components. We find that the transverse correlation lengths differ most when the interplanetary magnetic field is
nearly perpendicular to the solar wind flow (cone angle ~90°), and that they vary approximately as the inverse
sine of the cone angle. The characteristics of the correlation length suggest that the turbulence observed is
primarily two-dimensional. These findings highlight the anisotropic nature of dissipation-scale turbulence and
its dependence on solar wind conditions, providing insights into energy transfer in space plasmas.

Plain Language Summary In this study, we use data from the NASA Magnetospheric Multiscale
Mission (MMS) to explore how turbulence in the solar wind behaves. Solar wind turbulence is often
characterized as the chaotic evolution of plasma from the Sun. Turbulence in the solar wind is classified into
three regimes that differentiate, among other things, the size of the fluctuations. In this investigation, we are
interested in how turbulence behaves at the smallest scales where the fluctuations are small enough to interact
with suprathermal particles. Using the detectors onboard MMS, we are able to extract different parameters of the
solar wind, including the solar magnetic field and particle velocity. Our findings demonstrate that turbulence in
the solar wind at these small scales has variable behaviors that can provide future studies with the groundwork
for further understanding of the nature of turbulence.

1. Introduction

Solar wind turbulence is a complex nonlinear phenomenon that exhibits strong anisotropy with respect to the
mean magnetic field, manifesting in direction dependent fluctuations and cascade dynamics across multiple scales
which resemble the behavior of classic hydrodynamic turbulence (Goldstein et al., 1995; Matthaeus & Gold-
stein, 1982). Two theoretical frameworks dominate its study: interacting linearized waves (e.g., Alfvén waves;
(Coleman, 1966)) and magnetohydrodynamics (MHD) turbulence studied as an extension of hydrodynamic
turbulence (Goldstein et al., 1995; Matthaeus & Goldstein, 1982; Peebles, 1968). Magnetic field measurements of
space plasmas at ion scales are often categorized into three regions. These regions are known as the energy
containing range, inertial range, and dissipation range, see Smith and Vasquez (2021) for a review.

There are two forms of anisotropy often discussed in studies of solar wind turbulence: the anisotropy of the
fluctuation and the anisotropy of the underlying wave vector. The magnetic fluctuation vector is generally seen to
be perpendicular to the mean magnetic field with smaller fluctuations associated with compression (Belcher &
Davis, 1971). At large inertial range scales, turbulence exhibits a wave vector anisotropy relative to the mean
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magnetic field, often visualized as a “Maltese Cross” in two-dimensional correlation functions (Matthaeus
et al., 1990). Subsequent study of the same range found that wave vector anisotropy of solar wind fluctuations is
dependent on solar wind speed—with fast streams dominated by quasi-parallel wave vectors, whereas slow
streams are dominated by quasi-perpendicular ones (Dasso et al., 2005). However, less is known about turbulence
at dissipation scales, where energy is converted to heat (Leamon et al., 1998, 1999; Smith et al., 2006), and the
nature of small-scale structure (Smith et al., 2013) particularly at electron scales. This study addresses the
dissipation range directly by applying a modified correlation function analysis to high-time-resolution MMS data,
enabling the investigation of magnetic field fluctuations at ion scales by focusing on short time intervals to isolate
dissipation-scale dynamics.

The energy range, associated with spacecraft frame frequencies (frequencies measured in the spacecraft's
reference frame) £ < 107 Hz at 1 AU (Matthaeus et al., 1994; Smith & Vasquez, 2021) reflect the large scale
structures that originate from the Sun (Davis et al., 2023; Magyar & Doorsselaere, 2022; Matthaeus & Gold-
stein, 1986; Smith & Vasquez, 2024). This range acts as a stockpile of energy that is injected into turbulence by
nonlinear dynamics that cascades down into smaller scales and drives their respective fluctuations.

The magnetic spectrum in the inertial range is typically observed in a frequency ranging from [10*4—10*1] Hz at
1 AU (Alexandrova et al., 2013). In the interplanetary medium, the inertial range is the most widely studied region
of the magnetic spectrum. Here, both magnetic field and velocity fluctuations exhibit power law behavior
resembling that of hydrodynamic turbulence (Alexandrova et al., 2013; Podesta et al., 2006; Smith & Vas-
quez, 2021). In this range, energy is approximately conserved as it cascades from larger to smaller scales without
significant dissipation. Due to the presence of local mean magnetic fields, turbulent isotropy breaks down leading
to an anisotropic quasi 2D state (Matthaeus et al., 1990). Both MHD and kinetic simulations confirm that the
turbulent cascade is strongest in directions perpendicular to the mean magnetic field in the inertial range (Cho &
Vishniac, 2000; Matthaeus et al., 1996, 1998; Oughton et al., 1994; Shebalin et al., 1983; Vasquez et al., 2014).
Observations at 1 AU concur with the simulations and indicate that two-dimensional (2D) turbulence—turbulent
fluctuations where the wave vectors are primarily perpendicular to the mean field—dominate slab turbulence,
which are turbulent fluctuations where the wave vectors are primarily parallel to the mean field (Bieber
et al., 1996; Hamilton et al., 2008; Smith et al., 2012).

The dissipation range, where turbulent energy is converted into thermal energy, occurs at ion kinetic scales and is
typically observed at frequencies of a few tenths of a Hz in the spacecraft reference frame at 1 AU. Extensive solar
wind studies at 1 AU reveal that this range typically occurs at ~0.3 Hz (Leamon et al., 1998, 1999; Smith
et al., 2006) at scales relating to the Larmor radius of thermal protons and the proton inertial scale. Further
decomposing the scale, the ion dissipation range is thought to be ~[0.1—1]Hz (Alexandrova et al., 2013) and
electron dynamics tend to dominate from ~[1—100]Hz. Previous surveys with the Cluster spacecraft had
concluded that a high signal-to-noise ratio was needed to fully characterize the turbulent cascade and dissipation
at the electron scale in addition to high time resolution of ion and electron distributions (Sahraoui et al., 2013).

Despite significant advances in understanding inertial-range turbulence, dissipation-scale processes such as
cyclotron damping, Landau damping, and current sheet formation (Barnes, 1966; Bourouaine & Chandran, 2013;
Bowen et al., 2024; Dmitruk et al., 2004; Hollweg & Isenberg, 2002; Isenberg & Vasquez, 2015; Markovskii &
Vasquez, 2011; TenBarge et al., 2013; Vasquez, 2015; Yang et al., 2017) remain less explored due to the need for
high-resolution data and short time intervals. In this study, we address this gap by analyzing ion-scale magnetic
field fluctuations in the pristine solar wind using MMS data. Employing a modified correlation function analysis
in a mean-field aligned coordinate system, we demonstrate that dissipation-scale turbulence is highly anisotropic;
correlation lengths are consistently shorter along the direction parallel to the mean magnetic field than in the
perpendicular directions. In addition, we find correlation length anisotropy within the same mean-field co-
ordinates used by Belcher and Davis (1971) at large angles. These findings are consistent with MHD and kinetic
simulations showing that the turbulent cascade is strongest in the perpendicular directions to the mean magnetic
field (Cho & Vishniac, 2000; Matthaeus et al., 1996, 1998; Oughton et al., 1994; Shebalin et al., 1983; Vasquez
et al., 2014), as well as with observations indicating the prevalence of the two-dimensional component over slab
turbulence at 1 AU (Bieber et al., 1996; Hamilton et al., 2008; Smith et al., 2012). Furthermore when analyzing
turbulence in different cone angles—defined as the angle between the interplanetary magnetic field (IMF) and the
solar wind direction—we find (a) that the correlation lengths of the correlation function components transverse to
the mean magnetic field, X and Y, differ most at ~90°, where the magnetic field is nearly perpendicular to the
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flow, and (b) that the X and Y correlation lengths vary approximately as the inverse sine of the cone angle. These
two properties of the correlation length suggest that the turbulence examined here is predominately 2D. This study
reveals the anisotropic nature of dissipation-scale turbulence and its dependence on solar wind parameters, of-
fering new insights into energy dissipation in space plasmas.

In Section 2, we describe the MMS spacecraft (Burch et al., 2016), data selection, coordinate system, and cor-
relation function methodology. Section 3 presents the results of the correlation and second-order structure
function analysis, including their dependence on cone angles and energetic particles. In Section 4, we interpret our
findings in the context of other studies. Finally, Section 5 summarizes our conclusions and provides directions for
future work.

2. Methodology

We analyzed solar wind turbulence at dissipation scales using MMS-1 data from 21 February 2019, focusing on
short (20-s) intervals to isolate small-scale fluctuations. Our approach involved: (a) selecting high-resolution data
from MMS instruments, (b) transforming magnetic field data into Field-Aligned Coordinates (FAC), and (c)
computing normalized autocorrelation and structure functions to determine correlation lengths. Below, we detail
each step.

2.1. Instrument

To achieve the high resolution needed for ion dissipation range analysis, we used MMS-1's fluxgate magne-
tometer (FGM, 16 samples/second) (Russell et al., 2016; Torbert et al., 2016) and fast plasma investigation (FPI)
(Pollock et al., 2016). In addition, we utilized the MMS Energetic Ion Spectrometer (EIS), part of the Energetic
Particle Detector (EPD) suite to observe protons over the energy range [20 keV — >0.5 MeV] (Mauk
et al., 2016). Spacecraft position was determined using the Magnetic Ephemeris Coordinates (MEC) (Tooley
et al., 2016) system.

The FPI on MMS-1 includes the Dual Ion Spectrometer (DIS) and Dual Electron Spectrometer (DES) used to
measure ion and electron distributions, respectively. Data taken from these instruments were taken from the fast
mode survey which has a resolution of 4.5 s, and is comprised of an aggregate of data taken at burst mode which
has a resolution of 30 (electrons) to 50 ms (ions) (Gershman et al., 2022). The FGM data products consists of an
analog fluxgate magnetometer (AFG) and a digital fluxgate magnetometer (DFG). Data from the AFG were taken
on fast survey mode which takes at 16 samples per second (Russell et al., 2022).

2.2. Data Selection

The geometry of solar wind turbulence is often described using two-dimensional correlation functions, which
reveal anisotropy relative to the mean magnetic field (Matthaeus et al., 1990). Large-scale fluctuations exhibit a
“Maltese Cross” pattern, with fast and slow wind regimes showing distinct anisotropies — quasi-parallel in fast
and quasi-perpendicular in slow (Dasso et al., 2005).

While these earlier studies focused on inertial scales, our analysis extends into the dissipation range. We achieve
higher data resolution by utilizing shorter time intervals on the order of minutes and seconds to resolve the spatial
structure of fluctuations within the dissipation range without the resulting behavior being dominated by the
energy contained at larger scales. This approach allows us to convert the lower frequency fluctuations of the field
into contributions to the local mean field, removing the low frequency power from the calculation of the cor-
relation length. This enables the exploration of correlation length scales associated with these small scale fluc-
tuations and their averaged effects over a large summation of short time intervals.

Utilizing the Python Space Physics Data Analysis Software (PySPEDAS), we downloaded the data sets from the
MMS Data Science Center. Data was obtained from MMS-1 for 21 February 2019, 04:00:00-11:30:00 UTC,
during a solar wind turbulence campaign providing uninterrupted high-resolution measurements.

To avoid fluctuations due to kinetic instabilities such as cyclotron resonant instabilities associated with super-
thermal ions and electrons that originate at the bow shock or within the magnetosphere we wanted to ensure that the
in situ data gathered by MMS originated in the ambient solar wind upstream of the magnetopause and as much as
possible given the mission's orbital limitations, outside the ion and electron foreshock regions. Figure 1 and Table 1
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Figure 1. Solar wind parameters on 21 February 2019, 04:00:00-11:30:00 UTC, from MMS-1 (dark lines) and ACE (light
lines, propagated from L1 to 1 AU). Top: Ion speed (km/s). Middle: Magnetic field strength (nT) in GSE (X: blue, Y: orange,

Z: green, total: black). Bottom: Solar wind proton density (cm‘3). Comparison confirms measurements are in the pristine solar
wind.

display several properties of the solar wind plasma during this time interval, with the majority of average values in
Table 1 falling within the nominal range expected in the solar wind (Barnes, 1979; Verscharen et al., 2019).

Given MMS's relative proximity to Earth (~ 25 RE), we verified that measurements reflect pristine solar wind by
comparing with ACE data at L1. To accomplish this, we leveraged data from the Advanced Composition Explorer
(ACE) mission, which is positioned upstream of Earth at the L1 point. Using the average solar wind speed from
MMS as shown in Table 1, we estimated the propagation delay from 1 AU (where MMS is located) to the L1 point
where ACE is situated. Based on the average distance between Earth and L1, along with the mean solar wind
speed (~400 km s~!: see Table 1) during the analyzed 7.5 hr interval, we estimated a propagation delay of
approximately 1 hr between L1 and 1 AU. Accordingly, we time shifted observations from ACE from 03:00—
10:30 UTC to align with MMS observations at 04:00-11:30 UTC. Doing so allowed for a comparison of the solar
wind speed, magnetic field structure, and ion density of the solar wind at both locations. However, because of the
complexities of solar wind propagation, this simple speed-based propagation was not intended to be exact — the
two spacecraft probably did not observe the same solar wind stream.

The top plot of Figure 1 shows the solar wind ion speed as recorded by the

Average Solar Wind Parameters (21 February 2019, 04:00:00— MMS and ACE spacecraft, the darker line representing MMS and the lighter

11:30:00 UTC)

one ACE. The solar wind is mostly slow and Alfvénic; V <400 km/s (Abbo

Parameter

et al., 2016; D’ Amicis & Bruno, 2015; Dasso et al., 2005; Duan et al., 2020;

Mean Magnetic Field (GSE)
Mean Ion Density

Mean Electron Density
Mean Ion Speed

Mean Electron Temperature
Mean Ion Temperature
Mean Ion Gyroradius

Mean Ion Inertial Length
Mean Thermal Speed

Value

Kilpua et al., 2016; Marsch et al., 1981) with no signatures of coronal mass
el ejection activity present observed during this interval. The second and third
12 cm™ plots show the associated magnetic field in GSE coordinates from MMS and
12.4 cm™ ACE respectively. In GSE, the Earth is at the origin, the X-axis points from
398.7 km/s Earth to the Sun, the Z-axis is aligned on the north pole of Earth's orbital plane
T =112eV and the Y-axis lies on the ecliptic and points in the opposite direction of
‘ . Earth's orbital motion around the Sun. In these plots, blue represents the X

T; =43.4¢eV
component, orange the Y component, green the Z component, and black the

p; = 112km total magnetic field.
d,‘ = 65.8 km

When comparing solar wind speeds at L1 and 1 AU, we observe few dis-

— 1
Vo =912 X 107 km/s crepancies. Similarly, when comparing magnetic fields, there are not any
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major structures visible in the MMS plot that are absent in the ACE plot. We observe a slight decrease (~10%) in
ion density from ACE to MMS. Unlike ACE, which was designed to observe the solar wind, MMS was only
recently optimized for such observations in 2017. During fast survey mode intervals, the FPI instrument onboard
MMS has been shown to observe lower ion densities than those observed by OMNI (Roberts et al., 2021). This
discrepancy may help explain the slight difference in measured ion densities. This gives us confidence that the
data within the chosen time frame are fairly representative of pristine solar wind conditions, mostly free from bow
shock connection.

To further illustrate MMS-1's location in relation to the Earth and the bow shock, we utilized 3DView, a web tool
designed by the French Plasma Physics Data Center (Génot et al., 2018). The top panel of Figure 2 shows the
location of MMS-1 in relation to Earth and the Fairfield bow shock model (Fairfield, 1971) looking at the XY
GSE plane. The bottom panel shows MMS-1 in relation to the Earth and bow shock in the ZY GSE plane. This
snapshot was taken at 11:30:00 when MMS-1 was closest to the bow shock — approximately 28.2 R,. Given that
this study was conducted on a geomagnetically quiet day, the Fairfield model is applicable and shows that MMS-1
was outside the bow shock.

During the course of the study, it was found that surveys conducted with the FGM instrument contained an
intrinsic noise floor that contaminates frequencies f > 0.5 Hz. To overcome this limitation, we selected intervals
of data where the power spectrum was high enough to dominate the noise.

2.3. Coordinate Transformation

In order to avoid including excess low frequency power from the spectra at the small scales that interest us, we
split the data set into 20-s intervals that each contain an equal number of data points. We selected 20-s intervals as
they are short enough to resolve dissipation scales while still providing sufficient data for statistical robustness. If
the total number of data points could not be evenly divided by the specified number of intervals, we calculated the
maximum number of full data points that could fit into each interval using integer division. We then determined
the total number of data points that this would cover and truncated the data set to include only this divisible
portion. This ensures that each 20-s interval contains the same number of data points. This was to be done for the
particle, magnetic field, and time series data. The field data are transformed into a matrix in Field-Aligned
Coordinates (FAC) to align fluctuations with the mean magnetic field. The transformation is as follows: The
mean-field aligned coordinate system (MFAC) is defined such that Z is aligned with the mean magnetic field (B)
direction, so that Xymc = Xgsg X Bg, Yyrac = By X By X Xgsg), and Zypac = By (Belcher &
Davis, 1971; Matthaeus et al., 1990). We hereafter drop the “MFAC” subscript.

Simultaneously, the average solar wind speed for the subinterval was calculated and stored. Since we selected
time intervals where MMS-1 was in the pristine solar wind without transients in speed, we felt that taking an
average solar wind speed was appropriate. Utilizing the average speed, we calculate the distance the solar wind
traveled within the time interval.

2.4. Correlation Analysis

Correlation functions have been widely used in the field of solar wind turbulence to investigate statistical
properties of turbulent fluctuations of key parameters such as velocity, density, and magnetic field strength
(Matthaeus et al., 1990). Two common tools for such analysis are the autocorrelation functions (ACF) and
second-order structure functions (SF), which offer complementary insights. The ACF measures how correlated a
signal is with itself at different lags, making it a direct probe of spatial or temporal coherence. However, it can be
sensitive to noise, especially at longer lags. In contrast, the SF quantifies the mean squared difference between
values at different lags, making it more robust to noise and better suited to capturing small-scale variability.
Because SF is often more convergent and less susceptible to statistical fluctuations, particularly in turbulent and
noisy intervals, deriving the ACF from the SF can yield a more stable and physically interpretable correlation
profile. This redundancy also serves as a valuable cross-check for consistency between methods.

In this analysis we employ both ACF and SF techniques to mean magnetic field data in MFAC. We use solar wind
speeds to convert temporal lags into spatial scales under the Taylor hypothesis for the correlation analysis (Dasso
et al., 2005; Taylor, 1938).
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Scene begin = 2019/02/21 04:00:00
Scene end = 2019/02/21 11:30:00
Scene time = 2019/02/21 11:30:00
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Figure 2. MMS-1's location relative to Earth and the Fairfield bow shock. The top panel is a top down in the XY GSE plane.
The bottom panel is a head-on view in the ZY GSE plane for the same time period. MMS-1 was on the dawn side,
approximately 28.2 R, from Earth.

We compute the ACF and SF for each magnetic field component in MFAC. The normalized forms (Equations 2
and 4) remove amplitude dependence, enabling comparison across intervals. The un-normalized ACF for the X
component is calculated by:
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where A; is the ACF at lag L, N represents the total number of data points, X,, is the mean-subtracted value of the X
component at position n, and X, , ; is the value at the lagged position n + L. The ACF constitutes the product of
X, and X, ; summed for N — L points.

The normalized ACF is given by:

N-L
N anl Xn 3 Xn+L

A =
norm,L N-—L Zn]\/:l Xﬁ

2

The denominator is the autocorrelation at zero lag, otherwise known as the variance. Employing the normalized
ACF removes the fluctuation level from the subsequent averages which can be desirable.

Similarly, the un-normalized SF is computed using Equation 3, where S is the second order structure function,
X(x) is the MFAC data, X(x + L) is the lagged data and () denotes the expectation value

SOL) = (X + L) = X(@)*). 3)
Likewise, the normalized SF is calculated by:

@ o (X&+D)-X@Y)

= 4
norm ( X(X)2> ( )

The normalized SF and the normalized ACF are related and can be derived starting with Equation 4. We begin

with expanding the numerator using the identity (a — b)* = a® + b* — 2ab:

(X(x+ L)) + (X(x)*) — 2(X(x + L)X(x))

@
(X))

norm (L) =

. )

Assuming the signal is stationary, we have (X(x)* ) = (X(x + L)*) = (X?), and the cross term (X(x + L)X(x))
becomes the autocovariance at lag L. Substituting gives:

2(X%y — 2(X(x + L)X(x))

S%)rm (L) = <X2>

(©)

We then simplify to obtain:

(XG4 DX()

&)

SO (L)=2-

norm

M

and then substitute Equation 2 into Equation 7 to express the normalized SF in terms of the normalized ACF:

S(Z) (L) = 2(1 - Anorm,L)? (8)

norm

which can be rearranged to express the normalized ACF as:

SA(L)
Anorm,L =1- 5 - (9)
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Figure 3. Normalized autocorrelation (blue) and structure functions (red) for X, Y, and Z MFAC components over a 20-s
interval on 21 February 2019, 04:02:20 UTC. The green line marks the 1/e correlation value and its intersection with the ACF
denotes the normalized correlation length. This holds for the corresponding correlation length for the SF. The compressional
component (Z) has the shortest correlation length, followed by transverse components (X, Y), indicating more dynamic
turbulence in the compressional direction. The dotted line represents the ACF reconstructed from the SF. In this specific 20-s
interval, the reconstructed ACF exhibits a longer correlation length for X and ¥ when compared to the directly

computed ACF.

Utilizing Equations 1-4, we calculate the ACF and SF's for each 20-s interval of time for each MFAC component
allowing us to compare correlation lengths across the entire time period. Equations 8 and 9 provide a consistency
check by allowing the ACF to be derived from the SF, and by improving reliability in noisy intervals. In all the
above formulas, Y and Z components can replace X to calculate their corresponding ACF and SF values.

3. Analysis and Results
3.1. Autocorrelation and Second-Order Structure Function Analysis

Figure 3 shows an example of a calculated normalized autocorrelation and structure function in mean field co-
ordinates over a 20-s interval. The green line represents the standard correlation length of 1/e; where the
normalized ACF decays from 1 at zero lag to 1/e. In the normalized SF plots, the green line marks the equivalent
correlation length, which corresponds to a value of approximately 1.26 (see Equation 8 and replace Aoy, ; With
1/e). The point where either the ACF or SF intersects the green line is the correlation length for a given com-
ponent's 20 s interval. In the top panel are the X components, followed by Y and Z in the middle and bottom panels,
respectively.

We chose to adopt the 10% cosine taper (Matthaeus & Goldstein, 1982) where the maximum spatial lag is
determined to be 10% of the total length of our data. Given that we are looking at sub-intervals of 20-s data, our
resultant maximum lag is 2 s. The data show that, in this interval, Z, the compressional component, has the
shortest correlation length, followed by X and Y. These finite correlation lengths on the order of 100's of kilo-
meters show that the correlation analysis is capable of observing small scale turbulence within the ion dissipation
range.

The normalized second order structure functions, nearly inversely mirror the behavior of the autocorrelation
functions during this interval. The Z, compressional component, has the shortest correlation length, followed by
the transverse components Y and X.

The normalized ACF reconstructed from the SF reflects the behavior of the SF; although the Z component has the
shortest correlation length, the ¥ component has a shorter correlation length (~684 km) than the X component
(~718 km)—opposite with what is observed in the directly computed ACF. While the X and Y components
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deviate more from the nominal ACF than the Z component in this case, this behavior is not consistent across other
20-s intervals. No single component of the reconstructed ACF consistently matches the directly computed ACF
across all time intervals.

Due to the normalized nature and the short time interval shown in Figure 3, we were able to reduce much of the
turbulent power level that would typically dominate the computed correlation function at larger scales and convert
it into the contributions to the local mean magnetic field. This enables us to use the cone angle for the 20-s interval
to explore the underlying geometry of the turbulent dissipation range.

In total, we performed an ACF and SF analysis on 1,350 non-overlapping, 20-s intervals. For each interval, the
resulting ACF and SF were summed and averaged across all intervals. Figure 4 shows the normalized average
autocorrelation function—our primary analysis method—alongside the normalized second-order structure
function and the SF-reconstructed ACF.

When looking at the average of the normalized ACF in Figure 4 we see correlation lengths in the X, Y and Z
components around ~ 750, ~690 and ~ 550 km respectively. These correlation lengths are on the order of what is
considered to be the ion dissipation range. We observe that the compressional component of the magnetic field
exhibits the shortest spatial correlation length, followed by the two transverse components. This suggests the
presence of enhanced dissipation processes in the compressional component, contributing to field aligned
anisotropy relative to the perpendicular components. Among the transverse components, the X component ex-
hibits a shorter correlation length than Y component over this 20-s interval, indicating anisotropy within the
perpendicular plane to the mean magnetic field.

The average normalized SF displays a similar, though inverted, behavior to the normalized ACF across all three
components, with slightly longer correlation lengths. As a result, the reconstructed ACF also displays longer
correlation lengths when compared to the directly computed normalized ACF for each component.

Next, we examine the dependence of ACF correlation lengths on the cone angle ®gy,. The cone angle (6gy) is
defined as the angle between the IMF (along Z MFAC) and the solar wind direction, such that 0° < @z, <90°. We
calculated the average @3y in each of the 1,350, 20-second intervals. The distribution of the resultant @y, values
can be seen in Figure 5.

In Figure 5, we can see that a majority of the intervals have an average @y, closer to 90° that exceeds the average
Parker Spiral angle measured in observations at 1 AU, ®gy > 45° (Svalgaard & Wilcox, 1974). While the overall
high ®py distribution in Figure 5 suggests that the ion foreshock likely has a limited contribution to our ob-
servations, magnetic connectivity to the bow shock is still expected given MMS-1's location near the shock. The
close proximity allows for reflected particles to reach the spacecraft. This effect may be even more pronounced
for the electron foreshock region which extends even further into space. That said, we expect that this contribution
will remain relatively low at high angles (@p, >45°).

3.2. Cone Angle Dependence

By utilizing high resolution data and short time intervals, we have demonstrated that correlation function analysis
yields finite correlation lengths, which are on the order expected of the ion-dissipation range. We wanted to
further explore how the cone angle shown in Figure 5 affected the observations during this interval. To this end,
we paired each ACF interval with its respective average ®py and dropped it into bins ranging from 0° to 90° with
10° increments. Once all respective intervals were placed into the appropriate bins, we then took the average of
each ACF within each bin and calculated the respective SEM for each lag value. Figure 6 depicts the average
correlated normalized ACF for all three components associated with its respective Oy .

The red line represents the standard normalized correlation length of 1/ that had been used in the prior
normalized ACF analysis above. The X component is represented by the blue line, Y is represented by the orange
line, and Z is represented by the green line. The legend displays the total number of samples within each angular
range, as well as the correlation lengths for cases where correlation is achieved within this spatial lag range. The
approximate correlation lengths were estimated by interpolating the points where the correlation function crossed
the 1/e threshold.

By separating the correlation functions into their respective angular bins and comparing the overall correlation
lengths we find that the correlation lengths associated with the compressional component continue to be shorter
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Figure 4. Average normalized autocorrelation (top) and structure functions (bottom) for X (blue), Y (orange), and Z (green)
MFAC over 7.5 hr. The respective dotted lines in the top plot represent the ACF reconstructed from the SF for X (blue dots), Y
(orange dots), and Z (green dots). The error bars represent the standard error of the mean (SEM), with closed dots
representing the normalized ACF SEM and the open dots representing the ACF reconstructed from the SF SEM. The red
dashed line marks the respective ACF and SF correlation length. The compressional component (Z) has a correlation length
at ~550 km, while transverse components (X, Y) have correlation lengths at ~750 km and ~700, indicating more dynamic
dissipative processes in the compressional direction at dissipation scales and anisotropy in the transverse components. The
reconstructed ACF displays longer correlation lengths overall when compared to the directly computed ACF.

than those in the transverse components across most cone angles. In addition, with the exception of the correlation
functions at the smallest angles (Figures 6a—6c¢), we observe the correlation lengths of the X component exceeding
those of the Y component. The X and Y correlation functions also exhibit a non-monotonic increase in their
separation as 6py increases from 30° to 90°.

It is important to note that due to the limited number of small angles in this selected time window, the correlation
functions at smaller angular bins exhibit larger standard errors of the mean. Specifically, Figures 6a—6c¢ contain an
order of magnitude fewer samples than the subsequent plots. Figure 6¢ in particular, appears anomalous, as the Z
component appears to have a longer correlation length than both transverse components—contrary to the trend
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Opy Distribution observed across the broader data set. We address these discrepancies in detail
% later in the paper and provide supporting evidence for our interpretation.
a Figure 7 depicts the reconstructed normalized ACF grouped by cone angle bins
& 401 in a similar manner to Figure 6. As seen with the previous figure, the SF-
g reconstructed ACF exhibit longer correlation lengths compared to those
Y 20 directly computed from the ACF. The trend observed in Figure 6 also persists;
3 in the high angle bins (30-90°), the compressional component (Z) displays the
S 201 shortest correlation lengths relative to the transverse components (X and Y).
3 Furthermore, the transverse components are not isotropic—Y consistently
g ® exhibits shorter correlation lengths than X across the high-angle bins.
= Alongside the analysis performed in Figures 6 and 7, we computed ideal
exponential fits for each angle averaged ACF and SF-reconstructed ACF to

Figure 5. This figure shows the average ®p, of each 20-s interval in the total
7.5 hr timeframe. We see that there is a skew toward higher ©py, bins in this
particular data set. Due to the location of MMS, ion foreshock interactions limit

20 40 60
Ogy in degrees

the amount of data collected from small angle bins.

80

compare the corresponding idealized correlation lengths with the ones
derived from the data. Table 2 summarizes the results corresponding to
Figures 6 and 7 and their associated fits. The first column lists the angular
range and the second column identifies the component analyzed. The third
column presents the 1/e correlation length (crossing point) derived from the
ACEF for both the data and model fit, along with their associated uncertainties.
The fourth column provides the same information for the SF reconstructed
ACF shown in Figure 7.

Uncertainties for the data-based crossings were calculated using linear interpolation between the two points on
either side of 1/e, and then the errors were propagated utilizing the SEM, while uncertainties for the model-based

crossings represent the standard deviation derived from the covariance matrix of the fit. Asterisks (*) denote

values obtained through extrapolation.
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Figure 6. Averaged normalized autocorrelation functions grouped by average (®py) in ascending order: (a) 0°-10°, (b) 10°-20°, (c) 20°-30°, (d) 30°-40°, (e) 40°-50°,
(f) 50°-60°, (g) 60°-70°, (h) 70°-80°, (i) 80°-90°. Blue, orange, and green lines represent X, ¥, and Z MFAC components, respectively; the dashed red line marks the 1/e
correlation length. Error bars show the standard error of the mean. The legend also indicates the number of samples in each angular range, along with the correlation
lengths where they are defined in this lag range. The compressional component (Z) consistently exhibits shorter correlation lengths than transverse components (X, Y)
across most angular ranges, indicating more dynamic fluctuations in the compressional direction. The departure between X and Y appears to increase with increasing @y

between 30° and 90°.
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Figure 7. Normalized SF reconstructed ACF grouped by @3y, bins for X (blue), Y (orange), and Z (green) MFAC components in ascending order: (a) 0°-10°, (b) 10°-20°,
(c) 20°=30°, (d) 30°-40°, (e) 40°-50°, (f) 50°-60°, (g) 60°-70°, (h) 70°-80°, (i) 80°-90°. The red dashed line marks the 1/e correlation length. Error bars represent the
standard error of the mean. The legend also indicates the number of samples in each angular range, along with the correlation lengths where they are defined in this lag
range. The compressional component (Z) continues to display shorter correlation lengths than the transverse components (X, Y) across most angular ranges. Compared
to the directly computed ACFs shown in Figure 6, the correlation lengths derived by the reconstructed ACF are generally longer.

The first three rows are highlighted in gray to indicate reduced reliability due to the limited data within those
small-angle bins; these values should be interpreted with caution. Looking to the higher-angle bins (30-90°), a
consistent trend is observed: The Z component (compressional) exhibits the shortest correlation length in both the
raw data and fits model, followed by the Y component, and then the X component. The largest difference between
X and Y correlation lengths is found in the 80° to 90° bin when MMS-1 samples fluctuations nearly perpendicular
to By. This ordering also holds in the correlation lengths associated with the SF-reconstructed ACF. Across all
components, the reconstructed ACF consistently shows longer correlation lengths than those obtained from the
direct ACF calculations. The results from Table 2 can be visualized in Figure 8.

Figure 8 presents the correlation lengths derived from both the directly computed ACF and the SF-reconstructed
ACEF, plotted as a function of @y . In this visualization of the correlation lengths from Figures 6 and 7 along with
Table 2, the results are separated by component: X (blue), ¥ (orange), and Z (green). The plots differentiates
between values obtained directly from the data and those obtained from model fits, as well as the two ACF
analysis—the raw ACF from Figure 6 and the SF-reconstructed ACF from Figure 7.

To aid visual interpretation, different marker styles are used. ACF data points are denoted by X’s, ACF fits by
circles; SF-reconstructed ACF data by stars, and their corresponding fits by squares. A solid black line is
included to represent the expected behavior of pure 2D turbulence, where the correlation length varies as
sin~! @y, while a dotted black line represents the expected behavior of pure slab turbulence, with the correlation
length varying as cos ™! .. The two curves are placed to intersect each other at a lag value of 650 km in the 60°
to 70° bin where the data most closely resembles the behavior of the inverse sine (pure 2D turbulence) and inverse
cosine (pure 1D turbulence) reference lines. Data for X and Y in Figure § at large angles (30-90°) exhibits a
similar, but weaker dependence on 8, compared to the sin ™' 8, scaling expected for pure 2D turbulence. Data
for Z is less clear with regard to its dependence on sin~! @y, in this same range. At the same time, there is little to
no dependence on 8, compared to the cos ™! 8y scaling expected for pure slab turbulence. This suggests that 2D
turbulence is dominant, while there also exists a small contribution from slab-like turbulence. To quantify our
results, we created a mixed best fit model — denoted by the black dotted line, that combines the inverse sine and
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Table 2
Summary of ACF and Reconstructed SF-ACF Correlation Lengths
Oy Component ACF CL [Data — Fit](km) SF-ACF CL [Data — Fit](km)
(0, 10) X 1,242*% + 2 x 10! 1,589*% +2 x 10!

Y 1,828% +6 x 10! 2,227%+7 x 10!

Z 1,122% +1 x 10! 1,300% £2 x 10!
(10, 20) X 1,448% +2 x 10! 1,966 +£3 x 10!

Y 1,769% £2 x 10! 2,221% +3 x 10!

Z 1,357 £ 6 1,622% +1 x 10!
(20, 30) X 732%+2 x 10! 848* +2 x 10!

Y 904% +1 x 10! 1,105% £2 x 10!

7 1,034* £ 5 1,221*+ 6
(30, 40) X 848+ £ 7 998* £ 8

Y 820 £ 6 960* £ 6

z 447 +4 x 10" — 444+ 8 497 +6 x 10" — 491 =1 x 10!
(40, 50) X 801*+£9 900* £ 8

Y 706 +2 x 10! — 714+6 809* £5

z 579+3 x 10! — 532+1 x 10! 662+3 x 10! — 592+1 x 10!
(50, 60) X T77* £5 882*% +4

Y 729+2 x 10" — 7083 814%+6

z 5912 x 10! — 5202 x 10! 676 £4 x 10! — 5712 x 10!
(60, 70) X 6732 x 10! — 693 +38 755+3 x 10! — 785+7

Y 619+2 x 10! — 605+3 70243 x 10" — 680 +4

z 5342 x 10! — 475+2 x 10! 6063 x 10! — 524+2 x 10!
(70, 80) X 732+£2 x 100 — 764 +38 856* £ 7

Y 710£3 x 10! — 665+7 752%+ 1 x 10!

Z 507 £4 x 10! — 468 +2 x 10! 588+3 x 10! — 5102 x 10!
(80, 90) X 929* £ 6 1,038* + 6

Y 727+4 x 10! — 6788 745% + 1 x 10!

4

563+4 x 10! — 511+1 x 10!

639+4 x 100 — 560+2 x 10!

cosine dependencies. Using a non-linear regression model, we determined the relative contributions of each of the
components to the line of best fit. We determined that the fit with the highest R? value (R2 =0. 645) consisted of
95.4% inverse sine and 4.6% inverse cosine contributions.

To understand the discrepancies observed in small angles in Figures 6 and 7 and Table 2, we created a series of
plots showing the correlation value as a function of time. We selected a spatial lag value of 400 km to base these
graphs on since it represented the midpoint in most of the previous correlation plots. These plots helped to identify
potential patterns in the data that may indicate the presence of back-streaming particles and their associated wave
activity that are likely resulting from being magnetically well connected to the shock at small cone angles.

Figure 9 presents these correlation value versus time plots across the X, Y, and Z axes. The dots in the plot are
color-coded to represent specific angular ranges. Cyan dots represent the angular range from 0° <@gy, <10°, red
dots 10° <Opy <20°, green dots 20° <Oy <30°, orange dots 30° < Opy <40°, purple dots 40° <Opy <50°,
blue dots 50° <@gy <60° brown dots 60° <Oz, <70° magenta dots 70° <Oy, <80° and gold dots
80° <@z <90°. We observe two clusters of small angles, (0°—30°) between 09:30-10:00 and 10:30-10:50
UTC. This could suggest periods of aligned magnetic field and solar wind velocity. Additionally, there are no
large-scale structures evident in Figure 9, indicating that turbulence dominates the overall dynamics.
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ACF and SF-ACF Correlation Lengths vs. Average Ogy
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Figure 8. Correlation lengths derived from both the raw ACF and the SF-reconstructed ACF are plotted against the average
®py. The plot is divided by component: X (blue), Y (orange), and Z (green). It distinguishes between data and model fits, as
well as correlation lengths obtained from the directly computed ACF (Figure 6), and the SF-reconstructed ACF (Figure 7).
Symbols denote the source and method: ACF data are marked with X’s, ACF fits with circles; SF-reconstructed ACF data are
shown as stars, and SF-reconstructed ACF fits as squares. Pure 2D turbulence would have correlation lengths vary as

sin~! @y, which is represented by the solid black line. Pure slab turbulence would have correlation lengths vary as cos ™! 8y,
which is represented by the dotted black line. The curves are positioned so as to intersect each other at a lag of 650 km in the 60°
to 70° bin. The correlation functions tend to follow the solid black line which suggests the dominance of 2D turbulence. This is
further supported with the inclusion of a best fit line denoted by the blacked dashed line. Using a non-linear regression model,
we were able to determine the approximate contributions from the inverse sine and cosine functions to the curve fit. We found
that the best fit line was comprised of 95.4% inverse sine and 4.6% inverse cosine contributions.

3.3. Energetic Particle Analysis

Although no clear pattern emerges in the distribution of correlation values across angles over time, there is a
distinct clustering of small angle data points between 09:45 and 10:00 UTC and then again between 10:30 and
10:50 UTC. These periods coincide with energy spikes in the EIS, Energy-by-Time of Flight (ExXTOF) proton
energy spectra, seen in Figure 10. The study did not utilize the Pulse Height-by-Time of Flight (PHXxTOF) flux
due to sunlight-induced contamination resulting from the spacecraft's tilt during the 2019 solar wind turbulence
campaign.

The top plot in Figure 10 depicts the EXTOF proton energy from 50 to 200 keV with its associated flux in units of
em2 sr! 57! keV ™. The bottom plot is the EXTOF proton pitch angle distribution (PAD) in the 50 keV channel
with angle in units of degrees on the Y-axis and proton flux in units of cm™2 sr~' s~! keV~!. The clustering of
small cone angles seen in Figure 9, coupled with the spikes in proton energy over the same time periods and the
large variations in proton PAD (09:45-10:00 UTC and 10:30-10:50 UTC) in Figure 10 suggest a period of strong
magnetic connectivity to the bow shock. This likely facilitates the presence of back-streaming particles and their
associated wave activity which we observe in Figure 11.

In Figure 11, the magnetic time series for these two intervals reveals additional signatures supporting this
interpretation. The top panel (09:45-10:00 UTC) exhibits clear sinusoidal oscillations, indicative of wave ac-
tivity, while possible magnetic field discontinuities are present in the bottom panel (10:30-10:50 UTC). The
presence of energetic particles, along with magnetic field oscillations suggest that energetic particles may
originate from foreshock transients that modify the turbulent cascade (Weygand et al., 2009), such as hot flow
anomalies (Paschmann et al., 1988; Schwartz, 1995; Thomas et al., 1991) and are not intrinsic to the solar wind
dynamics.
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Figure 9. Correlation values of the normalized autocorrelation function at a 400 km spatial lag for X, Y, and Z MFAC
components, colored by cone angle ranges (cyan: 0° <@gy, < 10°, red: 10° <@py <20°, green: 20° <BOpy <30°, orange:
30° < Bpy <40°, purple: 40° <Bpy <50°, blue: 50° <Bpy <60°, brown: 60° < Op, <70° magenta: 70° <Opy < 80°, gold:
80° <@gy <90°). Clustering of small angles (0°—30°) occurs between 09:30-10:00 and 10:30-10:50 UTC, suggesting periods
of aligned magnetic field and solar wind velocity. No large-scale structures are evident, indicating turbulence dominates the
dynamics.
Outside of these intervals, no significant anomalies are observed. This supports the conclusion that the majority of
observed fluctuations can be attributed to small-scale turbulence as opposed to large-scale phase-coherent
structures driven by outside processes such as bow-shock interactions.
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Figure 10. Solar wind ion energies on 21 February 2019, 04:00:00-11:30:00 UTC, from MMS-1. Top: ExXTOF proton
energies (keV) and flux (cm™2 sr™! s™! keV™') Bottom: EXTOF pitch angle distributions (PAD) (degrees) and proton flux

(cm‘2 sl sl keV_l) . Tons are at background energies with the exception of intervals of time 09:45-10:00 UTC and 10:30-

10:50 UTC. Energy spikes along with the PAD aligning with clustering of small angles in Figure 9 could suggest a connection to
the bowshock.

4. Discussion

Our findings confirm that dissipation-scale turbulence is highly anisotropic, with shorter correlation lengths in the
compressional component (Z) than transverse components (X, Y). This may reflect enhanced damping of
compressional waves at small scales (Alexandrova et al., 2013). The dependence on cone angle suggests that
turbulence is more pronounced when the magnetic field is perpendicular to the solar wind flow, consistent with
quasi-2D turbulence models (Cho & Vishniac, 2000; Dasso et al., 2005; Matthaeus et al., 1996, 1998; Oughton
et al., 1994; Shebalin et al., 1983; Vasquez et al., 2014).

Bieber et al. (1996) modeled turbulence as the potential combination of axisymmetric slab turbulence and
axisymmetric 2D turbulence. The turbulence in the present analysis cannot be pure axisymmetric slab turbulence
(a) because correlation lengths in X and Y differ and (b) there is a significant 6B, component. The 2D turbulence
can have a B, component. Due to the divergence-free constraint, Bieber et al. (1996) showed that the spectral
power in the X and Y components would differ when measured by a single spacecraft for both 2D turbulence and a
mixture of slab and 2D turbulence. This difference possibly extends to correlation lengths in X and Y. A pure 2D
turbulence would have the correlation lengths vary as sin~! @p,,. The actual variation in the data is weaker for
correlation lengths in X and Y but relatively consistent with a predominance of energy in 2D turbulence as
compared to slab turbulence. Moreover, the difference in correlation functions and lengths between X and Y
appear to increase with increasing 6y and are largest when gy is near 90°. This again indicates that 2D tur-
bulence is more prevalent than slab turbulence.

These results advance our understanding of energy dissipation in the solar wind and have implications for heating
and particle acceleration. The dissipation processes operate in the solar wind appear to damp out selectively the
compressive fluctuations associated with the fluctuating parallel magnetic field because the Z component has a
smaller correlation length than the X and Y components. This points to the presence of collisionless Landau and
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Figure 11. This set of time series plots for the two intervals of interest on 21 February 2019: 09:45-10:00 UTC (top plot) and
10:30-10:50 UTC (bottom plot). Sinusoidal activity is present in the top plot, indicating the presence of wave activity. The
bottom plot shows signs of magnetic discontinuities, which could be associated with transient structures such as hot flow
anomalies.

transient time damping (Barnes, 1966; TenBarge et al., 2013). The prevalence of 2D turbulence is consistent with
a turbulent energy cascade that is most intense in the perpendicular direction with respect to By, as numerical
simulations have long indicated. Most of the energy in the 2D turbulence is associated with the X and Y com-
ponents, and so even more significant kinetic processes must exist to dissipate this part of the fluctuation energy.
Such processes might be associated with the demagnetization of ions on scales of the ion gyroradius (Bourouaine
& Chandran, 2013; Vasquez, 2015). Effective acceleration of energetic particles comes mainly from slab
turbulence-particle interactions. The reduced presence of slab like fluctuations in the solar wind has long been
considered as the explanation for the long mean-free paths of energetic particles (Bieber et al., 1996).

5. Conclusions

Using MMS data and a modified correlation function analysis, we demonstrated that solar wind turbulence at
dissipation scales has correlation lengths over short spatial scales (~100-1,000 km), with shorter correlation
lengths in the compressional component compared to the transverse components. We also observe anisotropy in
the transverse components, especially at larger cone angles. These findings highlight the anisotropic nature of
dissipation-scale turbulence and its dependence on solar wind conditions. Limitations include the single 7.5 hr
time interval analyzed and the FGM's noise floor at high frequencies. Future work should explore additional data
sets and incorporate multi-spacecraft correlations to further resolve sub-ion and electron-scale dynamics.

Using data from the MMS solar wind turbulence campaign, we used a period of time when the spacecraft was
outside of Earth's bow shock, mostly free from waves and structures associated with the ion and electron fore-
shock regions, where the spectral power was sufficient to surpass the FGM's inherent noise level. This allowed us
to divide the larger time period into smaller segments, effectively minimizing the influence of excess power from
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the lower frequency energy spectra. Subsequently, we applied correlation function analysis, supplemented by
second-order structure function analysis, to investigate turbulence on scales of hundreds of kilometers, placing the
observations in the ion dissipation range.

When averaged over all 20-s intervals, the parallel fluctuating magnetic field component Z had a shorter cor-
relation length than the perpendicular fluctuating components X and Y. As the fluctuating Z component is
associated with compressions, the shorter Z correlation length could indicate a greater preponderance of dissi-
pation associated with those compressions. The correlation lengths of X and Y differed such that X was longer than
Y. These trends also exist as a function of cone angle 65y, >30° where sufficient intervals were available for
analysis. The behavior of the X and Y correlation functions and lengths with gy, are consistent with an energy
dominant 2D turbulence. At 03 < 30°, few intervals were found, and high-energy proton data showed that there
was often a magnetic field connection with the bow shock. No energetic protons were found for larger 0y in the
vast majority of the data analyzed.

While this study has provided valuable insights into solar wind turbulence at dissipation scales, its reliance on
single-spacecraft data imposed significant limitations, particularly in resolving fluctuations at small angles
relative to the mean magnetic field. The modified correlation function analysis used proved effective within these
constraints, but lacked the spatial resolution required to fully capture the three-dimensional (3D) structure of
turbulence.

We hypothesize that applying this modified correlation function analysis in conjunction with multi-spacecraft
observations (i.e. MMS 2, 3, and 4), would address these limitations by enabling the sampling of the full 3D
turbulent structure—without resorting to times of radial magnetic field when the data is contaminated by waves
excited by upstream particles. Such an approach would provide a more complete characterization of the turbulent
anisotropy and nature of wave-particle interactions in the solar wind.
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