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Abstract: Solar wind is known to have different properties depending on its origin at the Sun. In
addition to the differences in plasma and magnetic field parameters, these streams differ due to the
properties of turbulent fluctuations involved in the flow. The present study addresses the changes in
the turbulence properties in the magnetosheath—the transition region in front of the magnetosphere.
This study is based on statistics from the simultaneous measurements of magnetic field fluctuations
in the solar wind and in the magnetosheath. Both the dayside and flank magnetosheath regions are
focused on to detect the evolution of the turbulent fluctuations during their flow around the magne-
tosphere. Turbulent cascade is shown to save its properties for fast solar wind streams. Conditions
favorable for the preservation of the turbulence properties at the bow shock may correspond to the
increased geoefficiency of large-scale solar wind structures.

Keywords: solar—terrestrial relations; space plasma; turbulence; solar wind; magnetosheath

1. Introduction

Solar wind (SW) originating at different solar sources has different effects on the
magnetosphere. Various large-scale interplanetary phenomena may be distinguished by
different kinetic and magnetic energy, deviations in the interplanetary magnetic field
(IMF) vector from the ecliptic plane, and the SW speed. While the increased geoefficiency
of the disturbed SW streams (interplanetary coronal mass ejections (ICMEs) including
compressed regions (Sheath) ahead, corotating interaction regions (CIRs)) are generally
known [1-6], the most significant factors and direct processes that underlie the difference
in the magnetosphere response are still debated.

Exploration of the SW effects on the magnetosphere is usually prepared with the
help of statistics from the SW measurements [5-8]. However, there is a magnetosheath
(MSH) in front of the magnetopause that modifies the SW and IMF parameters substantially.
Plasma becomes heated, decelerated, and compressed at the bow shock (BS)—the outer
boundary of the MSH. Plasma and magnetic field downstream of the BS exhibit a high
level of fluctuations in a wide range of scales, including ion and sub-ion scales. A zoo of
instabilities, ion- and sub-ion-scale structures are the main sources of the MSH fluctuations,
and consequently these fluctuations cannot be reproduced by MHD descriptions of the flow
around the magnetosphere [9,10]. Also, high-speed jets may be found in the MSH, which
can directly hit the magnetopause [11,12]. Small-scale plasma structures may be modified
in the MSH [13] and the parameters in front of the magnetopause (including important
magnetospheric drivers) may differ substantially from those observed in the L1 [14]. The
sign of the B, IMF component may be changed in the MSH [15,16], including periods
of large-scale SW disturbances [17]. Periods of low Mach number SW flows (attributed
typically to the ICMEs) result in additional kinetic-scale effects in the boundary layers
of the magnetopause [4]. Thus, neglecting the MSH processes may result in the reduced
predictability of the SW effect on the magnetosphere.

Universe 2024, 10, 194. https:/ /doi.org/10.3390/universe10050194

https:/ /www.mdpi.com/journal/universe


https://doi.org/10.3390/universe10050194
https://doi.org/10.3390/universe10050194
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0002-1366-3052
https://orcid.org/0000-0003-1149-482X
https://doi.org/10.3390/universe10050194
https://www.mdpi.com/journal/universe
https://www.mdpi.com/article/10.3390/universe10050194?type=check_update&version=1

Universe 2024, 10, 194

2 of 15

In the SW and in the MSH, variations in the parameters may be analyzed in a frame-
work of turbulence. Turbulent fluctuations form the cascade that spans over a wide range
of scales. This cascade is typically observed as a spectrum of the fluctuations that can be
described by power laws with power exponents (slopes) varying in different ranges of
scales (see [18-20] for theory and detailed reviews of the study of turbulent fluctuations in
the near-Earth plasma). The properties of turbulent fluctuations can be analyzed as a proxy
for the leading processes at different scales. Typically, in the undisturbed SW, the frequency
spectrum of turbulent fluctuations follows the f~! power law at the scales above ~10° km,
then breaks and follows the f~5/3 law up to the ion scales (inertial range or MHD scales).
At the ion scales (around proton gyroradius or proton inertial length), the spectrum breaks
and transition to ion kinetic scales occurs. At smaller scales, the energy dissipation and
heating of particles is supposed to take place. The spectrum at the kinetic scales typically
follows the f~* power law with « varying from —4 to —2.

A large network of spacecraft measurements in the SW and MSH show changes in the
turbulence properties at the BS and in the dayside MSH. Generally, at the MHD scales, the
£75/3 scaling of the magnetic field and ion flux/density fluctuations ruins at the BS and
tends to restore closer to the magnetopause and at the flanks [21-24]. Statistical studies
in the MSH reveal that at the kinetic scales, spectra generally do not deviate from those
that occurred in the SW [21,23]. However, the direct comparison of spectra upstream and
downstream of the BS demonstrates the steepening of spectra at the BS, particularly during
the disturbed SW periods [24]. Moreover, sometimes, f~3/3 scaling in the inertial range
may be found downstream of the BS [25]. Turbulence properties differ behind the quasi-
perpendicular and quasi-parallel BS as well [26-30]. Thus, the picture of the modification
of turbulence properties during plasma propagation from the SW to the magnetopause is
still unclear.

The most dramatic changes in the turbulence properties behind the BS are observed
for the disturbed SW flows associated with ICMEs and CIRs [24]. Moreover, there are
differences in the way of turbulence development when plasma moves away from the
BS. The different effect on the magnetosphere by various SW streams together with the
suggestion of different ways of turbulence development in the MSH for these streams
underlines the contribution of the MSH turbulence to the SW—-magnetosphere coupling.
Thus, the way of turbulence development in the MSH should be clarified for different
types of SW. The present study focuses on this topic and presents the first statistical results.
This study is based on the comparison of the simultaneous observation of the turbulence
properties on two spacecraft—in the SW in an orbit around Lagrangian L1 point (Wind) and
in different regions inside the MSH (THEMIS), including the dayside and flank MSH. Cases
of quasi-perpendicular BS are considered to avoid the additional effects of the BS properties
and mixing of the results. The methods of data selection and processing are described
in Section 2, the statistical results are presented in Section 3, discussed in Section 4, and
summarized in Section 5.

2. Materials and Methods
2.1. Magnetosheath Crossings Selection

THEMIS [31] measurements in the MSH are considered during the years 2008 and 2014.
The periods correspond to solar minimum and maximum that guarantees the variability
of the background SW conditions. THEMIS mission includes 5 spacecraft with orbits
organized differently during the considered periods. Data of all 5 spacecraft were analyzed
manually to detect the MSH crossings. The selection criteria for the crossing were used
as follows: (1) the interval duration was larger than 1.5 h and (2) fast magnetic field
measurements were available. If spacecraft were located close to each other (1 Rg or less),
data from one of the spacecraft were chosen based on data quality. Altogether, we managed
to collect 274 crossings with a duration ranging from 1.5 to 11 h and total duration of 800 h.
We used ESA plasma measurements [32] with 3—4 s sampling and FGM data [33] with
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0.25 s sampling. Data were downloaded from https://cdaweb.gsfc.nasa.gov/ (accessed on
1 December 2023) database.

To analyze the dynamics of the turbulence properties, the MSH crossings were cut into
intervals of 68 min duration with 34 min sliding window. The duration of intervals must
provide a large enough number of data points for the calculation of a fluctuation spectrum
and stability of background conditions. Time intervals of 68 min duration were chosen
to meet these conditions. The intervals’ overlap guarantees that all the structures during
the MSH crossing would be included in the statistical analysis. Altogether, 1087 intervals
were collected.

Each of the analyzed intervals was attributed to the SW type according to the cata-
log [34] (available online http://iki.rssi.ru/pub/omni/catalog/ (accessed on 1 December
2023)). The catalog is based on the OMNI database, which refers to the SW data shifted
to the BS nose; hence, no time shift is required in this case. Figure 1 presents the loca-
tion of THEMIS spacecraft during each interval, colored according to the SW type. The
statistics include the following: slow undisturbed SW (“Slow”)—41% of cases, corotating
interaction regions ahead of high-speed streams from coronal holes (“CIR”)—15% of cases,
ICME—16% of cases, fast SW (“Fast”)—14% of cases, and regions associated with the helio-
spheric current sheet (“HCS”)—7%. For 7% of cases, the SW type cannot be attributed to
the interval, as the start time of a large-scale phenomenon lies in the middle of the interval.
Compressed regions ahead of the ICMEs (“Sheath”) are not covered by the statistics. Also,
the ICME statistics include both ICMEs with and without Sheath regions ahead.

® Sow ® ICME @ CIR ® Fast ® HCS

1 dayside I Flank
40IMSH MSH

20 10 0 -10 -20 -30 -40 -50 -60
XGSE’ RE
Figure 1. THEMIS positions during MSH crossings and corresponding SW types.

As shown in Figure 1, the statistics can be divided into two parts—the dayside MSH
(Xgse > —10 Rg) and the flank MSH (Xgsg = <—10 Rg). Note, this classification is arbitrary
and not commonly used as typically turbulence is not considered in the tailward regions.
In the analyzed statistics, 35% of cases refer to the flank MSH and the other 65% of cases
refer to the dayside MSH. Except for the HCS, all the considered SW types are represented
both in the dayside and flank MSH.

To check the configuration of the BS for each interval, the 8y angle was calculated.
The calculation procedure is described in detail in the paper by Shevyrev and Zastenker [35].
The MSH spacecraft position was traced upstream to the BS along the flow lines determined
by the gasdynamic model [36]. Then, time-shifted Wind data were used to calculate an angle
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between the IMF and a local normal to the BS in this point. Intervals with Ogy < 45° were
eliminated from the statistics. Note, such a method of separation between quasi-parallel and
quasi-perpendicular BS has inaccuracies that come from (1) the use of modeled positions of
the BS together with MHD/HD models of flow lines behind the BS and (2) errors in the
calculation of a time lag from the SW spacecraft to the BS. However, alternative methods
based on in situ properties [37,38] require large statistics to provide the correct thresholds
for separation for various SW conditions and various positions inside the MSH. For the
purposes of the present study, the determination of a time lag of plasma propagation from
Wind to the BS with ~10 min accuracy (see [39] for detailed comparison of the common
methods) is enough as the turbulence properties are considered on ~1 h intervals. Also,
the effects of the quasi-parallel BS can sometimes be found for 45° < 0gyn < 60° [37]. The
present study does not account for these effects and uses the common formal criteria of
OpN > 45° to determine the quasi-perpendicular BS cases.

2.2. Calculating a Time Lag between the Solar Wind and Magnetosheath Dataset

For each MSH crossing by the THEMIS spacecraft, the corresponding time period of the
SW measurements was analyzed. Measurements for the SW were performed by the Wind
spacecraft. SWE instrument [40] plasma measurements were used with 92 s time resolution
and MFI [41] magnetic field measurements were used with 0.092 s time resolution.

To determine the plasma propagation time between the spacecraft, the Wind time
series were shifted by Tp = dXgsg/<V>, where dXcgg is the difference in the Xggg coor-
dinates of the Wind and THEMIS spacecraft and <V> was the mean SW speed during
the MSH crossing. TO gave the first approximation of the shift, which did not account
for the plasma deceleration in the MSH and for differences in the structure speeds. Then,
correlation analysis was adopted to specify the propagation time. The THEMIS density
time profile was interpolated to have a similar sampling with the Wind density time profile.
Correlation coefficient R was calculated between the SW and the MSH time series of density
measurements for shifts T varied from Ty — 40 min to Ty + 40 min. Time shift T, which
corresponded to the maximum of the correlation function R(T), was chosen as the required
propagation time. All the propagation times were visually inspected. Correlation analysis
provided a good matching of the plasma structures on the two spacecraft for 50% of cases.
The other cases referred to either the absence of the plasma structures for matching or
recurring structures, which made the time lag determination controversial. For such cases,
the time lag was corrected manually to provide the best correspondence between time
profiles on the two spacecraft. Typical errors in the time lag estimation (due to difference in
speed of different structures) are ~10 min. As further spectral analysis operates with ~1 h
time intervals, the errors of the time lags do not influence the results. The problems of the
method are discussed in more detail in [24].

Figure 2 presents an example of the considered MSH crossing by the THEMIS-C
spacecraft on 15 October 2008. THEMIS-C was located at {7; —14; —5} Rg in the dayside
MSH, Wind was located at {209; 93; —3} Rg in the SW in an orbit around L1 point. Panel
(Figure 2a) presents density measurements by THEMIS-C (black line) and by Wind (red line).
Panels (Figure 2b) and (Figure 3c) show the magnetic field components and magnitude in
the SW and MSH], respectively. The SW time series were shifted by 3660 s, which gave the
maximum correlation between the SW and MSH density profiles R = 0.5. THEMIS-C was
scanning the MSH and entered the magnetosphere at 17:00. High-resolution magnetometer
data were absent before 14:30 (as shown in Figure 2c), and the interval 14:30-17:00 was
chosen for the analysis (marked by the grey shadow in Figure 2). The interval exhibits good
correspondence between the SW and MSH structures both for the plasma and magnetic
field components despite the large separation along the Yggg axis—~107 Rg. Note, the
intervals that exhibited no visual correspondence were eliminated from the study.
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Figure 2. Example of the case on 15 October 2008: (a) ion density in the SW (red line) and in the MSH
(black line); (b) IMF magnitude and components measured by Wind; (c) magnetic field components
and magnitude measured by THEMIS-C in the MSH, the SW data are shifted in time by 3660 s;
(d) magnetic field fluctuation spectra registered in the SW (red line) and in the MSH (black line).

After assuring observation of the same plasma by the two spacecraft, the interval of
the crossing was cut into shorter 68 min intervals for spectral analysis. The duration of the
time interval was chosen to include the number of data points that can be presented in a
form N = 2M to fulfill the requirements of further Fourier analysis. The time resolutions
of the magnetometers on board the Wind and THEMIS spacecraft were different, which
resulted in a different duration of intervals for upstream and downstream regions. For
Wind, the intervals had a 50 min duration and were chosen in such a way that the centers
of the SW and MSH intervals matched. Black and red dashed vertical lines in Figure 2a—c
show an example of the analyzed intervals for THEMIS-C and Wind, respectively.

2.3. Spectral Analysis

The present study adopts Fourier transform to obtain the properties of a spectrum of
turbulent fluctuations. The calculated spectra were smoothed in the frequency space with
the Hamming window. An example of the resulting spectra is presented in Figure 2d. The
red line corresponds to the spectrum in the SW and the black line refers to the spectrum in
the MSH. Vertical arrows denote plasma characteristic scales for each spacecraft, defined as
Fc = eB/mc (e, m are proton charge and mass, B is mean magnetic field, c is the speed of
light), F =V/2nL, L = ¢/ wp, wyp = (4rme?/ m)!/2 (V is mean plasma bulk speed, L is proton
inertial length, wy, is proton plasma frequency, n is mean proton density), Fg = V/2nR,
R = V;/27F; (R is proton thermal gyroradius, V; is the most probable proton thermal
speed). These scales are typically associated with the break frequency and are attributed to
the processes that underlie energy dissipation. However, the position of the break is still
debated [42—45] and is out of the scope of the present paper.

Each spectrum was approximated with the help of automatic routine in log(frequency)-
log(power) space. Firstly, the linear approximation was performed at the frequency ranges
0.01-0.1 Hz and min(F,)-Fmax/2. Here, F, is one of the characteristic frequencies F,
Fp, and FRr. Frax is the maximum frequency of the spectrum, determined by the Nyquist
frequency. Secondly, the edges of the frequency ranges were changed (both enlarged
and narrowed (where possible) by 10 points), and approximation was performed for the
modified ranges. Final approximation was chosen to correspond to the minimum of the
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approximation errors. Each final approximation was checked visually and recalculated in
case of bad correspondence to the observed spectrum.

Note that the wide bump typically presents in a dayside MSH spectrum at the scales
around the break (see the black spectrum in Figure 2d). For ~20% of spectra in the dayside
MSH], this bump makes the approximation at the MHD scales impossible. Also, the Wind
MFI instrument provides measurements with a high level of noises at frequencies exceeding
0.7 Hz, which results in the flattening of the kinetic-scale part of a spectrum [45]. Visual
control of the approximation procedure allows us to avoid errors due to noise without
making strong restrictions on the signal to noise ratio. This approach works well when the
statistics are not too large for visual checking. In the present study, for 8% of the spectra
obtained from Wind, the approximation cannot be performed at the kinetic scales.

As shown in Figure 2d, in the SW, the spectrum follows the f~18£01 power law at
the MHD scales and f~2%9005 power law at the kinetic scales. The values of the scaling
exponents (slopes) correspond to those observed typically in the undisturbed SW [46-48]
and described by the models [49,50]. In the dayside MSH, the spectrum power increases,
and spectral slopes change. At the MHD scales, the spectrum is characterized by the
—1.2 £ 0.1 spectral exponent, which deviates from the simultaneous SW observations
and from the Kolmogorov —5/3 scaling predicted by the theories of the developed tur-
bulence [51]. At the transition scales, the bump occurs at frequencies close to Fr and Fc
(see arrows in Figure 2d). At the kinetic scales, the spectrum is characterized by the slope
—2.7 £ 0.1, i.e., the spectrum is somewhat steeper than the corresponding spectrum in the SW.

An example of the plasma tracking in the SW and at the MSH flank and the correspond-
ing spectra is presented in Figure 3 (the format is similar to Figure 2). Wind was located
at {237; 85; 8} Rg, THEMIS-C was located at {—52; 32; —5} Rg. Figure 3a—c demonstrate
good correspondence between the spacecraft pair measurements both in the plasma and
magnetic field time profiles despite the large separation. Figure 3d shows the comparison
of the registered spectra. Both spectra exhibit a similar power of fluctuations and similar
scaling both at the MHD and at the kinetic scales. Kolmogorov scaling occurs at the MHD
scales in the SW as well as in the MSH.

dT=4276sec —— THEMIS-C (MSH)
- —— Wind (SW)

10

@ i i 11 January 2014
§ 20 1 5 22:00-23:08 UTqp s
2 55 ¢ flank MSH (THEMIS-C)
z ~f ~1.6170.04 Wind (SW)
102 \ F.
FR

100 1 ~f 16920 o;\\

N\ ~f 2452011
10?2 F. \\\\\\A_f—zsuom
Fr
10
0.001 0.01 041 1 10

F, Hz

11 January 2014, UT

Figure 3. Example of the case on 11 January 2014. The same format as in Figure 2: (a) ion density
in the SW (red line) and in the MSH (black line); (b) IMF magnitude and components measured by
Wind; (c) magnetic field components and magnitude measured by THEMIS-C in the MSH, the SW
data are shifted in time by 3660 s; (d) magnetic field fluctuation spectra registered in the SW (red line)
and in the MSH (black line).
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2.4. On the Validity of the Taylor Hypothesis

Usually, the Taylor hypothesis is adopted to consider the temporal variations instead
of the space variations [52]. The method assumes that while plasma moves by the spacecraft
with speeds significantly higher than the wave phase speed or the spacecraft speed, one
can consider the temporal variations to be the result of turbulent structures convected by
the spacecraft. In the SW, Alfvén waves are dominant with speeds several times lower than
the plasma speed. At the BS, the plasma decelerates significantly and the Alfvén speed
becomes comparable to the plasma speed. According to the analysis by [53], the application
of the Taylor hypothesis does not change the properties of a spectrum as long as V/V, > 0.3
(Va is the Alfvén speed). In the present study, this criterion was checked and intervals with
V/Va < 0.3 (7%) were eliminated from the study.

Another problem in the application of the Taylor hypothesis is the presence of dis-
persive wave modes in plasma like whistlers. However, these waves are supposed to be
rare [54] and are not taken into account in the present study.

3. Results
3.1. Statistics

Altogether, 1087 interval pairs were collected during the years 2008 and 2014. This
amount was reduced to 996 after adopting the criteria V/V, > 0.3 and further reduced to
784 after eliminating quasi-parallel BS cases. Note, the difference in the number of quasi-
perpendicular and quasi-parallel cases comes from the way of MSH crossing detection: the
crossing of quasi-parallel BS is typically superimposed by large-amplitude fluctuations,
which prevent the correct detection of the BS. Thus, these periods are likely to be ignored
when the MSH crossing was chosen. As the study concentrates on the quasi-perpendicular
cases, such a manual elimination of quasi-parallel cases does not affect the results. Among
these intervals, 536 corresponded to the dayside MSH and 248 corresponded to the flank
MSH. A further reduction in the intervals amount was caused by the approximation
procedure (presence of bumps or noise, see Section 2.3).

All obtained spectra were sorted according to the observed region (SW, dayside, and
flank MSH) and then according to the SW type. Figure 4 presents the mean values of the
spectra slopes at the MHD (upper panel) and kinetic (lower panel) scales for five types of
the SW in the three considered locations. Error bars represent the standard error of the
mean values. Note that according to Figure 1, there are no HCS intervals at the MSH flanks.
Figure 4 shows that in the SW, the spectra typically have a slope from —1.8 to —1.6, which
is close to the —5/3 scaling. At the kinetic scales, there is a clear difference betweenthe
properties of turbulence for large-scale SW events. The SW of types Slow, HCS, and ICME
are characterized by the mean slope <P,> = —2.5, while for the Fast and CIR types, the
spectra are substantially steeper and follow f~2 scaling.

In the dayside MSH, the spectra are flatter at the MHD scales for all SW types. The
mean slope varies slightly for different SW types. ICME and HCS events are the most
modified with a mean value of <P;> = —1.15. CIR events are accompanied by the least
modified slope——1.3. The difference between the CIR and ICME/HCS events is rather
small; however, it exceeds the standard errors of the means. At the kinetic scales, the differ-
ence in spectral properties is more pronounced. HCS and Slow events are accompanied
by —2.8 scaling. For the Fast SW and CIRs, the spectra are characterized by the mean
slope <P,>= —3.05. The steepest spectra are observed for ICMEs with the mean slope
<P,>=—-3.15.

At the MSH flanks, the spectra at the MHD scales are closer to those observed in the
SW. However, the —5/3 scaling can be found only for CIR events. Slow and ICME periods
are characterized by the mean slope <P;> = —1.4, while for the Fast SW, the slope is slightly
closer to the one observed in the SW—<P;> = —1.45. At the kinetic scales, four detected
types of the SW have similar scaling f~2°. HCS events are not covered by our statistics at
the flanks.
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Figure 4. Mean values of the slope P; at the MHD scales (top panel) and slope P, at the kinetic scales
(bottom panel) in the SW, dayside MSH, and at the flank MSH for five considered SW types; symbols
are shifted slightly along abscise axis for each location for easier comparison.

3.2. Modification of Spectral Slopes

Figure 4 aims to demonstrate the typical properties of different SW periods and the relia-
bility of the statistics. To consider the modification of the spectral slopes at the BS and through-
out the MSH, we defined the change inthe slope at the BS as AP, = (P,MSH _ p_SW)/p SW,
where a = 1,2 for the MHD and kinetic scales, respectively. This value was considered for
the dayside MSH as well as for the flank regions for different SW types. AP >0 (AP < 0)
refers to the steepening (flattening) of the spectrum in the MSH. Figure 5 presents the
distributions for the MHD scales for the dayside MSH (Figure 5a, b) and for the flanks
(Figure 5¢,d). The statistics were divided into two groups for comparison—Slow, ICME, and
CIR (panels Figure 5a,c) and Slow, HCS, and Fast (panels Figure 5b,d). Figure 6 presents
in a similar way the statistics of the kinetic-scale slope changes. The mean and median
values and standard deviations for each range of scales for both locations are summarized
in Table 1. All the distributions demonstrate a wide spread of the changes in the scaling
exponents, which resulted in large values of standard deviations. However, some features
may be revealed. The errors of the mean values are low (<1%, not included in the Table 1).

Table 1. Mean and median values and standard deviations for distributions of APy and AP, in the
dayside MSH and at flanks.

Scale Range Location Parameter Slow Fast HCS ICME CIR
mean —0.30 —0.30 —-0.37 —0.35 —-0.27
Dayside MSH median -0.29 -0.32 -0.37 —0.38 -0.27

std 0.21 0.20 0.20 0.25 0.16
MHD mean ~0.17 ~0.10 - —017 ~0.07
Flank MSH median —0.18 —0.07 - —0.24 —0.07

std 0.23 0.20 0.22 0.20

mean 0.26 —0.05 0.16 0.3 0.04

Dayside MSH median 0.25 —0.07 0.14 0.32 0.01

Kineti std 0.21 0.19 0.15 0.3 0.26
inetic mean —0.01 ~0.03 - 0.08 —0.08
Flank MSH median —0.06 —0.04 — 0.03 —0.13

std 0.19 0.21 0.20 0.17




Universe 2024, 10, 194

9 of 15

I siow [l CVE [l CR [ Fast [l HCS
a Dayside MSH C Flank MSH

ey
o
|
(<))
o

AP, medEN = -0.24

K] %)

Y ® 40+
30

5 5

£ € 30+

G 201 G

5] % 20+

€ £
10+

> = +H

=) 310

0+
1 -09 -07 -05 -03 -0.1 01 03 05 -09-07-05-03-0.10.1 03 05 07 09 11

1d

0,
-1

ey
o

Number of intervals
- N w
e . & = ‘
O
Number of intervals
- N w
e. 2. °

(<))
o

B
o

%11 69 07 05 03 01 01 03 05 0.907-05-03-0.101 03 05 07 06 11

AP, AP,
Figure 5. Distributions of the spectra slope changes at the MHD scales AP; in the dayside MSH and
at the flanks for different types of the SW: (a) AP; distribution in the dayside MSH for Slow, ICME

and CIR; (b) AP; distribution in the dayside MSH for Slow, Fast and HCS; (c) AP; distribution at the
flanks for Slow, ICME and CIR; (b) AP distribution at the flanks for Slow, Fast and HCS.

I s'ow Il \cVE [ CR M Fast [l HCS
Dayside MSH c Flank MSH

| AP,™edan = 0,03

a

o
o

Number of intervals
P N w E
o o o o
Number of intervals
- N w
o o o o

-
'
[=2n

: AP,Med@n = —0 13

0
-05 -03 -0.1 01 03 05 07 09 1. 5 -03 -01 01 03 05 07 09 1.1

0 d 1 oapmen= 006

Number of intervals
- N w »
o o o o
F [on
Number of intervals
- N w
o o o

0+ 04
-05 -03 -01 01 03 05 07 09 11 -05 -03 -01 01 03 05 07 09 1.1
AP, AP,

Figure 6. Distributions of the spectra slope changes at the kinetic scales AP, in the dayside MSH and
at the flanks for different types of the SW: (a) AP, distribution in the dayside MSH for Slow, ICME
and CIR; (b) AP, distribution in the dayside MSH for Slow, Fast and HCS; (c) AP, distribution at the
flanks for Slow, ICME and CIR; (b) AP, distribution at the flanks for Slow, Fast and HCS.

It should be noted that considering the distributions of the spectral indices in each
region (Figure 4), some cases do not correspond directly to the distributions of the changes
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in the slopes (Table 1). This effect is the most noticeable for ICME and CIR events. This is
likely to be a result of insufficient statistics. The number of intervals in each distribution
vary from 16 to 123, with the poorest statistics being collected for the MHD scales of ICME
events. To check the influence of the distribution shape on the results, the median value
was calculated for each distribution. The bolded values in Table 1 refer to the distributions
for which a difference occurs between the mean and median values. The median values
for these cases are presented in Figures 5 and 6. We suggest that the distributions of the
change in the spectral slopes have a more physical meaning for the results.

For all types of the SW, a significant flattening of the spectra at the MHD scales occurs
at the BS, with the slope value changing by AP; = 0.2-0.4. This change corresponds to the
deviation from the original SW scaling by 20-40%.

Distributions in Figure 5¢,d are shifted to the mean values of AP = 0 compared to those
in Figure 5a,b. Hence, at the flanks, the spectra tend to restore the shape observed in the SW.
However, during the Slow SW, the spectra stay significantly changed (AP; = 0.17). Periods
of Fast SW and CIR exhibit the most restored shape at the flank atthe MHD scales—<AP>
varies from —0.07 to —0.1. Statistics for the ICME events are small and do not demonstrate
any particular distribution. However, the mean value of the slope change is similar to the
one for the Slow SW, while the median value denotes somewhat flattened spectra.

The kinetic-scale part of the spectra demonstrates more variability. Figure 6 shows that
at the BS, substantial steepening of the spectra occurs for the SW of types Slow and ICME.
The mean change in the slope AP, varies from 0.26 to 0.3. Periods of HCS are accompanied
by less pronounced steepening AP, = 0.16. During the CIRs and Fast SW streams, the
spectral slopes are nearly unchanged at the BS.

At the flanks, the statistics for ICME events are quite limited. Slow SW and Fast
SW demonstrate mean spectral slopes similar to those observed in the SW. However, the
median value of the slope AP,™edi2" = (.06 implies a slight flattening compared to the
SW spectra. Fast SW exhibits the spectrum that matches the one in the SW. ICME events
exhibit slightly steeper spectra than in the SW with <AP,> = 0.08. On the other hand, CIRs
demonstrate a slight flattening of the spectra at the flanks with <AP,> = —0.08. However,
these distributions are asymmetric. For ICME, the median value of the slope change gives
APymedian = 0,03, which corresponds to the restoration of the SW scaling. In the case of
CIRs, the median value Aszedian = —0.13 refers to even more flattened spectra.

4. Discussion

The present study considers changes in the properties of the turbulent cascade, reg-
istered directly in the SW and in the MSH with the help of simultaneous measurements,
both for the dayside and flank MSH. Spectra slopes P; at the MHD scales and P, at the
kinetic scales are compared with those observed in the SW for five types of the large-scale
SW flows—Slow, Fast, HCS, ICME, and CIR.

In the SW of different types, all the spectra have similar scaling at the MHD scales—f~*
with —1.8 < @ < —5/3. Generally, the ICMEs and Fast streams are characterized by slightly
flatter spectra than HCS and Slow SW, which is in good correspondence with the previously
published results [55]. On the contrary, at the kinetic scales, different types of the SW exhibit
differences in spectra scaling. Types Slow, ICME, and HCS are characterized by the slope
<Py> = —2.5, while Fast SW and CIRs demonstrate substantially steeper spectra with
<Pp> = —2.85. In the SW, the spectra usually exhibit steepening with the increase in the
plasma speed [56],which is consistent with the steeper spectra in the SW for Fast flows.
Also, steeper spectra at the kinetic scales were shown for the CIR regions compared to the
Slow SW [57]. Thus, the statistics in the SW are consistent with previous observations.

For all types of the SW, substantial flattening of the spectra occurs at the dayside MSH
at the MHD scales. This corresponds to the violation of the developed turbulence condition
behind the BS suggested by Huang et al. [21] and further demonstrated by the means of
the higher-order statistics in the quasi-perpendicular MSH [30]. Interestingly, the mean
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values of the slope changes are nearly the same for different SW types; thus, this change is
universal and does not depend on the SW properties.

At the kinetic scales, the changes in the spectral shapes differ for various SW types.
At the dayside MSH, the Slow SW and ICMEs have the most altered spectra, with the
slope at the kinetic scales changing by <AP;>~0.3. On the other hand, the Fast and CIR
flows demonstrate the fewest changes at the kinetic scales—<AP,> < 0.05. For the HCS,
intermediate changes occur with <AP,> = 0.16. The steepest spectra in the dayside MSH
are observed for periods of CIRs and ICMEs, though in the former case, the spectral slope
does not change at the BS and in the latter case, the spectra steepen substantially.

The changes inthe spectra at the MHD scales were previously reported [21,23] and
suggested to be a result of newborn random-like fluctuations in the dayside MSH. On
the other hand, the authors did not report the steepening at the kinetic scales behind the
BS. However, similar steepening was shown recently based on a case study [29]. The
present study directly demonstrates for the first time the steepening based on statistics.
The steepening of the spectra at the frequencies above the break in the SW was attributed
to the enhanced rate of dissipation [46], which was observed for the increased power of
the MHD-scale fluctuations [56]. Also, the steepening of the spectra was shown behind
the interplanetary shocks [58]. If this is the case for the dayside MSH, the more steepened
spectra correspond to the increased dissipation rate in the dayside MSH for ICME and
Slow SW. Also, waves and coherent structures behind the quasi-perpendicular BS may
contribute to the formation of steeper spectra. ICME periods are supposed to result in the
low-beta regime in the MSH [4], which is favorable for the presence of the Alfvén vortices
with ~f~4 scaling at the frequencies above the break [59]. Some of the studies connected the
magnetospheric disturbances with the SW turbulence at the MHD scales [60]. However,
the destruction of the turbulence properties at the BS would result in the absence of such a
connection. The present results demonstrate that the properties of the turbulence at the
MHD scales change in the MSH, though during the Fast SW and CIRs, the kinetic-scale
properties survive. Thus, either there is no connection between the SW turbulence and the
magnetospheric activity, or it may be caused by the kinetic-scale processes. In the latter
case, the Fast SW and CIRs play the most significant role in this connection. Note that the
Fast SW and CIRs are both connected to the high-speed streams from the coronal holes, that
is, this specific plasma is likely to have a particular effect on the magnetosphere. However,
the present study is limited to the MSH behind the quasi-perpendicular BS; changes at the
quasi-parallel BS should be checked before the final conclusions on the topic.

A further difference inthe SW streams occurs in the way of the restoration of the
turbulence properties while the plasma moves away from the BS. The Slow and ICME
events demonstrate a slight restoration of the initial scaling at the MHD scales at the
flanks. For these two SW types, the spectral slopes P; differ from those in the SW by
AP = 0.17. Note, if the median value is considered instead of the mean, the ICME cases
demonstrate less restored scaling (APymedian — _(24) At the kinetic scales, however,
during the Slow SW, the spectra match the SW scaling at the flank MSH (or are slightly
steeper if the median value is considered). For the ICMEs, the spectra stay somewhat (with
difference ~0.08) steeper at the flanks or match the SW scaling if the median value (0.03)
is considered. The Fast and CIR events demonstrate slightly flatter spectra at the MHD
scales with <AP>> = —0.10 and <AP,> = —0.07, respectively. At the kinetic scales, spectra
associated with the Fast SW restore the shape completely. The CIRs are accompanied by a
slight flattening of the spectrum at the flanks, which corresponds well to the previous case
study [24]. On the other hand, Fast streams exhibit the kinetic-scale spectrum at the flanks,
which matches the one in the SW, that is, periods of Fast SW and CIRs exhibit different
scenarios of kinetic-scale processes development throughout the MSH.

Note that for four distributions at the flank MSH (for ICME at the MHD scales and for
Slow, CIR, and ICME at the kinetic scales), which are characterized by differences in the
median and mean values, consideration of these two quantities demonstrates similar results.
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Thus, the Slow SW and ICMEs (without the compression region in front of them) are
characterized by the most modified turbulence properties in the MSH. On the other hand,
the properties of turbulence associated with the Fast SW streams and CIRs change only at
the MHD scales at the dayside MSH. The SW speed is known to play one of the key roles
in the magnetospheric response [6]. The unchanged kinetic-scale properties of turbulence
during Fast streams may be related to the corresponding geoefficiency.

The difference in CIR- and ICME-induced magnetic disturbances was reported by
several authors [1,5]. The demonstrated variation in the changes in the turbulence prop-
erties for these types of the SW is likely to be related to this difference, though the direct
physics of the processes remain the subject of further analysis. Moreover, ICMEs without
the compressed region Sheath ahead of it were shown to be less efficient in the generation
of the magnetospheric activity than ICMEs with Sheath or than CIRs [5]. This result com-
bined with the one presented in the current paper implies that the most geoeffective SW
disturbances are accompanied by no changes in the kinetic-scale properties of turbulence
at the BS. However, our statistics do not cover Sheath events and do not distinguish ICMEs
with and without Sheath and this suggestion should be further explored.

The difference in the turbulence changes at the BS, shown by the present study, is
suggested to be one of the factors that contributes to the various geoeffectiveness of the
SW phenomena. Moreover, these SW phenomena differ due to the initial properties of the
turbulence [55,57,61]. Altogether, recent experimental studies demonstrate the important
role of the turbulence and kinetic-scale processes in the SW-magnetosphere coupling,
which should be further investigated.

5. Conclusions

The obtained statistics of the simultaneous registration of the turbulence properties in
the SW and inside the MSH show the following:

1. Interaction of any type of the SW with the quasi-perpendicular BS results in the
modification of the turbulence properties at the MHD scales in the dayside MSH;
the spectra in this region are substantially flatter than those observed in the SW and
predicted for the developed turbulence;

2. At the kinetic scales, the spectra of magnetic field fluctuations may either become
steeper at the quasi-perpendicular BS or stay unchanged; scaling at the frequencies
above the ion spectral break is preserved in fast SW streams and in the CIR regions;
the ICMEs are characterized by the most significant steepening in the dayside MSH;

3.  Distinct SW regimes are accompanied by different ways of spectra modification during
plasma tailward propagation; the MHD-scale properties of spectra restore for the Fast
and CIR streams and stay slightly changed for Slow SW and ICMEs.

4.  The kinetic-scale properties of the spectra for Slow and Fast SW at the MSH flanks
are similar to those observed in the SW; ICME streams are characterized by a slightly
steeper spectrum at the flanks, while compressed CIR flows exhibit a slight flattening
at the kinetic scales.

The results demonstrate that the modification of f~%/3 scaling at the BS is the typi-
cal feature of the dayside MSH despite the differences in the flow properties in the SW.
However, the modification of the scaling at the kinetic scales and the way of the scaling
restoration at the flanks depend on the SW source at the Sun. This difference is suggested
to be related to the differences in the geoefficiency of distinct SW flows. Fast SW and CIR
regions attributed typically to the coronal holes exhibit the fewest changes in turbulence
properties inside the MSH.
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